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CHAPTER |

INTRODUCTION

1.1 Introduction

Concerning energy crisis and environmental problems, the fossil fuel
consumption has unfortunately increased together with the release of toxic gases such
as greenhouse gases. Moreover, the industrial system can utilize only less than 50% of
fuels, while the remaining is exhausted to air as a waste heat (Ohta et al., 2008).
Hence, it is beneficial to increase the efficiency of the energy consumption. Among
the alternative energy technologies, thermoelectric energy conversion is promising due
to its ability to recycle wasted heat into electricity. Its properties allow applications on
both electrical power generation and various electronic cooling devices (Elsheikh et
al., 2014).

The performance of thermoelectric materials is defined by the figure of merit,
ZT, ZT = (SZG)T/K, when S, o, and « are Seebeck coefficient, electrical conductivity,
and thermal conductivity, respectively. In general, a value of ZT > 1 is required for
practical uses. The materials that show the best thermoelectric properties are alloys
such as Bi,Tes, PbTe, and Si;- xGe, (Mahan, 1998; Sales et al., 1996; Yamashita et al.,
2003). However, their uses are limited at low temperature as they have low stability
and high toxicity. In contrast, oxides are more environmental friendly and have
excellent thermal and chemical stability. As they are chemically stable at high

temperature in air, thermoelectric oxides are expected to be used in much wider



(Cheng et al., 2006)

Oxides have advantage over classical heavy-element based compounds because
they have higher thermal stability and ability to resist the oxidation reaction which can
result in the release toxic substances (He et al., 2011). Cobalt oxides are interesting in
this field as they were reported to have good thermoelectric properties, for example,
NaCo,04 has large Seebeck coefficient of 100 pVK™ at 300 K (Terasaki et al., 1997),
Ca,Co0,05 has ZT of about 1.2-2.7 at > 873 K (Funahashi et al., 2000), and
Bi»Sr,C0,0y has ZT > 1.1 at 973 K (Funahashi and Shikano, 2002). Nevertheless,
their layered structures lead to anisotropic properties that might cause difficulties in
fabrication processes (Koumoto et al., 2006). As a consequence, a perovskite-type
structure of metal oxides such as LaCoOj (Sefaris-Rodriguez and Goodenough,
1995), SrTiO3 (Ohta et al., 2005), and Ca;xMyMnO3z (when M = Tbh, Ho, Y)
(Kobayashi et al.,, 1991) may be the potential candidate for thermoelectric
applications.

LaCoOgs-based oxides have received interest as thermoelectric materials. The
important finding is the discovery of its high Seebeck coefficient of about 600 uVK™
at room temperature (Sefiaris-Rodriguez and Goodenough, 1995). This value is higher
comparing to other well-known thermoelectric cobalt oxide-based materials; for
example, NayCoO,;, Ca,C0,0s, and Bi,Sr,Co,0y have room-temperature Seebeck
coefficient of about 100 pVK™, 125 pVK™, and 160 pVK™, respectively. At 300 K,
these cobalt oxides show figure of merit ZT of 0.6 (Terasaki et al., 1997), 0.026
(Funahashi et al., 2000), and about 0.023 (Funahashi and Shikano, 2002), respectively.
Vulchev et al. (2012) also reported high Seebeck coefficient of LaCoO; of about 600

VK™ nevertheless, its ZT value was very low, approximately 0.015 at 300 K.



Furthermore, LaCoOg3 prepared by Iwasaki et al. (2008) showed similar Seebeck
coefficient value of about 500 pVK™ with very low ZT of 0.003 at room temperature.
Despite the high Seebeck coefficient, ZT of LaCoOs; is very low because of the low
electrical conductivity (Weidenkaff et al., 2008). Therefore, electrical conductivity as
well as thermal conductivity has to be optimized to improve the ZT.

