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Methane oxidation over A-site ordered and
disordered Sr0.8Gd0.2CoO3�d perovskites†

Sergei N. Vereshchagin,*a Leonid A. Solovyov,a Evgenii V. Rabchevskii,a

Vyacheslav A. Dudnikov,b Sergey G. Ovchinnikovbc and Alexander G. Anshitsa

A tetragonal phase Sr0.8Gd0.2CoO3�d with ordered Gd3+/Sr2+ ions

and oxygen vacancy sites is found to be about five times less active

in the reaction of methane combustion than a quenched cubic

perovskite phase with randomly distributed (disordered) Gd3+/Sr2+

ions over the A-sites of the crystal lattice.

Substituted rare-earth perovskites with the general formula
AxA0(1�x)ByB0(1�y)O3 (A – rare-earth; A0 – Ca, Sr, Ba; B, B0– Mn,
Co, Fe, Ni) display a wide variety of fascinating electric, magnetic
and optical properties.1 They are also particularly promising for
a number of catalytic applications: total and partial oxidation
of hydrocarbons,2,3 as oxygen conducting media for catalytic
membrane reactors,5 CO and hydrogen generation,4 electro-,
photocatalysis and fuel cells.6,7

From a crystallochemical viewpoint, the perovskite structure
allows a large number of ionic substitutions to form new
compounds as well as solid solutions amongst the various
oxide or complex oxide compositions. Such substitutions may
result in the formation of either A/B-site ordered or completely/
partially disordered states giving rise to specific properties not
inherent to normal unsubstituted perovskites. In particular,
lead-based complex perovskites belong to a special family of
substituted materials (called ‘‘relaxors’’) which have extra-
ordinarily high dielectric constants due to the formation of
nanoscale ordered regions in a disordered matrix.8 There are
numerous papers considering the interrelation between the
cation order–disorder phenomena and physico-chemical properties
of solids,9 however, to the best of our knowledge, there have been
no reports so far on correlations between the A/B-site ion ordering
and catalytic performance of perovskites. Herein, we report for the

first time the comparison of catalytic properties of A-site ordered
and disordered rare-earth cobaltates in the reaction of methane
oxidation.

It is known, that single-phase rare-earth cobaltates Ln1�xSrx-
CoO3�d have a modulated tetragonal perovskite-based superstruc-
ture for rare-earth ions smaller than Nd3+ (Ln = Sm3+–Yb3+).10

Within this structure Ln/Sr ions are located on three different
A-sites – A1–A3 (Fig. 1, see the ESI† for details). The relative
occupation of these sites in the structure was found to vary as a
function of Sr-doping (i.e. with x) and for the x Z 0.8 composi-
tions, the A2 and A3 sites were found to be fully occupied by Sr2+

ions, while the A1 sites were found to contain both Ln3+ and Sr2+

ions.10 Based on these data, a sample of Sr0.8Gd0.2CoO3�d with
A-site ordered Gd3+/Sr2+ ions was prepared by a conventional solid
phase ceramic synthesis from Gd2O3, Co3O4 and SrCO3 powders
at 1200 1C in air with intermediate re-grinding and re-pelleting.
The final ceramic particles (size of 100–160 microns) were cooled
down from 1200 1C with a cooling rate of 2 1C min�1.

An XRD pattern of the sample thus prepared (Fig. S1, ESI†)
and denoted as annealed a-Sr0.8Gd0.2CoO3�d hereafter, corre-
sponded well to the I4/mmm superstructure with ordered Gd/Sr
sites.10 DSC measurements of the sample reveal a reversible

Fig. 1 DSC curves near the transition and the structure of ordered (left)
and disordered (right) Sr0.8Gd0.2CoO3�d. Heating (red) and cooling (blue)
ramp rate of 10 1C min�1, 20% O2–Ar.
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effect with onset temperatures 1073 1C (cooling) and 1076 1C
(heating), Fig. 1.

In situ high-temperature XRD analysis showed that above
1100 1C the superstructure reflections disappeared (Fig. S1, ESI†)
due to a phase transition to the cubic perovskite phase with
randomly distributed Gd/Sr sites, which allowed ascribing the
observed DSC effects to the cation order–disorder transition. After
a slow cooling from 1200 1C to room temperature, the super-
structure reflections reproducibly appeared indicating a reversible
character of the Gd/Sr ordering. In contrast, quenching the sample
from 1200 1C to 900 1C (about 30 1C s�1) resulted in the preservation
of the Gd/Sr-disordered cubic phase for which the superstructure
reflections were absent up to room temperature (Fig. S1, ESI†). The
quenched state (q-Sr0.8Gd0.2CoO3�d) is stable under oxidative con-
ditions (5–20% O2) at least up to 850 1C and slowly transfers to the
ordered tetragonal superstructure upon heating above 900 1C.

The oxygen content in the samples was calculated using
the thermogravimetric reduction11 on a NETZSCH STA 449C
analyzer in a stream of argon with 5% H2. The samples were
kept in air at 500 1C for 1 h and cooled down to 200 1C with a
ramp rate of 2 1C min�1 prior to the DSC measurements or
catalytic experiments to ensure the equilibrium oxygen content
for the quenched and annealed states. The non-stoichiometry
index value d calculated from the TG curves (Fig. S2, ESI†) is
found to be smaller for disordered q-Sr0.8Gd0.2CoO3�d than for the
ordered one (Table 1). DSC/TG studies show that the reduction of
a-Sr0.8Gd0.2CoO3�d starts at a higher temperature compared to
q-Sr0.8Gd0.2CoO3�d. For the former, an evident peak of water
formation is observed at 382 1C while the latter exhibits a wide
plateau region between 300 and 450 1C (Fig. S2, ESI†) pointing to a
substantial heterogeneity of oxygen states.

Being heated in a non-reducing atmosphere (0.05% O2–Ar),
the samples show a peak in DTG curves (Fig. 2a) corresponding
to the O2 release detected by using the mass analyzer. The
amount of oxygen removed at this stage correlates well with the
fraction of Co4+ ions (according to the d index) and the average
oxidation level of Con+ decreases from +3.06 and +3.22 to +2.99
and +3.03 for the annealed and the quenched samples, respec-
tively. A further increase of temperature leads to subsequent
monotone O2 removal, the total amount of the oxygen released
being greater for the disordered q-Sr0.8Gd0.2CoO3�d.

Tests for catalytic activity were performed in a fixed-bed quartz
reactor under atmospheric pressure; an on-line gas chromato-
graph was used to analyze the composition of the feed and the
product gases. The catalytic runs were repeated two times under
increasing and decreasing temperature conditions, the catalytic
activity being reproducible within an experimental error limit.

The catalytic activity of the quenched sample is found to be
several times higher than that of the annealed one (Table 1) and
the corresponding light-off temperature curve is shifted 120 1C
towards lower temperatures (Fig. 3). Carbon dioxide is the only
product found at T o 600 1C. Some amount of hydrogen, CO and
C2-hydrocarbons (ethane and ethylene) is also formed at higher
temperatures. The selectivity of methane conversion to C2 and
CO goes up with the temperature increase and a-Sr0.8Gd0.2CoO3�d
is more selective for these products than q-Sr0.8Gd0.2CoO3�d.
(Fig. 2b). It should be noted that according to the XRD measure-
ments, neither the disordered structure nor the ordered one
undergoes principal changes under the conditions of catalytic
runs in the presence of methane–oxygen feed.

A different behaviour is observed if pure CH4 reacts with the
catalysts. Methane reduces the samples of Sr0.8Gd0.2CoO3�d to form
either carbon dioxide (at temperatures lower than 550–600 1C) or a
mixture of CO2–CO–H2 at higher temperatures. This reduction in
the absence of gaseous oxygen leads to a collapse of the perovskite
structure at T 4 750 1C because of the fast reduction of Con+-ions to
produce Co0.

The reaction of methane oxidation in the presence of O2 is
found to be first-order in CH4 partial pressure and a kinetic model
(eqn (1)) based on a Langmuir-type mechanism adequately repre-
sents the experimental data (Fig. S3, ESI,† Table 1). In this model
the limiting step is a reaction occurring between the strongly
bound surface oxygen from the oxide lattice and methane
molecules.

rCH4
¼

kPCH4
KO2

PO2

� �1=2

1þ KO2
PO2

� �1=2 ¼
APCH4

PO2
1=2

1þ bPO2
1=2

(1)

Apparent activation energies Ea (Table 1), for Sr0.8Gd0.2CoO3�d
samples are found to be similar to those reported for SrFeO3�d

2

and for La–Ce–Fe–O oxides.12 The slightly higher Ea value for

Table 1 Non-stoichiometry and catalytic properties of Sr0.8Gd0.2CoO3�d

Samplea Structure db nc 108 � rCH4

d (mol g�1 s�1) Ea (kJ mol�1)

Parameters of kinetic eqn (1)

A � 108 (mol g�1 s�1 atm�3/2) b (atm�1/2)

a Ordered 0.37 +3.06 1.84 � 0.07 116 � 4 56.5 � 9.4 5.4 � 1.3
q Disordered 0.29 +3.22 10.3 � 0.6 96 � 3 254 � 21 3.9 � 0.5

a (a)-annealed, (q)-quenched. b Non-stoichiometry index. c Average oxidation level of Con+. d Rate of methane conversion at 500 1C, Feed,
CH4 : O2 : He = 27 : 13 : 60.

Fig. 2 The effect of A-site ordering on the oxygen TPD (a) and selectivity
of the product formation (b). Ordered a-Sr0.8Gd0.2CoO3�d – blue, dis-
ordered q-Sr0.8Gd0.2CoO3�d – red.
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the annealed Sr0.8Gd0.2CoO2.63 agrees with the lower reactivity
of this system.

Thus, the A-site ordered and disordered states of the strontium–
gadolinium–cobaltates differ in their reducibilities, oxygen stoichio-
metries and the amount of mobile oxygen evolved under the TPD
conditions. Evident distinctions in the catalytic behaviour of these
samples are the rates of carbon dioxide formation (at T o 650 1C)
and the selectivity of C2-production, along with the similar trends
of the activities on the Arrhenius plot, closely spaced values of Ea

and Langmuir adsorption constants b (Table 1).
The observed behaviour agrees with the generally accepted

concept of ‘‘intrafacial’’ type of catalytic transformations over
perovskites. From a viewpoint of oxygen species participating in
catalysis, adsorbed (and/or surface) oxygen and lattice oxygen
are supposed to contribute to suprafacial and intrafacial cata-
lysis, respectively. The intrafacial catalysis proceeds preferably
at relatively high temperatures, according to the combination
of a reduction–oxidation cycle of the catalysts,3 which seems to
be valid for both ordered and disordered samples. In this case,
two main factors should be considered to explain the catalytic
performance of Sr0.8Gd0.2CoO3�d. These are the rates of the
surface re-oxidation (which is directly connected with the oxygen
mobility) and the properties of surface oxygen interacting with
molecules of methane. The results of O2 TPD (Fig. 2a) and H2

reduction (Fig. S2, ESI†) suggest that the chemical properties of
surface oxygen for the ordered and disordered states are not
identical but very similar. This assumption agrees with the same
type of the transformation kinetics, closely spaced values of the
activation energies and Langmuir adsorption constants. Identical
chemical compositions of the single-phase perovskites under
study allow one to assert that it is the structural peculiarities
that are responsible for the activity variations.

Our structural XRD analysis and the literature data10 show
that there is a substantial difference in the oxygen vacancy
distributions for the samples under study besides the Sr/Gd
ordering. In the A-site ordered structure of Sr0.8Gd0.2CoO2.63,
the vacancies primarily reside on specific O2 sites (Fig. 1) in the
basal planes at z = 0 and 1/2, whereas in the disordered sample
they are randomly distributed over all O-sites. Furthermore, the
amount of oxygen vacancies in the ordered sample is larger as

revealed by the thermogravimetric reduction (Fig. S1, ESI†) in
agreement with the difference in the specific unit cell volumes
V/Z of 56.742 and 56.367 Å3 for annealed and quenched
Sr0.8Gd0.2CoO3�d, respectively.

The oxygen mobility is known to be one of the most impor-
tant factors governing the activity of catalysts according to the
intrafacial mechanism. It was shown that the catalytic activity in
methane oxidation over La1�xSrxCoO3�d was determined by the
mobility of oxygen ions in the structure.13 The activity of the
LaFeO3�d phase in CH4 combustion was explained in terms of
the catalyst’s ability to uphold very large amounts of oxygen in
the O-vacancies.12 The activity of (La1�xNdx)CoO3 systems also
correlate with the amount of mobile oxygen: the temperature
corresponding to the 50% conversion of CH4 increased as a
result of a decrease of the amount of adsorbed oxygen.14

Theoretical and experimental investigations show that oxygen
mobility is tightly coupled with the vacancy distribution. It is
known that cation ordering may be accompanied by oxygen/
vacancy ordering (e.g. in Ln1�xSrxCoO3�d

10 and (Ba0.5Sr0.5)CoO2.5
17)

and that structures with ordered vacancies are less favourable for
ion conduction and oxygen permeability compared to disordered
perovskites as shown for Sr–ferrite–titanates,15 SrCoxFe1�x03�d

16

and (Ba, Sr) cobaltates.17 Therefore, we may assume that the
substantial catalytic activity enhancement of the quenched
A-site disordered Sr0.8Gd0.2CoO3�d sample may result from
the structure-directed increase in both the amount of mobile
oxygen and its mobility in the crystal lattice.

In conclusion, Gd3+/Sr2+ ion site ordering in Sr0.8Gd0.2CoO3�d
results in the oxygen vacancy ordering coupled with the reduction
of the mobile oxygen amount and, in turn, decreases the rate of
methane deep oxidation, the effect being also observed for Sr-rich
substituted gadolinium cobaltates of other compositions (x = 0.5, 0.9).
This phenomenon allows tuning of the contribution of the deep
oxidation reaction route to the overall conversion without a
modification of the chemical composition of the catalyst, at least
for intrafacial reactions. The results obtained in this study may
serve as a guide for improving the performance of existing catalytic
materials and as a tool for developing new ones expanding our
knowledge on the structure-reactivity/selectivity relationships.

The authors acknowledge the financial support from SB RAS
project N 38 (2012) and RFBR grant 13-02-00358.
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