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a b s t r a c t

The possibility to introduce carbonate groups inside a pure cobalt based Ruddlesden Popper type

matrix is demonstrated. This paper reports the synthesis as a single phase of a new layered

oxycarbonate Sr4Co2(CO3)O5.86 and its structural characterizations at room temperature combining

TEM observations and powder neutron diffraction data. Close structural relationships are observed with

the homologous Sr4Fe3�x(CO3)xO10�4x series and deal with the presence of two specific carbonate

configurations, namely coat hanger and flag. Magnetization measurements reveal a complex anti-

ferromagnetic behavior below 50 K with three others transitions, at 160, 210 and 250 K. Such behavior

can be ascribed to the latent reactivity in air of this largely oxygen deficient phase.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The importance of layering to generate transition-metal oxides
with 2D structures has been illustrated in the last decades by the
high TC of superconducting cuprates containing CuO2 [1] planes,
the low TC of the superconducting hydrated cobaltite Na0.3CoO2,
1.3H2O [2] or the importance of LixCoO2 layer cobaltite for the
Li-ion batteries [3]. In that respect, the intergrowth of well-know
structures is an efficient way to generate 2D structures. The
Ruddlesden–Popper (RP) series is one well-known example [4]
in which the structure can be described as the regular stacking of
two types of subcell made of perovskite and rock-salt type layers,
respectively.

Increasing n in the generic formula Anþ1MnO3nþ1 of the RP
members (A¼Alkaline earth, rare earth, M¼transition-metal) allows
to go from the A2MO4 compounds (n¼1) with only one perovskite
layer to the n¼N limit term corresponding to the perovskite
structure of AMO3 formula. Furthermore, additional building units
can be used in these structures to increase the layering. The use of
carbonate groups to separate perovskite layers as in Sr2CuO2(CO3)
[5] can be viewed as a way to separate two successive perovskite
CuO2 layers by doing a regular 1:1 stacking of SrCuO2 and SrCO3

layers. Remarkably, such a mechanism can also describe the
structure of the Sr4M2O6CO3 oxycarbonates [6–10]: it can be viewed
ll rights reserved.
as the n¼3 member of the RP series for which the central MO2 layer
of the three layer thick perovskite block is replaced by a CO layer.
Among the transition metals, layered oxycarbonates have been
reported for cuprates including superconducting ones [11], ferrites
and mixed ferrites such as Fe/Sc, Fe/Co, Fe/Ni, Fe/Cr and Fe/Mn
compounds [6–10]. According to the ability of cobalt cations to
adopt different coordination due to spin, charge, and orbital degrees
of freedom, there has been a large interest devoted these last years
to the cobaltites. At first it is surprising that only one cobalt based
oxycarbonate has been reported [12], Ba3Co2O6(CO3)0.6 which
structure is not layered but derives from hexagonal perovskite.
Nevertheless, several members of the RP cobaltites have been shown
to form oxyhydroxydes such as the n¼2 member Sr3Co2O5(OH)2,
xH2O [13], and n¼3 member when Co and Ti are mixed as for
Sr4Co1.6Ti1.4O8(OH)2, xH2O [14] in which OH groups and H2O
molecules are incorporated at the level of the rocksalt-type block
of layers. Thus, we have tried to incorporate triangular CO3

2�

carbonate groups to stabilize new layer cobaltites. Using carbonated
precursors for solid state reaction in close vessels, a new Sr4Co2

(CO3)O6�d cobalt oxycarbonate has been prepared. Its structural
characterization by means of transmission electron microscopy,
X-ray and neutron diffractions reveals that this oxycarbonate is
isostructural to Sr4Fe2CO3O6 [7].
2. Experimental

The polycrystalline samples were prepared by mixing SrO,
SrCO3, Co3O4 and a nearly single phase was obtained starting in
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3:1:2/3 proportions. SrO was prepared by firstly heating SrO2 to
873 K and secondly to 1473 K overnight to avoid traces of
carbonates and it was then immediately introduced in a nitro-
gen-filled glove-box to prevent reactivity with ambient atmo-
sphere. The precursors were then weighed and mixed with the
other precursors in the glove-box. The intimately ground powders
were then pressed in the form of bars, introduced into alumina
crucibles and set in silica tubes. The latter were pumped under
primary vacuum. After having been taken off the glove-box, they
were sealed and then heated up to 1123 K for 24 h and finally
quenched to room temperature.

