JOURNAL OF CATALYSIS 121, 432-440 (1990)

Oxygen Sorption and Catalytic Properties of La;_,Sr,Co;_,Fe, O
Perovskite-Type Oxides

H. M. ZHANG,* Y. SHIMIZU,* Y. TERAOKA,T N. MIURA,* AND N. YAMAZOE*:!

*Department of Materials Science and Technology, Graduate School of Engineering Sciences,
Kyushu University, Kasuga, Fukuoka 816, and t Department of Industrial Chemistry,
Faculty of Engineering, Nagasaki University, Nagasaki 852, Japan

Received May 31, 1989; revised September 12, 1989

Oxygen desorption from La,_.Sr,Co;_,Fe,O; perovskite-type oxides below 850°C was examined
by a temperature-programmed desorption (TPD) technique. The catalytic activities of the oxides
for the combustion of n-butane and methane as well as H,O, decomposition in an alkaline solution
were also measured and were discussed in relation to oxygen sorption properties. The amount of
oxygen desorbed increased with increasing Sr content at a fixed B-site composition, for which an
increase in the number of oxide ion vacancies with x was responsible. On the other hand, the total
amount of oxygen desorbed was hardly affected by B-site composition, but partial substitution of
Fe for Co enhanced desorption and sorption of oxygen particularly in the low-temperature region.
Substitution of Sr for La as well as of Fe for Co was found to promote catalytic activity, though the
activity changed with oxide composition in a manner dependent on the kind of reactant. For n-
butane combustion over La;_ Sr,CoqFe( 03, maximum activity was obtained at x = 0.2, Lag,Srq¢
Co,_,Fe,0; activity was highest at y = 0.4 for n-butane combustion, while it was independent of y
for methane combustion. For H,O, decomposition in an alkaline solution, on the other hand,
La,;_,Sr,Cog4Feq60; and La;_,Sr,Co0; activities increased monotonically with an increase in x,
and the former oxides were more active than the latter. These variations in catalytic activities with
oxide composition were well accounted for by the oxygen sorption properties revealed by

TPD. © 1990 Academic Press, Inc.

INTRODUCTION

Perovskite-type oxides represented by
ABO; are known to show various func-
tional properties, among which catalysis is
one of the most important application
fields. In 1970, Meadowcroft (I) reported
that LagsSrg,Co0O;y showed high catalytic
activity comparable to that of platinum cat-
alyst for the electrochemical reduction of
oxygen. This finding triggered many stud-
ies, and perovskite-type oxides containing
transition metals at B sites have been
proven to be effective catalysts not only for
the electrode process (2) but also for the
combustion of carbon monoxide and light
hydrocarbons (3).

In perovskite-type oxides, the substitu-
tion of A- and/or B-site cations by foreign

! To whom correspondence should be addressed.

metal cations brings about modification of
catalytic properties. For instance, substitu-
tion of Sr for Nd in NdCoO; or for La in
LaCoO; enhanced the catalytic activities
for the electrochemical reduction of oxygen
(4) or the combustion of propane, methane,
and carbon monoxide (5), respectively. So
far we have investigated the oxygen sorp-
tion properties and defect structure of
perovskite-type oxides by using a tempera-
ture-programmed desorption (TPD) tech-
nique, and have reported that the catalytic
properties of Co- and Mn-based perovskite-
type oxides are well accounted for by the
oxygen sorption properties (6, 7).

This paper reports the oxygen sorp-
tion properties of La;-,Sr,Co,_,Fe,0;
perovskite-type oxides as examined by
TPD, and their catalytic activities for the
combustion of methane and n-butane as
well as the decomposition of hydrogen per-
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oxide in an alkaline solution, which is a key
reaction in the electrochemical reduction of
oxygen.

EXPERIMENTAL
Preparation of Catalysts

Three series of La,_,Sr,Co;-,Fe,0; ox-
ides—La;_,Sr,Co0; (x = 0, 0.2, 0.4, 1.0),
Lal_XerCoo,A;Feg.ﬁO; (x = 0, 0.2,, 0.4, 06,
0.8, 1.0), and Lag ,Srg3Coy_yFe,0; (y = 0.4,
0.6, 0.8, 1.0)—were prepared from special-
grade reagents of lanthanum, strontium,
and cobalt acetates and iron nitrate. An
aqueous solution dissolving starting mate-
rials in a proportion of desired perovskite-
type oxides was evaporated to dryness and
then calcined at 850°C in air for 5-10 h. X-
Ray diffraction analyses showed that all ox-
ides except SrCo0O,s had perovskite-type
structure. SrCoO,s thus prepared con-
tained a considerable amount of oxide ion
vacancies crystallizing in brownmillerite-
like structure (ABO,s) as reported before
(8). The specific surface area of oxides was
measured by the BET method (N, adsorp-
tion).