Doping some cations at La or Co site to create various LaCoOg3-based oxides is a
common strategy used for such improvement. Sr substitution for La is widely
investigated since it was found that Lag gsSro.0sC00O3 shows the outstanding ZT of 0.18
at 300 K (Androulakis et al., 2004). Sr substitution normally increases electrical
conductivity; however, it always decreases Seebeck coefficient (Mandal et al., 2005;
Zhou et al., 2006; Zhou et al., 2008a; Zhou et al., 2008b; Iwasaki et al., 2008).
Moreover, substitution with some cations such as Ba (Hejtmanek et al., 2004; Mandal
et al., 2004), Ca (Weidenkaff et al., 2008), and Ni (Li and Li, 2011; Robert et al.,
2008; Kozuka et al., 2012; Vulchev et al., 2012; Robert et al., 2006; Robert et al.,
2007) shows similar effects. On the other hand, some cations such as Mg (Ramadass
et al., 1979; Hejtmanek et al., 2008; Jirak et al., 2008), and Fe (Rao et al., 1975;
Vulchev et al., 2012) show interesting effect as their substitutions maintains the high
Seebeck coefficient while the electrical conductivity is enhanced in the case of Mg and
slightly decreased in the case of Fe. Considering the denominator of ZT, thermal
conductivity is the only one devisor. This factor can be suppressed by some strategies
including substitutions with cations such as Rh (Li et al., 2010), Na, and Pb (He et al.,
2006).

Yet the single substitution cannot improve all parameters at the same time

because they are interrelated. One of the strategies to enhance thermoelectric



properties has recently been conducted by double substitution. In 2003, Suzuki et al.
(2003) prepared Sr and Mn double-substituted LaCoQOg3. LaggSro2C01.xMnO3 (X = 0,
0.05, 0.10) presents coexistent consequences of each dopant resulting in developed ZT
although Sr and Mn work together to improve only two of three parameters.
Moreover, Rodriguez et al. (2008) prepared LaggSro2C01.xMnO3 (x = 0, 0.02, 0.03,
0.05) and found that LaggSro2C0095MngosO3 has ZT of 0.12. Besides, Ni and Fe
double substitution was investigated by Vulchev et al. (2012). With
LaCo1x(NigsFeos)xOs formula, Ni plays an important role to heighten the electrical
conductivity while Fe keeps Seebeck coefficient at high value. Furthermore, 20-50%
double-substituted LaCoOj3 effectively suppresses thermal conductivity comparing to
its parent compound. This work illustrates the success of simultaneous effect from
each cation on amelioration for all parameters of thermoelectric properties. Therefore,
numerous series of co-doping is interesting.

Herein, this study focuses on improving the thermoelectric performance of
LaCoOgs-based oxides by double substitution of La and Co with Sr and Mg. The
synergic effect of the two doping cations is expected to improve the material
properties favorably. At the same time, the sol-gel method is employed for all sample
preparations in order to control the microstructure of materials. This sample
preparation method is expected to result in smaller particles which should lower
thermal conductivity. TG/DTA and FT-IR were utilized to obtain the optimal
condition of syntheses. Structural identification was mainly investigated by X-Ray
diffraction. Refinement using Le Bail method provided structural details of lattice
parameters. In addition, the influence of both single and double substitutions of Co

and/or La as well as compositions on thermoelectric properties was evaluated in the



term of the figure of merit ZT at room temperature. A Quantum Design Physical
Properties Measurement System (PPMS) was employed to obtain ZT by the
simultaneous measurement of electrical resistivity (p), Seebeck coefficient (S), and

thermal conductivity (k).
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CHAPTER 11l

LITERATURE REVIEW

2.1 Thermoelectric materials

Thermoelectric materials exhibit the phenomenon of heat and electricity
conversion. The phenomenon is based on two important effects, Seebeck (Seebeck,
1823) and Peltier effects (Peltier, 1834). The Seebeck effect, which is used in a power
generation mode, is a development of voltage across the junction of two different
materials held at different temperature (Figure 2.1a). On the other hand, the Peltier
effect used in refrigeration mode involves a heat liberation or absorption when

electrical current is applied to such junction (Figure 2.1b).

ek |

Refrigeration Mode Power-generation Mode

Figure 2.1 Diagram of a thermoelectric device made of n-type and p-type materials in

