JOURNAL. OF CATALYSIS 98, 221-228 (1986)

Catalytic Properties of La;_,A;MnO; (A" = Sr, Ce, Hf)
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Catalytic activitics of perovskite-type mixed oxides (La;_.A;MnQO;, where A” = Sr, Ce, Hf and x
= 0-1.0) for oxidation of propane have been measured and they were compared with several
properties of oxygen of the catalysts. It was found that the catalytic activity of La,_,Sr,MnO;
varied in parallel with the reducibility of catalyst surface, the amount of reversibly adsorbed
oxygen (static measurement and low-temperature peak of temperature-programmed desorption
(TPD)), and the rate of isotopic equilibration of oxygen. However, the high-temperature peak of
TPD was not correlated with the catalytic activity. The reasons for the parallel variation of these
properties have been discussed on the basis of the possible nonstoichiometry and the surface
properties of catalysts. Similar effects of Ce and Hf substitution were assumed to be due to the

formation of cation vacancy at A site.

INTRODUCTION

Perovskite-type mixed oxides (ABO;)
have a well-defined bulk structure and the
composition of cations at both A and B sites
can be variously changed (7). Therefore,
these mixed oxides are suitable materials
for the study of the structure—property rela-
tionship of catalysts. Furthermore, they are
efficient catalysts in practical uses like cata-
lytic combustion (2—4). Other catalytic re-
actions have also been reported (5).

We previously reported the effects of
Sr?t and Ce** substitution for La in La
Co0; and LaFeQ; on the catalytic activity
for oxidation and related properties (6-8).
In the present work, we investigated the
effects of Sr2+, Ce*t, and Hf*" substitition
in LaMnOs, since LaMnQO; shows a rela-
tively high catalytic activity (2—4) and non-
stoichiometry (excess oxygen) which is dif-
ferent from LaCoO; and LaFeO; (9). We
attempted to elucidate the relationship be-
tween the catalytic properties and the com-
position of the catalyst, placing emphasis
on the reactivities of oxygen both in the
bulk and on the surface.
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EXPERIMENTAL
Catalysts

La, Sr,MnO; and La,_ CeMnO; cata-
lysts were prepared from mixtures of metal
acetates in the same manner as described in
the previous paper (6, 8). La,_ Hf;MnO;
catalysts were prepared from mixtures of
lanthanum nitrate, manganese nitrate, and
hafnium oxide. CeO, (surface area, 3.7 m¥/
g) and HfO, (8.4 m?/g) were prepared by
calcination at 850°C of acetate and oxide,
respectively. Powder X-ray diffraction
(XRD) patterns were recorded on an X-ray
diffractometer (Rigaku Denki, Rotaflex,
RU-200) using CuK radiation. Surface area
was measured by BET method (N, adsorp-
tion). XPS was recorded on ESCA 750 (Sht-
madzu).

Apparatus

Conventional flow, pulse, and closed cir-
culation systems as described before (6-8)
were employed.

Procedure

(1) Oxidation of propane. The catalytic
oxidation of propane (227°C) was carried
out with the flow system. Prior to each re-
action, the catalysts (300 mg) were treated
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in an O, stream for 1 h at 300°C. A gas
mixture of propane (0.83%), O, (33.3%),
and N, (balance) was fed in a flow reactor.
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).

(2) Reduction of catalysts by CO. The re-
duction of the catalysts by CO was con-
ducted in the pulse reactor. Prior to the re-
action, the catalysts (50 mg) were heated in
an O, stream for 1 h at 300°C. The flow rate
of carrier gas (He) was 30 cm? min~! and the
size of each pulse was usually 0.1 cm?.
Products were analyzed by a gas chromato-
graph (WG-100, Gasukuro Kogyo Inc.,
60°C).

(3) Temperature-programmed desorption
(TPD) of oxygen. TPD of oxygen was car-
ried out with a flow system using helium as
a carrier gas. Prior to each run, the samples
(1 g) were treated in an O, stream for 1 h at
800°C. Oxygen impurity in He was re-
moved by a molecular sieve SA kept at the
temperature of liquid nitrogen. After they
were cooled to room temperature, a helium
stream was substituted for an O, stream.
Then the temperature of the sample was
raised at a constant rate of 20 deg min~! up
to 800°C and oxygen desorbed was detected
by use of a quadrupole mass spectrometer
(NEVA, NAG-531). Only oxygen was de-
tected in the desorbed gas. It was con-
firmed for LaMnO; and Lag gSry,MnO; that
TPD curves were reproduced in the re-
peated runs after the same treatment.

