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Abstract

The use of a precursor-based synthetic method, namely, the freeze-drying of acetic acid solutions, allows the preparation of
single-phased perovskites in the series La;_,K,MnO;s (x<0.15) at temperatures as low as 873 K. This soft treatment of the
precursors yields products with high specific surface areas (20-26 m> g~ "), constituted by uniform nanometric particles (30—
50 nm), with their surface enriched in K and Mn. Samples prepared at 1073 K present lower specific surface areas (7—
14 m? gfl), and show no K- and Mn-enrichment for x<0.15. However, in samples with x=0.20 and 0.25, the presence of a
secondary phase, K,Mn4Og, is detected by X-ray diffraction, as well as a surface enrichment in K and Mn. These perovskite
materials were found to be active for the catalytic combustion of ethane at low temperatures (573—648 K). As a general trend,
the substitution of lanthanum by potassium decreases the areal rate, and for the more substituted samples (x>0.10), it increases
the selectivity to ethene. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cobalt and manganese lanthanide perovskites are
active catalysts for the oxidation of hydrocarbons [1-
10]. Among them, several partially substituted lantha-
num compounds show a catalytic activity comparable
to that of Pt/Al,0O5; [3]. The performance of these
catalysts depends on the surface composition, on their
particle morphology, and in particular, on their spe-
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cific surface area (SSA) [7,11]. This leads to the need
of designing synthetic pathways alternative to the
conventional ceramic method in order to obtain high
purity, homogeneous powders with high SSA [12,13].

While systematic research has been carried out on
alkaline-earth-doped lanthanide manganates, refer-
ences to the preparation and the catalytic properties
of alkali-metal-doped materials are scarce [13-19].
Voorhoeve et al. [13] studied the effect of substitution
of alkali ions for La in La; _,K,MnO3,s (M=Na, K,
Rb). They prepared several compositions by the cera-
mic method, which lead to very low surface areas
(0.6-1.8 m* g~ ). They reported that the substitution
of La*" by alkali ions in LaMnO; increases the
catalytic activity for the reduction of NO. Johnson
et al. [14] studied the preparation of substituted
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LaMnO; perovskites to determine the effect of various
A and B site substitutions on the catalytic activity for
the oxidation of CO. They found that substitution of
the cations Sr or K for La produced catalysts with the
highest conversion rates. The authors used the freeze-
drying or the spray-drying of nitrates and low calcina-
tion temperatures (973 K) as a method to obtain
Lag75Kg2sMnO; with high surface areas (17—
18 m? g~ ). More recently, France et al. [17] prepared
alkali-doped LaMnOj by the ceramic method, and
used it as catalysts for oxidative coupling of methane
(OCM). They reported that, in comparison with the
unsubstituted perovskite, the presence of alkali sub-
stitution increases both the conversion of methane and
selectivity to C, hydrocarbons, although it decreases
the surface area.

It should be noted that under most of the synthetic
conditions reported (usually the ceramic method, with
thermal treatments at temperatures higher than
1273 K), losses of potassium are systematically
observed [18]. A similar effect has been observed
in the preparation of other potassium-containing
mixed oxides, such as potassium-doped BaBiOj
superconducting materials [20], which indicates the
difficulties in controlling cation stoichiometry by this
synthetic method. Thus, besides the inherent advan-
tages of the use of a precursor method [21], these
alternative low temperature routes must play an essen-
tial role in the preparation of potassium-containing
materials, avoiding the losses of potassium oxide at
the high temperatures usually used in the ceramic
method.

The aim of this work was the synthesis of high SSA
potassium-doped lanthanum manganese perovskite
series La; _ ,K,MnOs;, 5 (0<x<0.25), formed by nano-
metric particles, by using a precursor-based synthetic
method. The procedure consists of the thermal treat-
ment of precursors obtained freeze-drying of acetic
acid solutions containing the desired cations [22]. In
the precursors, all the cations are randomly distributed
at the atomic scale. This facilitates the incorporation
of potassium into the perovskite lattice at the initial
stage of the preparative procedure [22]. As the for-
mation of the potassium-containing perovskite phase
takes place at low temperatures, this avoids the eva-
poration of potassium, and a reliable stoichiometric
control is achieved, in contrast with the ceramic
method. The use of this method has allowed us to

synthesize single-phased perovskites at low tempera-
tures.

