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Catalytic oxidations of carbon monoxide, propane, and methanol have been investigated over
perovskite-type mixed oxides (La;-,Sr,Co0;_;, x = 0, 0.1, 0.2, 0.4, and 0.6) by the use of flow and
pulse methods. The reduction—oxidation properties as well as nonstoichiometry (8) and desorptiv-
ity of oxygen were also measured. These properties were correlated with the catalytic activity with
emphasis on the effect of the Sr substitution. Reducibility (or oxidizing ability) of these catalysts
greatly increased with the extent of Sr substitution (x), while the reoxidation became much slower
with increasing x. The catalytic activities increased with x when x was low, but decreased at higher
x values. This variation of activity was well explained on the basis of a redox-like mechanism,
taking account of the reduction—oxidation properties of catalyst. The oxidation state of the cata-
lysts during the steady—state catalytic oxidation of carbon monoxide varied with x and CQO/O; ratio

also in accordance with the above explanation.

INTRODUCTION

Perovskite-type mixed oxides (ABQO;) are
suitable materials for the basic study of the
relationships between the solid state chem-
istry of metal oxides and the catalytic
action, since their bulk structures have
been well characterized and the oxidation
state of B-site ion and the number of oxy-
gen vacancies can be controlled by the sub-
stitution of the constituting elements with-
out affecting the fundamental structure (1).
As for the application as practical catalysts,
some of the perovskite-type mixed oxides
have been suggested as possible substitutes
for noble metals in automotive exhaust
catalysts (2). Manganite and cobaltate
perovskites have been reported to be very
active for the oxidation of CO (3) and the
reduction of NO (4). These oxides are also
active hydrogenolysis and hydrogenation
catalysts (2, 5, 6).

We previously reported that La;_,Sr,
Co0; catalysts showed high activities for

! Present address: Tonen Sekiyukagaku K. K.
2 To whom all correspondence should be addressed.

151

the oxidation of C3;Hg, CHy4, and CO, which
varied with the Sr?* content, x (7). We also
found that the reducibility, the ease of oxy-
gen desorption, the diffusivity of oxygen in
the bulk, and the ability to activate the oxy-
gen molecule markedly increased with x,
and indicated that these properties are
closely associated with the catalytic activi-
ties for oxidation (8).

In the present work we investigated the
reduction—oxidation properties of perov-
skite catalysts and the reactivities of
lattice and adsorbed oxygen. Emphasis has
been directed toward elucidating the effects
of Sr substitution on the catalytic activity
as it relates to changes in the oxidation
state of cobalt and the tendency to form
oxygen defects.

EXPERIMENTAL
Catalysts

The catalysts were prepared from mix-
tures of metal acetates in the same manner
as described in the previous papers (7, 8).
Powder X-ray diffraction patterns (XRD)
were recorded with an X-ray diffractometer
(Rigaku Denki, Rotaflex, RU-200) using
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CuKa radiation. All of the La;_,Sr,Co0;
samples used in this work showed only the
diffraction peaks of the perovskite-type
structure.

Apparatus

Conventional pulse, flow, and closed-cir-
culation systems were used for the reac-
tions. The adsorption (absorption) of oxy-
gen was measured in a static system
equipped with a Baratron pressure gauge.

Procedure

(i) Oxidations of C3;Hg and CO (flow
method). The oxidation reactions of C;Hg
(at 227°C) and CO (at 150°C) were carried
out with the flow system. Prior to the reac-
tion, the catalysts (300 mg for C;Hg and 50
mg for CO) were treated in an O, stream for
1 h at 300°C. The pretreatment of catalyst at
300°C for 1 h in an O, stream (1 atm) or in
circulating O, (100 Torr; with a liquid nitro-
gen trap, for procedures (iii) and (iv)) will
be called the standard pretreatment. A gas
mixture of C;Hs or CO (0.83%), O, (33.3%),
and N, (balance) was used for flow experi-
ments. The flow rate of the mixed gas was
60 cm?/min. Products were analyzed by a
gas chromatograph (silica gel, 1 m, kept at
84°C for CO; and C;Hj, and molecular sieve
5 A, 1.5 m, kept at 84°C for O, N;, and
CO).