4) Isotopic exchange and equilibration
of oxygen. 80O-Exchange between O, and
perovskite, and 80-equilibration of O, in
the gas phase were conducted in the closed-
circulation system. The samples (300 mg)
were pretreated with circulating pure O,
(100 Torr) at 300°C (with a trap kept at lig-
uid-nitrogen temperature) and subse-
quently evacuated for 1 h at 300°C. O, en-
riched in 80 (70-75%) was prepared by
mixing 180, (99.5%), purchased from Japan
Radioisotope Associations, and pure '60,.
180-Distribution in O; in the gas phase was
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analyzed by a mass spectrometer (Hitachi,
RUM-S) after intermittent sampling.

(3) Adsorption of oxygen. First, the cata-
lysts (1 g) were heated in O, (ca. 20 Torr) at
300°C for 1 h. After the system was evacu-
ated at 300°C for 0.5 h, oxygen was intro-
duced at 300°C. Then the temperature was
lowered stepwise to 200, 100, and 25°C in
the presence of O, (ca. 10 Torr). The
amounts of oxygen uptake at each tempera-
ture were cumulatively measured. At each
temperature, the amount of reversible oxy-
gen uptake was also measured, by evacuat-
ing the sample for 0.5 h. The latter oxygen
will be called reversibly adsorbed oxygen.

RESULTS
Structure and Surface Area of Catalysts

The surface area and crystal structure of
the catalysts prepared are summarized in
Table 1. The structure of the samples was
examined with reference to ASTM cards.
In the range of 0 = x = 0.4, La,_,Sr,MnO;
had the perovskite structure. The XRD pat-
terns of SrMnQO; (x = 1.0) was consistent
with that of four-layer hexagonal SrMnO;
which was reported by Negas and Roth
(10). In the range of 0.6 = x = 0.8,
La;-.Sr,MnO; consisted of the perovskite-

TABLE 1

Surface Area and Structure of Catalysts

Catalyst Calcination Surface Structure
_— area
Temp., °C  Time, h (m?/g)
LaMnOs 850 5 2.4 P4
Lag 3Srg 2MnO3 850 5 4.2 P
Lag ¢Srg.4MnO3 850 5 4.7 P
Lag 4Sre ¢MnOs3 850 5 57 P + H?
Lag >Sre sMnO3 850 5 55 P+H
SrMnO3 950 7 1.4 H
Lag ¢Cep. 1 MnO3 850 10 4.4 P + CeO;
Lag §Cep ;MnO3 850 10 4.0 P + CeO,
Lag¢CepaMnOs 850 10 4.0 P + CeO,
Lag 4Ceq ¢MnO; 850 10 8.2 P + CeO,
Lag 9Hfy 1MnO;3 850 10 4.6 P + HfO,
Lag gHfg 2MnO3 850 10 10.2 P + HfO,
Lag ¢Hfp 4aMnO3 850 10 5.2 P + HfO;

4 Perovskite structure.
b Hexagonal SrMnO3(ABAC-type) structure.
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type structure and a small portion of hexag-
onal SrMnO;; the latter increased with x.

Here, wunless stated explicitly, the
perovskite catalysts are denoted by the
nominal compositions, neglecting the

mixed phases and nonstoichiometry.

In the case of La,_ . A;MnO; (A’ = Ce or
Hf), CeO, or HfO, phase appeared, besides
the perovskite phase. XRD peaks of CeO,
or HfO, phase increased with increase in x.
But XRD lines due to La,O; and Mn,O;
were not detected. By comparison with the
XRD intensities of pure CeO, and Mn,0s, it
was indicated that about a half of Ce was
present as CeQO, and the amount of Mn,03
was less than one-tenth of CeO, in the case
of LagsCeo MnO;3;. The amount of CeO,
changed little when LaygCey MnQO; was
calcined at 1000°C for 10 h.