We report here the effect of the potassium substitu-
tion and of the calcination temperature on the physico-
chemical and catalytic properties of the perovskite
particles. The particle size, morphology, SSA, surface
metal ratios (calculated from XPS measurements)
were measured. The oxidation of ethane was used
as a catalytic test for characterizing the surface proper-
ties.

2. [Experimental

Aqueous solutions of metal acetates with nominal
atomic ratios La:K:Mn=(1—x):x:1, with x=0.00, 0.05,
0.10, 0.15, 0.20 and 0.25, were prepared as follows.
KHCO; was dissolved in 100 ml of glacial acetic acid.
The addition of La,O3 led to a suspension, which
was gently heated while stirring for 15 min. After
addition of 20 ml of H,O, a transparent solution
was resulted. After cooling to room temperature,
Mn(CH3COO),-4H,0 was added and dissolved upon
stirring. The mass of the different reagents was
adjusted to give 5 g of perovskite. Droplets of the
resulting pink pale acetic acid solutions were flash
frozen by projection onto liquid nitrogen, and then,
freeze-dried at a pressure of 10 Pa. In this way, dried
solid precursors were obtained as pink loose powders.

In a series of experiments, various amounts of the
pink powders were transferred to an alumina crucible,
placed in a tubular furnace, and heated under dynamic
oxygen atmosphere at 773, 873, 973, 1073 and
1173 K, respectively, for 12 h. This allowed us to
determine the minimum temperature at which the
perovskite phase is obtainable, that was 873 K
(12 h) for all compositions investigated in this work.

Phase identification was carried out by powder X-
ray diffraction (XRD) using a Siemens D500 compu-
ter-controlled diffractometer, with monochromatized
Cu K, radiation. Patterns were registered in steps of
0.08° in the 26 angular range 20-65°, with integration
times of 5 s per step. To reduce preferred orientation,
the samples were dusted through a sieve onto the
holder surface. The obtained patterns were compared
with JCPDS data files.

Thermogravimetric analysis (TGA) was carried
out with a Perkin-Elmer 7 system. The morphology
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evolution was followed by scanning electron mi-
croscopy field emission (SEM) on a Hitachi 4100
instrument.

Physisorption measurements were performed with a
Micromeritics ASAP 2000 instrument. The BET sur-
face areas were determined by nitrogen adsorption at
77 K assuming a cross-section area of 0.162 nm? for
the nitrogen molecule. Before the adsorption measure-
ments, the samples were outgassed in vacuum at
423 K for 18 h.

X-ray photoelectron spectra (XPS) were recorded
with a Fisons Scalab 200R spectrometer, using Mg K,,
radiation (1253.6eV) from an anode operated at
12kV and 10 mA. The samples were pressed into
small aluminum cylinders, mounted on a sample
rod placed in a pretreatment chamber, and outgassed
at 773 K for 1 h. The sample was then transferred to
the analysis chamber. The pressure in the analyzer
chamber was maintained below 6.66x10~ Pa. The
spectra were recorded in energy steps of 20 eV. The
collection times were between 20 and 90 min, depend-
ing on the peak intensities. Binding energies (BE)
were measured using the C Is peak at 284.9 eV as
internal standard (accuracy 0.1 eV). The intensities
were estimated by calculating the integral of each peak
after smoothing and subtraction of background, and
fitting the experimental curves using a combination of
Gaussian and Lorentzian profiles.

The oxygen non-stoichiometry, 6, was determined
from the analysis of the temperature programmed
reduction (TPR) profiles. These experiments were
performed in a computer-controlled Micromeritics
TPD/TPR 2900 apparatus. TPR profiles were obtained
by passing a 10% H/Ar flow (50 cm® min~") through
the sample. The amount of H, consumed was deter-
mined with a thermal conductivity detector (TCD).
The heating rate was 10 Kmin~'. Typical sample
weight for these experiments was 50 mg.

The catalytic oxidation of ethane at 573-648 K was
carried out at atmospheric pressure in a fixed bed
reactor. Mixtures of ethane (4 mol%), oxygen (4—
12 mol%) and helium (balance) were fed to the reactor
with a residence time of 38 g h mol ! C,H, using the
materials prepared at 873 K as catalysts. The catalyst
load (0.36 g) was mixed with SiC bits (dilution 1:4 v/
v) to reduce the heat release per unit volume. Per-
ovskite powders were compacted and sieved to use the
aggregates of size 0.25-0.42 mm in order to reduce the

pressure drop along the catalytic bed. Reactants and
products were analyzed by gas chromatography on a
Varian 3400 instrument, equipped with a TCD, using
Porapak QS (3 m) and molecular sieve 13X (1 m)
columns. Under all reaction conditions, the mass
and carbon balances were within 100+2%.

