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Abstract

LaCo;_,Ni, O3 (0 < x < 0.2) ceramics were prepared by solid state reaction and their thermoelectric properties were investigated from room
temperature (RT) to 400 °C. In the range from RT to 180 °C, LaCoOj3 showed a large negative Seebeck coefficient, but it changed to a positive value
above 180 °C. However, the Seebeck coefficient became positive in the whole investigated temperature span due to Ni substitution for Co even for a
tiny amount, but its absolute value decreased significantly with increasing Ni content. The LaCog ¢Niy ;05 composition showed an enhanced power
factor with a maximum value of 1.41 x 10™* W m~"' K2 at room temperature, which is about 3.5 times higher than that of un-doped LaCoOs5.
Because the power factor decreased and the thermal conductivity increased apparently with temperature, the ZT values were not increased at
elevated temperatures, in spite of a relatively large ZT value of 0.031 at a low temperature (50 °C) obtained in the composition LaCo ¢Nig 1Os.
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1. Introduction

Thermoelectric (TE) energy conversion is a promising
technology for both electrical power generation in terms of
waste heat recovery and various electronic cooling devices. The
energy conversion efficiency of a TE device is mainly
determined by the figure of merit (ZT) of its corresponding
materials, which is expressed as ZT = S2O'T/K, where S, o, k and
T are Seebeck coefficient, electrical conductivity, thermal
conductivity, and absolute temperature, respectively. There-
fore, good TE materials with a high ZT should have a high
electrical conductivity o, a high Seebeck coefficient S, and a
low thermal conductivity «. Although conventional TE
compounds like Bi,Te; possess high thermoelectric perfor-
mance [1,2], they are easily decomposed or oxidized in air at
high temperatures, whose applications are greatly limited [3].
Instead, oxide TE materials are relatively stable at high
temperatures and receive recent attention in the fields of energy
conversion [4-6].

* Corresponding author. Tel.: +86 10 62784845; fax: +86 10 62771160.
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Cobalt oxides are of particular interest as TE materials
because of its large Seebeck coefficient and semiconducting or
metallic electric conductivity [7-9]. They exhibit a strongly
correlated electron system with Co ions presenting an energy
level degeneracy of electronic states, which are considered as
the origin of the large Seebeck coefficient at low temperatures.
Lanthanum cobalt oxide (LaCoOsz) with a rhombohedra
distorted perovskite structure provides a typical example for
the thermally assisted spin state transition of the trivalent
cobalt. It is possible to improve the Seebeck coefficient value
and also to change its sign by suitable substitutions [10]. It was
also reported that a low level La-site or Co-site substitution can
improve its transport properties by changing the oxidation state
of Co or by the formation of oxygen vacancies. Meanwhile,
unlike the layered oxides, LaCoOQj5 is isotropic, which may not
require cumbersome technique of epitaxial growth when used
for preparing thermoelectric devices [11]. Robert et al. [12,13]
revealed that Ni substitution was an effective approach to
enhance thermoelectric performance of LaCoOj; ceramics,
which motivated us to conduct the present study to attain a
deeper understanding of the effect of Ni substitution. In this
study, LaCo;_,Ni, O3 ceramic samples were fabricated by a
conventional solid state reaction and normal sintering method,
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Fig. 1. XRD patterns (a) and lattice parameters (b) of LaCo;_,Ni,O; (0 < x <0.2).

and the influence of Co substitution with Ni ions was studied by
evaluation of electrical conductivity and Seebeck coefficient. It
was found that the power factor at room temperature was
significantly increased by only 10% Ni substitution to Co-site.

2. Experimental

LaCo;_,Ni,O; (0 <x<0.2) samples were prepared by
solid state reaction followed by normal sintering. Commercial
powders of La;O3 (>99.9%), Co304 (>99.5%) and Ni,O;
(>99.8%) were mixed according to the stoichiometric ratio in a
ceramic jar with ceramic balls in acetone solution at 170 rpm
for 20 h in a planetary ball mill. The well mixed powders were
calcined at 1000 °C for 12 h in air and reground by ball milling
for 3 h. Then, the resultant powders were compacted into disk-
shaped samples ¢15 mm in diameter and 3—4 mm in thickness,
followed by sintering in air at 1200 °C for 12 h.

