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The catalytic properties of perovskite-type mixed oxides (LaFeOl and LaCoOx) have been 
investigated, with regard to the effects of Sr*+ and Ce4+ substitution for La)+. In the case of 
La,+,Sr,FeOS (x = O-0.6), the catalytic activities for propane oxidation increased with x when x 
was low, but decreased at higher x values. The capability of dissociating oxygen molecule (rate of 
isotopic equilibration) varied with x in parallel with the catalytic activity, while as in the case of 
La,-,Sr,CoOj the readiness of oxygen desorption increased monotonously with the Sr*+ content, x. 
Upon the Ce4+ substitution (x = 0. I), the readiness of oxygen desorption and the rate of isotopic 
exchange of oxygen decreased for LaFeOJ, but they increased for LaCo03. Correspondingly, the 
catalytic activities increased for the Co system and slightly for the Fe system. These results have 
been explained on the basis of the actual Ce4+-substitution ratio and the valence of active site. 
0 1985 Academic Press, Inc. 

INTRODUCTION 

Perovskite-type mixed oxides (ABOJ 

have a well-defined structure, and it is pos- 
sible to change the A- or B-site ion vari- 
ously, without affecting the fundamental 
structure (I). Owing to this nature, the oxi- 
dation state of B-site ion and the number of 
oxygen vacancies can be controlled. There- 
fore, perovskite-type mixed oxides are suit- 
able materials for the study of the relation- 
ships between the solid-state chemistry and 
catalytic action of metal oxides. Further- 
more, perovskite-type mixed oxides are in- 
teresting materials in practical uses. It has 
been reported that for complete oxidation 
their activities are comparable with or 
greater than that of Pt or Pd catalysts (24). 

We previously reported that La,&%-, 
Coo3 catalysts showed high activities in 
the oxidation of hydrocarbons and carbon 
monoxide, La&Q-,&o03 being the most 
active (4). We also found that the desorp- 
tion of lattice oxygen, or the formation of 
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oxygen vacancies, became easier with in- 
creasing Sr*+ substitution (x) and this ten- 
dency made the lattice oxygens more reac- 
tive. The variation of catalytic activity was 
well explained on the basis of reduction- 
oxidation properties of catalysts (5, 6). 

In the present work, we investigated the 
effects of Sr2+ substitution in LaFe03 and 
Ce4+ substitution in LaCo03 and LaFe03. 
We attempted to elucidate the relationship 
between the catalytic properties and the 
structure and composition of the perov- 
skite-type catalyst, emphasizing the re- 
activities of oxygen both in the bulk and on 
the surface. 

EXPERIMENTAL 

Catalysts 

La,-,Ce,CoO, was prepared from mix- 
tures of metal acetates of each component 
(4, 6). First, mixed acetate solution was 
evaporated to dryness in a rotary evapora- 
tor (7040°C) and then the solid obtained 
was first decomposed in air at 300°C for 3 h 
and then calcined in air at 850°C for 5 or 10 
h in an electric furnace. La,-,A:Fe03 (A’ = 
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Sr,Ce) was prepared from mixtures of 
metal nitrates (4). The precipitates which 
were obtained by the coprecipitation from 
mixed nitrate solutions by n-butyl amine 
were filtered. They were decomposed and 
calcined in a similar manner as above. Pow- 
der X-ray diffraction (XRD) patterns were 
recorded on powder X-ray diffractometer 
(Rigaku Denki, Rotaflex, RU-200) using 
CuKa radiation. Surface area of the sam- 
ples was measured by BET method (N2 ad- 
sorption). 

Apparatus 

Conventional flow, pulse, and closed-cir- 
culation systems as described before (4-6) 
were used. 

Procedure 

(2) Oxidation of propane. The oxidation 
reaction of propane was carried out with 
the flow system. Prior to the reaction, the 
catalysts (300 mg) were treated in an O2 
stream for 1 h at 300°C. A gas mixture of 
propane (0.83%), 02 (33.3%), and NZ (bal- 
ance) was used in flow experiments. The 
flow rate of the mixed gas was 60 ml * 
mini. Products were analyzed by a gas 
chromatograph (silica gel, 1 m, kept at 
84°C). 

