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a b s t r a c t

(Ca1 − xSrx)3Co4O9 polycrystalline samples (x = 0, 0.001, 0.002, 0.004, 0.005, 0.006, 0.01, 0.02, 0.1, 0.2, 0.3,
0.5 and 1) have been prepared by solid state reaction and sintered by spark plasma sintering. Their ther-
moelectric properties at high temperature have been studied (650–1000 K). The substitution limit is close
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to 20%. For higher Sr contents, a pseudo one-dimensional phase of the type Sr6Co5O15 is appearing. The
substitution of calcium by strontium does not significantly affect the Seebeck coefficient. Concerning
electrical conductivity and power factor an optimum value exists for 0.5% substitution. Finally ZT val-
ues of samples with less than 20% Sr content are increased due to lower thermal conductivities. The
dimensionless figure of merit ZT reaches 0.22 at 1000 K for the composition (Ca0.995Sr0.005)3Co4O9.
obalt oxides
ubstitution

. Introduction

The existence of a global warming due to greenhouse gas has
ow been largely demonstrated. Among greenhouse gas, the effect
f CO2 is preponderant, not because of a high greenhouse effect
otential, which is in fact moderate, but due to the high amounts
f CO2 produced by various human activities (energy production,
ndustrial activities, transports, . . .). Consequently, reduction of
O2 emissions in the atmosphere is required.

One of the most promising solutions to reduce CO2 emissions
s to use the waste heat to produce electricity through a ther-

oelectric device. Indeed, thermoelectric materials can convert
xhaust heat energy directly into electrical energy without CO2
mission. Nevertheless, thermoelectric generation is not widely
sed at present due to its low energy conversion efficiency �.
he efficiency � is a function of the thermoelectric figure of merit
T = S2�T/�, where S is the Seebeck coefficient, � is the electrical
onductivity, T is the absolute temperature and � is the thermal
onductivity. As a result, the optimum material for thermoelectric
eneration should simultaneously exhibit large S, large � and small
.

The discovery of a large thermopower in the metallic oxide

axCoO2 [1] has shown that oxides are potential candidates for

hermoelectric applications. Due to their good stability they can
e used as thermoelements working in oxidizing conditions up to
00 ◦C. However, because of the volatility of sodium at high tem-
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perature and hygroscopicity of NaxCoO2 in air, its application to
power generation has been limited [2].

Nevertheless, other layered cobalt oxides have been shown
to present excellent thermoelectric properties such as Ca3Co4O9
[3]. This compound belongs to the family of misfit cobalt oxides
[4–7]. Its crystal structure consists of CdI2-type CoO2 layers and
triple rocksalt [Ca2CoO3] layers stacking alternately along the c-
axis. These two kind of layers have similar a, c, and ˇ lattice
parameters but different b parameter. To emphasize the incom-
mensurate nature of the structure, Ca3Co4O9 can be written as
[Ca2CoO3](b2/b1)[CoO2], where b1 and b2 are two different lattice
parameters for the rocksalt subsystem and the CoO2 subsystem,
respectively. The edge sharing CoO2 octahedra layers are consid-
ered to be responsible for the electrical conduction, whereas the
triple rocksalt layers can be regarded as a charge reservoir to supply
charge carriers into the CoO2 layers. However, if single crystals have
shown ZT values close to 1 at 1000 K [3], polycrystalline ceramics
present lower ZT values close to 0.1 at 1000 K [8] mainly due to their
larger resistivity, which depends greatly on grain size, electrical
properties of grain boundary, bulk density, and grain orientation.
Many efforts have been made to improve the ZT values of poly-
crystalline ceramics of Ca3Co4O9. For example, Matsubara et al. [9]
have shown that increasing the grain alignment by Hot Pressing
and Spark plasma Sintering treatments leads to increased ZT val-
ues. Horii et al. [10] have demonstrated that grain alignment by

magnetic fields can allow doubling power factors, whereas Tani
et al. [11] have synthesised the Ca3Co4O9 phase using an in situ
topotactic conversion of aligned platelet particles of Co(OH)2 and
reached a ZT value of 0.26 at 1055 K. However, if noticeable ZT
improvements have been demonstrated by these grain orientation
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whereas in Sr6Co5O15, one CoO6 prism is stacked alternately with
four consecutive CoO6 octahedra blocks in the Co–O chains that are
separated by strontium atoms.