The densities of the samples were measured by the
Archimedes method. The phase structures were investigated
by X-ray diffraction (XRD) with a D/max-RB diffractometer
(Rigaku, Tokyo, Japan) using CuK, radiation. The polished
surfaces of the sintered samples were thermally etched to show
the grain boundaries for the observation of microstructure by
field emission scanning electron microscopy (FE-SEM,
LEO1530, Germany), the doped samples were thermally
etched at 1050 °C for 30 min, while the un-doped ones were
heated at 1100 °C for the same time. The Seebeck coefficient
and electrical resistance data were recorded simultaneously as a
function of temperature from 25 to 400 °C in a helium
atmosphere using a Seebeck coefficient/electric resistance
measuring system (ZEM-2, Ulvac-Riko, Japan). Within the
same temperature range, the thermal diffusivity and the specific
heat capacity were measured by a thermal conductivity
measuring system (TC9000, Ulvac-Riko, Japan) and a
differential scanning calorimeter (DSC-60, Shimadzu, Japan),
respectively. Therefore, the thermal conductivity (k) was
calculated from the thermal diffusivity (D) and the specific heat
capacity (C,) as well as the density (d), that is k = DC,d.

3. Results and discussion

Fig. 1 shows the XRD patterns of the LaCo; _,Ni, O3 samples.
As compared with JCPDS data, the patterns of all the
compositions can be indexed as a rhombohedra distorted
perovskite structure, and no clear evidence of secondary phases
was found. The present results are in accordance with the earlier
investigations [12,13]. As shown in Fig. 1(b), the parameters
linearly increase with increasing Ni substitution, confirming that
the Niions entered into the LaCoOs lattices, since the ionic radius
of Co®* (0.063 nm) is smaller than that of Ni** (0.069 nm) [14].

Fig. 2. shows the SEM photographs of the polished and
thermally etched surfaces of the samples with different
compositions. The un-doped samples were dense with much
larger crystalline grains about 3 wm. However, the grains of the
Ni-substituted samples were about 300 nm, which are much
smaller than that of the un-doped samples. This result indicates
that Ni doping is effective to suppress the grain growth of
LaCoO5; ceramics. However, if compared with un-doped
LaCoO;, the grains in the Ni-substituted samples are not
uniform with some fine grains around 50 nm particularly in the
samples with low Ni contents. Nevertheless, such fine-grained
microstructure is desirable for thermoelectric materials, whose
thermal conductivity can be reduced by their enhanced phonon
scattering due to the increased grain boundaries.

Fig. 3 shows the temperature dependences of Seebeck
coefficients and electrical conductivity. At room temperature,
the un-doped LaCoOj; shows a large negative Seebeck
coefficient. However, a small amount of Ni substitution
changed the Seebeck coefficient from negative to positive
sign with a large room-temperature positive Seebeck
coefficient at x = 0.05. With increasing Ni content, however,
the Seebeck coefficient decreased significantly, and the
reasons will be discussed later. In the range of the
investigated temperature, the sign of the value of all the
Ni-substituted compounds was positive, being different from
the un-doped LaCoO; sample, whose Seebeck coefficient
showed a sign change around 180 °C, being similar to the
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Fig. 2. SEM photographs of the sample surfaces (a) LaCoOs3, (b) LaCog gs.
Ni0‘0503 and (C) LaCOO.gNi0‘203.

previous reports [15,16]. With increasing temperature, the
absolute value of Seebeck coefficient for all Ni-substituted
samples decreased.