(2) Temperature-programmed desorp- 
tion (TPD) of oxygen. TPD of oxygen was 
carried out with a flow system using helium 
as a carrier gas. Prior to each run, the sam- 
ple (1 g) was treated in an O2 stream for 1 h 
at 300°C and then cooled to room tempera- 
ture in the O2 stream. Then, a helium 
stream was substituted for an 02 stream at 
room temperature. Oxygen impurity in He 
was removed by a molecular sieve 5A trap 
kept at liquid-nitrogen temperature. Then, 
the temperature of the sample was raised at 
a constant rate of 20°C . mini in the He 
stream (30 ml * mini), and oxygen de- 
sorbed was detected by use of a quadrupole 
mass spectrometer (NEVA, NAG-531). In 
the first run of TPD for each sample, CO* 
and HZ0 evolved in addition to OZ. But in 
the subsequent runs, neither CO* nor HZ0 

was detected above background level, and 
TPD curves were reproducible. Data of the 
second runs were adopted in this paper. 

(3) Isotopic exchange and equilibration 
ofoxygen. ‘*O Exchange between O2 in the 
gas phase and oxygen in perovskite (de- 
noted as “exchange” in this paper) and iso- 
topic equilibration of 02 in the gas phase 
(“equilibration”) were conducted in the 
closed-circulation system. Prior to the reac- 
tion, the sample (300 mg) was treated with 
pure circulating O2 (100 Torr) at 300°C (with 
a trap kept at liquid-nitrogen temperature) 
and subsequently evacuated for 1 h at 
300°C. O2 enriched in ‘*O (70-75 at.%) was 
prepared by mixing I802 (99.5%) purchased 
from Japan Radioisotope Association and 
pure i602. isO distribution in O2 in the gas 
phase was analyzed by a mass spectrome- 
ter (Hitachi Co. Ltd., RMU-S) after inter- 
mittent sampling. 

RESULTS 

Structure and Surface Area of the 
Catalysts 

The surface area and the crystal structure 
of the prepared catalysts are summarized in 
Table 1. Perovskite-type structure of the 
samples was confirmed with reference to 
ASTM cards. In the range 0 5 x 5 0.2, 
Lai-,Sr,FeOj had the pure perovskite-type 
structure. (In this paper La,-,Sr,FeOs will 
be used as a general formula for La,-,Sr, 
Fe03-s (6 2 0), unless otherwise stated.) 
In the range 0.4 s x 5 0.6, La,-,Sr,FeO, 
with the perovskyte-type structure was the 
main phase, with a small portion of tetrago- 
nal SrFeOj-& as in the literature (7). In the 
case of Lai-,Ce,Co03 and Lai-,Ce,Fe03, 
CeOz phase appeared. At the same x, XRD 
peaks of CeOz phase were greater in the Co 
system than in the Fe system; for example, 
CeOz phase was almost absent in La.9 
Ceo.iFe03, while distinct Ce02 peaks were 
observed in La,,&e,,,Co03 (Fig. 1). 

Oxidation of Propane 

Figure 2 shows the relative oxidation rate 
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TABLE I 

Surface Area and Structure of Catalysts 

Catalyst Calcination 

Temp., “C Time, h 

LaFeO, 850 5 
LadhPe03 850 10 
Lao .&o.#eO3 850 10 
Lao +‘hJWh 850 IO 
La,dko 8eO 850 IO 
La, Go. I Fe03 850 5 
Lrlu.Keo.zFeO~ 850 5 
LaCo03 850 5 
La, d2eo ,CoOl 850 5 
h 8Ce0.2CoCh 850 5 

” Perovskite structure. 