Fig. 2a–d shows that the position of the peaks related to the
layered structure of the Ca3Co4O9 phase are shifting to lower
312 F. Delorme et al. / Journal of Alloys

echniques, the ZT values are still far lower than ZT values of single
rystals.

Another possibility to increase ZT values is the well-known
ddition of dopants and substitutions [12–16]. In the Ca3Co4O9
ompound, the substitution of Ca by Sr has been studied soon after
he description of the phase structure. However, results are con-
radictory. According to Li et al. [17] the full substitution of Ca
y Sr is possible, whereas Miyazaki et al. [18] have reported the
pparition of a secondary phase ((Sr,Ca)CoOy) since 30% substi-
ution. Pelloquin et al. [19] have shown that to stabilize a “pure”
r3Co4O9 compound it is necessary to substitute 2% of cobalt in
he rocksalt layers by small tetravalent elements such as Ti4+ or
e4+. Relative to the thermoelectric properties the reports are also
ontradictory. Some authors claim that the Sr substitution is detri-
ental to the thermoelectric properties of the compound: Li et al.

17] and Pelloquin et al. [19] have reported lower power factors
hen increasing the amount of Sr, Wang et al. [20] an increase of

he resistivity as the Sr content increases, whereas Xia et al. [21]
ave reported a slight decrease of Seebeck coefficient. On the con-
rary, Miyazaki et al. [18] have reported for substitution up to 20%,
decrease in resistivity and Seebeck coefficient, leading to slightly
igher power factors at 1000 K of 2, 2.1 and 2.3 × 10−4 W m−1 K−2

or 0, 10 and 20% Sr, respectively. Finally, Horii et al. [22], studying
orged thick films, do not see any increase or decrease of the electri-
al conductivity, Seebeck coefficient or power factor up to 1100 K
or Sr amounts varying from 5 to 20%. Moreover, Li et al. [17] have
lso noted that thermal conductivity at 700 ◦C is reduced from 1.7
or the pure Ca3Co4O9 compound to 1.4 for the fully Sr substituted
ample.

The aim of this paper is to study the influence of calcium sub-
titution by strontium on the thermoelectric properties of the
a3Co4O9 compound.

. Materials and methods

Ca3Co4O9 samples were synthesised from CaCO3 (Sigma–Aldrich, >99%
urity), Co3O4 (Sigma–Aldrich) and SrCO3 (Aldrich, 98+ % purity) as precursors.
Ca1 − xSrx)3Co4O9 samples with x = 0, 0.001, 0.002, 0.004, 0.005, 0.006, 0.01, 0.02,
.1, 0.2, 0.3, 0.5 and 1 have been realized. Stoichiometric amounts of the precursors
ere thoroughly mixed 5 min at 400 rpm in an agate ball mill (Retsch PM 100). The

esulting black powder has been heated at 850 ◦C for 8 h at a rate of 5 ◦C/min, in an
lumina crucible and slowly cooled down.

Sintering was performed by Spark Plasma Sintering (SPS, FCT Systeme GmbH HP
25). The synthesised powders were placed in a 20 mm diameter graphite die. A

ressure of 70 MPa was applied whereas the temperature was raised at 100 ◦C/min
p to 850 ◦C for 5 min. Then the sample was cooled at 100 ◦C/min to room temper-
ture. The obtained pellets were then polished to remove the graphite foils used
uring the SPS process and cut as bars for thermoelectric properties measurements
r core drilled (12.7 mm diameter, 2 mm in thickness) for thermal conductivity
easurements.

Thermoelectric properties of the sintered samples were determined from simul-
aneous measurement of resistivity and Seebeck coefficient in a ZEM III equipment
ULVAC Technologies) and thermal conductivity. The thermal conductivity, �, was
etermined from thermal diffusivity, a, heat capacity, Cp , and density �, using the
ollowing equation: � = � a Cp . The thermal diffusivity was measured using the laser
ash diffusivity technique (Netzsch LFA 427) from room temperature to 800 ◦C in air
tmosphere. The thermal diffusivity measurement of all specimens was carried out
hree times at each temperature. The heat capacity of the materials was measured
rom room temperature to 800 ◦C, with a heating rate of 10 ◦C min−1 in platinum
rucibles and in air atmosphere, using differential scanning calorimetry (Netzsch
SC 404C pegasus).