Temperature-Programmed Desorption of
Oxvygen

Each sample (0.5-1.0 g), after being
mounted in a silica-glass reactor, was evac-
uated at 800°C for 1 h and then exposed to
13 kPa of oxygen for 1| h at a prescribed
temperature (74), followed by cooling to
room temperature (RT) in the same atmo-
sphere. This oxygen sorption treatment is
indicated as T; — RT hereafter, and unless
stated otherwise T is 800°C. After substitu-
tion of the atmosphere with a helium stream
(60 cm® min~1), the sample was heated at a
constant rate of 10°C min~! and the oxygen
desorbed was monitored with a thermal
conductivity detector. The preliminary ex-
periment on Lay Sty ,Cop4Fegs0; using a
quadrupole mass spectrometer (Nichiden
Varian TE-600) confirmed that the de-
sorbed gas was only oxygen.

&
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Fic. 1. TPD chromatograms of oxygen from

La;_,Sr,Co.Fes0; pretreated with oxygen at 800°C
—-RT.(1)x=0,2)x=0.2,3)x=04, @ x=0.6,(5
=0.8, 6)x = 1.0.

Combustion of n-Butane and Methane

The combustion reaction of n-butane and
methane was carried out in a flow reactor.
A gas mixture of n-butane (2.0 vol%) or
methane (1.5 vol%), oxygen (20 vol%), and
nitrogen (balance) was fed over the bed of 1
g catalyst. Carbon dioxide and water were
the sole reaction products, and the carbon
dioxide formed and the n-butane or meth-
ane reacted were analyzed by gas chroma-
tography.

Decomposition of Hydrogen Peroxide

Catalysts (ca. 10 mg) were immersed in
an aqueous solution of NaOH (9 M, 40 cm?)
kept at 80°C, to which an aqueous solution
of hydrogen peroxide (2 wt%, 5 cm?® was
added under continuous stirring. The reac-
tion rate was evaluated from the rate of ox-
ygen evolution.

RESULTS
TPD of Oxygen

Figure 1 shows the TPD chromatograms
of oxygen from ILa;_,Sr,Cog.Feq¢0s, in
which the ordinate (recorder response) cor-
responds to the rate of oxygen desorption.
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F1G. 2. TPD chromatograms of oxygen from Lag,
Sry4Co1-,Fe, 05 pretreated with oxygen at 800°C —
RT.Ny=0,2y=106,03)y=10.

The oxygen desorption is seen to be a trace
for x = 0 but increases sharply as x in-
creases. It is noteworthy that the oxides
with x = 0.2-0.8 or x = 1.0 show a desorp-
tion maximum at 150 or 250°C, respec-
tively, and that Sr substitution for La en-
hances the oxygen desorption in such a
low-temperature region. The amount of ox-
ygen desorbed far exceeds a surface mono-
layer except at x = 0, indicating that the
desorbed oxygen is liberated mostly from
the oxide bulk. As stated later in detail, the
desorbed oxygen is accommodated in the
sites of oxide ion vacancies which are pro-
duced by the substitution of Sr for La. [In
this sense, the oxides should be expressed
by La,_,Sr,Co;_,Fe,0;5_5 (§ = oxygen defi-
ciency). In this paper, however, a nominal
formula La;_,Sr.Co;_,Fe,0; is used in-
stead.]