Surface area 
(m’s ‘) 

6.8 
4.3 
1.0 
1.2 
6.3 
4.9 
4.4 
I.9 
I.8 
3.3 

Structure 

_____ 
p” 
P 
P 
P + SrFeOl s 
P + SrFeOl ri 
P + (CeO:) 
P + CeO? 
P 
P + Ce02 
P + CeO: 

of propane at 227°C over Lar -,SrXFe03 (0 the catalytic activity of both Co and Fe sys- 
s x 5 0.6) and La,-,Ce,FeO, (0 z x Z 0.2) terns increased at x = 0.1, but it decreased 
normalized to unit surface area. It is noted at x = 0.2 (Figs. 2 and 3). 
in this figure that in the case of Sr2+ substi- 
tution the oxidation activities of both x = TPD of Oxygen 

0.1 and 0.2 were about four times greater Figure 4 shows TPD of oxygen from 
than that of x =O. This trend is similar to La,-,SrXFe03 (x = O-0.6), where the rate of 
the La,-,Sr,CoO3 system (4-6). In the case desorption calculated from the oxygen con- 
of the Co systems the activity for propane centration in the eluant gas is plotted 
oxidation increased almost 10 times by the against the catalyst temperature. It is obvi- 
introduction of a small amount of Sr*+ (X = ous from this figure that the rate and the 
0.1-0.2) (4). When Sr*+ substitution was amount of O2 desorption increased with in- 
more than x = 0.4, the catalytic activity crease in the Sr*+ content. For x = 0.2, 
decreased significantly both for Co and Fe oxygen desorbed below 800°C amounted to 
systems. In the case of Ce4+ substitution. 0.77 ml * g-l, which corresponded to 0.6 

i !O 30 60 7( 1 

surface monolayer of oxygen. The density 
of oxygen in the monolayer was assumed to 

0 
0 0.2 a4 0.6 
x in La~,A’xFeO~(A’=%e) 

FIG. 1. XRD patterns of catalysts. (a) l~,,~Ce,,., FIG. 2. Effect of Sr*+ and Ce4+ substitution on the 
COO,, (b) LaCoO, (c) La&e,, ,FeO,. (d) LaFeOt: catalytic activities of LaFe03 for oxidation of propane 
Ce: CeO, phase. The other peaks are all due to at 227°C (1 cm3 . me2 . min-I = 0.045 mm01 . mm2 . 
perovskite phase. min-I). (1) Sr2+, (2) Ce4+. 



462 NITADORI AND MISONO 

0 a2 

x in Lal+&e&oOj 

FIG. 3. Effect of Ce4+ substitution on the catzflytic 
activities of Lac00~ for oxidation of propane at 227°C. 
(0) La&oQ. 

be 0.96 X 1015 atom * cm-*. For x = 0.4 and 
0.6, the amounts of oxygen desorbed up to 
500°C corresponded to several layers, indi- 
cating that the lattice oxygens in the bulk 
were desorbed from the samples. The 
trends observed in the variation with x of 
oxygen desorption and the similarity of 
TPD profiles in all La,-,Sr,FeOj are very 
similar to those observed for the Co system 
(5, 6). 

Impregnation of Pt on Lai-,Sr,CoOj (Pt: 
0.1-l wt%) did not change much the TPD 
profiles, indicating little promoting effect of 
Pt for O2 desorption. 

The TPD curves of oxygen from Lai-, 
Ce,MeO~ (Me = Fe,Co) are shown in 
Fig. 5. The effect of Ce4+ substitution was 
quite different between the Fe and the Co 
systems. In the case of Lai-,Ce,CoO3, the 
amounts of desorbed oxygen remarkably 

Temperature/% 

FIG. 4. TPD profiles of oxygen from La,-,Sr,FeOS (x 
= o-0.6). 

FIG. 5. TPD profiles of oxygen from La,-,Ce,MeOz 
(Me = Co,Fe). (a) LaCoOl, (b) La,,Ce&00~, (c) La 
FeO,, (4 La&e, ,Fe03. 

increased with increase in x and the desorp- 
tion peaks which appeared at about 300°C 
were similar to La,-,Sr,CoOJ. On the con- 
trary, in Lar-,CeXFe03, the oxygen desorp- 
tion decreased distinctly by the Ce substitu- 
tion. 