Oxidation of Propane

The catalytic activities of La;_ Sr,MnOs
(0 = x = 1.0) for propane oxidation at 227°C
are shown in Fig. 1, in which the rates are
normalized to unit surface area which are
given in Table 1. The oxidation activity in-
creased gradually with the Sr?* substitution
at first, but decreased at higher extents of
the substitution, showing a maximum at x
= (.6. This trend is different from that ob-
served for Fe or Co systems, in which the

20

Rate/ 10‘2cm3m'2min'1
P

0 0 0.2 0.4 0.6 0.8 1.0
x in Laj_yAxMnO3 (A= Sr.Ce Hf)
FiaG. 1. Effects of Sr2*-, Ce**-, and Hf**-substitution
on the catalytic activity of LaMnO; for oxidation of
propane at 227°C. (a) Sr2*, (b) Ce**, (¢) Hf**.
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Fi1G. 2. TPD profiles of oxygen from La,_,Sr,MnO,
(x = 0-1.0).

activity increased remarkably by the substi-
tution of only a small amount of Sr (6-8).

The activities of La;-, A;MnO; (A’ = Ce
or Hf) for propane oxidation are also shown
in Fig. 1. The effect of Ce** or Hf*" substi-
tution on propane oxidation was a little
greater than the Sr2* substitution. Catalytic.
activities of CeO, and HfO, were very low
(lower by a factor of 10° than Lagy
Cey:MnO;) and therefore a mixture of
Lag oCeo ;MnO; + CeO; (9:1) showed the
same activity as the former alone within ex-
perimental error.

TPD of Oxygen

Figure 2 shows TPD of oxygen from
La;—-.Sr,MnO; (x = 0, 0.2, 0.6, and 1.0),
where the rates of desorption calculated
from the oxygen concentration in the eluant
gas are plotted against the catalyst tempera-
ture. A broad and small peak appeared at
the relatively low temperature range (300~
500°C) for all of four samples. The amounts
of oxygen desorbed below 500°C (low tem-
perature peak) were 0.12 mI(NTP) g~! (x =
0), 0.16(0.2), 0.48(0.6), and 0.12(1.0), re-
spectively. A maximum value was obtained
for x = 0.6. Even for x = 0.6, the amount
was only about half of the surface mono-
layer of oxygen. This is in marked contrast
to the Co and Fe systems (6, 8). At the
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higher temperature range, in the cases of
LaMnQO; and [.agsSro.MnQOs, large peaks
appeared at 700 and 730°C, respectively,
Lag 4S9 MnO; showed a high-temperature
peak at 830°C, whose peak height was fairly
smaller than that of LaggSry,MnOs. In the
case of SrMnOQ;, the high-temperature peak
probably existed above 850°C, because
the TPD curve gradually increased up to
850°C. Therefore, the high-temperature
peak shifted to a higher temperature and
the peak height became lower with increase
of x. This trend is also in contrast to that of
the Co and Fe systems. In the latter sys-
tems, the desorption of O, increased mo-
notonously with x, and TPD curves were
more or less similar with one another (6, 8).
TPD profiles for La;-,.A;MnQO; (A’ = Ce,
Hf; x = 0.1, 0.4) are shown in Fig. 3. TPD
profiles from the four samples were similar
to LaggSrg;MnO;, having small peaks at
lower temperatures and large peaks at
higher temperatures. The amount of de-
sorbed oxygen of low-temperature peak
was greater for x = 0.4 than for x = 0 and
0.1 for both the Ce and Hf substitution.

Isotopic Exchange of Oxygen

Figure 4 shows the results of isotopic
equilibration in the gas phase and exchange

B &
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FiG. 3. TPD profiles of oxygen from La,_,A; MnO;
(A’ = Ce, Hf) and LagMnQ;. (a) Lag ¢Ceq ;MnOs, (b)
L%,gCCoJMﬂO}, (C) L%_ngo_]MHO;, (d) L%,sto_,g
MnO;. Dotted line: LagsMnO;.
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Fic. 4. Isotopic exchange of oxygen from
La, ,Sr,MnO; at 300°C. (A) Equilibration in the gas
phase. (B) Exchange between gaseous and lattice oxy-
gen. (@) x = 0, (b) 0.2, (¢) 0.6, (d) 1.0.