Figure 2 shows how TPD chromatograms
of oxygen vary with the composition of
B-site cations (y) in LageSrp4Co,-yFe, 04
(y =0, 0.6, 1.0). Lag ¢Sry4C00O; exhibited a
sharp desorption peak centered around
820°C (B) in addition to a plateau-like peak
appearing below 800°C («), but Fe-contain-
ing oxides showed no sharp peaks corre-
sponding to B desorption. It can be seen
that the combination of Co and Fe at a B
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site enhanced the oxygen desorption below
ca. 300°C. This modification of the oxygen
desorption behavior in the low-temperature
region was more clearly observed on the
oxides with higher Sr content, Lay,Srys
Coy-,Fe,O; (Fig. 3). In this oxide system,
single-phase perovskite-type oxides were
synthesized in the composition range y =
0.4. Although 1.a,SrysFeO; desorbed a
large amount of oxygen, mixing of Fe with
Co at the B site enhanced oxygen desorp-
tion in a low-temperature region and low-
ered the temperatures for the onset of oxy-
gen desorption and for the desorption
maximum; for y = 0.6 the lowest tempera-
tures, 40°C (onset) and 150°C (peak maxi-
mum), were obtained, respectively. The
amount of oxygen desorbed below 850°C
was scarcely affected by the composition of
Fe and Co (y).

Table 1 summarizes the amounts of de-
sorbed oxygen determined by TPD after ox-
ygen pretreatment (7} — RT) where T; was
set at 800°C, 300°C, or RT. Excepting La
CO(]_4F€()_603 and Lao.ssro_4C003, desorption
amounts as well as the profile of TPD chro-
matograms observed at 7; = 300°C were
essentially the same as those observed at T
= 800°C. In addition, when pretreated with
oxygen at RT, oxides having mixed B-site
cations and a Sr content in the range 0.4 < x

Recorder response/mV-g?
S
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N

760800 800
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Fig. 3. TPD chromatograms of oxygen from La,,

SrysCoy-,Fe, 04 pretreated with oxygen at 800°C —
RT.(N)y=04,2)y=06,3y=08 & y=10.
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TABLE |

Effect of Oxygen Pretreatment Temperature on
Amount of Oxygen Desorbed

Oxide Amount desorbed
(umol g=1)
Ti¢ = 800°C  300°C RT

LaC00,4FeoA503 12.1 53 1.3
Lay gSrq.,Co0p 4Feg 503 116.5 106.4  78.5
Lay ¢Srp 4Cop 4Fe 605 282.9 278.9 275.6
L30‘4SI'0'6C00_4F60,603 4447 456.4 448.3
Lao_zsr(]_gc()o"‘Feo_GO:; 756.3 761.0 757.8
SrCoy 4Fey 603 759.0 763.2 491.8
Lay 2S19.5C006Fe.405 785.0 7927 744.8
LaolzsroAgCOU_zFEQ,gO:g 755.9 763.6 745.9
Lag»SrysFeO; 639.4 643.8 199.4
Lag ¢S10.4C00; 207.3 151.6  78.5

¢ Amount of oxygen desorbed below 800°C («) for
Lay 651y 4Co0; or below 830°C for other oxides.

¢ Temperature at which oxygen pretreatment is
started (T; — RT).

= (.8 desorbed a large amount of oxygen
comparable to those observed at 7} = 800
and 300°C. These results suggest that oxy-
gen sorption proceeds easily and rapidly
even at room temperature on the oxides
with such mixed A- and B-site composi-
tions.

Combustion of n-Butane and Methane

Figure 4 shows the temperature depen-
dence of n-butane combustion on La;_,Sr,
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Fi6. 4. n-Butane combustion over La;_,Sr,.Cop.
Fepe03. O, x =0, 0,x=0.2; @, x =0.4; A, x = 0.6;
A, x=08; A, x = 1.0; 0, LagSr4Co0;.

435

Cog.4Fey60;. The activity depended largely
upon Sr content, the order of which was x
=02>04>02>0.6>0.8>1.0. Note
that LagSry,Cog4Feys0O; was even more
active than L.a,¢Sry4Co0Os;, which report-
edly has the highest activity for n-butane
oxidation in the La;_,Sr,CoO; system (6).
The activity of Lay¢SrisCo0O; was almost
comparable to that of Lag ¢Sy 4Cog4Feq 603
in the present study. These results indicate
that the partial substitution of Fe for Co is
effective in increasing the catalytic activity.

Similar activity tests were carried out
over Lay»Srq3Co;_, Fe,0; to see the effects
of y. Arrhenius plots of the rates of n-bu-
tane and methane combustion are depicted
in Fig. 5. The effects of B-site composition
were different depending on the reactants.
The n-butane combustion activity increased
asy = 1.0 < 0.6 < 0.8 < 0.4, while methane
combustion was hardly affected by the B-
site composition.

