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a b s t r a c t

We have prepared polycrystalline single-phase ACo2+xRu4−xO11 (A = Sr, Ba; 0 ≤ x ≤ 0.5) using the ceramic
method and we have studied their structure, electrical resistivity and Seebeck coefficient, in order to
estimate their power factor (P.F.). These layered compounds show values of electrical resistivity of the
order of 10−5 �m and their Seebeck coefficients are positive and range from 1 �V K−1 (T = 100 K) to
vailable online 4 November 2010
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20 �V K−1 (T = 450 K). The maximum power factor at room temperature is displayed by BaCo2Ru4O11

(P.F.: 0.20 �W K−2 cm−1), value that is comparable to that shown by compounds such as SrRuO3 and
Sr6Co5O15.

© 2010 Elsevier B.V. All rights reserved.
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ower factor

. Introduction

Thermoelectric materials are suitable for devices in which heat
an directly be converted into electrical energy or, vice versa,
lectricity can be used as a source of energy for refrigeration. Ther-
oelectric devices have several advantages, like being emission

ree during operation, reliable, noiseless and extremely durable [1].
he efficiency of thermoelectric materials is measured by the fig-
re of merit (Z) or by the dimensionless figure of merit (ZT) – more
ppropriate because the figure of merit varies with temperature –
hich has the following formula:

T = S2T��−1

here T is the absolute temperature, � is the electrical conductivity
f the material, S its Seebeck coefficient and � is its thermal conduc-
ivity. In this formula, the product S2�, known as the power factor,
etermines the transport efficiency of the charge carriers.

So far thermoelectric devices with greater application are made
f semiconductor elements of post-transition of the fifth and sixth
eriod, such as Bi2Te3and PbTe. [2].

Recently, ceramic oxide materials are receiving increased atten-

ion as, in addition to the possibility of good thermoelectric
ehavior, they have the added advantages of higher thermal stabil-

ty, excellent oxidation resistance, lower cost and weaker toxicity.
n this context, Terasaki et al. [3] found that the layered cobalt
xide NaCo2O4 – formed by layers of octahedral CoO2 with alter-

∗ Corresponding author. Tel.: +34 981167000; fax: +34 981167065.
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925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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nating layers of sodium cations – exhibits a relatively high figure
of merit at room temperature, which is comparable to a typical
thermoelectric material such as Bi2Te3. Since this discovery, many
oxidic systems have been investigated, such as Ca3Co4O9 [4] and
[Bi1.68Ca2O4]RS[CoO2]1.69 [5,6]. Specially interesting are transition
metal oxides with highly correlated electrons [7], among them
cobalt perovskites Ln1−xMxCoO3−ı and related systems, like for
example the doble perovskites La2−xSrxCoRuO6 [8], form an impor-
tant group.

In the search for alternative oxide materials with interesting
thermoelectric properties we have looked for different series of
mixed oxides of cobalt and ruthenium with potentially interesting
properties. One of this series is ACo2+xRu4−xO11 (A = Sr, Ba) which
belongs to the family AM2+xRu4−xO11 (M = Fe, Co; A = Sr, Ba). This
family has recently attracted interest in the field of spintronics
[9,10], as some members have been reported to be semiconduct-
ing and ferromagnetic at room temperature [9]. These compounds
display a bidimensional structure that consists of layers of edge-
sharing [CoO6] or [RuO6] octahedra alternating with blocks formed
by face-sharing [Co/RuO6] octahedra, [Co/RuO5] trigonal bipyra-
mids and the alkaline earth ions [10] (see Fig. 1 and more details in
Section 3).

Such characteristics could also render them interesting as ther-
moelectric materials: their electrical properties (low resistivity
and high carrier concentration) make them potential candidates
to show a large power factor; moreover, their layered structure

– that bears similarities with NaCo2O4, which exhibit alternating
blocks responsible for the transport and thermal properties – is
also adequate to ensure the required low thermal conductivity.