Powder X-ray diffraction (XRD) patterns have been performed on a Philips
’PERT Pro �/2� diffractometer equipped with an X’CELERATOR real time multiple
trip detector, using Cu-K� radiation and operating at 45 kV and 40 mA at room tem-
erature. The scans have been recorded from 5 to 140◦ (2�) with a step of 0.00167◦

nd a counting time of 40 s per step. The c-lattice parameter of the (Ca1 − xSrx)3Co4O9

ayered compound was calculated using the Rietveld refinement method employing
he FullProf Suite program [23].
. Results and discussion

Fig. 1a shows that after the synthesis process the unsubstituted
ample (x = 0) is only composed by the Ca3Co4O9 compound. More-
Fig. 1. Powder XRD patterns of Ca3Co4O9 samples (a) before sintering and (b) after
SPS sintering.

over, the SPS sintering process does not lead to the apparition of
secondary phases (Fig. 1b).

XRD patterns of the (Ca1 − xSrx)3Co4O9 samples with x = 0, 0.01,
0.1, 0.3, 0.5 and 1 respectively, are shown in Fig. 2a–f. Samples with
x = 0, 0.01 and 0.1 are single-phased presenting the Ca3Co4O9 lay-
ered structure. For samples with x = 0.3 and 0.5, two phases are
present, the Ca3Co4O9 layered structure, which decreases when
increasing Sr content and a non-layered structure which increases
when increasing the Sr content. The Sr3Co4O9 sample only presents
the non-layered structure phase and small amounts of Co3O4.
This non-layered structure phase corresponds to the Sr6Co5O15
phase [24,25]. This phase belongs to a group of pseudo one-
dimensional phases where the two end members are Ca3Co2O6 and
2H-perovskite BaCoO3 − x [26,27]. Thus, the composition of these
phases can be written as (A3Co2O6)m(A′

3Co3O9)n, where A and A′

are Ca, Sr or Ba. The Sr6Co5O15 phase correspond to the m = 1 and
n = 1 member of the family. Ca3Co2O6 has Co–O chains in which
CoO6 octahedra and CoO6 triangular prisms stack alternately by
sharing their faces and calcium atoms isolate the Co–O chains,
Fig. 2. Powder XRD patterns of the (Ca1 − xSrx)3Co4O9 samples with a) x = 0, b)
x = 0.01, c) x = 0.1, d) x = 0.3, e) x = 0.5 and f) x = 1. * is indicating the peaks corre-
sponding to the Co3O4 compound.
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Fig. 3. Evolution of the c-parameter of the (Ca1

� values as the Sr content increases. The c-parameter of the
Ca1 − xSrx)3Co4O9 layered compounds increases with increasing
he Sr content as shown in Fig. 3. This is consistent with a substi-
ution of some calcium atoms (1.00 Å) by bigger strontium atoms
1.18 Å) [28]. Fig. 2d–f shows that Sr6Co5O15 peak positions shift as
he Sr content varies. In this case, this is consistent with a substi-
ution of some strontium atoms (1.18 Å) by smaller calcium atoms
1.00 Å) [28].

All the sintered samples present a high bulk density with an
pparent density value larger than 95% of the theoretical density.

Fig. 4 exhibits the temperature dependence of the Seebeck coef-
cient (S) of the (Ca1 − xSrx)3Co4O9 samples with x = 0, 0.01, 0.1, 0.3
nd 1 from 650 to 1000 K. The Seebeck coefficient of all the sam-
les shows a positive value over the measured temperature range,

ndicating a p-type conduction. Fig. 4 clearly shows the difference
f behaviour between samples with the bi-dimensional struc-
ure of Ca3Co4O9 and samples with the pseudo one-dimensional
tructure of Sr6Co5O15. Indeed, for the samples presenting the

i-dimensional structure of Ca3Co4O9, the value of the Seebeck
oefficient increases with increasing temperature, whereas for
he sample presenting the pseudo one-dimensional structure of
r6Co5O15, the value of the Seebeck coefficient decreases as tem-
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ig. 4. Temperature dependence of the Seebeck coefficient of (Ca1 − xSrx)3Co4O9

amples.
ntent (x)

3Co4O9 samples as a function of the Sr content.