between gaseous and catalyst oxygen for
La;_.Sr;Mn0O; (0 = x = 1.0). The rate of
isotopic equilibration was x = 0.6 > 0.2 ~
1.0 > 0 (Fig. 4A). On the other hand, as
Fig. 4B shows, the isotopic exchange pro-
ceeded very slowly over all samples. When
the exchange rates are expressed, as in the
previous paper (8), by the amount of lattice
oxygen which would have had the same iso-
topic composition as in the gas phase, the
rates of exchange were only about 0.7-0.9
layers after 90 min. These were much
smaller than those for the previous systems
(6, 8). The exchange seems to be limited
only to the oxygen on the surface or very
near the surface in the case of the Mn sys-
tem,

Results of isotope experiments over
La,_,A:MnO; (A’ = Ce, Hf; x = 0.1, 0.4)
are shown in Fig. 5. Equilibration rate in-
creased by both Ce and Hf substitution. It
is noticed in the case of the Ce system that
the exchange rates remarkably increased
with increasing x. The rates were about 3
and 16 layers after 90 min for x = 0.1 and
0.4, respectively. This is comparable with
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Fic. 5. Isotopic exchange of oxygen over
La,_,A;MnO; (A’ = Ce, Hf; x = 0.1, 0.4). (A) Equik-
bration in the gas phase. (B) Exchange between gas-
eous and lattice oxygen. (a) LagsHfy ;MnO;, (b)
LagHfo 4MnO;, (c) LagsCeoMnOs, (d) LageCeoy
MnO;, (¢) LaMnO;.

La;_,Ce,Co0;(8). Due to the rapid isotopic
exchange the isotopic equilibration for
Lag ¢CeysMnO; apparently became lower
as in the Fe system (8). Isotopic equilibra-
tion over CeQ, and HfO, was much slower
than LaMnO;.

Reducibility of Catalyst by CO

Figure 6 shows the results of reduction of
La,_,Sr,MnO; by CO pulses at 300°C. The
ordinate indicates the percentage conver-
sion of CO to CO, for repeated pulses, and
the abscissa is the sum of CO, formed from
that pulse and the precedings. The sum of
CO, formed (abscissa) corresponds to the
extent of the reduction of the catalysts at
each pulse. It is noted that La;_,Sr,MnO;
was reduced more easily when x increased
initially, but the reducibility showed a max-
imum for Lag 4Sry ¢MnOs and then declined.
The amount of CO, formed for the first
three pulses was comparable with the num-
ber of oxygen atoms on the surface mono-
layer for x = 0.6, and was much less for the
others. When Ce** or Hf** was partially
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F1G. 6. Reduction of La;_ . Sr,MnQ; by CO pulses at
300°C. Catalyst weight, 50 mg; CO pulse size, 0.1 cm’.

substituted for La, the catalyst also became
easier to be reduced (Fig. 7).

Reversible Adsorption of Oxygen

Table 2 summarizes the amounts of ad-
sorbed oxygen for x = 0 and 0.6, where
each catalyst was preevacuated at 300°C.
The difference between the values in vacuo
and in O, correspond to the reversible ad-
sorption at each temperature. The revers-
ible adsorption increased with the increase
of temperature and was greater for x = 0.6
than for x = 0 at 300°C. This result was in
agreement with TPD results (see the
amount of desorbed oxygen in the range of
200-500°C), although the results in Table 2
are of equilibrium property and the TPD
results are of kinetic one.
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Fi1G. 7. Reduction of La,_,A;Mn0O, (A’ = Ce, Hf)
by the first CO pulse at 300°C. (a) Ce**, (b) Hf**.
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TABLE 2
Adsorption of Oxygen by La;_,Sr,MnO; (x = 0, 0.6)

X Temperature, °C
25 100 200 300
0 In vacuo® 18.1 145 87 0
In oxygen® 18.1 145 137 97
0.6 In vacuo 72.1 721 572 0
In oxygen 72.1 72,1 62.0 489

Note. These values are the amounts of oxygen with
reference to that in vacuo at 300°C (1073 ml g~!).

¢ ca. 10~* Torr.

b ¢a. 10 Torr.