(a) a refrigeration or (b) a power-generation modes (Tritt and Subramanian, 2006).
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The performance of a thermoelectric material is defined by the dimensionless

figure of merit, ZT;

— (1)
where S is the Seebeck coefficient, o is the electrical conductivity, p is the electrical
resistivity, xr is the total thermal conductivity (xy = x5 + k;; kg and x; are the
electronic and the lattice contributions, respectively), and T is the absolute
temperature. To maximize the ZT value, high S, high o, and low « are required (Tritt
and Subramanian, 2006). These factors are closely related, such that charge carrier
concentration has to be optimized (Weidenkaff et al., 2008). In general, a carrier
density of materials in the range of heavily-doped semiconductors exhibits large ZT

values as shown in Figure 2.2 (Snyder and Toberer, 2008).

\j
logn optimum
doping level

logn
insulators | semiconductors metals

Figure 2.2 Transport properties as a function of a carrier concentration (Ohtaki, 2011).

Besides the high ZT value, the operating temperature of a system is also

important for real applications. As shown in Figure 2.3, each material has different
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operating temperature and the materials with wider ranges of operating temperatures
have more potential for the real applications.

Environmental and beneficial issues have to be considered to develop suitable
thermoelectric materials. Compounds such as alloys and chalcogenides have
disadvantages because of their poor durability at raised temperature, low abundance,
high cost of the comprising elements, and high toxicity. It is therefore necessary to

explore new thermoelectric materials to overcome these shortcomings (Ohtaki, 2011).

refrigeration waste heat harvest
micro- and opto- [ automobile vehicles |
electronics :
| boilers and furnaces |
0, 300, 600, 900, 1200, 1500,

1 1 —T(K)

I T T

| BiTes || CoSh, |

I CsBi,Tes | PbTe
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.'_3 Ty [Ag-sb-Po-Te(LAGT), haf-Heuster]
5 elementbased:
'é | (Si, Ge) eco-
2 | silicides: [ Max(Si.sn) Minsi, | benign,
-g [ B-FeSi, | abundant
E [__BissrCo,0
€ | Oxides: [/ NaCo0,. caiCo.0s
. | srTio,, CaMnO,
= | Zn0 |

Figure 2.3 Diagrammatic comparisons of diverse thermoelectric materials for the
applications as a function of the operating temperature, the abundance, and the toxicity

(He et al., 2011).

2.2 LaCo0Os-based thermoelectric oxides

This part discusses the structural details and related researches of the LaCoOs-

related systems.
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2.2.1 Structure of LaCoO3

LaCoOg structure is related to perovskite of general formula ABO3, where A and
B are two cations of very different sizes. In its cubic-symmetry structure (Figure 2.4a),
B is the smaller cation surrounded by a six-fold coordination of oxygen forming an
octahedron while A is the larger cation in a twelve-fold coordination. Each octahedral
unit shares corners to form three-dimensional networks with B-O-B and O-B-O bond
angles of 180° and 90°, respectively. The body-center position is occupied by the large

A cation.

(a) (b)

W

Figure 2.4 (a) a ABO;3 ideal perovskite structure and (b) a distorted perovskite

structure.

Certain ratios of the ionic radii of A and B are required to stabilize the perovskite
cubic structure. Otherwise, a distortion can lower a symmetry and a coordination
number of cations might be reduced (Tejuca and Fierro, 1989). Actually, most
perovskites are distorted from the ideal cubic structure by various factors such as the
ionic size effects, the deviations from the ideal composition, and the Jahn-Teller effect
(Johnsson and Lemmens, 2007). On the basis of the geometric considerations,

Goldschmidt (1926) defined the tolerant limits of ionic radii through the tolerance
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factor, t = (ra + ro)/[V2(rs + ro)] where ra, rs, and ro are the radii of A, B, and O ions,
respectively. The ideal cubic perovskite SrTiOz with rasy = 1.44 A and rgriy = 0.605
A, has t = 1 (Johnsson and Lemmens, 2007). In comparison, LaCoO3 has similar B
cation size (rsco) = 0.610 A) but smaller A cation (raca = 1.36 A) which makes t
become smaller than 1. As a result, the BOg octahedra tilt in order to fill a space and
allow a distorted perovskite structure (Figure 2.4(b)). In fact, a cubic perovskite can be
observed only for 0.81 <t<1.11 (Mitchell, 2002).
2.2.2 Thermoelectric properties of LaCoOs-based oxides