(ii) Oxidations of CO, CH;0H, and C;Hy
(pulse method). After the standard pretreat-
ment (see above), the carrier gas was
changed to He (the flow rate: 30 cm? min—!),
and the catalysts (50 mg) were subjected to
pulse reactions. The quantity of the CO and
C;H; pulses was 0.1 cm?® (gas) and that of
CH;0H was 1 ul (liquid). Reaction temper-
ature was 150°C for CO and CH;0H, and
300°C for CsH;g. Products were analyzed by
a gas chromatograph (Porapak Q, 1.5 m,
83°C).

(iit) Reduction and reoxidation of cata-
lysts, and catalytic oxidation (circulation
system). The volume of the circulation sys-
tem was about 250 cm?. After the standard
pretreatment, the catalysts (300 mg) were
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cooled to 150°C in O,, and evacuated for 1 h
at 150°C. Then the catalysts were reduced
by CO at 150°C (initial CO pressure was
about 15 Torr). After the reduction by
about 5% (e.g., from LaCoO; to La
C00,45), the reduced catalysts were evacu-
ated for 0.5 h and reoxidized by O, (initial
pressure of O, was about 40 Torr). The
rates of the reduction and reoxidation were
measured by the pressure decrease of CO
and O,, respectively, where product CO,
was condensed by a trap kept at liquid ni-
trogen temperature. In the catalytic oxida-
tion, the catalysts (50 mg) were diluted with
SiC (250 mg) to avoid a rise in the tempera-
ture of the catalysts which might be caused
by the heat of reaction.

(iv) The degree of reduction of catalysts
during the catalytic oxidation reaction (cir-
culation system). After the standard pre-
treatment, a gas mixture (Pco = 50 Torr,
Po, =7 Torr) was introduced onto the cata-
lysts at 150°C. The reactions were inter-
rupted after various reaction periods, and
the reaction gas was evacuated. Then the
amount of CO, formed, which was col-
lected by a trap kept at liquid nitrogen tem-
perature, was measured. The amount of ox-
ygen consumption was calculated from the
pressure decrease and the amount of CO,
formed. The total pressure decrease after
10 min was ca. 20 Torr (see Fig. 8). In addi-
tion, to confirm the above analysis the reac-
tion gas mixtures were also analyzed by us-
ing a quadrupole-type mass spectrometer
(NEVA, NAG-531).

(v) Adsorption (absorption) of oxygen.
First, the catalysts (1 or 0.5 g) were
heated in O, (ca. 20 Torr) at 300°C for 1 h.
After the system was evacuated at 300°C
for 0.5 h, oxygen was introduced at 300°C.
Then the temperature was lowered
stepwise to 200, 100, and 25°C in the pres-
ence of O, (ca. 10 Torr). First, the amounts
of oxygen uptake at each temperature were
cumulatively measured. At each tempera-
ture, the amount of reversible oxygen up-
take was also measured, after the sample
was evacuated for 0.5 h. This oxygen will
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be called reversibly ab(ad)sorbed oxygen.

(vi) The measurement of nonstoichiome-
try, 8. The nonstoichiometry, 8, was cal-
culated by analyzing the amount of Co**
and the total amount of Co. The total
amount of Co was determined as follows
(9). A sample (ca. 100 mg) was dissolved in
25 ml of 1 N H,SO,. After this solution was
neutralized by sodium bicarbonate (5 g in
excess), 5 ml of 30% H,0, was added. The
residual H,O, was decomposed by gentle
heating. Then the solution was diluted with
water to 100 ml and 5 g of potassium iodide
was added. After the solution was carefully
neutralized by HCI (10 ml in excess), it was
titrated with a standard thiosulfate solution
(N/50).

The determination of the amount of Co**
and Co** was carried out according to the
literature (10). The sample (about 100 mg)
was dissolved in the solution of 25 ml of 0.4
N HCI plus 25 ml of 0.16 M KI. The solu-
tion was titrated with a standard thiosulfate
solution.