Isotopic Equilibration and Exchange of 
Oxygen 
Results of isotopic equilibration and ex- 

change over La,-,SrXFeOJ (x = O-0.6) are 
shown in Fig. 6. The isotopic equilibration 
in the gas phase over Lao.&o.2Fe03 pro- 
ceeded much more rapidly than that over 
LaFe03. The isotopic exchange between 
lattice oxygen and gaseous oxygen over 
La&&.zCoO~ proceeded rapidly, as well. 
When the oxygens exchanged are ex- 

OO- 

Timelmin. 

FIG, 6. Isotopic exchange of oxygen over La,-, 
Sr,XFe03 at 300°C. (A) Equilibration in the gas phase. 
(B) Exchange between gaseous and lattice oxygen. (a) 
x = 0, (b)0.2,(c) 0.4, (d)0.6. 
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0 30 60 90 

Time/ min. 

Flc;. 7. Isotopic exchange of oxygen over La, ,Ce, 

FeO? at 300°C. (A) Equilibration in the gas phase. (B) 

Exchange between gaseous and lattice oxygen. (a) La 

Fe%. (b) Lao&e0 ,FeO,. 

pressed in the surface oxide layers in which 
180 concentration is hypothetically equal to 
that in the gas phase, the extent of ex- 
change after 90 min was about 2-3 and 11 
layers for x = 0 and 0.2, respectively. 
These values were almost the same as those 
for the La,-,Sr,CoO, system (5). In con- 
trast, the isotopic equilibration proceeded 
very slowly both for x = 0.4 and 0.6. It was 
confirmed that these results were reproduc- 
ible. This trend observed for higher values 
of x was different from that found for the 
Co system. 

Results of isotope experiments on La,-, 
Ce,Me03 (Me = Fe,Co) are shown in 
Figs. 7 and 8. Both the equilibration and the 
exchange over La,$e0.1Fe03 proceeded 
more slowly than over LaFeO+ In the Co 
system, the exchange rate significantly in- 
creased with increasing X, while the equili- 
bration proceeded almost the same over all 
samples. 

DISCUSSION 

Structure and Nonstoichiometry 

La,-,SrXFe03 forms perovskite structure 
in the whole range of x (0 5 x Z 1.0) (8). 
According to the literature, La, -,SrXFe03 
has the following structures: orthorhombic 
perovskite (0 5 x ~5 0.2), rhombohedral(O.3 

5 x 5 0.5), and cubic (0.6 5 x 5 1 .O). When 
Sr*+ is partly substituted for La3+ in La 
Fe03, the oxidation state of Fe changes 
from trivalent to tetravalent (9). With in- 
creasing x, a part of the charge compensa- 
tion is accomplished by the formation of 
oxygen vacancies (Lal-,Sr,FeOj-s) besides 
the Fe4+ formation. 

La:‘,S$Fe:?,Fe:+O3 * 
La:‘,S~‘Fe:+,+*sFe~f*s03-s + 61202 

For example, it was reported that the value 
of 6 in Lao.2Sro.8Fe0+s was about 0.1 in ox- 
ygen atmosphere (8). The value of 6 in Sr 
Fe03-s was 0.02 when annealed under 65 
atm of oxygen at 1000°C for 24 h (IO), and 
in uacuo at 1300°C brownmillerite-type 
structure of SrFe02.5 was formed (9). This 
nature of Lal-,SrXFe03 is similar to that of 
the La,-,Sr,CoO, system (21). 

Though the samples used in the present 
investigation were polycrystalline powders 
and were calcined at a relatively low tem- 
perature (SSO”C), the samples had the single 
perovskite structure in the range 0 5 x 5 
0.2. The value of 6 in these samples may be 
close to zero, since in the case of the Co 
system, the nonstoichiometry of powder 
samples calcined at 850°C was similar to 
that of single-crystal samples obtained by 

I 
OO 30 60 90 

Timelmin. 

FIG. 8. Isotopic exchange of oxygen over La,-,Ce, 

COO, at 300°C. (A) Equilibration in the gas phase. (B) 
Exchange between gaseous and lattice oxygen. (a) x = 

0, (b) 0. I, (c) 0.2. 
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high-temperature calcination ( 6). Similarly, 
the samples probably have the anion-defect 
structure in the range x 2 0.4. 