The electron diffraction (ED) and high resolution transmission
electron microscopy (HRTEM) studies were carried out with JEOL
2010CX and TOPCON 02B microscopes, respectively. Cation distri-
bution has been checked by energy dispersive spectroscopy (EDS).
Both microscopes are equipped with an EDX analyzer. The inter-
pretation of the HRTEM image contrasts was validated with the help
of the Mac Tempas Program. The presence of CO3

2� groups was
checked by infrared spectroscopy (IR) measurements. Data have
been collected in transmission mode, in the range 450–2000 cm�1,
with a commercial Nicolet Instrument. Phase purity was also
checked by X-ray diffraction using a Panalytical XPert Pro diffract-
ometer equipped with X�Celerator detector and working with Cu Ka
radiation. Powder neutron diffraction (PND) data were collected at
room temperature with the PUS diffractometer at the JEEP II reactor
at Kjeller. Neutron with wavelength 1.5554 Å were obtained from
a focusing Ge (5 1 1) reflection monochromator. The Fullprof pro-
gram [15] was used for the Rietveld profile refinements.
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Fig. 1. Experimental electron diffraction patterns collected for Sr4Co2(CO3)O6�d

with (a) [0 1 0], (b) [�1 1 0] and (c) [0 0 1] zone axis.
3. Structural properties

In order to identify the unit cell and the extinction conditions,
an electron diffraction study using a tilt series along the c-axis
was performed on various crystallites. The basic unit cell was
found to be I-centered tetragonal, (h k l) reflections obeying to
hkl: hþkþ l¼2n (Fig. 1), with a¼bE3.8 Å, cE28 Å and a¼b¼
g¼901. Taking into account this result, the X-ray powder diffrac-
tion pattern was fully indexed (Fig. 2) in the I4/mmm space group
with the following cell parameters:

a¼ 3:8627ð1ÞÅ and c¼ 28:256ð1ÞÅ:

These observations fit well with those usually expected for the n¼3
member of the RP series, whose theoretical formulation would be
Sr4Co3O10 and c-axis parameter E28 Å (for instance cE27.2 Å is
reported for Nd4Co3O10 Ref. [16]). Energy Dispersive Spectroscopy
(EDS) analyses were also coupled to electron diffraction for studying
more than 20 crystallites. These analyses lead to an average
Sr/CoE2 cation ratio in agreement with the starting one but much
larger than the value of 1.33 expected for an ideal n¼3 RP member.
However, this result is not surprising if we consider the partial
substitution of cobalt species by carbonated groups like reported for
the iron based oxycarbonate, Sr4Fe2(CO3)O6 [7]. This layer oxycar-
bonate derives from the stacking mode of the RP n¼3 member by
considering a complete substitution of FeO6 octahedra by CO3

triangles in the central layer of the perovskite block. Note that this
structure was also refined using a I4/mmm space group with
aE3.84 and cE28.384 Å [7].

In order to check for the presence of carbonate groups in this
cobalt based layered compound, IR measurements were performed.
Characteristic peaks of the CO3

2� groups, p(CO3), ms(CO3) and
mas(CO3) are observed on the corresponding spectrum (Fig. 3).
Moreover, the p(CO3) bonding confirms that these CO3 groups are
present in the crystallites cores. This strongly supports their
incorporation in the crystal structure and supports our structural
hypothesis about the formation of an oxycarbonate.
As shown previously for different oxycarbonates, the presence
of CO3