Decomposition of Hydrogen Peroxide

In alkaline solutions, hydrogen peroxide
(H,0,) exists as a form of hydrogen perox-
ide ion (HO;), and the decomposition reac-
tion is written as

HO; — 10, + OH™. )]
CH combustion
107 L ¢ n-CsHio combustion
0
£ st
3
o
o
Cr1o*’ZL
SP ) A i { !
1.2 1.6 2.0
7771073 K

FIG. 5. Arrhenius plots of the rates of n-butane and
methane combustion over Lay,Sry3Co;-,Fe,0;. @, y
=04,0,y=06;d,y=08; @,y = 1.0.
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F1G. 6. H,0, decomposition in an aqueous solution
of 9 M NaOH at 80°C over La;_Sr,CogsFeyc0;. (a)
Effect of time on the volume of evolved oxygen, V,.
(b) Verification of the first-order reaction. O, x = 0 (9.7
mg); P, x =0.2(11.0 mg); @, x = 1.0 (9.4 mg).

Catalytic decomposition of HO; in an alka-
line solution was carried out by suspending
perovskite-type oxides in the solution. Fig-
ure 6a shows the effect of time on the vol-
ume of evolved oxygen (V,). As we re-
ported previously, the decomposition of
HO; on perovskite-type oxides is first-or-
der with respect to HO, concentration
(10):

(I/WS)Y(dX/dt) = k(1 ~— X), )

where X represents the conversion of HO; ,
W the weight of the catalyst used (g), S the
specific surface area of the catalyst [m?
g1, and k the rate constant per unit sur-
face area of the catalyst [s™! m~?], respec-
tively. Integrating the equation and substi-
tuting (V/V.) for X gives

—(1/WS)[l — (VJ/V)] =kt (3)

where V; and V., are the volumes (¢cm?) of
oxygen evolvedtor =t (X =X)and ¢ = =
(X = 1), respectively. Therefore, a plot of
—(1/WS)In[1 ~ (V,/V.)] against ¢ should be
a straight line as shown in Fig. 6b and & is
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determined as the slope of the plot. The
catalytic activity of perovskite-type oxides
for HO; decomposition was evaluated by
the &, thus obtained. Figure 7 shows k; val-
ues for two series of oxides, La,_,Sr,Co0s
and La;_,Sr,Coq4Fep 03, as a function of
Sr content, x. In both series of oxides, the
catalytic activity for HO; decomposition
increased with increasing x, though the ac-
tivity of La;_,Sr,Cog4Fep 605 was more de-
pendent on x.

DISCUSSION
Oxygen Sorption Properties

Effects of A-site substitution. In a
perovskite-type oxide LaMO; M = triva-
lent transition metal cation), the partial sub-
stitution of Sr** for La’* requires charge
compensation, which is achieved either by
the formation of oxide ion vacancies, as
shown by Eq. (4), or the formation of M**
{(or electron holes), as shown by Eq. (9).
Equation (6) is the combination of (4) and
(5):

Laif, Sty M**05_p) (4)
La%fxsr)zf+M%txM§+O3 (5)
Lait, Sty Mi*M{ Os_yrcrn. (6)

ks/ s1m2

20r

O 1 L 1 I L
0 02 04 06 08 10
Sr content, x
Fi1G. 7. Catalytic activity for H,0, decomposition at
80°C of La; Sr,CopFepsO; (@) and La,  Sr.CoO,
(©).
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TABLE 2

Amount of Oxygen Desorbed from
La;_,Sr,Co,_,Fe,0;

Oxides Surface area Amount O/81¢
—_—— desorbed®
(m2 g~l) —_
pmol g=! g8
LaCoq 4Feq603 33 12.1 0.9 —

Lag gSry.2Cog 4Fep 03 6.1 116.5 4.8 0.27
Lag ¢8r.4Cog 4Feg 603 7.5 282.9 9.4 0.32
Lag 4Srg 6Cog 4Fe 03 4.7 444.7 23.7 0.32
Lag »Sr.8C0g 4Feq 605 4.2 756.3 45.0 0.38
SrCoq.4Feq 603 33 759.0 575 0.29
Lag 2Srg 3Cog sFep 405 3.8 785.0 51.6 0.40
Lag 2Srg 3Cop 2Feq 503 3.2 755.9  59.1 0.38
Lag 5Srq gFeOy 3.2 6394  50.0 0.32

2 Amount of oxygen desorbed below 850°C.
? Surface coverage in unit of surface monolayer.
¢ Amount of oxygen atoms desorbed per Sr atom.