To explore their potential in the field of thermoelectrics, we
have focused on ACo2+xRu4−xO11 compounds (A = Sr, Ba). Accord-

dx.doi.org/10.1016/j.jallcom.2010.10.153
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. Room temperature XRPD pattern of the sample BaCo2Ru4O11 and corre-
sponding Rietveld refinement. Key: observed (dots), calculated (solid line) and
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on analogous compounds BaFe2Ru4O11, BaMn2Ru4O11, BaLiRu5O11
and BaCuRu5O11 [10,14], these fittings suggest that there is a mix-
ing of Co and Ru on the M(1) and M(2) sites, whereas the isolated
trigonal pyramidal M(3) site is predominantly occupied by cobalt
ions.
ifference (at the bottom) profiles. The tick marks indicate the positions of the
llowed Bragg reflections.

ng to the literature, polycrystalline samples of BaCo2Ru4O11 were
rst synthesized by Foo et al. [10], authors that also reported that
his material behaves like a poor metal with an electrical resis-
ivity of the order of 10−5 �m and that it shows ferromagnetic
ehavior.

Later on, Shlyk et al. [9] were able to grow single crystals of
aCo1.85Ru4.15O11 and SrCo2Ru4O11 and made a detailed structural
haracterization of these compounds. From the electrical point of
iew, they found that the Ba-compound shows a metallic behavior
d�/dT > 0) and confirmed the ferromagnetic transition that takes
lace at 105 K. Meanwhile, they reported that the resistivity of
he Sr-compound increases with changing slope as temperature
ecreases below Tc (115 K).

In this work we have synthesized ACo2+xRu4−xO11 (A = Sr, Ba,
< x < 1) materials as polycrystalline samples with the main aim of
valuating their power factor (S2/�) by measuring their electrical
esistivity (�) and Seebeck coefficient (S).

. Experimental

The MCo2+xRu4−xO11 (M = Sr, Ba, 0 < x < 1) oxides were prepared by the pre-
iously reported ceramic method [10]: stoichiometric amounts of BaCO3 (Fluka,
99.9%) or SrCO3 (Aldrich, ≥99.9%), RuO2 (Aldrich, 99.9%) and CoCO3 (Aldrich,
9.7%), were ground in an agate mortar and heated at 600 ◦C for 8 h. The obtained
recursor powders were pressed into pellets which were heated in an argon
tmosphere at 1050 ◦C for 16 h and slowly cooled (0.5 ◦C/min) to room tempera-
ure.

The crystal structures of the obtained materials were studied by X-ray pow-
er diffraction (XRPD) in a Siemens D-5000 diffractometer at room temperature
sing Cu K� radiation (� = 1.5418 Å). The obtained powder diffraction patterns were
efined by the Rietveld method with the EXPGUI and GSAS program packages
11,12].

The morphology of the samples was studied by scanning electron microscopy
SEM) in a JEOL 6400 microscope.

Electron diffraction and high resolution images were obtained by transmission
lectron microscopy (HRTEM) in a JEOL 2010 microscope operating at 200 kV. For
EM observations suspensions of the samples in ethanol were deposited onto cop-
er grids. Resistivity measurements as a function of temperature were made in the

nterval 4 ≤ T(K) ≤ 300 using a Quantum Design Physical Property Measurement Sys-
em (PPMS) and a standard D.C. four-probe technique. Cold-pressed pellets cut into
uboids with dimensions of approximately 1.5 mm × 1 mm × 6 mm were used for
hese measurements.
Seebeck coefficients were measured in a home-made device within the tem-
erature range of 77 ≤ T(K) ≤ 450. The pelletized samples covered with gold were
laced between two copper plates and it was measured the potential generated by
pplying a temperature difference of 1 K between the plates.
Compounds 509 (2011) 1529–1533

3. Results and discussion

3.1. Sample characterization

According to XRPD results the samples with nominal com-
position BaCo2+xRu4−xO11 (x = 0, 0.5) and SrCo2Ru4O11 are single
phase materials. Nevertheless, for compositions with higher cobalt
content the main phase appears unpurified with secondary
phases: either CoRu2O4 spinel in the case of Ba-compounds or
SrCo1−xRuxO3 perovskite in the case of Sr-compounds. To avoid
these impurities the synthetic conditions were modified without
success. Therefore in what follows we will just refer to the single
phase materials BaCo2+xRu4−xO11 (x = 0, 0.5) and SrCo2Ru4O11.