LaCoOgs is a p-type semiconducting material (Goodenough and Longo, 1970)
in which its Seebeck coefficient (thermoelectric power or thermopower) is positive
indicating that positive charge is the major carrier (Weidenkaff et al., 2008). The
system of LaCoO; has been attractive in thermoelectric field because of its high
Seebeck coefficient of about 600 pVK™ at room temperature (Sefiaris-Rodriguez and

Goodenough, 1995). However, the electrical resistivity is still high (Weidenkaff et al.,
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Figure 2.5 Temperature dependence of the Seebeck coefficient of LaCoO3 (4.2 K<

T<823 K) (Sefiaris-Rodriguez and Goodenough, 1995).
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2008) which would lower the ZT value.

The amount of the charge transports in this system can be tuned by the level of
Co-site and/or La-site substitution. Numerous strategies have been attempted to
generate materials with high figure of merit, ZT, including increasing thermoelectric
power and electrical conductivity as well as decreasing thermal conductivity.

2.2.2.1 Electrical conductivity improvement
Electrical conductivity (o) or electrical resistivity (p) of materials relates
to charge carrier concentration (n), electric charge (e), and electron mobility (u)

(Snyder and Toberer, 2008) by

_1_
6= nep (2)

Higher level of charge carrier concentration significantly increases
electrical conductivity of oxides. In general, the charge carrier can be divided into two
types; a hole and an electron which are dominant in p- and n-type semiconductors,
respectively.

A p-type material can be produced by the substitution of parent cation by
cations with lower valency which results in generation of positive hole carriers. In
LaCoOj3 system, various cations have been utilized for the substitution of La- or Co-
site; such as Sr¥*, Ba**, Ca®*, Ni**, and Mg?*. La substitution by Sr has received great
attention since Androulakis et al. (2004) discovered a high figure of merit, ZT, of 0.18
in LapgsSroosC0o03 at room temperature. In addition, Sr played an important role to
almost completely suppress the resistivity of LaCoO3. Then, the amount of 0.05-0.2
for Sr doping was studied by Zhou et al. (2008b) from room temperature to 773 K;
higher level of Sr doping resulted in higher electrical conductivity because of the

higher carrier concentration. The replacement of La** by Sr®* creates excess negative
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charges in the lattice which are compensated either by oxidation of Co** to Co** and
hence creates holes or by creation of oxygen vacancies to keep the electroneutrality of
compounds (Mineshige et al., 1999). However, the Seebeck coefficients of all samples
decreased dramatically in the temperature range below 550 K and remained constant
up to 773 K. Yet the highest ZT of 0.046 was obtained with Lag ¢Srp1C003. Moreover,
thermoelectric properties of La;.xSryCoO3 with x = 0.01-0.4 were investigated at 100-
1000 K (lwasaki et al., 2008). It was found that the conductivity increased with
increasing Sr content, on the contrary, the Seebeck coefficient was lowered (Figure
2.6-2.7). The same effects were reported in other substitutions both in La site such as
Ba (Mandal et al., 2004; Hejtmanek et al., 2004), Ca (Weidenkaff et al., 2008); and in
Co substitution such as Ni (Kozuka et al., 2012; Robert et al., 2006; Robert et al.,
2007; Vulchev et al., 2012). Although p-type substitution of LaCoO; plays an
important role in enhancing electrical conductivity, it is usually accompanied by

reduction of Seebeck coefficient.

log(c/ Scm-1)
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Figure 2.6 Temperature dependence of the electrical conductivity of La;xSrCoO3

(lwasaki et al., 2008).
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Figure 2.7 Temperature dependence of the Seebeck coefficient for La;.xSrcCoOs. The

inset shows the Seebeck coefficient of non-doped LaCoOs3 (lwasaki et al., 2008).