RESULTS
Nonstoichiometry of La,- . Sr,CoO;_;

The values of § in La;_,Sr,C005-5(x =0
— 0.6), which had been calcined at 850°C,
cooled in air, treated in oxygen at 300°C,
and then cooled in oxygen to room temper-
ature, were determined as summarized in
Table 1. The & value increased with the Sr?*
content, x. Figure 1 shows the results of O,
adsorption (absorption) for these samples.
The open symbols express the cumulative
amounts of oxygen which were adsorbed
when the samples were cooled stepwise af-
ter O, was introduced at 300°C. Differences
between open and closed symbols are the
amounts of reversible ad(ab)sorption at
each temperature. These amounts are of
comparable order with those obtained by
the temperature programmed desorption
(TPD) of oxygen as previously reported (8).
The values of 8 in vacuum (1073 Torr) and
in O, (ca. 20 Torr) at 300°C are given in
Table 1, where A8 which was calculated
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TABLE 1
The Nonstoichiometry (8) of La;_,Sr,Co0;_s°

x [ Cot** ]" 8 A5
Co** + Co**
Under In O
vacuum (~10 Torr)
0 0) (U} 0.0011 0.00046
0.2 0.20 = 0.01 +0.005 0.0049 0.0012
0.4 0.30 0.052 0.036 0.012
0.6 0.40 0.098 0.060 0.014

@ Calcined at 850°C. Surface areas are 2.5 (x = 0),4.3(x = 0.2), 5.4 (x
= 0.4), and 3.5 m¥g (x = 0.6).

b Chemical analysis (see text). Samples were pretreated in O3 at 300°C
and cooled to room temperature.

< {8 value at 300°C} — [8 value at room temperature]. Calculated from
the amount of O; uptake.

from the amount of O, uptake represents
the difference between the 8 values and the
& value at room temperature. The values of
8 and A8 both increased with x.

Figure 2 shows the uptake of oxygen af-
ter the catalysts were evacuated at 300 or
400°C. The initial rate for x = 0.4 was
greater than that for x = 0.6. When the ini-
tial pressure of oxygen was changed, the
rate was positively dependent on the oxy-
gen pressure (about 0.4th order) for the cat-
alyst with x = 0.6, as in the case of reoxida-
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F1G6. 1. The amounts of O, adsorption/absorption.
Catalyst weight: 500 mg for x = 0.6 and 1.0 g for x =
0.2. Circles and triangles refer to x = 0.6 and 0.2,
respectively. Open symbols represent the amount of
O, uptake at each temperature in O, (20 Torr) after the
samples were evacuated at 300°C. Closed symbols
were the amounts after evacuation at each tempera-
ture. Ad’s are O, uptake expressed by the differences
in 8 in Lag ¢Sry¢Co0;_s.
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FIG. 2. O, uptake at 150°C. Catalyst weight: 500 mg
for x = 0.4 and 0.6, 1.0 g for x = 0.2. (a) x = 0.4
(preevacuated at 300°C). (b) x = 0.6 (preevacuated at
300°C). (c) x = 0.2 (preevacuated at 400°C). The up-
take of this sample evacuated at 300°C was very small
(see Fig. 1).

tion (see below). The adsorption isotherms
exhibited saturation at about 10 Torr for
LaCo0O; and Lay gSry,Co0; at 300°C.

Oxidation Reaction (Flow Method)

Figure 3 shows the results of the catalytic
oxidation reaction of C;H; and CO. In both
cases, the rate increased with x up to
Lag Srp,Co0; and became nearly constant
or decreased slightly with further increase
in x.

Oxidation Power (or Reducibility) of
La,_.Sr,.CoO;

Figures 4 and 5 show the results of pulse
reactions of CH;0H, CO, and C;Hg. Only
CO; and H,O were formed from CH;O0H
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F1G. 3. Effects of the Sr substitution for La in the
catalytic oxidation (flow method). (a) Oxidation of CO
at 150°C. (b) Oxidation of C;Hj at 227°C.
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F1G. 4. Amounts of CO, formed from the pulses of
CO or CH;OH plotted as a function of x. Catalyst
weight: 50 mg, reaction temperature: 150°C. Pulse
size: CO, 1 cm?; CH,;0H, 1 ul. (a) CH;0H, (b) CO.

and C;Hg. When these reactants were
pulsed in the absence of oxygen, the extent
of CO, formation, which reflects the oxida-
tion power of catalyst, increased with x in
the three cases. On the other hand, when
C;H; was copulsed with O,, the amounts of
CO, formed increased with x up to x = 0.2
but decreased for x = 0.4. The latter trend
closely resembles that of catalytic activity
measured in a flow system (Fig. 3).