2� rows in the structure can be revealed by HREM as the
CO3

2� contrast differs from those of the other constituting units.
A characteristic HREM image recorded for the sample under study is
shown in Fig. 4. Assuming that this material has a layered structure
deriving from the perovskite structure, the [1 0 0] orientation should
allow to visualize the stacking sequence. In the corresponding image
(Fig. 4), a part of the contrasts is characteristic of the RP series while
the remaining one (white arrow) can be assigned to the presence of
carbonate groups. Clearly, this layer stacking is consistent with the
structure of the n¼3 RP member but with carbonate CO3 substitut-
ing the central CoO6 octhahedra in the perovskite block. A simulated
image based on such a model, with an ideal composition ‘‘Sr4Co2

(CO3)O6’’ is inserted in Fig. 4. This simulation fits well with the
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Fig. 3. IR spectra recorded for the Sr4Co2(CO3)O6�d oxycarbonate.

Fig. 4. HREM image and corresponding ED pattern collected along [1 0 0] zone

axis. White arrows point on carbonated layers. A simulation, calculated with a

crystal thickness close to 3 nm and a defocus value of 50 nm, is inserted.
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Fig. 5. Experimental, calculated and difference patterns issued from the Rietveld

refinements of powder neutron diffraction data. The focused area shows the

anisotropic enlargement of 00l reflections with a strong character when sample is

exposed in air. The two indexation bars set are related to Sr4Co2(CO3)O5.86 and

SrCO3 phases respectively.
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Fig. 2. Experimental powder X-ray diffraction pattern recorded for

Sr4Co2(CO3)O6�d oxide and indexed in I4/mmm space group. Arrows pointing at

d002�14 and d004�7 Å emphasize the comparison with RP3 compounds.
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experimental contrasts. Note that few intergrowth defects have
been detected during this work

As both carbon and oxygen are light elements, the structural
refinements from X-ray powder diffraction are not accurate enough
to establish the structure of this new oxycarbonate. Thus, a powder
neutron diffraction experiment at room temperature was performed
to refine the structural model established by the previous structural
characterizations (Fig. 5). A starting structural model for Sr4Co2

(CO3)O6, isostructural to that of Sr4Fe2(CO3)O6 [7], has been used for
the Rietveld refinements while SrCO3, detected as impurity during
the TEM study, has been introduced as secondary phase. The first
refinement converges rapidly for the heavy atoms (Sr,Co) positions
as well as for all oxygen except those belonging to the carbonated
layers. Similarly to the initial model, the carbon atoms were found to
be located on the 2a site (0 0 0) of the tetragonal unit cell. Fourier
difference maps were then necessary to obtain more informations
about neighboring oxygens. Firstly, calculations made without
surrounding oxygens revealed the existence of an extra position,
O3, located on a 4e site, (0 0 z) (Fig. 6a). Secondly, taking into
account this new O3 position around carbon, refinements were
attempted, (Fig. 6b). It is found that the oxygen atoms of the
carbonates except the O3 site, can be located on sites with high
multiplicity, really close to each other. Moreover, the strong disorder
of oxygen atoms, as can be seen on Fig. 6b, suggests that this layer
might be relatively flexible compared to the other parts of the
structure. Finally, three additional oxygen positions were introduced
in the model, namely O4, O5 and O6, corresponding to the highest
nucleus densities points near the carbon position. Due to the small
occupancy factors of these high multiplicity sites, relatively large
errors related to these positions are observed. For the carbonate
groups, two dominant configurations are deduced, coat hanger
(Fig. 7a) and flag configurations (Fig. 7b).

Hence, considering the difficulty of refining the carbonate
layer as aforementioned, the oxygen occupations were
constrained to respect the following configurations imposed by
the triangularity of the CO3 group: n(O4)¼2n(O3); n(O6)¼2n(O5)
with a sum of all these oxygens equal to 3 per formula unit. This
hypothesis leads to the final model presented in Table 1 with a
satisfactory RB¼0.064 factor while the amount of SrCO3 phase –
detected as impurity – is found close to 4%.



Fig. 6. Fourier difference maps collected to localize oxygen neighboring carbon in the carbonated layers: (a) without oxygen sites around carbon atom and (b) with only

O(3) site introduced in refinement.

Fig. 7. (a) Structural drawing of the Sr4Co2(CO3)O5.86 oxycarbonate. The coat hanger and flag configurations are represented in (b) respectively.