The powder diffraction patterns of these compounds were
refined following the crystallographic structure model proposed by
Foo et al. [10] by the Rietveld method. Such refinement was rela-
tively complex due to the presence of preferred orientations, whose
origin is the anisotropic shape (platelet-like) of the particles. For
this situation the GSAS package shows suitable tools to take into
account such deviations from an ideal diffraction experiment. The
background was fitted with a 10-term polynomial and a pseudo-
Voigt function (CW profile function 3) was used for the fitting of
the peaks. An example of the corresponding Rietveld refinements
is shown in Fig. 1.

These three compounds crystallize in the hexagonal system
(space group P63/mmc) and, as already mentioned in Section 1,
their structure consists of layers of edge-sharing M(2)O6 octahedra
interconnected by face-sharing M(1)O6 octahedra, M(3)O5 trigonal
bipyramids and the alkaline earth metal, in the ratio 2:3:1:1 (see
Fig. 2). The obtained lattice parameters, refined atomic coordinates
and derived interatomic distances are in good agreement with that
reported in the literature for BaCo2Ru4O11 and SrCo2Ru4O11 [9,10]
(see Table 1).

As expected from the bigger ionic size of Ba2+ compared to
that of Sr2+ [13], the cell parameters of the Ba-compounds are
larger than that of the Sr-compound. It is also worth noting that,
in agreement with the results obtained by single crystal studies
Fig. 2. Crystal structure of (Ba,Sr)Co2−x Ru4−xO11.
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Table 1
Cell parameters (Å), selected interatomic distances (Å) and reliability factors as
obtained from Rietveld refinement of XRPD data of BaCo2Ru4O11, SrCo2Ru4O11 and
BaCo2.5Ru3.5O11.

BaCo2Ru4O11 BaCo2.5Ru3.5O11 SrCo2Ru4O11

a 5.8411 (3) 5.8122 (3) 5.81392 (8)
c 13.4875 (8) 13.4410 (1) 13.2576 (4)

4e Site M(1)O6 face sharing octahedron (M = Co/Ru)
M(1)-O(1) × 3 1.94 (2) 1.98 (2) 1.92(1)
M(1)-O(2) × 3 1.99 (1) 2.11 (1) 2.08 (1)

6g-Site M(2)O6 edge sharing octahedron (M = Co/Ru)
M(2)-O(1) × 4 1.99 (2) 1.94 (2) 1.99 (1)
M(2)-O(3) × 2 2.07 (2) 1.95 (1) 1.99 (1)

2d Site M(3) elongated double triangle pyramid (M = Co)
M(3)-O(2) × 3 1.90 (2) 1.74 (2) 1.74 (1)
M(3)-O(3) × 2 2.17 (1) 2.26 (2) 2.23 (2)
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Reliability factors
Chi2 1.910 2.543 1.027
F2 0.127 0.116 0.115

Table 1 shows a selection of representative distances
n these crystal structures. Comparison of BaCo2Ru4O11 and
aCo2.5Ru3.5O11 reveals a small deformation of the trigonal pyra-
idal M(3) site (2d), with an increase on the apical distances and a

ecrease of the equatorial ones; such deformation of the site occu-
ied predominantly by Co might be linked to the chemistry of the
obalt cations, which can suffer a remarkable modification in their
ize due to the changes in their electronic configuration.

SEM micrographs (Fig. 3) show that the samples are constituted
y poorly sintered platelets with a broad size distribution, within
he size diameter range of 0.5–4 �m. Their hexagonal shape already
eflects their internal symmetry.

In addition, we have carried out a study of their microstructure
y electron diffraction (ED) and HRTEM. In this context, the ED pat-
erns obtained from different crystals in various orientations can all
e indexed on the basis of the hexagonal cell (S.G. P63/mmc) seen by
RDP, and the presence of any extra spot, or any “streaking” of the
iffraction maxima is not detected (see Fig. 4). As for the HRTEM
tudies we mainly concentrated in orientations in which the c axis
ppears on the plane of the projection, trying to detect the presence
f possible intergrowths along this axis. These studies were con-
trained by the fact that the microcrystals oriented along [uv0] zone
xis became too thick, therefore it was very difficult to find areas
hin enough to obtain good images. Even so, the obtained images

how in all cases the regular d001 spacing expected for these materi-
ls (Fig. 4). Consequently, these microstructural studies confirm the
ood regularity of the materials and the absence of superstructures
nd defects (neither local nor extended along the c-axis).