3. Results and discussion
3.1.  Pyrolysis of the precursors

Thermal evolution of the precursors has been mon-
itored by means of TGA and XRD. The TGA curve
(not shown) corresponding to the thermal evolution in
oxygen atmosphere (heating rate, 5 K min~'; flow
rate, 50 cm® minfl) of the freeze-dried, precursor
powders with x=0.15 shows two sharp weight losses
at 338 and 493 K. The first one is associated with the
evolution of acetic acid and/or water molecules
retained in the precursor. The second weight loss
can be associated with the thermal decomposition
of the metal-acetate complex. Upon heating at higher
temperatures, an additional small weight loss is
observed (0.2%), which is associated with the decom-
position of small quantities of carbonates and/or oxo-
carbonates formed during the decarboxylation
process. No significant differences in TGA curves
were observed by varying the K content.

Fig. 1 shows the XRD patterns of the products
resulting from the thermal treatment of the freeze-
dried powdered precursor, with x=0.15 at 873, 973,
1073 and 1173 K during 12 h under flow of oxygen.
Their behavior is the representative of those observed
for all the compositions. The most remarkable feature
of these patterns is the observation, for all the com-
positions, of the perovskite as the only phase at a
temperature as low as 873 K. Patterns of samples
treated at 773 K show that the perovskite is already
the major phase, but the presence of intense reflections
associated with the intermediate phases indicates that
the synthesis reaction is not complete. This result
agrees well with those of Johnson et al. [14] who
obtained a monophasic Lag ;5K ,sMnOj3 perovskite
by calcining a freeze-dried nitrate precursor at 973 K.
On the other hand, XRD patterns of samples with
nominal composition x=0.20 and 0.25 at 1173 K show
the presence of the secondary phase K,Mn,Og
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Fig. 1. XRD patterns of products resulting from the thermal
treatment at 873, 973, 1073 and 1173 K of the freeze-dried
precursor powder with x=0.15.

(JCPDS File 16-0205). However, no segregation was
observed by SEM.

3.2.  Microstructural characterization

Micrographs shown in Fig. 2 correspond to two
representative samples. SEM images show that sam-
ples prepared at 873 K are constituted by uniform
particles, having sizes between 30 and 50 nm. A
progressive increase in the particle size is observed
for samples prepared at higher temperatures. Thus at
1173 K, samples are constituted by homogeneous,
well faceted particles of sizes between 80 and 140 nm.

The size of the crystallites can be calculated from
XRD patterns by a standard Scherrer analysis of the
half-width of the XRD peaks. Assuming rhombohe-
dral symmetry for all the products (space group R-3c),
the reflection at 46.7° is unique, and corresponds to the
(0 2 4) indexation in the hexagonal setting. Well crys-
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Fig. 2. SEM-FE micrographs of La;_,K.MnO;,s samples: (a)
sample with x=0.05 prepared at 873 K and (b) sample with x=0.15
prepared at 1173 K.

tallized Pb(NOs), was used as standard to calibrate the
intrinsic width associated to the equipment. Table 1
shows the crystallite sizes calculated for all the sam-
ples at the different calcination temperatures. As it can
be observed, the results estimated from XRD are very
similar for all the series. Crystallite size varies
between 11 and 16 nm in samples calcinated at
873 K. At higher temperatures, crystallites grow and
their sizes range between 31 and 38 nm at 1173 K.

3.3.  Surface characterization

BET surface areas of the compounds are given in
Table 2. With small variations among the different
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Table 1
Crystallite size, dj » 4 (nm), calculated using the Scherrer’s formula, of La;_,K,MnO;_ s prepared at different calcination temperatures
Temperature (K) X
0.00 0.05 0.10 0.15 0.20 0.25

873 11 13 16 16 15 16

973 13 18 19 21 21 21
1073 23 25 27 26 25 24
1173 36 38 37 33 31 35

compositions, the surface areas range from 20 to
26m?g~' for samples calcined at 873K to 2-
6 m”g ' when calcined at 1173 K. The tendencies
observed are those expectable according to the varia-
tion of crystallite size with the calcination temperature
discussed above: the specific surface area decreases
with increasing calcination temperature, regardless of
the composition. The values of SSA obtained at 8§73 K
are practically 10 times higher than those previously
reported in the literature for La; ,K,MnOj;, 5 perovs-
kites compositions obtained by the ceramic method:
0.6-2.5m”*g~" for 0.05<x<0.4 [13], or 1.9m?*g™!
for x=0.1 [17]; and slightly higher than those reported
for x=0.25 when prepared by freeze-drying or spray-
drying of a nitrate precursor at 973K (17—
18.7m> g ") [14].