Table 1
Atomic positions of Sr4Co2(CO3)O5.86 deduced from final neutron data

refinements.

Atoms Site x y z Biso (Å2) n

Sr(1) 4e 0 0 0.5726(2) 0.82(8) 4

Sr(2) 4e 0 0 0.7014(2) 0.31(8) 4

Co 4e 0 0 0.1426(4) 0.8(2) 4

C 2a 0 0 0 0.6(1) 2

O(1) 4e 0 0 0.2115(2) 0.38(7) 4

O(2) 8g 0 0.5 0.1315(2) 1.17(9) 7.73(9)

O(3) 4e 0 0 0.0512(6) 0.3(4) 1.29(4)

O(4) 16n 0.295(4) 0 0.0165(6) 0.3(4) 2.57(7)

O(5) 16n 0 0.377(10) 0 1.7(5) 0.71(4)

O(6) 8i 0.170(9) 0 0.0429(10) 1.7(5) 1.42(7)

w2
¼3.00, RBragg¼0.0647, Rp¼0.168, Rwp¼0.164, Rexp¼0.0948.

Space group: I4/mmm.

a¼3.86273(2), c¼28.2558(2).

Table 2
Main atomic distances and angles observed in Sr4Co2(CO3)O5.86.

M–O d (Å)�na M–O d (Å)�na

Sr(1)–aO(2) 2.550(3)�3.88(5) Co–O(1) 1.95(2)�1

Sr(1)–O(3) 2.797(4)�1.29(4) Co–O(2) 1.96(2)�3.87(5)

Sr(1)–O(4) 2.620(15)�1.29(4) Co–O(3) 2.58(2)�0.18(2)

Sr(1)–O(5) 2.86(3)�0.71(4) Co–O(6) 2.89(3)�0.35(2)

Sr(1)–O(6) 2.47(3)�0.71(4)

C–O(3) 1.447(17)�0.65(2)

Sr(2)–O(1) 2.461(5)�1 C–O(4) 1.229(16)�1.29(4)

Sr(2)–O(1) 2.746(1)�4 C–O(5) 1.46(4)�0.35(2)

Sr(2)–O(2) 2.762(3)�3.87(5) C–O(6) 1.37(3)�0.71(4)

O–C–O (deg) angles

Triangle O(4)–O(3)–O(4) Triangle O(5)–O(6)–O(5)

O(3)–C–O(4) 112(2) O(6)–C–O(6) 124(3)

O(4)–C–O(4) 135(4) O(5)–C–O(6) 118(3)

a Depending on oxygen occupation sites.
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The principal interatomic distances are summarized in Table 2.
As shown in Table 1, a small oxygen deficiency is observed in the
CoO2 ideal layers, leading to the actual composition CoO1.93. Thus,
from these neutron diffraction data refinements the actual
formula Sr4Co2(CO3)O5.86 is obtained. The structure can be
described as that of the n¼3 member of the RP series, with CO3
triangles substituting for CoO6 octahedra in the central layer of
the perovskite block.

The small anion deficiency, 0.14 for 6 oxygen atoms, leads to
an average cobalt oxidation state close to 2.86. As the cobalt
cations can adopt different spin and oxidations states, it is
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interesting to compare the Co–O distances with those reported for
other cobaltites. In Sr4Co2(CO3)O5.86, the majority of the CoOn

polyhedra can be described as square pyramids with four equiva-
lent Co–O distances of 1.96 Å in the basal plane and by a very
close apical distance of 1.95 Å. The other Co–O distances, 2.58 and
2.89 Å, are much larger and correspond to a weak bonding to the
carbonate groups. This very regular Co–O distances for a fivefold
coordinated cobalt contrasts with the anisotropic distances found
in oxychlorides [17], Sr2CoO3Cl, Sr3Co2O5Cl2 and Sr4Co3O7 � 5Cl2,
with all basal plane and apical distances in the range 1.97–1.98
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Fig. 8. (a) Magnetic ZFC and FC susceptibility data collected under a field of 0.3 T

and (b) M(H) recorded at 5 K of the oxycarbonate Sr4Co2(CO3)O6�d.

