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Abstract—A new possibility of changing the activity and selectivity of perovskite catalysts in the oxidative
conversion of methane was demonstrated using the Sr,Gd; _ ,CoO;_5 (0.5 <x<0.9) compounds as an exam-
ple. It was established that, at the same chemical composition, the disordering of Sr**/Gd>* ions over the A
positions of the crystal structure led to a significant increase in activity in the deep oxidation reaction of CH,,
as compared with the samples with an ordered distribution of cations.
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INTRODUCTION

Substituted rare-earth perovskites with the general
formula Ln A, _,BO;_5 (Ln is a rare-earth element; A
is Ca, Sr, or Ba; B is Mn, Co, Fe, or Ni; and 0 is the
oxygen off-stoichiometry index) are promising sys-
tems with uncommon electrical, magnetic, and opti-
cal properties [1]. They exhibit significant activity in
different catalytic reactions, such as the deep and par-
tial oxidation of hydrocarbons [2—4] and the conver-
sion of hydrocarbons to CO and H, [5]. Their applica-
tions to the preparation of the oxygen-conducting
membranes of reactors [6—8] and use in electrocata-
Iytic and photocatalytic processes and fuel cells [9, 10]
have been actively studied.

The activity of perovskites in the above catalytic
reactions is primarily due to the structure peculiarities
of these compounds.

In the ideal undistorted structure of perovskite,
bulkier cations of the A type are surrounded by
12 anions in a cuboctahedral coordination, and
smaller cations of the B type are surrounded by 6
anions in an octahedral coordination (Fig. 1a). The
great possibilities of varying the nature of A and B cat-
ions and the formation of the mixed perovskites

LnA,_,B,B . ,Osare responsible for the variety of cat-
alytic reactions with the participation of these systems.

The following factors responsible for the activity
and selectivity levels of perovskites in the oxidative
conversions of hydrocarbons can be recognized:

—the presence of oxygen vacancies [11];

—the ease of the removal of oxygen from the surface
or lattice, the strength of Ln—O and Co—O bonds, and
reducibility [12, 13];

—the structure of electron levels near the Fermi
level, and the d level population and electronic config-
uration of the transition metal B [14];

Fig. 1. (a) Ideal cubic structure and (b) structure of the
mixed perovskite Ln,Sr; _ ,CoO3; _ g5 (Ln = Sm, Gd, Dy,
Y, Ho, Er, Tm, and Yb) ordered with respect to the A posi-
tions [17]. Light and dark circles designate the A positions,
and octahedrons correspond to the positions of B cations.
Oxygen ions/anionic vacancies are located at the apexes of
octahedrons, and the label O2 indicates the site of the preferred
localization of an oxygen vacancy in the ordered structure.
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—the c*-orbital population (e,) and the degree
of covalence of the transition metal B—oxygen
bond [15];

—the presence of a microdomain structure caused
by a morphotropic phase transition in the subsurface
layers of LaSrCoO perovskites [16].

Most researchers believe that the catalytic activity
of the perovskites Ln A, _,BO;_5in reactions with the
participation of oxygen is primarily related to the
nature of the B cation and to the possibility of heterov-
alent substitution in the A position (for example, La**
for Sr**). As aresult of the replacement of the A cation,
the valence state of the B cation changes within certain
limits and anionic vacancies appear in the crystal lat-
tice; this makes it possible to fine-tune the activity of
perovskites.

At the same time, in the formation of double per-
ovskites based on rare earth and alkaline earth metals,
the distributions of Ln and A cations over crystal lat-
tice positions can be different, depending on the ratio
between the ionic radii and the conditions of the ther-
mal treatment of samples. For example, it is well
known [17] that the equilibrium distribution of cat-
ions over the A structure crystallographic positions
in the Ln,Sr; _ ,CoO;_ 5 systems can vary from a com-
pletely disordered (random) distribution (for Ln =
La—Nd) to an ordered distribution with the formation
of a superlattice for the ions whose radius is smaller
than that of Nd** (Fig. 1b).

Theoretical and experimental data suggest that, as
arule, in the case of cobaltates, the ordering of cations
in the A position is also accompanied by the ordering
of oxygen vacancies and a change in their mobility
[18], which can affect the catalytic activity of these
compounds in reactions with the participation of oxy-
gen. By now, extensive experimental data on the inter-
relation of the nature of A and B cations with the cat-
alytic properties of perovskites have been accumu-
lated. However, data on the effect of the distribution of
cations in the A position of the crystal structure on the
catalytic behavior of these systems are almost absent
from the literature. Recently, it was found that the cat-
alytic activity of the single-phase compound
Gd, ,S1;3Co0O; _5 in the deep oxidation reaction of
methane was much higher with a disordered (random)
distribution of Gd/Sr cations than in the case of a
sample with an ordered arrangement of the Gd** and
Sr?* cations in the A position [19].