XPS measurements were performed on samples
prepared at 873 and 1073 K. The results show that
the binding energy (BE) of the La 3ds, peak was
834.8 eV, attributed to La>". The peak of Mn 2p3,,
shows two components, one centered at 641.2 eV
(associated to Mn3+), and other at 642.1 eV (asso-
ciated to Mn4+) [23]. The O 1s peak is complex,
composed of one oxoanion component, at 530 eV,
and two higher BE components, one around
531.6 eV, associated to hydroxyl oxygens (from
adsorbed water), and the other around 532.4 eV, asso-
ciated to carbonates [24]. The BE of the K 2p peak was

293.3 eV, attributed to K. The presence of carbonates
in samples prepared at 873 K is corroborated by the
observation of the O 1s peak at 532.4 eV, and the
presence of the C 1s peak at 289.2 eV, characteristic of
carbonates. Both features are absent in the spectra of
samples prepared at 1073 K. These findings allow to
confirm that the high temperature weight loss
observed by TGA is due to the decomposition of
surface carbonates and/or oxocarbonates.

The surface cationic compositions derived from the
XPS data are presented in Fig. 3 as a function of the
degree of substitution, x. Samples calcinated at 873 K
show surface atomic ratios K/Mn and Mn/La system-
atically higher than the nominal composition of the
samples. Chemical analysis by atomic absorption of
samples prepared at 1273 K has shown that the actual
content of potassium is practically equal to the nom-
inal one in samples with x<0.15, whereas small losses
of potassium are observed for x>0.20 samples [22].
This allows to assume that the bulk potassium content
in samples with x<0.15 calcined at lower tempera-
tures is equal to the nominal one. Therefore, XPS
results indicate a surface enrichment in potassium and
manganese in all samples calcined at 873 K. At a
variance, surface cationic ratios in samples with
x<0.15 prepared at 1073 K are very close to the
nominal values. Thus, the increase of temperature
allowed the homogenization of the cationic distribu-

Table 2
Specific surface areas (m? g’]) of La; ,K,MnOg3, s prepared at different calcination temperatures
Temperature (K) X
0.00 0.05 0.10 0.15 0.20 0.25
873 20 24 26 24 22 21
973 16 20 15 18 12 13
1073 13 14 10 9 8 7
1173 2 2 3 6 4 5
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Fig. 3. XPS surface atomic ratios K/Mn (up) and Mn/La (down) in
La; KMnOj;, s samples, prepared at 873 K (squares) and 1073 K
(circles) as a function of the degree of substitution, x. Dashed lines
correspond to nominal atomic ratios.

tion in the grains. Only samples with x>0.20 prepared
at 1073 K present a surface enrichment in K, but in this
case it may be attributed to the presence of the
secondary phase K,Mn4Og, detected by XRD.

Table 3 shows the oxygen non-stoichiometry, ¢, of
samples with x<0.15 prepared at 873 K, determined
from their TPR profiles (not shown). The Mn*" con-
tent is 264+4%, in good agreement with Voorhoeve
et al. [13] who reported 30% Mn*" for LaMnOs 5
(x=0), and ¢ decreases with the substitution degree.
Neutron diffraction studies of LaMnOs ;5 are consis-
tent with a compact packing of oxygen ions with
cationic vacancies at both La and Mn positions
[25]. Thus, the substitution of lanthanum by potassium
reduces the number of cationic vacancies and the

Table 3

Oxygen non-stoichiometry, 6, and Mn*" contents in
La; ,KMnOj,;s; samples prepared at 873 K, calculated from
TPR experiments

X ) Atom% Mn**
0.00 0.15 30
0.05 0.06 22
0.10 0.05 30
0.15 —0.04 22

negative value of ¢ indicates the presence of oxygen
vacancies in the case of x=0.15 sample. Mn*" con-
tents determined by XPS increases with increasing x,
varying from 41% for x=0 to 63% for x=0.25. These
values are higher than the bulk Mn*" contents deter-
mined by TPR (Table 3), indicating a preferential
location of Mn** ions near the surface, where an
enrichment in potassium is also found.

3.4. Catalytic properties

Under the used experimental conditions all the
catalysts were active for the combustion of ethane,
producing conversions from 1% to 5% at 573 K up to
40% at 648 K. The detected products were CO,, H,O
and small amounts of ethane, which is consistent with
a triangular reaction scheme involving the parallel
formation of CO, and ethene and the consecutive
combustion of ethane. In separate measurements of
CO oxidation on these catalysts using a much lower
residence time, CO was transformed completely into
CO, at temperatures as low as 573 K. This would
explain the absence of CO among the reaction pro-
ducts of ethane oxidation, carried out here at higher
temperatures.

As a general trend, ethane conversion decreases
with increasing of the degree of substitution, which
is in contrast with the observed increase in activity
caused by potassium substitution in NO reduction
[13], CO oxidation [14] or OCM [17]. Fig. 4(a) shows
the variation of areal rates of ethane oxidation over the
La; ,K.MnOj, s catalysts with temperature. In all
cases, ethane conversion increased with increasing
temperature, but the areal rate (activity per surface
unit) also decreased with the increase in potassium
substitution. Within the experimental error, the cal-
culated values of the apparent activation energy for
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Fig. 4. (a) Areal rates of ethane oxidation on La; K.MnOj_
catalysts as a function of temperature and degree of substitution (x).
(b) Variation of ethene selectivity with ethane conversion on
La;_K.MnOj;_ s catalysts. Feed composition: 4% C,Hg, 12% O,
He balance; W/F=38 gh mol ™! C,Hg.

CO, formation were 18.4-+0.2 kcal mol ™" for all the
samples.

Potassium substitution also influences the evolution
of ethene selectivity as a function of ethane conver-
sion, as can be seen in Fig. 4(b). For samples with
x=0.00 and 0.05, C,H, selectivity remained constant,
ca. 2%, in the whole temperature range. However, the
catalysts with higher x presented an increase in the
selectivity with the substitution degree and with the

conversion. This indicates that the presence of potas-
sium favors either the formation and/or the desorption
of ethene formed via oxidehydrogenation of ethane. A
parallel effect was observed by France et al. [17] in the
OCM over LaMnOj; and alkali-doped LaMnOj: the
presence of potassium increased considerably the
selectivity to C, hydrocarbons formation. The authors
found that the selectivity was correlated with higher
binding energies for oxygen at the surface. It was
shown that the existence of strongly bonded oxygen on
the surface is effective to obtain more selectively
hydrocarbons from methane, in contrast to the weakly
adsorbed oxygen necessary for deep oxidation of
hydrocarbons.

In a separate paper, we studied the influence of the
oxygen partial pressure on ethane oxidation over
potassium substituted perovskites [19]. It was con-
cluded that the increase of K contents would decrease
the ability of the perovskite to activate O, and to store
active oxygen species, and would reduce the electro-
philic character of these species. These two factors,
that could be interpreted in terms of a higher oxygen
binding energy, would explain the observed increase
in the ethene selectivity with the increase of potassium
contents.

4. Conclusions

The use of a precursor-based synthetic method,
namely, the freeze-drying of acetic acid solutions, is
a suitable preparation procedure to obtain perovskite
materials with controlled potassium contents, avoid-
ing the potassium loss inherent to the use of conven-
tional ceramic methods. This method also allows to
obtain high SSA single-phased potassium-doped
lanthanum manganates La, ,K,MnOs,s at rather
low temperature (873 K).

For x>0.15, the materials obtained at high tempera-
ture (1073 K) were multiphasic, indicating the exis-
tence of an upper limit of solubility for potassium in
this series. Below this limit, all the materials were
monophasic, and the suitable choice of the calcination
temperature may allow the control of the surface
composition. At low temperatures, a surface enrich-
ment of potassium and manganese can be achieved,
while higher temperatures lead to an homogeneous
cationic distribution.
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In contrast with other catalytic reactions, the sub-
stitution of K for La decreased the intrinsic activity for
ethane oxidation, but increased the selectivity to
ethene. This effect could be due to a change of the
mobility or the electrophilic character of the oxygen
species at the surface, caused by the presence of
potassium.
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