DISCUSSION
Structure and Stoichiometry

It was reported that by the calcination in
air at 1350°C (/1) La;_,Sr;MnO; with
perovskite structure was formed in the
range of 0 =< x = 0.7, the structure becom-
ing anion-deficient (La;_,Sr,MnQ;_;) for
0.4 = x = 0.7. It was also reported that
perovskite structure was formed for 0 = x
= 0.8 (anion-deficient structure for 0.7 < x
=< (0.8) when calcined at 1100°C in air (12).
The samples used in the present investiga-
tion had a single perovskite structure in the
range of 0 = x = 0.4, four-layer hexagonal
structure for x = 1.0, and mixtures of a
large portion of perovskite and a small por-
tion of hexagonal phase for 0.6 < x =< 0.8.
The range of a single perovskite phase was
narrower in the present work probably due
to the relatively low calcination tempera-
ture (850°C).

As for the nonstoichiometry, excess oxy-
gen (probably cation vacancy instead of in-
terstitial oxygen) was reported for x = 0 (9,
13), besides the above-mentioned oxygen
vacancy for high x values. The presence of
excess oxygen is understandable by the ten-
dency of Mn to achieve the +4 state. To-
field and Scott (9) reported that LaMnO; j,
was formed after calcination in air at 1100-
1200°C. This oxidative nonstoichiometry is
in agreement with the present data of TPD.
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The amount of oxygen desorbed from
LaMnO; up to 800°C was 6.0 ml g~! (5.9 ml
g~ 1 at 500-800°C) (Fig. 2), which is close to
the value expected for the reduction of
Mn** — Mn?* of LaMnO; ; (9) (5.4 ml g/,
LaMnO; ;; - LaMnO; + 0.06 O,). There-
fore, the high-temperature peak (700°C) in
TPD profile for LaMnO; is assignable to de-
sorption of excess oxygen accompanied by
the reduction of Mn** to Mn**. In other
words, LaMnO; used in the present study
had a comparable amount of excess oxygen
(or Mn**) with that reported (9).

The composition for x = 0 was suggested
to be LagqMngosO; by Tofield and Scott
(9), but no reliable data for the structure of
Sr-substituted lanthanum manganite has
been reported. However, if one considers
that the amount of Mn*" was reported to
increase with x (I1, 12) and that oxygen
vacancy was formed for high x values as
described above, it appears probable that
the cation vacancies which were present for
x = 0 gradually decreased by the Sr substi-
tution and at a certain x value the structure
became oxygen-deficient. This explains
qualitatively the trend observed for low-
temperature TPD peak shown in Fig. 2, as
well as the trend of the catalytic activity
(see below). The amount of oxygen de-
sorbed up to about 800°C decreased and the
high-temperature peak shifted to higher
temperatures with increase in x, indicating
that the reduction of Mn** to Mn3* was
suppressed by doped Sr?*. This is consis-
tent with the fact that SrMnO; was ther-
mally very stable and showed smallest
amount of O, desorption.

All of the Ce**- and Hf**-substituted
samples prepared in the present work con-
tained both perovskite and CeQ, or HfO,
phase, and therefore the substitution ratio
of Ce** or Hf** in the perovskite phase was
not quantitatively known. However, since
the amounts of La;O; or Mn,0; phases
were much less than CeO,, the major com-
ponents of these samples are likely close to
La;_,A;—,6,Mn0O; (A’ = Ce, Hf; 1 > x >y
> 0; ¢ = A-site cation vacancy).
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Comparison of Reactivity of Oxygen and
Catalytic Activity

Effects of Sr substitution. The changes of
the catalytic activity for oxidation and re-
lated properties which were brought about
by the Sr substitution of LaMnO; are com-
pared in Fig. 8. Parallel variation of these
properties may be obvious in this figure, all
the values being maximal at x = 0.6. That is
to say, a factor common in (i) the oxidation
power of catalyst (expressed by percentage
conversion of CO), (ii) the amount of oxy-
gen which is easily adsorbed or desorbed at
about 300°C (the amount of reversibly ad-
sorbed oxygen at 300°C, or oxygen de-
sorbed in TPD at low temperatures), and
(iii) the capability of the surface for dissoci-
ation of O, (rate of isotopic equilibration of
0,) is the controlling factor of the catalytic
activity for oxidation.