An n-type material is generated by a higher valency cations replacement.
Excess electrons are created as the carriers. Hébert et al. (2007) substituted Ce** for
La-site in LaCoO3. Co®" was created by the reduction of Co®" in order to balance total
charges of the compound. The electrical resistivity of the Ce-substituted LaCoO3; was
lower than that of LaCoOj3 but still much higher than that of the Sr-doped LaCoO3;
(Figure 2.8).

The lower efficiency in n-type conduction attributes to the hopping
mechanism of Co®*/Co®" system which is similar to ‘spin-blockade’ mechanism as
previously proposed in LnBaCo,0s.;5 (Maignan et al., 2004). The electron carriers in
high spin (HS) state of Co?* are impossible to interchange with low spin (LS) of Co**
because of difference in ey band energy level. Furthermore, Co?* low spin
configuration of t296 e@,1 would be unstable. The hopping of one electron of HS Co?* in

the LS Co®* matrix is thus forbidden (Hébert et al., 2007) (Figure 2.9).
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Figure 2.8 Temperature dependence of the electrical resistivity of LaCoO3 comparing

with p-type Lag.g9gSro.02C003 and n-type LaggeCep01C003 (Hebert et al., 2007).
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Figure 2.9 Schematic illustration of the transport mechanism in the ey band

(Co?*/Co®") and in the tyq band (Co**/Co*) (Hébert et al., 2007).

On the contrary, Co**/Co*" system in p-type LaCoOj; greatly increases
conductivity because the carrier can easily hop between the same low-spin state
energy (Hébert et al., 2007).

Partially doping of a Co-site by Ti*" was studied by Robert et al. (2006).

It was shown that resistivity increase with Ti content. This is in a good agreement with
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the n-type transport mechanism as discussed above. In 2010, Robert et al. (2010)
studied the wider range of a Ti substitution and found that the electrical resistivity
varied with the amount of n-type dopant (Figure 2.10). Furthermore, the reported
activation energy (E,) of this system progressively increases with Ti content which is

the reason of a high resistivity.
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Figure 2.10 Plot of the electrical resistivity in the temperature range of 330

K<T<1273 K of LaCo;.4TixO3 (X = 0.01-0.5) (Robert et al., 2010).

As the thermoelectric device contains the couple consisting of p-type and
n-type components, the improvement of both parts is importantly taken into account

for an efficient gadget.

2.2.2.2 Seebeck coefficient improvement

The Seebeck coefficient of cobalt oxides was theoretically studied at a

sufficient high temperature by formularizing the Heikes equation as expressed as

S=- 2] ®)
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where kg is Boltzmann constant, e is electric charge, gs (gs4) is the number of spin
states for Co®* (Co*"), and x is the concentration of Co*" (Berggold et al., 2005;
Chaikin and Beni, 1976; Koshibae et al., 2000).

Hund’s rule coupling, crystal field splitting energy (10Dq), and
temperature are related parameters that are used to determine the possible spin state, g3
(g4). The degeneracies of both Co** and Co*" in low-spin state (LS), intermediate-spin
state (IS), and high-spin state (HS) were proposed as shown in Figure 2.11. It was
stated that the characteristic spin degeneracy and strong correlation of 3d electrons in
cobalt oxides cause the large Seebeck coefficient. Moreover, the ratios of gs/gs and

x/1-x influence not only the magnitude but also the sign of S (Koshibe et al., 2000).

(@) fco Cot*
e— 1 Ye—— 6
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Figure 2.11 Schematic of spin degeneracy of 3d electron in Co** and Co*" at (a) Low-
spin state, (b) intermediate-spin state, (c) high-spin state, when degeneracy for each

state is presented by the number in the frame and S is a spin multiplicity (modified
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from Koshibae et al., 2000).

Substitution with heterovalent cations, e.g., Sr-(Mandal et al., 2005;
Zhou et al., 2006; Zhou et al., 2008a; Zhou et al., 2008b; Iwasaki et al., 2008), Ba-
(Hejtmanek et al., 2004; Mandal et al., 2004), Ca-(Weidenkaff et al., 2008), and Ni-
substitution (Li and Li, 2011; Robert et al., 2008; