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A B S T R A C T

In this paper we report on crystal structure and oxygen storage properties of A-site cation ordered
BaLnMn2O5+d (Ln: Pr, Nd, Sm, Gd, Dy, Er and Y) perovskite-type oxides. The materials show practically
complete and reversible change between fully reduced BaLnMn2O5 and oxidized BaLnMn2O6, which
occurs at moderate temperatures (300–500 �C) during changes of the oxygen partial pressure (air, 5 vol.%
H2 in Ar). Based on the thermogravimetric measurements, reversible oxygen storage capacity,
characteristic temperature of oxidation and reduction, as well as kinetics of these processes are given.
Structural characterization was performed at room temperature for the reduced and oxidized materials
by Rietveld analysis of the XRD data. These results are accompanied by in situ high temperature XRD
measurements of the oxidation process, performed for BaNdMn2O5 in air.

ã 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, oxygen storage materials (OSMs) attracted scientific
interest due to their possible usage in various processes, in which
a precise control of the oxygen partial pressure (pO2) is required
[1–6]. Apart fromcommercial application in three-waycatalysts, in
which the best known CeO2–ZrO2 solid solution-type oxides are
utilized [7], OSMs may be possibly used in many developing
technologies and industrial processes, e.g.: in air separation
technology, solar water splitting, non-aerobic oxidation including
flameless combustion of hydrocarbons, high-temperature produc-
tion that requires high-purity oxygen, oxy-fuel and chemical
looping combustion processes used in clean coal-type energy
production, production of synthesis gas, SOFC technology, inert gas
purification due to oxygen scavenger behavior, etc. [1,8–11].

While ceria-based materials may be further modified [12,13],
also new compounds were studied, including Pr2O2S–Pr2O2SO4

system, which exhibit unusually high theoretical capacity of the
order of 18.50wt.% (practical one �9.3wt.% at 700 �C), but suffers
from evaporation of sulfur [11]. Recently, also BaLnMn2O5+d

perovskite-type oxides gained scientific interest in terms of their

applicability as oxygen storage materials [1,14–16]. As reported by
Motohashi et al., the BaYMn2O5–BaYMn2O6 system with a
theoretical capacity equal to 3.85wt.% shows high reversibility
and practical capacity �3.7wt.% at 500 �C. This system shows
reduced temperatures of reduction and oxidation processes, and
fast kinetics of changes of d occurring at 500 �C [1].

From the crystallographic point of view, both, reduced
BaYMn2O5 and oxidized BaYMn2O6 belong to a family of A-site
cation ordered BaLnMn2O5+dmanganites with layer-type ordering,
for which the structure can be derived from that of a simple
perovskite. It is known that a significant difference between ionic
radius and/or oxidation state of cations occupying at the same time
A- or B-site in ABO3 are the causes responsible for the cation
ordering [17]. Commonly, 1:1-, 1:2- or 1:3-type structures are
observed. The mentioned BaLnMn2O5 and BaLnMn2O6 are the
examples of 1:1-type order, in which Ba–Ln ordering occurs in a
form of layers [18–22].

In the case of A-site 1:1 layered order, the aristotype space
group is tetragonal P4/mmm with doubling of the perovskite-
related unit cell along c-axis [23]. In addition, depending on the Ln
cation size, B-site rock salt-type cation ordering also occurs in
BaLnMn2O5+d, giving rise to quite a complicated electronic
structure diagram [20–22,24]. Oxygen anions, occupying positions
within Ln-related layer can be extracted from the material
relatively easy, and as was shown for BaYMn2O5+d, reduced
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BaYMn2O5 and BaYMn2O5.5 compounds exist, with structure
originating from removal of all (for O5) and every other (for
O5.5) oxygen from the mentioned positions [4,16,25].

Structuralandoxygenstorage-relatedpropertiesofBaLnMn2O5+d

are expected to be dependent on the ionic size of Ln3+ cations. In this
work, we report results of crystal structure of BaLnMn2O5 and
BaLnMn2O6, together with reduction/oxidation behavior of the
consideredoxides indifferent atmospheres. The results are analyzed
in termsof the influenceof ionic radii of Ln3+, its electronegativity, as
well as microstructure and specific surface area of the analyzed
powders.

2. Experimental

BaLnMn2O5+d (Ln: Pr, Nd, Sm, Gd, Dy, Er and Y) oxides with
d�0 were synthesized by a soft chemistry method. Respective
nitrates were dissolved in small amount of deionized water, in
stoichiometric proportions. Ammonia salt of ethylenediaminete-
traacetic acid (EDTA) was added to the solutions, due to its
complexing properties. Prepared mixtures were heated in quartz
evaporators in air, up to about 400 �C. The heating process resulted
in: an evaporation of water, a sol–gel transition, a decomposition
of ammonium nitrite and finally, an oxidation of residual carbon,
originating from EDTA. The obtained precursors were thoroughly
ground and pressed into pellets having thickness of about 1mm.
The actual synthesis for BaLnMn2O5+d (Ln: Pr, Nd, Sm, Gd and Y)
was performed at 1100 �C, for 8h in atmosphere of 1 vol.% of H2 in
Ar, with flow of gas of about 100 cm3min�1. In the case of
BaDyMn2O5+d sample, annealing was repeated three times, with
intermediate grindings, and final temperature of 1000 �C. Synthe-
sis method for BaErMn2O5+d oxide, i.e., material with the smallest
+3 cation being successfully introduced in Ln position, was
described in the other paper [14]. For comparison, BaNdMn2O5+d

and BaYMn2O5+d were also prepared by a standard solid state
reaction. In this paper these samples are referred as, for example,
BaNdMn2O5 II.

Structural studies of the synthesized oxides were carried out in
10–110� range with CuKa radiation, using Panalytical Empyrean
diffractometer. Data were collected on as prepared materials, as
well as after reduction and oxidation. For high-temperature
measurements, Anton Paar HTK 1200N oven-chamber was
installed. Measurements of the oxidation of reduced BaNdMn2O5,
as well as studies for oxidized BaNdMn2O6 were performed in air.
For Rietveld analysis, GSAS/EXPGUI set of software was used
[26,27]. For clarity of presentation of the graphs, CuKa2 was
stripped from the data by Rachinger method. The measurements
were performed at 25 �C and in 100–800 �C range with 100 �C step,
with heating rate of 10�Cmin�1. Before 55min collection of data,
samples were equilibrated for 5min at each temperature.

Oxygen storage-related properties, including reduction/oxida-
tion runs, were determined by usage of thermogravimetric (TG)
method. All experiments were conducted on TA Q5000IR appara-
tus. Measurements were done on powdered samples, obtained
after grinding of sinters and sieving on 100mm sieve. Atmosphere
of 5 vol.% H2 in Ar was used for the reduction, while the oxidation
processwas studied in synthetic air flow. For all studies, gas flowof
100 cm3min�1 and heating rate of 5�Cmin�1 were set up as the
experimental conditions. Isothermal reduction/oxidation runs
were collected at 500 �C, data shown in graphs concern 1st, 2nd
or 5th cycle. Non-isothermal oxidations and reductions were
collected after these five isothermal cycles. Calculation of the
reversible oxygen storage capacity was corrected for buoyancy
effect, whichwas established on a basis of runs performedwithout
material (TG pan only).

Microstructural images of the reduced and oxidized materials
were recordedonFEINovaNanoSEM200microscopeequippedwith

low vacuum detector. Specific surface area of the considered
powders was measured by N2 adsorption using Gemini V Micro-
meritics apparatus. Data were analyzed assuming Brunauer–
Emmett–Teller (BET) isotherm.

3. Results and discussion

3.1. Crystal structure of BaLnMn2O5 and BaLnMn2O6 at room
temperature

XRD measurements performed after synthesis (both, by soft
chemistry and solid state methods) indicated formation of A-site
ordered phase for all studied BaLnMn2O5+d materials, as docu-
mented by (0 01) peak visible in the vicinity of 11.5 � for oxidized
and reduced compounds [30]. Exemplary XRD data with Rietveld
refinement for BaNdMn2O6 II are shown in Fig. 1. Intensity of the
mentioned (0 01) peakwas significantly smaller for materials with
larger Ln3+ cations, suggesting partial mixing between Ln and Ba.
Despite good quality data, it was unfortunately not possible to
reliably determine degree of such mixing, due to a similar atomic
mass of Ln and Ba. For the completeness of the structural data,
Table 1 presents results gathered for all considered materials (Ln:
Pr, Nd, Sm, Gd, Dy, Er and Y), some ofwhichwere already presented
in our previous works. As can be seen, with the decreasing ionic
radius of Ln3+, the relative increase of the normalized unit cell
volume (i.e., divided to obtain cubic-like 1ap�1ap�1ap unit cell)
after the reduction process decreases, and the dependence
between these two is linear (R2 = 0.996). As the ionic radius of
smaller Ln3+ is untypically small for 12-fold coordination, the
normalized unit cell volume changes are weak in the case of such
oxidized BaLnMn2O6. Structure of BaPrMn2O6 at room temperature
(RT) was refined using aristotype P4/mmm (1ap�1ap�2ap)
symmetry, consistent with previous report [22]. However, in the
case of BaNdMn2O6 materials (from both synthesis methods), an
evident split of (2 0 0) peak at �46.5� was recorded at room
temperature, indicating decrease of the crystal’s symmetry. This
distortion completely disappears already at 100 �C. It is known that
in the vicinity of RT BaNdMn2O6 shows magnetic transitions, with
the reported A-type antiferromagnetic ground state [31]. However,
the magnetic phase diagrams elaborated in the literature differ
significantly for this compound [21,22,24]. Therefore, it is not clear
if the observed distortion can be connected to the presence of the
[(Fig._1)TD$FIG]

Fig. 1. Exemplary diffractogramwith Rietveld analysis for BaNdMn2O6 II sample at
room temperature refined assuming P-1 triclinic space group.
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