Fig. 3. SEM micrograph of SrCo2Ru4O11 sample.
Fig. 4. HRTEM micrograph of BaCo2Ru4O11 sample.

3.2. Transport properties

The resistivity of polycrystalline pellets of BaCo2+xRu4−xO11
(x = 0, 0.5) and SrCo2Ru4O11 measured as a function of temperature
is shown in Fig. 5.

As it can be seen, the resistivity of the Sr-sample is of the order
of 10−5 �m, slightly higher than in a single crystal [9] and, as in that
case, it slowly decreases upon cooling. In addition, and as already
reported by Shlyk et al. [9], a small anomaly is detected in the �(T)
curve of this polycrystalline sample at the ferromagnetic ordering
temperature. Then, for T < 50 K the increase in resistivity is more
pronounced.

In the case of the Ba-samples they both show smaller resistivity
values than the Sr-sample, specially BaCo2Ru4O11. Both samples
show a metallic behavior (d�/dT > 0) for T > Tc, and �(T) curve also
show a small kink at Tc, that is relatively more pronounced in the
case of the BaCo2.5Ru3.5O11 sample. In this latter case a re-entrant
semiconducting behavior is observed for T < 50 K, probably related
to the Ru/Co disorder.

Such a result indicates that, as in other transition metal mixed
oxides [15] the bandwidth of the Ba-compounds is slightly larger
than in the equivalent Sr-compounds.

As for the Seebeck coefficient, the three samples show a very
similar behavior: an almost linear behavior as a function of tem-
perature with a positive slope typical of metallic behavior. Taking
into account the positive sign of the Seebeck coefficient, in the
three samples the predominant charge carriers are holes and, in
view of the obtained values, their number is quite similar. In this
context it is worth mentioning that the real composition of these
samples might display small deviations from the given nominal
composition.

It should also be mentioned that the magnetic ordering has little
impact on the thermoelectric properties of these compounds. Thus,
even if the ferromagnetic transition produces a small but noticeable
cusp or anomaly in the resistivity of these samples (Fig. 5) there is

no significant change in their Seebeck coefficient when crossing Tc

(Fig. 6). The onset of magnetic ordering should decrease the extent
of magnetic scattering and possibly increase the mobility of the
charge carriers. However, and as seen experimentally, the effect
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n their thermoelectric behavior is minimal. Since the internal
agnetic structure does not greatly influence their thermoelectric
roperties, an external field will probably also insignificantly alter
hese.

Fig. 7 shows the power factor (S2/�) of these materials, that we
ave calculated from the obtained resistivity and Seebeck data. As
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Fig. 7. Temperature dependence of the power factor, corresponding to samples
BaCo2Ru4O11, SrCo2Ru4O11 and BaCo2.5Ru3.5O11.

it can be seen, the BaCo2Ru4O11 sample presents the highest values
of the power factor, which reaches a value of 0.2 �W K−2 cm−1 at
room temperature. The power factor of these compounds are thus
smaller than that shown by Terasaki’s compound, which reach a
value of 50 �W K−2 cm−1 at room temperature, or Ca3Co2O6 (P.F.:
16 �W K−2 cm−1). Nevertheless, it is comparable to the value of
power factor shown by other oxidic compounds at room temper-
ature such as SrRuO3 (P.F.: 4.0 �W K−2 cm−1) [16] and Sr6Co5O15
(P.F.: 0.52 �W K−2 cm−1) [17].

4. Conclusions

Polycrystalline samples of BaCo2Ru4O11, SrCo2Ru4O11 and
BaCo2.5Ru3.5O11 were prepared by the ceramic method and their
thermoelectric properties were explored. The values of the elec-
trical resistivity are of the order of magnitude of 10−5 �m. The
Seebeck coefficients are positive in the whole temperature range,
and their values range from 1 �V K−1 (T = 100 K) to 20 �V K−1

(T = 450 K). The maximum value of the power factor at room tem-
perature is 0.20 �W K−2 cm−1 and is displayed by the BaCo2Ru4O11
compound. This value is comparable to that shown by other com-
pounds such as SrRuO3 (P.F.:4.0 �W K−2 cm−1) and Sr6Co5O15 (P.F.:
0.5 �W K−2 cm−1).
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