Reduction and Reoxidation of the
Catalyst (Circulation System)

Figure 6a shows the CO consumption in
the reduction of the catalysts by CO, where
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F1G. 5. Amounts of CO, formed from C;H; pulses.
Catalyst weight: 50 mg, reaction temperature: 300°C.
(@) C;Hg only, (b) C3Hg + O,. Bars indicate the range of
variation when the O,/C;Hg ratio was changed from 0.5
to 2.0.
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Fi1G. 6. Reduction by CO (a) and reoxidation by O,
(b) in a circulation system. Catalyst weight: 300 mg,
reaction temperature: 150°C. (A)x = 0.2, (O) x = 0.4,
(O) x = 0.6. O, uptakes are expressed by [CO con-
sumption] X } x 100.

from the slopes of the curves the initial
rates of reduction are observed to increase
with increasing x. The rate of reduction cal-
culated from the slopes of the curves in Fig.
6a are plotted in Fig. 7, as a function of the
degree of reduction (8': difference between
the & value after the reduction and the &
value after the evacuation at 150°C). The
general trends do not change when the rates
are plotted against § instead of &', since the
changes in § value caused by 150°C evacua-
tion were small (see Fig. 1). Disproportion-
ation of CO was not detected as described
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F1G. 7. Rates of reduction by CO and reoxidation by
0, as a function of 8'. Catalyst weight: 300 mg, reac-
tion temperature: 150°C. (—--—): x = 0, (——): x =
02, (9):x =104, (---): x =06, () x = 0.6 2%
prereduced). Reoxidation was carried out after the
sample was prereduced by 5%, except for the dotted
line (2%). (@) Expresses the crosspoints of the reduc-
tion and reoxidation curves. §': 8 values under the
assumption that § is zero before the reduction experi-
ments. See text.
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below. The rate of reduction for LaCoO;
decreased rapidly, and the rates of the
other samples decreased slowly with the
degree of reduction. The reoxidation of the
catalysts which had been reduced by 5%
proceeded as shown in Fig. 6b. From these
data the rates of reoxidation were calcu-
lated and plotted against &' in Fig. 7. The
rates increased rapidly with the degree of
reduction, and decreased with x, when they
are compared at the same degree of reduc-
tion, as preliminarily reported before (11).

The rate of reoxidation for 2% reduced
Lag4SrCo0; is shown by a dotted line in
Fig. 7. This rate was greater than that of the
5% reduced sample at the same degree of
reduction, but the difference was small as
compared with the dependency of the rate
on &'. The rate of reoxidation was 0.4-0.7th
order with respect to oxygen pressure (Po,
= 15-90 Torr) for x = 0.6 (prereduced by
5%) at 150°C. The carbon balance was satis-
factory in the process of reduction, indicat-
ing that the formation of carbide or carbon
deposit was negligible.

Comparison of the Catalytic Oxidation of
CO and the Stoichiometric Reduction of
the Catalysts by CO

In Table 2, the rates of the catalytic oxi-
dation of CO in a circulating system are
compared with the rates of the stoichiome-
tric reduction of the catalysts by CO under
similar conditions. The rate of stoichiomet-
ric reduction increased with x in a similar
manner as in Figs. 4-6, and the rate for
Lag 4SrgCo0; was 50 times greater than

TABLE 2
Rates of CO, Formation with and without O, at
150°C
La,-,Sr,Co0; Rate (ml g~! min~}) With O,

without O, with Oy Without O,
x=0 0.15 1.7~ 1.8 11.3 ~ 12,0
x=0.2 2.6 16.2 ~ 19.8 6.2~ 7.6
x = 0.6 7.6 10.4 ~ 17.0 14~ 22

Note. Circulation method. Initial pressure: pco = 15 Torr,
Po, = 40 Torr.
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that for LaCoQ;. On the other hand, the
rate of catalytic oxidation showed a maxi-
mum at x = 0.2. The ratio of the rate of
catalytic oxidation to that of stoichiometric
reduction was 1.4-2.2 for Lag4Sry¢CoOs.
The ratio increased with decreasing x and
was about 12 for LaCoOs.