LaCoOs5 exhibits quite peculiar magnetic and transport
properties due to the 3d el9ectrons with a characteristic
degeneracy as a result of spin and orbital degree of freedom.
The Co* ions in the compound are in the low spin ground state
configuration with §=0 at room temperature, and then
experience a transition to an intermediate (tgge;,) and to a high
spin state (t‘z‘geg) with increasing temperature. When the
temperature is high enough, the Seebeck coefficient is expected

to be determined by the so-called Heikes’ equation [10,17]. The
general expression has been expressed as:

S:—k—Bln[g—3 ol ] )
e gs1—x

where kg is the Boltzmann’s constant, and x is the concentration
of Co** ions, g5 and g4 denote the degeneracy of Co>* and Co**,
respectively, in the octahedral coordination. This indicates that
the absolute Seebeck coefficient depends on the degeneration of
electronic states of Co>* and Co** ions as well as the ratio
between them [17,18]. In LaCo;_,Ni, O3, the substitution of
Co’* by Ni** lead to an enhancement of the hole concentration
and a reduction of the Seebeck coefficient. Therefore, it is
inferred that Ni** turn to Ni** during sintering, since the latter is
much stable at high temperatures in air [14]. The excess
negative charge introduced by Ni** doping to LaCoOs is
compensated either by creation of holes, that is, by the oxida-
tion of Co™* to Co™*, or by creation of oxygen vacancies [19]. If
the excess charge is compensated only by the oxidation of Co™*
to Co** and degeneration of electronic states between them is
fixed at room temperature, then the Seebeck coefficient would
decrease with increasing Ni content via Heikes’ equation. With
increasing temperature, the spin state transition and the ratio of
Co** and Co** would be changed, causing the reduction of the
Seebeck coefficient. When the temperature is above 327 °C, the
spin state transition finishes and the newly formed holes
introduced by doping dominate the transport term contributing
to the Seebeck coefficient, causing a drop to a low value and
being steady at high temperatures.

Fig. 3(b) shows the temperature dependence of the electrical
conductivities of LaCo;_,Ni, O3 compounds. All of the samples
show semiconducting behavior in the measured temperature
range as the electrical conductivity increases with increasing
temperature. The substitution of Ni with Co causes a dramatic
rise in the electrical conductivity, which increases from 1.32 to
553 Scm ' at 50 °C when the Ni substitution is 20%. The
improved electrical conductivity is due to the increased carrier
concentration because of the substitution of Co** by Ni**. This is
also related to the different band structure and the energy gap of
the LaCo;_,Ni, O; compounds. If the mobile holes for the p-type
semiconductors are small polarons, the electrical conductivity
can be expressed as [20-22]:

a:e,upme_1 exp(kl::;‘,’) 2
where (1, is the mobility of holes and E, is the activation energy
with E, = AH,, + (E,/2), where AH,, is the motional enthalpy
of the holes. The plots of In(o7) versus 1/T for the
LaCo;_,Ni,O3 (0 < x <0.2) are displayed in Fig. 4. The E,
can be obtained form the plots. As seen from the curves, the
data for the Ni-doped samples lie on a straight line, being
indicative of hopping conduction. However, the line for un-
doped LaCoO; exhibits nonlinear variations in the whole
temperature, suggesting a different conductive mechanism.
Temperature dependences of power factor (PF) are exhibited
in Fig. 5. The PF of all the Ni-substituted compounds are larger
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Fig. 3. Temperature dependences of the Seebeck coefficients (a) and the electrical conductivities (b) of LaCo;_,Ni, O3 (0 <x <0.2).
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than that of un-doped LaCoOj3, and the x = 0.10 sample has a
maximum PF of 1.41 x 107*Wm~' K2 at 50 °C, being in
concordance with the previous report, in which the compounds
were prepared by soft chemistry process [13]. It should be noted
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Fig. 5. Temperature dependences of the power factor of LaCo;_,Ni, O3
0<x<0.2).

that the PF value is much higher than that obtained in Ni and Sr
doped LaFeOj; [23]. However, the PF values decreased
apparently when the Ni substitution exceeds x = 0.10, mainly
because of the reduced Seebeck coefficient as shown in
Fig. 3(a). Therefore, there exists an optimal Ni doping level to
enhance the PF of LaCo;_,Ni,Os.

Fig. 6 shows the temperature dependence of thermal
diffusivity. It is clear that the samples with higher Ni contents
have a larger value. However, the difference among the thermal
diffusivity coefficients of the samples with Ni contents in the
range of 0.05-0.15 is not so apparent at low temperature. The
thermal conductivity, which is calculated from the thermal
diffusivity and the specific heat capacity being consistent with
the references [21] as well as the density measured by the
Archimedes principle, are shown in Fig. 7. Around room
temperature, the thermal conductivity of the un-doped samples is
larger than that of the Ni-doped ones, which is a reasonable result
because the former one has larger grain sizes than the latter as
shown in Fig. 2. In addition, solid solution can effectively reduce
thermal conductivity of the materials. As the temperature
increases, the thermal conductivity increases apparently,
particularly in the Ni-doped samples. The total thermal
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Fig. 6. Temperature dependences of thermal diffusivity of LaCo;_,Ni, O3
0<x<0.2).
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(0<x<0.2).

conductivity can be expressed as k; = k,;, + k., where k), is the
phononic contribution and «, is the electronic contribution.
When assuming the presence of the only one type of the charge
carrier, being responsible for the electronic conduction, k, can be
calculated using the Wiedemann—Franz—Lorenz relation, that is
k., = oLT, where L is Lorenz number. The obtained values are
small especially at a lower temperature, <8% of the total thermal
conductivity which approximately increase to 20% at 673 K.
This suggests that the heat is carried predominantly by phonon.
For all the samples, k, increases with increasing temperature, as
shown in Fig. 7(b), and the data of Ni-doped samples are larger
than the un-doped one, except one point of the doped sample with
the least content. This can be contributed to the increased current
carrier concentration which is also in concordance with the
electrical conductivity shown in Fig. 3(b). Few investigations
were found reporting the thermal conductivity of LaCoOj;
polycrystalline materials. Robert et al. [12] reported an
extremely low thermal conductivity reaching 0.44 Wm ™' K™!
at room temperature, probably because their samples contained
high porosity as the sintering temperature was as low as 1073 K.
On the contrary, Androulakis et al. [11] reported a much higher
room-temperature thermal conductivity up to 3.75 Wm ' K™!
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Fig. 8. Temperature dependence of ZT value of LaCo; ,Ni,O; (0 < x <0.2).

in Lag95S10sCo0O3 ceramic samples than that shown by the
present materials. Nevertheless, the thermal conductivity
obtained in the present study is relatively low as for oxide
materials, which can be attributed to the fine-grained micro-
structure as shown in Fig. 2.

The calculated figure of merit, ZT, is shown in Fig. 8. The
maximum ZT value is 0.031 at 50 °C for the 10% doped sample,
which is higher than the reported value of ZT =0.022 [24].
However, it is considerably lower than the value ZT =0.2
reported by Robert et al. [12], but their maximum ZT value
corresponds to a much lower thermal conductivity
(0.44 W m~' K™') with an additional influence of porosity as
mentioned above. Therefore, there is room to further increase the
ZT values of LaCo; _,Ni, O3 ceramics by taking nanostructuring
measures to reduce thermal conductivity.

4. Conclusions

LaCo;_,Ni, O3 (0 < x <£0.2) oxide ceramics were prepared
by conventional solid state reaction and normal sintering. The
samples show dense and fine-grained microstructure of a single
phase with perovskite structure. It is found that the substitution of
Co with Ni in LaCoOj; increases the electrical conductivity
significantly, but reduces the Seebeck coefficient. As a result, the
power factor was optimized when the amount of Ni substitution
was around 10%. The maximum room-temperature power factor
obtained in LaCog oNig 05 is 1.41 x 107* W m~' K2, which
is above 3 times higher than that (0.4 x 107*Wm ' K2 of
LaCoOs;. It also shows that the doped element is effective to
suppress the grain growth of LaCoOj3 ceramics, which can reduce
the thermal conductivity at room temperature. Therefore,
enhanced ZT values were obtained in the composition
LaCog oNip 103 with a maximum of 0.031 at 50 °C. The ZT
values were not increased at elevated temperatures, because the
power factor decreases and the thermal conductivity increases
apparently with temperature. As the result reveals an intrinsic
correlation between transport behavior and thermoelectric
response, the thermoelectric properties can be improved by
choosing suitable substitution with a proper doping content and
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by controlling the crystal structure factors in such a strongly
correlated electron system with transition metals.
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