The aim of this work was to study the effect of the
distribution of catalytically inert cations in double per-
ovskites on their catalytic activity. This will make it
possible to improve the currently available materials
and to develop new perovskite materials (catalysts,
chemical sensors, and oxygen-conducting mem-
branes).
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EXPERIMENTAL

The S1,Gd, _,Co0;_5 (0.5 <x <0.9) compounds
were used in this study. This system was chosen
because the synthesis procedure and the structure of
the ordered Sr.Ln;_,CoO;_5(0.67 < x < 0.9, Ln—
Sm—Yb) compound were reported earlier [17], and
rare-earth element cobaltates are well-known catalysts
for the oxidative conversion of hydrocarbons.

The synthesis of Sr,Gd, _,CoO;_ 5 was carried out
in accordance with a traditional ceramic technology
by the multiple repetition of grinding—calcination (at
1200°C in air for 12 h) cycles with the starting mixture
and the product obtained after calcination until the
formation of a single-phase sample. Then, the samples
were subjected to the following two different treat-
ments:

(1) The sample was slowly cooled (annealed) in air
from 1200 to 800°C at a rate of 2 K/min and was then
held at 500°C to stabilize the oxygen content. This
treatment led to the formation of an annealed sample.

(2) The sample was rapidly cooled (quenched) in
air from 1200 to 800°C at a rate of about 30 K/s and
was then held at 500°C to stabilize the oxygen content.
This treatment led to the formation of a quenched
sample.

In the subsequent text, the samples subjected
to treatments 1 and 2 will be referred to as
y-Sr,Gd, _,Co0O;_5and p-Sr,Gd, _ ,CoO; _, respec-
tively.

The resulting ceramic materials were crushed to a
fraction of 0.1—0.16 mm for catalytic studies. The spe-
cific surface area of the samples calculated from data
on the low-temperature adsorption of nitrogen (mul-
tipoint BET method) was 0.07—0.1 m?/g.

Catalytic properties were studied in a semiauto-
matic microcatalytic flow system in a fixed-bed quartz
reactor; the catalyst sample weight was 100 mg. The
compositions of the initial mixture and conversion
products were analyzed with the use of an Agilent
7890A multicolumn chromatograph (Agilent Tech-
nologies, United States). All of the samples were stud-
ied in the oxidative conversion of methane in a mixture
of 15—82 vol % CH,, 5—30 vol % O,, and balance He
over a temperature range of 350—850°C. The rates of
deep oxidation were calculated for the points at which
the conversion of the limiting component did not
exceed 10%. The performance stability and the steady
state of the catalyst were confirmed by the coincidence
of the kinetic curves recorded in passing through the
temperature range while increasing and decreasing the
temperature.

The X-ray diffraction analysis was performed with
the use of an X'Pert PRO diffractometer (PANalytical,
Netherlands, CoK, radiation); the measurements
were carried out in an HTK 1200N high-temperature
cell (Anton Paar, Austria) at 20 = 10°—140°. X-ray
structural data were obtained with the use of the full-
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Fig. 2. X-ray diffraction patterns of the samples of
(1) Srp§Gdy,Coz _ 5, Ton = 1200°C; (2) quenched
SrpgGdy,Cos _ 5, T,y = 25°C; (3) annealed
Srg§Gdg,Cos _ 5, Tay = 25°C; and (4) annealed
Sry9Gdgy 1Cosz _5, Ty = 25°C (T, is the diffraction pat-
tern recording temperature). X and * indicate the reflec-
tions from the cubic perovskite structure and the superstructure
reflections of the tetragonal perovskite, respectively.

profile analysis of polycrystalline substances by deriv-
ative difference minimization [20].

The study of the samples by differential scanning
calorimetry (DSC) and temperature-programmed
reduction (TPR) with hydrogen was carried out on an
STA 449C instrument (NETZSCH, Germany) cou-
pled with an Aeolos QMS 403C mass spectrometer.
The experiments were performed in a dynamic atmo-
sphere with a controlled composition (Ar, O,—Ar, and
H,—Ar) in platinum crucibles with 25—30 mg samples
at a heating rate of 10 K/min.