Table 3
Examples of magnetic behaviors of related cobalt oxides and comparison with homolo

Compound Structure Co (or Fe) valence Mag

Sr1�xYxCoO3 Perovskite 2.985 FM

2.865

Sr3Co2O7�d RP2 Between 2.78 and 3.06 No

Sr3Co2O5þd RP2 2.91 AFM

2.8 AFM

2.64 AFM

2.38 AFM

Hydrated FM

Sr3Co2O5(OH)2 � xH2O RP2 Can

Bi2Sr2CoO6þd Bi-2201 Between 2.5 and 3 Pha

2D

FM

Sr4Co2(CO3)O5.86 RP3 2.86 AFM

[Thi

Sr4Fe2(CO3)O6 RP3 2.5 3D

Sr4Fe2(CO3)O6 RP3 2.5 Spin
and 1.88–1.90 Å, respectively. However, the average Co–O dis-
tances for these oxychlorides, E1.95 Å, are similar to that found
in Sr4Co2(CO3)O5.86. On the basis of the /Co–OS similarity, the
cobalt oxidation state of 2.86 deduced from the refined formula
appears to be plausible when compared to the trivalent cobalt
cations of the oxychlorides [17]. Such a local environment for the
cobalt could be consistent with a high spin state for the cobalt
species as in Sr2CoO3Cl [18]. In that respect, the z displacement of
the Co in the CoO5 pyramids is an important parameter. In
Sr4Co2(CO3)O5.86, the Co cation is off-centered by 0.39 Å which
fits well with the Co3þ high spin state [18]. However, as there
exists oxygen deficiency in the Co3þ basal plane [O(2)], some of
the cobalt species must adopt a tetrahedral coordination.

Concerning the carbonate layer, it differs to this one observed
in the Sr2Cu(CO3)O2 compound. From neutron diffraction data,
a single flag configuration more or less tilted is observed in
Sr2Cu(CO3)O2 [19] while two specific orientations are observed
in Sr4Co2(CO3)O5.86. Both configurations, coat-hanger and flag, are
present in respectively 0.64 and 0.36 proportions which means
none of them is strongly favored in this oxycarbonate. Although
the RBragg¼0.0647 value is quite acceptable, the final profile
reliability factor, Rp¼0.163 can be regarded as too high. It has to
be correlated with a degradation of the sample stored in ambient
atmosphere conditions that affects mainly the 00l reflections, as
shown on the enlargement of the Fig. 5. Taking into account our
first observations from powder X-ray diffraction evolution, this
reaction could be related to a hydration phenomenon as
previously reported in the RP oxides [13,14,19,20]. This process
that leads to c-axis extension in the mentioned examples,
although slower in our compound, can explain the anisotropic
enlargement of the involved reflections. This reactivity in air will
be more completely discussed in a futur paper.
4. Magnetic behavior

The presence of the carbonates as the central layer of the
perovskite block, gives to Sr4Co2(CO3)O5.86 a very 2D feature.
Along the stacking direction, each cobalt is linked through its
apical oxygen to the adjacent rocksalt-type layer and separated
from the second cobalt layer of the same perovskite block by the
carbonate layer (Fig. 7). Accordingly, the main magnetic pathways
should be in the basal plane of the CoO5 square pyramids, i.e. in
the (a, b) plane. The O–Co–O angles in these planes being near
1801, one can expect mainly magnetic interactions by super-
exchange between nearly trivalent high spin cobalt cations (S¼2,
4.9 mB). In contrast, along the stacking direction, the magnetic
gous Fe oxycarbonates and Bi-2201 cobaltite.

netic properties

behavior with TC�300 K, but with very small moment [21]

measurements reported [22]

at 225 KþFM component below 155 K [20]

þFM component Two transitions at 170 and 230 K [23]

þFM component. One transition at 188 K [20]

: two transitions at 120 K and 185 K [20]

component below �100 K [20]

ted AFM below 160 K [13]

se separation

AFM for dZ0.4 with TN¼235 K (between Co3þ ions)

component increases as d decreases below 0.4 (between Co2þ and Co3þ) [24]

þFM component. Transitions at 50, 160, 210 and 250 K

s work]

ordering at 361 K with in plane AFM coupling and out of plane FM coupling [6]

reorientationþstructural distortion at 220 K [7]
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exchanges must be weaker as they have to be via super-exchange
(Co–O–O–Co).