We have reported (8) that when La;_,Sr,
CoO; oxides are heated in vacuo or in a He
stream up to ca. 800°C the charge compen-
sation is achieved solely by the formation
of oxide ion vacancies, Eq. (4). On cooling
in an oxygen-containing atmosphere, the
vacancies become occupied by absorbed
oxygen to form tetravalent Co ions, Eq. (6).
The oxide ions absorbed in this way can be
discerned from the TPD chromatograms of
oxygen as « desorption. These results allow
us to mention that the sorption properties
of « oxygen of perovskite-type oxides mea-
sured by a TPD technique reflect the nature
of defect structure generated by the partial
substitution.

On the other hand, 8 desorption from
La;_,Sr,Co05 occurring as a sharp peak
around 820°C corresponds to the reduction
of some of the Co** to Co?* (8). Such a 8
desorption peak was observed for LagsSr-
0.4C005 (curve 1 in Fig. 2), but not for ox-
ides with mixed B-site cations except for
SrCoyg 4Fey 605 (Figs. 1-3). This indicates
that trivalent Co ions are stabilized by being
mixed with Fe ions which are more resis-
tant to reduction; LaFeQ; is reportedly
more stable than LaCoOj; against decompo-
sition in a reducing atmosphere (11).
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The amounts of oxygen desorbed below
850°C from La;_ Sr,CopsFeqs0; and
Lag ;Srp3Co;_, Fe, O, are listed in Table 2.
The amounts of oxygen desorbed far ex-
ceeded a surface monolayer except for the
case of LaCoq4Fep 03 (assuming 4.0 wmol
0, m~2 for one surface layer), indicating
that the desorbed oxygen is liberated
mostly from the bulk. Obviously, the
amount of desorbed oxygen increased
sharply with increasing x, while it remained
almost unchanged with changing y. This de-
pendence on the oxide composition agrees
well with the nature of & oxygen mentioned
above. That is, the amount of oxide ion va-
cancies is formally null for x = 0 and in-
creases with the substitution of Sr?* for
La’*, but it is unaffected by the substitution
of Fe3* for Co?*. Thus the amount of @ 0xy-
gen embedded at the sites of oxide ion va-
cancies is determined mostly by the A-site
composition. The amount of desorbed oxy-
gen atoms per Sr atom (O/Sr) is shown in
the last column of Table 2. If o oxygen is
associated with the oxide ion vacancies
formed by the partial substitution of Sr2*
for La’*, O/Sr can take values between 0
and 0.5. In practice, O/Sr is seen to take ca.
0.4 for Lag»Sro5Co;-,Fe, O3 (y = 0.4, 0.6,
0.8) and ca. 0.3 for others over a wide range
of x. This allows us again to confirm the
association of o oxygen with the oxide ion
vacauncies.

Effects of B-site substitution. As men-
tioned above, A-site composition affects
mainly the amount of sorbed oxygen. On
the other hand, B-site composition influ-
ences the properties of sorbed oxygen. As
shown in Figs. 2 and 3, the partial substitu-
tion of Fe for Co clearly enhanced the oxy-
gen desorption in the lower temperature re-
gion below ca. 300°C. It appears that the
bonding strength of the sorbed oxygen is
influenced by the composition of Co and Fe
and becomes the weakest at y = 0.6 for
LaQ,ZSrQ,gCol-yFey 03.

The rapid and facile absorption of oxygen
at lower temperature shown by Table 1 is
also a marked promotion effect brought



438

about by the coexistence of Co and Fe at B
sites. Oxides having mixed B-site cations
and x in the range 0.4 = x < 0.8 could ab-
sorb almost the same amounts of oxygen,
even at room temperature, as those ob-
served after 800°C — RT (Table 1). The ab-
sorption and desorption of oxygen accom-
pany the redox changes of B-site cations
between tetravalent and trivalent, as men-
tioned above. Accordingly, it is conceiv-
able that the phenomena are somehow re-
lated to the relative ease of redox processes
between Fe'™ = Fe** and Co*t = Co*.
However, the effects of B-site mixing never
seem to be so simple. The lowering of oxy-
gen absorption temperature indicates that
the rate process is largely promoted with
mixed B-site cations of Co and Fe. The
lowering of desorption temperature, on the
other hand, suggests that part of the ab-
sorbed oxygen becomes less stable with the
mixing of B-site cations. These effects
should be explained in a future study.