The Oxidation State of Catalysts During
Catalytic Oxidation of CO

The oxidation state of catalysts (Lag gSto 2
Co0;) during the catalytic oxidation of
CO can be estimated from the results
shown in Fig. 8a, where open circles show
the total amount of CO, formed and trian-
gles the amount of CO, accounted for by
the reaction of gaseous oxygen. The differ-
ences between these two values (circles
and triangles) are the amount of CO,
formed from lattice oxygen, and is there-
fore proportional to the degree of reduc-
tion, i.e., the oxidation state (solid circles).
Figure 8a shows that the catalyst was im-
mediately reduced and reached nearly a
stationary oxidation state at the initial stage
of the reaction. Small variation of the oxi-
dation state is due to the change in the CO/
O, ratio of the reaction gas.

Similar experiments were conducted for
catalysts with x = 0 and x = 0.6. The results
summarized in Table 3 indicate that the cat-
alyst was in a lower oxidation state (or
greater degree of reduction) as x increased.
When oxygen was in excess (Pco = 16
Torr, Po, = 40 Torr) the degree of reduc-
tion naturally became smaller, but it also
increased with x.

DISCUSSION

Nonstoichiometry and Structural Changes
with Redox Cycle

When Sr** is partially substituted for
La3*, the charge is compensated by the oxi-
dation of Co** to Co** and/or formation of
oxygen vacancies, as is formulated by
La}t,Sr2*Coit,.256C03812505_5.  Although
Co** is an ion of abnormal valence, it has
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Fic. 8. Rate of catalytic oxidation of CO and reduc-
tion of catalyst by CO. Catalyst: LaggSry,Co0; (300
mg), reaction temperature: 150°C. (a) Catalytic oxida-
tion (CO: 50 Torr, O,: 7 Torr). (O) Total amounts of
CO, formed. (A) Amounts of CO, formed by the reac-
tion between CO and gaseous O,. (@) Degrees of re-
duction (differences between O and A). (b) Reduction
of catalyst (CO: 50 Torr in the absence of Q,). (O)
Amounts of CO, formed.

been observed in BaCoO; (9), SrCoQO;_;
(12), and La,_,Sr,Co0;_; (13). For the sam-
ples used in the present investigation (Table
1), Co** was formed without creating oxy-
gen vacancies for x = 0.2, but the oxygen
vacancies were formed for x = 0.4 and 0.6.
For example, 40% of the Co in Lay4Sros
Co0; was Co**, and 8 was about 0.1. These
results agree with the results of Jonker and
Van Santen (13) that Co** was formed with-
out the formation of oxygen vacancies for x

TABLE 3

Degree of reduction of La,_,Sr,CoO; during CO
oxidation at 150°C

Initial &' in La,_,Sr,Co0;-¢
pressure
(Torr) x=0 x=0.2 x = 0.6
Peo Py,
50 7 0.007 0.06 0.12
15 40 0 0.004 0.017

Reaction time; 4-6 min.
&' is the change in the nonstoichiometry referred to that after the 150°C
evacuation (see text).
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= 0.4, but that oxygen vacancies were
formed in addition to Co** when x ex-
ceeded 0.4. Therefore, the 8 value of La
CoO; in this study may be suspected to be
zero, although the chemical analysis was
not carried out. Consequently, the compo-
sitions of the samples after the standard
treatment in the present investigation are
close to LaCoQ;, LagSry,C0o0s, Lag¢Sros
C002,95, and La0.4Sr0.6C002.90.

According to Crespin and Hall (6), La-
Co0; reduced by 3 electrons/mol was par-
tially decomposed to form La,0O; and Co°,
although Co° was not detected by XRD.
Even in this case, the structure of
perovskite was completely restored by the
reoxidation. These results indicate that the
perovskite structure is decomposed when it
is extensively reduced, but the structure
can be restored by reoxidation in some
cases.