RESULTS AND DISCUSSION

Phase Composition
and Structure of Sr.Gd; _,CoO;_

The X-ray diffraction analysis of the quenched and
annealed samples of Sr,Gd,; _ ,CoO;_5(0.5<x<0.9)
showed that all of the catalysts were single-phase
ceramic materials, in which the effects of temperature
and thermal treatment type on the phase state were
similar regardless of the strontium content.

At a temperature of 1200°C, the cubic (Pm-3m)
perovskite phase (Fig. 2, curve /) with a uniform ran-
dom distribution of Sr’?*/Gd** ions and anionic
vacancies in the appropriate crystal lattice positions
(Fig. 1a) is stable at all strontium concentrations.
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Quenching from 1200 to 500°C led to the retention
of the cubic form (Pm-3m), and the metastable phase
formed remained unchanged up to room temperatures
for the samples with x = 0.8 and 0.9 (Fig. 2, curve 2).
For the quenched sample with x = 0.5, a number of
phase transitions with a reduction of symmetry were
observed at temperatures lower than ~500°C. X-ray
diffraction analysis showed that the high-temperature
and quenched forms of p-Sr,Gd, _ ,CoO; _ 5 are disor-
dered cubic nonstoichiometric perovskite in the struc-
ture of which all A positions are equivalent and Sr/Gd
atoms are randomly (statistically) distributed over
them. All of the oxygen positions are also equivalent,
whereas anionic vacancies are distributed randomly.
The metastable phases formed remained unchanged
up to 850°C in the presence of oxygen at concentra-
tions of 2—20 vol %.

The annealed samples exhibited a more compli-
cated behavior. The shape of DSC curves on the slow
cooling of catalysts with x = 0.9 and 0.8 indicates the
occurrence of a reversible exothermic process. The X-
ray diffraction patterns of the annealed samples exhib-
ited additional superstructure reflections (Fig. 2,
curves 3, 4). The heating of the samples in a mixture of
20 vol % O,—Ar was accompanied by an endothermic
peak in the DSC curves (at 1174, 1113, or ~990°C for
x=0.5,0.8,0r0.9, respectively) and by the disappear-
ance of a superlattice structure. On this basis, we
concluded that a phase transition occurs in the
Sr,Gd, _,CoO;_5 system in a range of 990—1170°C;
this phase transition consists in a redistribution of Sr
and Gd cations and anionic vacancies in the material,
and this process depends on the strontium content.

The slow cooling of the sample with x = 0.5 was
accompanied by a decrease in the lattice symmetry,
which is manifested in the complex Aikl/-dependent
broadening of X-ray diffraction peaks and the appear-
ance of additional superstructure reflections. The dif-
fraction pattern of the material formed in this case
cannot be described by a single crystal lattice; this fact
is indicative of the possible phase separation caused by
the nonuniform distribution of Sr and Gd atoms in the
bulk of the material.

The annealing of the sample with x = 0.8 led to the
conversion of a high-temperature cubic perovskite
structure with the uniform random distribution of Sr
and Gd into a phase with the ordered positions of Gd
and localized oxygen vacancies and the formation of a
tetragonal superlattice (Fig. 1b), which was described
by James et al. [17].

Upon the slow cooling of the sample with x = 0.9,
a new tetragonal phase was also formed as a result of
the partial ordering of Sr’>*/Gd?3* cations and anionic
vacancies, as evidenced by the appearance of addi-
tional superstructure reflections (Fig. 2, curve 4).
X-ray diffraction analysis showed that this phase dif-
fers from its analogues with x = 0.5 and 0.8 in terms of
symmetry and ordering.
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Physicochemical and catalytic properties of the ordered (y) and disordered (p) forms of the Sr,GdGd; _,CoO; _ 5 catalysts

Structure X 3 Nywbos mg/g Ttransition*’ °C 1nk650 XSSO’ % S850’ %
y 0.8 0.37 0.4 ~990 3.09 44 14.8
0.9 0.33 1.4 1113 3.19 58 12.2
p 0.8 0.29 6.2 — 4.69 91 8.0
0.9 0.31 7.9 — 4.30 96 7.5

d is the oxygen off-stoichiometry index; n;,,, is the amount of weakly bound oxygen with Ty < 320°C; ks is the rate constant of deep
oxidation (10% x mol g~ ' s~ at 560°C; Xgs0 and Sgsq are the conversion of oxygen and selectivity for the formation of C, hydrocarbons,
respectively, at 850°C and a reaction mixture of CHy : O, : He =27 : 13 : 60 (vol %).