All of the Ce4+-substituted samples pre- 
pared in the present work contained both 
perovskite phase and CeOz phase, and 
therefore the substitution ratio of Ce4+ in 
the perovskite phase was not known. How- 
ever, in L~.9Ceo.,Fe03, Ce02 phase was al- 
most absent in XRD, indicating that most of 
Ce4+ was substituted for the A site of La 
Fe03. Since neither the phase of La203 nor 
oxides of B-site ions appeared in XRD, the 
major components of the Ce4+-substituted 
samples were likely La,-,Ce&,Me03 
(Me = Co,Fe; 1 > x 2 y Z 0; 4 = A-site 
cation vacancy). The formation of A-site 
cation vacancies will be discussed below in 
more detail. 

Effect of Sr2+ Substitution on Reactivities 
of Oxygen of LaFe03 

When Sr2+ is partly substituted for the A 
site of LaFe03, unstable Fe4+ is formed in 
the crystal and the chemical potential of lat- 
tice oxygen increases, as in the Co system 
(5, 6). So, the oxygen tends to desorb more 
easily with increase in the Sr content. Oxy- 
gen desorption leaves oxygen vacancy in 
the lattice, and Fe4+ is reduced back to 
Fe3+. The change of nonstoichiometry in 
Lal-,Sr,Fe03-s with Sr substitution (x), 
temperature, and oxygen pressure has re- 
cently been reported by Mizusaki et al. 
(12). According to them, oxygen desorbs in 
the first step by the change of Fe4+ to Fe3+, 
and in the next stage oxygen desorption 
takes place by the reduction of Fe3+ to 
Fe=+. The increase of 6 or oxygen desorp- 
tion tended to occur more easily with in- 
creasing x. 

Therefore, the low-temperature peaks in 
TPD at 200-500°C observed in the present 
work presumably result from the reduction 
of Fe4+ to Fe3+. A similar assignment was 
recently suggested also by Seiyama et al. 
(13). This trend explains the increase of ox- 
ygen desorption in TPD with increasing x 
(Fig. 4). The isotopic exchange of oxygen 

with x (0 ZZ x ZZ 0.2) became faster probably 
by the same reason, since the increase of 
oxygen vacancies will accelerate both the 
dissociation of oxygen molecule on the 
surface by increasing the number of 
coordinately unsaturated B-ion on the sur- 
face and the diffusion of oxide ion in the 
lattice by increasing the number of anion 
vacancy. 

In the range x B 0.4, the facility of oxy- 
gen desorption in TPD increased remark- 
ably with x. The amount is so great that 
most of this oxygen is certainly from the 
bulk. However, the rate of isotopic ex- 
change did not increase and in some case 
decreased. The decrease appears to be re- 
lated to the decrease in the equilibration 
rate. Dissociation of oxygen molecule prob- 
ably limited the exchange rate to some ex- 
tent. Parallelism between TPD, equilibra- 
tion and exchange existed in the case of 
Lal-,Sr,Co03 (5, 6), but in the Fe system, 
equilibration at least behaved differently. 
The reason for the slow dissociation of oxy- 
gen molecule is not clear, but the presence 
of the SrFe03-8 phase or some other struc- 
tural or valence changes at high x values 
may be responsible. Very slow equilibra- 
tion and significant exchange found for x = 
0.4 and 0.6 may be due to the relative rate 
of dissociation and bulk diffusion. If the lat- 
ter is rapid as compared with the former, 
I*0 on the surface is extensively diluted by 
I60 in the bulk and 1602 would appear in the 
gas phase. But another possibility as sug- 
gested for Cu-zeolite (14) cannot be ex- 
cluded. This behavior is not similar to the 
Co system 