Among these three properties, as de-
scribed in the Results section, the amounts
of oxygen utilized for oxidation of CO, (i),
and for reversible adsorption, (ii), were
comparable or less than surface monolayer,
in contrast to the Co and Fe systems. The

0 02 04 06 08 10
x in LajxSr,MnO3

Fi1G. 8. Changes of the catalytic activity for oxida-
tion and related properties which were brought by the
Sr substitution of LaMnO;. (i) Percentage conversion
of CO (Fig. 6). (ii) The amount of reversibly adsorbed
oxygen at 300°C (Table 2 and Fig. 2). (iii) Rate of iso-
topic equilibration of O, (Fig. 4A). (iv) Rate of propane
oxidation at 227°C. (These values are all normalized to
catalyst weight.)
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isotopic equilibration, (iii), is the process
which takes place on the surface. There-
fore, all three properties concerning oxygen
are surface properties. The rate of isotopic
exchange seems to vary in a similar way
(Fig. 4), but the trend was not obvious since
the exchange was very slow. This exchange
is also limited only to the surface.

The high-temperature peak may be con-
sidered to reflect the bulk properties as dis-
cussed in the previous section, but it is not
correlated with the properties (i) (iii) given
in Fig. 8. For example, the high-tempera-
ture peak of TPD from the sample with x =
0.2 was less than half of the amount from
the sample with x = 0 (Fig. 2), while equili-
bration rate was higher for x = (.2 than for
x = 0 (Fig. 4). Thus, it may be concluded
that the catalytic activity of La,_,Sr.MnQ;
is primarily correlated not with the bulk
properties but with the surface properties.

The reason why those properties in Fig. 8
change in parallel showing maxima at x =
0.6 are discussed in the following. Although
further investigation is necessary to eluci-
date the reason satisfactorily, the following
may be pointed out. As discussed in the
previous section, the excess oxygen which
is present for x = 0 decreases with increas-
ing x and finally the structure becomes oxy-
gen-deficient for high values of x. This indi-
cates that, as the x value increases, surface
oxide ion tends to desorb, forming coor-
dinatively unsaturated B-site ion on the sur-
face. The easier desorption of oxygen may
reflect in the increase of the low-tempera-
ture peak, the reversibly adsorbed oxygen
and the oxidation power of catalyst. The
increase of the coordinatively unsaturated
Mn ions may explain the increases of the
equilibration rate, and the catalytic avtiv-
ity. The change of those properties and cat-
alytic activity above x = 0.6 is probably
caused by the presence of SrMnO; phase. It
is also probable that part of the surface for x
= (.6 was covered by a less active Sr-rich
phase, although preliminary XPS measure-
ments showed only monotonous increase of
Sr content of the surface with x.
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Effects of Ce or Hf substitution. As dis-
cussed above, the compositions of the cata-
lysts containing Ce** or Hf** are probably
the mixture of La;_,Aj¢,,MnO; (A’ = Ce,
Hf) having A-site cation vacancies, and
CeO, or HfO,. The properties measured in
this study are due to the mixed oxides,
since CeO, and HfO, themselves were
much less active for catalytic oxidation and
isotopic equilibration of oxygen. If A-site
vacancies are formed, a part of trivalent Mn
ion in perovskite structure changes to te-
travalent to compensate the A-site va-
cancy, so that the anion vacancy is possibly
formed for larger x values. This is essen-
tially the same effects as Sr substitution.
Therefore, the effect of the Ce** or Hf*'
substitution is expected to be similar to that
of Sr?* substitution. This is supported by
the similarity of the TPD profiles (compare
Figs. 2 and 3), as well as by the increased
reducibilities (Fig. 7) and catalytic activities
(Fig. 1). To examine the effect of A-site va-
cancy, a sample was prepared from a non-
stoichiometic mixture of La and Mn salts
(La/Mn = 0.9 in atomic ratio). Since it
showed XRD peaks only from perovskite-
type structure, the structure was supposed
to be Lag ey 1MnO;. As expected, TPD of
oxygen (dotted line in Fig. 3) of this sample
was similar to those of LayoHfy;MnOs and
La0,9Ce0, 1Mn03 .

The accelerated isotopic equilibration for
Ce- and Hf-substituted LaMnQ; (Fig. 5A)
and Lay ¢MnO; may be understood in a sim-
ilar way. However, the reason why remark-
able acceleration of isotopic exchange was
observed only for Ce substitution (Fig. 5B)
is not known at present. One possibility is
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that more anion vacancies are formed with-
out formation of inert phase on the surface.
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