* The temperature of a maximum rate of transition to a disordered cubic structure in a mixture of 20% O,—Ar according to the DSC data

at a heating rate of 10 K/min.

Thus, the difference between the quenched and
annealed catalysts consists in different distributions of
the Sr’*/Gd3* cations and anionic vacancies in the
structure of perovskite. The quenched samples are dis-
ordered perovskites with the random distribution of
Sr*/Gd** and oxygen vacancies over appropriate crys-
tal lattice positions, whereas the annealed samples are
characterized by a more or less ordered distribution of
the Sr**/Gd3* cations over the A positions of the struc-
ture, which is also accompanied by the ordering of
oxygen vacancies. Because we failed to obtain a single-
phase ordered sample with x = 0.5, we studied the
effect of structure features on catalytic properties in
the compositions with x = 0.8 and 0.9.

Catalytic Properties of Sr.Gd,_ ,CoO;_

The catalytic experiments showed that, at temper-
atures lower than 600—650°C, the deep oxidation
reaction of methane occurred with the formation of
CO,. At T> 700°C, the contribution of the oxidative
condensation of methane (OCM) with the formation
of ethane and ethylene became noticeable. In this
case, the activity of catalysts with the disordered distri-
bution of cations was higher by a factor of 2—5 than the
activity of systems with an ordered Sr/Gd distribution
(see the table and Fig. 3). Thus, for the
y-Sr,3Gd, ,CoO; _ 5 sample, the same conversion of

Ink
6 —
o Ordered
5+ A Disordered
4 L
3r x=0.8
2 | |
1.1 1.2 1.3 1.4
1000/7, K~

the reactants was reached at higher temperatures; as
compared with p-Sr,3Gd,,CoO; _ 5, the difference
was about 150°C.

Because of the low specific surface areas of the cat-
alysts, their total activity (per gram) in the reaction of
complete oxidation was low; correspondingly, suffi-
ciently high temperatures should be maintained.
However, the calculated specific activity per square
meter was comparable with published data on the
activity of rare-earth element perovskites in the reac-
tion of methane oxidation [22].

According to kinetic data, the deep oxidation reac-
tion is first-order with respect to methane and is of
fractional variable order with respect to oxygen (in the
ranges of methane and oxygen partial pressures of
0.15-0.82 and 0.05—0.3 atm, respectively). The
dependence of the rate of methane conversion on the
concentrations of the reactants is adequately described
by the equation

_ayhy,
1+bJP,,

where wcy, and k are the rate and the rate constant of

methane conversion, respectively; P, and Py, are the
partial pressures of oxygen and methane, respectively;
and a and b are equation constants.

ey

Wcn, = kPCH4;

Ink

13 14
1000/7, K~

1.2

Fig. 3. Arrhenius plots for the reaction rate constant k& of the deep oxidation of methane over ordered and disordered
Sr,Gd; _ ,CoOj; _ 5 perovskites. Reaction mixture (vol %): CHy : O, : He =27 : 13 : 60.
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The plots of the logarithms of the rate constants as
a function of the reciprocal of temperature (Fig. 3)
suggest that the apparent activation energies of all of
the samples are 100—110 kJ/mol. The activity of the
samples with a disordered structure was higher than
the activity of the catalysts with an ordered structure at
close apparent activation energies; this fact is indica-
tive of an unchanged mechanism of conversion for all
of the samples.

Note that the observed rates of methane oxidation
in the presence of all of the test catalysts were stable in
time, and the kinetic curves (and Arrhenius plots) were
reproducible under repeatedly changed conditions
(temperature and reactant concentrations). This is
indicative of the absence of a transition from a meta-
stable cubic structure to a stable tetragonal one under
the conditions of catalysis at temperatures lower than
700°C, at least, during the period of a catalytic exper-
iment (several hours).

At 850°C, the high conversion of the limiting com-
ponent (oxygen), which was 40—99%, and the com-
plex homogeneous—heterogeneous mechanism of the
OCM reaction substantially hampered the Kkinetic
analysis. However, the total activity of the samples
with a disordered structure was also higher than the
activity of the samples with an ordered structure (see
the table). The initial selectivity for the formation of
C, hydrocarbons was higher in the case of the samples
with an ordered structure. This most likely occurred
due to their lower activity in the deep oxidation reac-
tion (see the table).