Sr2+-Substitution Effect on Catalytic 
Activity of LaFe03 

In the range 0 5 x 5 0.2 of La,-,Sr,Fe03, 
the increase of the catalytic activity for pro- 
pane oxidation with increase of x may be 
explained as discussed in the previous pa- 
pers (5, 6); the reactivity or the chemical 
potential of lattice oxygen increased with 
the increase of x in the LaCo03 system. 
Whether the oxygen directly involved in 
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the catalysis is the lattice oxygen or ad- 
sorbed oxygen is not obvious. Nevertheless, 
as discussed previously (6), it can be at 
least stated that the oxygen species closely 
reflects the nature of lattice oxygen, even if 
it is the adsorbed oxygen. The reason why 
the catalytic activity decreased significantly 
in the range x z 0.4 may be explained either 
by the decrease of the reoxidation rate of 
the sample as in the case of the Co system 
(6), or by the drop of the capability of disso- 
ciation of oxygen on the surface with in- 
crease of Sr2+ substitution, as indicated by 
the rate of isotopic equilibration (Fig. 6). 

Effect of Ce 4+ Substitution 

As described above, the compositions of 
the catalysts containing Ce4+ may be La,-., 
Ce,&Me03 with the A-site cation va- 
cancies. In La&Zeo.,Fe03, Ce4+-substitu- 
tion ratio ( y) is close to x (= 0. l), because 
the peaks of Ce02 phase was hardly de- 
tected in XRD. In this case, as Ce4+ is intro- 
duced, a part of trivalent Fe in the B-site 
becomes divalent and makes the oxygen 
vacancy difficult to be formed, since oxy- 
gen desorption at low temperature is due to 
Fe4+ + Fe3+. Therefore, the facilitation of 
oxygen desorption in TPD and the rate of 
isotopic exchange of oxygen decreased 
with increase in Ce4+ content as shown in 
Figs. 5 and 7. The catalytic activity for pro- 
pane oxidation increased to some extent 
with Ce4+ substitution (Fig. 3). A possible 
reason might be that Fez+ ions formed are 
more catalytically active. 

On the other hand, Ce4+-substitution ra- 
tio (y) in the Co system may be considera- 
bly less than x, as the peaks of CeOz phase 
distinctly appeared in XRD. In this case, 
the formation of an A-site vacancy (4) be- 
comes significant and a part of trivalent Co 
ion in the B site changes to the tetravalent 
state. Therefore, the effect of Ce4+ substitu- 
tion in the LaCo03 system is expected to be 
similar to the effect of Sr2+ substitution. 
This is supported by the increase of the cat- 
alytic activity (Fig. 3), the facilitation of ox- 
ygen desorption by TPD (Fig. 5, curves 1 

Temperature/S: 

FIG. 9. TPD profiles of oxygen from La,,&o03 (solid 
line), La,&Ze0,,Co03 (broken line), and LaCoOl (dot- 
ted line). 

and 2), and isotope experiments (Fig. 8). 
Decrease of the catalytic activity at x = 0.2 
may be caused by the same reason as in the 
La,-,Sr,Co03 system (6) or by the pres- 
ence of inactive CeOz on the surface. 
Slightly lower rate of equilibration for x = 
0.2 might be due to the rapid bulk diffusion 
which dilutes the 180 concentration of the 
surface. 

To confirm the effect of an A-site va- 
cancy, samples were prepared from the 
nonstoichiometric mixture of La and Co 
salts (9/10 atomic ratio) which showed XRD 
peaks derived from only perovskite-type 
structure, and was supposed to have the 
composition of La,,.s&,ICo03. TPD of oxy- 
gen (Fig. 9) and isotopic equilibration of ox- 
ygen on this sample were similar to those of 
La,&eo.,Co03, although 180 exchange be- 
tween gas phase and the bulk was not accel- 
erated. Its oxidation activity for propane 
was also higher than that of LaCo03, as 
expected (Fig. 3). 

Thus, the behavior of La,-,Ce,Co03 ob- 
served in the present work was the same as 
that of La,-,&Co03, except for the differ- 
ence in the isotopic exchange. Therefore, it 
is very likely that only a small portion of 
Ce4+ is actually introduced to an A site of 
LaCo03 and most of the A sites which are 
expected to be occupied by Ce4+ form cat- 
ion vacancies (4). 
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