perature increases. It appears that the substitution of Ca by Sr in
the Ca3Co4O9 structure does not lead to significant increase of the
Seebeck coefficient (173 �V K−1 at 1000 K). An increase of the See-
beck coefficient value can be observed for samples containing both
the Ca3Co4O9 structure and the Sr6Co5O15 structures, especially
at low temperature (S = 164 and 157 �V K−1 at 650 K for x = 0.3
and x = 0 respectively). Finally the sample with x = 1, exhibits a dif-
ferent behaviour since S decreases as temperature increases from
S = 234 �V K−1 at 650 K to S = 182 �V K−1 at 1000 K. The absence of
variation of the Seebeck coefficient of samples with the Ca3Co4O9
structure is consistent with the isovalent character of the substi-
tution of Ca2+ by Sr2+ that does not affect the number of charge
carriers.

The temperature dependence of the electrical conductivity (�)
of the (Ca1 − xSrx)3Co4O9 samples with x = 0, 0.01, 0.1, 0.3 and 1 from
650 to 1000 K is shown in Fig. 5. All the samples exhibit the same
behaviour whatever their structure, bi-dimensional or pseudo one-
dimensional. The electrical conductivity increases with increasing

temperature, which is characteristic of a semiconducting-like
behaviour (d�/dT ≤ 0). However, Fig. 5 shows three different
behaviours. The samples presenting the pseudo one-dimensional
structure of Sr6Co5O15 (x = 0.3 and x = 1) exhibit significantly lower
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ber (2.45 × 10−8 V2 K−2 for free electrons). For the unsubstituted
sample (x = 0) at 1000 K, �e = 0.253 W m−1 K−1. As the electrical con-
ductivity is in the same range for all the samples presenting the
bi-dimensional Ca3Co4O9 structure, that means that the thermal

y = -1,1241x + 1,7634
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ig. 6. Temperature dependence of the power factor of (Ca1 − xSrx)3Co4O9 samples.

lectrical conductivity values compared to the unsubstituted sam-
le (x = 0), even for samples that are principally constituted by a
a3Co4O9 structure such as the sample with x = 0.3. At 1000 K, the
lectrical conductivity is 10500, 8089 and 1372 S m−1 for samples
ith x = 0, 0.3 and 1, respectively. The electrical conductivity of the

ample with x = 0.1 is similar to the unsubstituted sample (x = 0).
owever for samples with low level of substitution (x = 0.01) the
lectrical conductivity is slightly higher, � = 10911 S m−1 at 1000 K.

The temperature dependence of the power factor (= S2�) of the
Ca1 − xSrx)3Co4O9 samples with x = 0, 0.01, 0.1, 0.3 and 1 from 650
o 1000 K is presented in Fig. 6. Three different behaviours can
e observed as for the electrical conductivity. The samples pre-
enting the pseudo one-dimensional structure of Sr6Co5O15 (x = 0.3
nd x = 1) exhibit significantly lower power factor values com-
ared to the unsubstituted sample (x = 0), even for samples that
re principally constituted by a Ca3Co4O9 structure such the as
ample with x = 0.3. At 1000 K, the power factor is 3.01, 2.45 and
.45 × 10−4 W m−1 K−2 for samples with x = 0, 0.3 and 1, respec-
ively. The power factor of the sample with x = 0.1 is similar to
he unsubstituted sample (x = 0). However for samples with low
evel of substitution (x = 0.01) the power factor is slightly higher
3.25 × 10−4 W m−1 K−2 at 1000 K). Fig. 7a shows the evolution
f the power factor value at 1000 K as a function of the Sr con-
ent of the samples from x = 0 to x = 1 and Fig. 7b is a detail of
ig. 7a from x = 0 to x = 0.1. These two figures clearly allow showing
he three different behaviours. The first one is related to samples
ith the pseudo one-dimensional structure of Sr6Co5O15 (x ≥ 0.3)

hat exhibit lower power factors than the unsubstituted sample
x = 0). In this area the higher the Sr content, the lower the power
actor. The second and third behaviours are related to samples
resenting the bi-dimensional Ca3Co4O9 structure. It appears that
he Sr content does not significantly affect the power factor for

ost of the substitution rate in this area except for substitution
ates close to 0.5% (x = 0.005). Indeed, a maximum power factor
alue (3.95 × 10−4 W m−1 K−2 at 1000 K) is obtained for samples
ontaining 0.5% of Sr (x = 0.005). As already mentioned for the
ample containing 1% of Sr (x = 0.01) and illustrated in Fig. 5, this
igh value is due to the highest electrical conductivity measured
= 12180 S m−1 at 1000 K.