Therefore, the restoration of the
perovskite structure by reoxidation as in
the present work does not automatically
mean that the structure was unchanged in
the reduced state. However, in the present
work the extent of reduction was very small
(0.3 electrons/mol as compared with 1-3
electrons/mol in the report of Crespin and
Hall (6)). Moreover, the reoxidation pro-
ceeded much more easily (Fig. 2), and no
XRD diffraction lines of La;CoQOs, Lay
Co0;0y, Lay0;, CoO, and Co3;04, which
were reported in the literature for the de-
composition of LaCoQ; (/14) were detected
in the present work after reduction. Lom-
bardo et al. (15) have recently reported that
reduced LaCoO; was active for the hydro-
genation of ethylene since active Co° parti-
cles were formed on the surface by reduc-
tion. According to their results, the activity
due to Co® started to appear at the reduc-
tion level of 1.5 electrons/mol. This reduc-
tion level is much greater than that in the
present work. Consequently, it is presumed
that the fundamental structure of perov-
skite is preserved during the redox cycles
as long as the extent of reduction is low as
in the present work.
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Reduction and Reoxidation of the
Catalysts

First we shall discuss briefly whether the
rate-determining step of the redox cycle is
the surface reaction (case 1) or the diffusion
of oxygen in the bulk (case 2). If the diffu-
sion of oxygen in the bulk is very rapid and
the surface reaction is rate determining
(case 1), there will be no gradient of the
concentration of oxygen vacancy in the
bulk, and therefore the curve of the reox-
idation rate as in Fig. 7 should not depend
on the extent of prereduction. In other
words, the rate at the same extent of reduc-
tion should be identical. But the curves for
the 2 and 5% reduced samples (Lag4Sry
Co0;_;s) were different (Fig. 7, dotted and
broken lines), indicating that the diffusion
is not very rapid. Our previous observation
that the isotopic equilibration of oxygen in
the gas phase was much more rapid than
the exchange of oxygen with the bulk oxy-
gen (&) also does not favor the assumption
of rapid diffusion of oxygen. In case 2
where the diffusion determines the redox
rate, the pressure dependence of reoxida-
tion would be negative order in oxygen
pressure (16), since the number of anion de-
fects which controls the diffusion rate
should decrease with the oxygen pressure.
[A possible mechanism is $0, + 2Co¢, +
Vo = 0% + 2Co¢,, where Cog, and O are
Co’t and O~ at the ordinary lattice site,
respectively. Vg and Cog, are oxygen va-
cancy and Co**, respectively.] However, it
was actually positive (about 0.5th order).
Further, the fact that the reoxidation be-
came slower with increase in x cannot be
explained by case 2, since the rate of oxy-
gen diffusion in the bulk should increase
with the concentration of anion defects and
therefore with x. Consequently, either step
cannot be rate determining. A possible ex-
planation may be that the redox cycle is a
combined process of the surface reaction
and the diffusion of oxygen in the bulk.

The reducibility and the readiness of oxy-
gen desorption increased with the Sr?* con-
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tent, x, as shown in Figs. 4-7. Tempera-
ture-programmed desorption (TPD) of
oxygen showed the same trend (8, 17). In
contrast, the reoxidation became slower
with increasing x, as shown in Figs. 6 and 7.
There might be a possibility that the reox-
idation process was influenced by the depo-
sition of metallic cobalt or a considerable
change of the structure brought about by
the prereduction. However, as discussed
above, the essential structure of the cata-
lysts was not likely changed by reduction in
the present work. Furthermore, as shown
in Fig. 2, a similar trend in the adsorption of
oxygen (reoxidation) was found for the
samples which had been slightly reduced
only by evacuation (§ < 0.016), where no
structural changes were probable.

Consequently, the slower reoxidation
with samples having greater x is likely due
to their higher equilibrium pressure of oxy-
gen as discussed previously (8). The reason
why the effect of Sr2* substitution was less
significant in the case of 1200°C calcined
samples (7) than in the case of 850°C
calcined ones is not clear at present. Due to
the very low surface area and difficulty in
high-temperature control, the data for
1200°C calcination were not very reproduc-
ible.