A comment is added on the role of Fe
substitution for Co on the crystal structure.
It was reported that the upper limit of Sr
content (x) for single-phase perovskite for-
mation in the La,_,Sr,CoO; system was
about 0.6 (12). In our study on the same
system, a single-phase perovskite-type ox-
ide was prepared at x =< 0.4; oxides with x
= 1.0 had a brownmillerite-like structure
and oxides with 0.4 < x < 1.0 were a mix-
ture of perovskite and brownmillerite-like
structures. In the Fe-containing oxides,
however, perovskite structure could be
maintained up to x = 1.0, in accordance
with the previous report (13). Thus Fe sub-
stitution makes it possible to preserve
perovskite structure up to the highest Sr
content. Brownmillerite-like structure can
be derived from the cubic perovskite struc-
ture by removing oxide ions regularly and
thus ordering of oxide ion vacancies (/4).
We reported previously (8) that SrCoO, s
evacuated at 800°C has nearly cubic
perovskite structure in which oxide ion va-
cancies are randomly distributed and that
the anisotropic ordering of oxide ion vacan-
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cies takes place with the sorption of « oxy-
gen to give a brownmillerite-like structure.
Consequently the presence of Fe ions at
some B sites appears to suppress the order-
ing of oxide ion vacancies and thus pre-
serves perovskite structure up to the high-
est Sr content, x = 1.0.

Catalytic Activity for Combustion
Reactions

Effects of A-site substitution. Catalytic
oxidation of light hydrocarbons over Co-
based perovskite-type oxides proceeds by
the redox mechanism (7, 15) in which oxide
ions in the crystal lattice take part in the
catalysis. We reported previously (6) that «
oxygen was responsible for the high com-
bustion activity of La,_Sr,Co0O; under the
redox mechanism and that catalytic activity
was determined by the amount and the re-
activity of o oxygen. Figure 8 shows the
amount of desorbed oxygen and the cata-
lytic activity for n-butane combustion as a
function of x in La;_ Sr,Cog4Feqs0;. The
catalytic activity is expressed in terms of
temperature at which the conversion of n-

[
Co

S
~
Amount of oxygen desorbed/mmol-0,- g

2007

Tso, / °C
w
o
o

A

0 02 04 06 08 10
Sr content, x

Q

400

F1G. 8. Catalytic activity for n-butane oxidation (O)
and amount of oxygen desorbed below 850°C (@) as a
function of x in La;_,Sr,Coy 4Feq 605, Tso, temperature
for 50% conversion of n-butane.
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butane reaches 509% (T'sps). It is seen that
20% substitution of Sr for La increases the
activity while further substitution de-
creases the activity. On the other hand, the
amount of desorbed oxygen monotonically
increases with increasing x up to x = 0.8.
These dependences found in La;_,Sr,Cog 4
Fey 603 are essentially consistent with those
found in La;_,Sr,CoQ0s, though the highest
activity of La;.,Sr,.CoO; was obtained at x
= 0.4 (6). Accordingly the change in cata-
lytic activity with Sr substitution seems to
be similarly accounted for by the dual ef-
fects of Sr substitution, i.e., an increase in
the amount of active oxygen and a decrease
in the reactivity of individual oxygen spe-
cies. Because of these two opposing fac-
tors, catalytic activity seems to reach a
maximum at a certain value of x (0.2 in the
case of Lal_xsrXC00‘4Feo_603).

Effects of B-site substitution. As shown
in Fig. 5, the effect of B-site composition,
y, on the combustion activity of Lag,Sryg
Co;_,Fe, O; differs with reactants; the ac-
tivity was dependent on y in the n-butane
combustion but not in the methane combus-
tion. It has turned out that the changes in
combustion activities with B-site composi-
tion are rather well related to the amount of
« oxygen which remains in the oxides and
is available to the reaction at the tempera-
ture of combustion reactions. The TPD
chromatograms of oxygen from Lag,Srys
Co,—yFe,O; (Fig. 3) are characterized by
the appearance of a large desorption peak
below 300°C. The temperatures of the n-
butane combustion reaction, 200-300°C,
are rather close to those of the large desorp-
tion peaks. The amounts of oxygen avail-
able at that temperature vary with y in the
order 1.0 < 0.6 < 0.8 < 0.4, which is in
good accordance with the order of catalytic
activity. In the temperature range of the
methane combustion reaction, 350 to
500°C, on the other hand, the amount of «
oxygen available to the reaction does not
vary that much with y and this seems to
explain the almost similar catalytic activi-
ties of the oxides. In contrast to the Sr sub-
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stitution for La, the reactivity of individual
oxygen species (a oxygen) seems to be af-
fected little by the B-site substitution.