The magnetic behavior has been studied by measuring mag-
netization (M) as a function of T. The corresponding ZFC and FC
curves exhibit a complex evolution with a main peak at 50 K and
several others kinds at 160, 210 and 250 K beyond which the both
curves start to merge (Fig. 8a). A fit from Curie–Weiss law in the
temperature domain ranging from 300 to 400 K lead to meff�5.7
mB/Co in agreement with the expected value for Coþ2.86 high spin
deduced from structural analyses. According to the w low values
(w¼M/H) and to the corresponding yp (yp¼�520 K), the low
temperature transition could indicate an antiferromagnetic state.
For comparison, the properties of perovskite and intergrowths
related cobalt oxides are reported in Table 3. The AFM behavior
observed here is characteristic of these cobaltites with cobalt
valency close to 2.8–2.9. For all of them, a ferromagnetic compo-
nent is also observed as here in the oxycarbonate compound
(Fig. 8b). Concerning the values of the transition temperatures, all
these cobalt oxides always exhibit two transitions, at �150 K and
one at higher T, close to �200–230 K. From Table 3, it is obvious
that these temperatures do strongly depend on doping. The two
transitions observed in Sr4Co2(CO3)O5.86 at 160 K and 210 K are
close to the ones measured in the Sr3Co2O5.91 RP2, for a close
value of cobalt valency [20]. However this magnetic transition
must be considered cautiously since others small peaks are also
observed on the w(T) curve (Fig. 8a). The origin of these peaks are
not clear – intrinsic or due to a small amount of impurities –
showing that additional neutron diffraction data to study the
magnetic structure at low temperature are absolutely needed to
be more affirmative about the magnetism of the Sr4Co2(CO3)O6�d

phase. Moreover the beginnings of post-synthesis reactivity in air,
as hydration mechanism, cannot be excluded like suggested by
the degradation of 00l reflections in time.
5. Concluding remarks

This first work shows again that the use and the control of
carbonates is efficient to stabilize new transition metal oxides. This
approach using the previous results reported in copper and iron
based layered systems has allowed us to discover a new layered
cobalt compound. Its structure can be derived from that of the n¼3
member of the RP series, ideally Sr4Co3O10, which, to our knowl-
edge, has never been synthesized. The lack of this n¼3 member
might be ascribed to its strong instability or sensitivity in air, which
instead leads to the introduction of foreign groups inside the RP3
matrix as illustrated by the stabilization of the oxyhydroxydes
Sr4(Co,Ti)3O7.5(OH)2, xH2O [14] and Sr3NdFe3O7.5(OH)2, xH2O [19].
Thus the carbonates substituted at the center of the perovskite
block can be seen as an alternative way to successfully stabilize the
framework. This oxycarbonate Sr4Co2(CO3)O6�d is probably more
stable than the hypothetical Sr4Co3O10�d RP3 member even if its
possible post-synthesis reactivity in air is assumed.

From our neutron powder diffraction data collected at RT, no
clear magnetic diffraction peaks have been detected. In order to
study the magnetic behavior of such carbonated cobaltites,
especially below the room temperature, systematic susceptibility
measurements will be attempted before and after air exposure
starting from freshly prepared Sr4Co3�x(CO3)xO10�4x samples. The
crystal chemistry of such a solid solution will give the opportunity
to study the structural evolution depending on oxygen stoichio-
metry/carbonate content and its reactivity in air. All this work is
in progress. Additional neutron diffraction data at low tempera-
tures will be also needed to be more affirmative about the
magnetic behavior depending on the carbonate content and the
fine oxygen stoichiometry.
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