Reaction Mechanism and Active Oxygen
Species

In a redox mechanism, lattice oxygen is
responsible for the catalytic oxidation, and
the reaction proceeds by the repetition of
reduction and reoxidation cycle of catalyst.
To the first approximation, when the reac-
tion proceeds by a redox mechanism, the
rate at the crosspoint of the curves for re-
duction and reoxidation of each catalyst in
Fig. 7 should be equal to the rate of cata-
lytic oxidation at the steady state. The rate
at the crosspoints in Fig. 7 initially in-
creased with x and became nearly constant
or slightly decreased at higher x. This trend
is in general agreement with that found for
the rate of catalytic oxidation (Fig. 3). Fig-
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ure 7 also predicts that the extent of reduc-
tion of the catalyst at the steady state (the
value of the abscissa at the crosspoint) in-
creases with x. This trend was also experi-
mentally confirmed as shown in Table 3.

However, the agreement was not satis-
factory when examined more quantita-
tively. Although there was only a small dif-
ference between the rates of catalytic
reactions and those of stoichiometric reac-
tions in the case of Lagy 4Srg ¢CoO; (Table 2),
indicating that the catalytic oxidation pro-
ceeded by the redox mechanism, the cata-
lytic oxidation became significantly more
rapid than the stoichiometric reduction for
LaCoO; and LagsSry,Co0;. The differ-
ences do not seem to be explained only by
the differences in the oxidation state of the
catalysts or in the partial pressure of CO
and O,. A possible explanation for the dif-
ferences is that the adsorbed oxygen takes
part under these conditions over the latter
two catalysts.

Two types of catalytic processes have al-
ready been proposed for perovskite-type
catalysts by Voorhoeve (I, 17); intrafacial
and suprafacial catalysis. Suprafacial reac-
tions are those for which the reaction be-
tween adsorbed species on the surface is
much faster than reactions involving lattice
oxygen. They are often low-temperature
processes. On the other hand, intrafacial
reactions are those in which the removal of
oxygen from the lattice or the reverse proc-
ess, that is, reduction-oxidation of the
catalyst, is an important process. Tascén et
al. (17) proposed a mechanism for the oxi-
dation of CO over LaCoQ;, where disso-
ciatively adsorbed oxygen reacts with ad-
sorbed CO.

Therefore, a mechanism involving ad-
sorbed oxygen is probable. However, we
previously observed that the shape of the
TPD curves are more or less similar among
the catalysts (x = 0-0.6) and continuous in
the temperature range of 100-600°C (8).
This fact indicates that the discrimination
between the adsorbed and lattice oxygen is
very difficult, although oxygen desorbed at
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higher temperatures in TPD is obviously
lattice oxygen. Therefore, although the ox-
ygen desorbed at low temperatures might
be adsorbed oxygen, it closely reflects the
reducibility of the bulk lattice oxygen, so
that it could be regarded in a sense as ‘‘lat-
tice oxygen’’ (I/1). In accordance with this
idea, the oxidation state of catalysts varied
depending on the reaction conditions (Ta-
ble 3), and the changes with x both in the
catalytic activity and in the oxidation state
of catalyst at stationary state, are also ex-
plained, in general, by the redox mecha-
nism. Even in the case of LaggSry,CoOs,
the rate of catalytic oxidation was close to
that of stoichiometric reduction when CO
was present in excess (CO: 50 Torr and O,:
7 Torr, Figs. 8a and b).

Consequently, in the above sense the re-
dox mechanism may be applied to all of
these catalysts in the oxidation of CO. It is
probable that the oxidations of CsHg and
CH, also proceed by redox mechanism, be-
cause similar trends in catalytic activity
were observed upon Sr substitution. The
active oxygen species can be supplied from
both gaseous and bulk oxygen onto the sur-
face. In the case of LaCoO; and LagygSry,
Co0;, the supply from gaseous oxygen is
probably faster than that from the bulk, so
that the surface is, on the average, in a
higher oxidation state and becomes more
reactive in the presence of gaseous oxygen
than in its absence. Recently, Yamazoe et
al. (18) reported XPS data of La, _,Sr,CoO;,
in addition to TPD results which are similar
to ours reported previously (8, /7). Reac-
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tivity of these oxide species and their cata-
lytic properties are an interesting subject
for future study.
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