At high temperatures, the performance stability of
the y-SryyGd,;CoO;_5 sample was low. The
p-Sr,3Gd; ,Co0; _5 sample stably worked for 3 h; in
this case, superstructure reflections did not appear in
the X-ray diffraction pattern of the material after
catalysis. In contrast to this sample, the selectivity of
y-Sr1y0Gd, ;Co0;_5 at 850°C rapidly decreased to
approach the value of Sgs, for p-Sry (Gd, ;CoO; _ 5 after
a 3-h operation (see the table). The partial disordering
of cations under the action of a reaction atmosphere at
a decreased partial pressure of oxygen can be a possible
reason for this; this is consistent with the lower tem-
perature stability of the tetragonal ordered structure of
y-Sr1y0Gd, ;Co0; _ 5 (see the table) and the weakening
of the intensity of superstructure reflections in the
X-ray diffraction pattern of the y-Sr;,Gd, ;CoO;_5
sample after the oxidation reaction.

Thus, the above experimental data suggest that, at
the same overall composition, strontium—gadolinium
cobaltates with a statistical (random) distribution of
the Sr/Gd atoms over the A positions of the perovskite
crystal structure exhibit higher activity in the reaction
of methane oxidation.

It is well known that the mobility of framework
oxygen is one of the most important factors responsi-
ble for the activity of perovskite catalysts containing
rare-earth elements. It is assumed that the regenera-
tion of a catalytic center occurs due to mobile lattice

VERESHCHAGIN et al.

oxygen on its diffusion from the depth of a crystal [4].
Borovskikh et al. [21] found that the mobility of oxy-
gen ions in the structure is responsible for the oxida-
tion of methane on La, _ Sr,CoO;_ 5. The capacity of
the LaFeO;_ 5 phase for the deep oxidation of methane
was attributed to the presence of oxygen vacancies in it
and their ability to sorb considerable amounts of oxy-
gen [22]. The activity of the La, _,Nd,CoO; system in
the oxidation of CH, also correlates with the amount
of mobile sorbed oxygen [23].

It is possible to assume that the change in the cata-
lytic activity upon the ordering/disordering of catalyt-
ically inactive Sr/Gd cations in the test system is due
to changes in the energy characteristics and mobility
of framework oxygen. This possibility follows from the
results of the theoretical calculations of the depen-
dence of oxygen mobility in the framework of the
compound Ba, sSt, sCo, _,Fe, O, s on the distribution
of the Ba>*/Sr?* ions: the structures with an ordered
arrangement of cations were characterized by lower
diffusion coefficients of oxygen [18], and the ordering
of cations was also accompanied by the ordering of
oxygen vacancies.

The TPR curves given in Fig. 4 for the catalysts
with ordered and disordered Sr/Gd distributions con-
firm the validity of the assumption made. A weakly
bound low-temperature form of oxygen was present in
the p-Sr,Gd, _ ,CoO; _ssamples (the concentration of
this form in the y-Sr,Gd,_,CoO;_s systems was
small), and the amount of this form correlated with
the activity of samples in the deep oxidation of meth-
ane and selectivity for the OCM reaction (see the
table). The oxygen off-stoichiometry index d is also
indicative of a higher oxygen content of the
p-Sr,Gd, _,CoO;_;5 samples; this index was regularly
lower in metastable systems disordered with respect to
the A position (see the table).

Thus, the catalytic properties of the Sr,Gd, _ ,CoO;_5
system in the deep oxidation of methane and the
OCM reaction depend significantly on the ordering of
Sr?*/Gd3** cations in the A position of the perovskite
structure. The systems with the disordered distribution
of the Sr**/Gd** cations and oxygen vacancies are
more preferable for the deep oxidation reaction of
methane. The systems with localized oxygen vacancies
and an ordered arrangement of the Sr’*/Gd>* cations
ensure higher selectivity for the formation of C, prod-
ucts in the OCM reaction.

The experimental data on the structure and cata-
lytic activity of single-phase gadolinium—strontium
cobaltates with the structure of perovskite demon-
strate a new method, which was not used earlier, for
the regulation of the oxidizing activity of catalysts by
changing the distribution of catalytically inert ions
over the crystallographic A positions. It is most likely
that the found regularities are of general nature; they
are not limited to Sr—Gd cobaltates, and they can be
used for improving currently available materials and
developing new materials with the structure of perovs-
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Fig. 4. TG and DTG curves for the temperature-programmed reduction of the Sr,Gd; _ ,,CoO; _ 5 catalysts in ordered and dis-
ordered forms in a mixture of 5 vol % H,—Ar; heating rate, 10 K/min.

kite, such as catalysts for processes with the participa-
tion of oxygen, oxygen-conducting membranes, and
chemical sensors.
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