Temperature dependence of the thermal conductivity from 650
o 1000 K shows the same trend for all the (Ca1 − xSrx)3Co4O9 sam-
les. Indeed, thermal conductivity slightly decreases from room

emperature to 1000 K, from 2.52 to 2.1 W m−1 K−1 for the unsub-
tituted sample (x = 0) and from 1.89 to 1.605 W m−1 K−1 for the
ample with x = 0.1 for instance. This is consistent with the data
lready published concerning the Ca3Co4O9 system [29,30]. The
Fig. 7. (a) Evolution of the power factor value at 1000 K as a function of the Sr
content, b) detail of 7a), from x = 0 to x = 0.1.

evolution of the thermal conductivity value at 1000 K as a func-
tion of the Sr content is plotted in Fig. 8. It clearly shows that
even for the lowest substitution rates the thermal conductivity
significantly decreases from 2.1 to 1.77 W m−1 K−1 for the unsubsti-
tuted sample (x = 0) and for the sample with x = 0.005, respectively.
Moreover, the thermal conductivity value at 1000 K decreases lin-
early as the Sr content increases. Thermal conductivity can be
expressed by the sum of lattice component (�l) and electronic
component (�e) as � = �l + �e. The �e values can be estimated from
Wiedemann–Franz’s law as �e = LT�, where L is the Lorentz num-
0,50,40,30,20,10

Sr content (x)

T

Fig. 8. Evolution of the thermal conductivity value at 1000 K as a function of the Sr
content.
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onductivity decrease observed when the Sr content increases, has
o be related to the decrease of the lattice component of the thermal
onductivity �l. This decrease has to be attributed to the increase
f the phonon scattering due to the substitution of calcium atoms
y heavier strontium atoms.

Finally, Fig. 9 shows the influence of the Sr content on the value
t 1000 K of the dimensionless figure of merit ZT. It clearly shows
hat for all the samples containing Sr up to x = 0.3, the ZT value
t 1000 K is higher than the ZT value of the unsubstituted sam-
le (x = 0). The highest ZT value of 0.22 at 1000 K is exhibited by
he sample with x = 0.005 compared to a ZT value of 0.15 for the
a3Co4O9 sample.

. Conclusion

Sr substituted (Ca1 − xSrx)3Co4O9 samples (x = 0, 0.001, 0.002,
.004, 0.005, 0.006, 0.01, 0.02, 0.1, 0.2, 0.3, 0.5 and 1) have
een prepared by solid state reaction, sintered by SPS and their
hermoelectric properties at high temperature (650–1000 K) have
een studied. XRD study has shown a structural change from
bi-dimensional Ca3Co4O9-type compound to a pseudo one-

imensional phase of the type Sr6Co5O15 when the Sr content
ncreases. The Sr6Co5O15-type phase appears for x values between
.1 and 0.3, close to 0.2 according to XRD study. This means that for
he considered thermal cycle the substitution limit of calcium by
trontium is close to 0.2. The Ca–Sr substitution is well evidenced
y the lattice parameter changes for both the bi-dimensional
a3Co4O9-type phase and the pseudo one-dimensional Sr6Co5O15-
ype phase.

The effect of calcium substitution by strontium on the
hermoelectric properties is complex. It confirms that the thermo-
lectric properties of materials with the pseudo one-dimensional
r6Co5O15-type structure are lower than those of materials with
he bi-dimensional Ca3Co4O9-type structure. Concerning materials
ith the bi-dimensional Ca3Co4O9-type structure, the substitution
f calcium by strontium does not significantly affect the Seebeck
oefficient. However, an optimum value exists for 0.5% substitu-
ion in terms of electrical conductivity and power factor. Finally ZT
alues of samples containing up to 30% Sr (x = 0.3) increase due to
he linear decrease of the thermal conductivities when the Sr con-

[

[
[

[
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tent increases. The dimensionless figure of merit ZT reaches 0.22 at
1000K for the composition (Ca0.995Sr0.005)3Co4O9.
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