It is true that the partial substitution of
Fe for Co clearly increases the catalytic ac-
tivity for n-butane oxidation as typically il-
lustrated by the superiority of LaggSrq»
Cog4Fey 603 10 Lag ¢Sy 4Co0; (Fig. 4), but
this promotion effect is likely due to mainly
an increase in available oxygen.

Catalytic Activity for H,O, Decomposition

The catalytic decomposition of H,O,
over an oxide catalyst in an alkaline solu-
tion is assumed to proceed by two steps

HO; + Vg + 2¢ — OH- + O}~ (7)
0 = 40, + 2¢ + Vo (8)

where Vo and Of are oxide ion vacancy
and lattice oxide ion, respectively. The
electronic conductivity of La;_.Sr.Co;-,
Fe, O; oxides is reported to be sufficiently
high (16) that the charge transfer between
the reactants and the catalyst may be too
fast to control the total rate. Accordingly
the decomposition rate should be deter-
mined by the amount of oxide ion vacancies
(7) and/or the readiness of oxygen desorp-
tion (8). The activity for H,0, decomposi-
tion at 80°C (Fig. 7) increased monotoni-
cally with increasing x in both oxide
systems, La;_,Sr,CogsFeq¢O: and La;_,
Sr,Co0Os. Such monotonic increases are in
good contrast to the cases of hydrocarbon
oxidation activity in which Sr substitution
has optimum values. Unlike hydrocarbon
oxidation reactions, HO; decomposition
does not need association of reactive oxy-
gen species, and this seems to result in the
above monotonic increases. The promotion
effects of Sr substitution can be explained
in two ways. (1) The substitution increases
the amount of oxide ion vacancies and thus
increases the rate of (7). (2) The substitu-
tion increases the rate of oxygen desorption
in the lower temperature region and thus
increases the rate of (8). Of the two expla-
nations, the latter appears to be more plau-
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sible when the marked effects of the partial
substitution of Fe for Co are considered.
The activity of La;_,Sr,CogsFeq 0y was
always higher than that of La;_,Sr,Co0O;
when x was fixed. TPD results showed that
Fe substitution enhanced oxygen desorp-
tion at temperatures below ca. 300°C (Fig.
2) and that an increase in oxygen desorp-
tion in this low-temperature region was
more prominent in La;_,Sr,CoysFeys0;
(Fig. 1) as compared with the case of
La,_,Sr,Co0O; reported previously (6). Also
revealed was that Fe-substituted oxides ab-
sorbed oxygen very easily, even at room
temperature (Table 1). Thus, enhancement
of the rates of oxygen sorption—desorption
in the low-temperature region seems to be
most responsible for the promotion effect
of Fe substitution in H,0; decomposition.

Effects of Fe Substitution on Catalytic
and Oxygen Sorption Properties

As stated above, substitution of Fe for
Co was found to enhance oxygen sorption—
desorption properties as well as catalytic
activity for the combustion of hydrocar-
bons and H,0, decomposition. The varia-
tion of catalytic activity with oxide compo-
sition was well accounted for by the oxygen
sorption properties. Fe substitution en-
hanced oxygen desorption particularly at
temperatures below ca. 300°C. In accor-
dance, Fe substitution prominently pro-
moted catalytic activity for H,O, decompo-
sition and n-butane combustion catalyzed
at relatively low temperatures. In addition,
Fe substitution was effective in preserving
perovskite-type structure at higher Sr con-
tents.

It has been reported that perovskite-type
oxides with only Co at B sites are among
the most active catalysts, while oxides with
only Fe are less active for combustion reac-
tions (5, 17, 18) or electrode processes
(10, 19). The present study shows that ox-
ides with mixed B-site cations can often be
more active than oxides with unmixed B-
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site cations. So far the catalytic activity of
perovskite-type oxides has been studied
mostly with regard to A-site substitution.
However, the results obtained here suggest
the possibility of finding more excellent cat-
alysts by selecting the proper combination
of not only A-site cations but also B-site
cations.
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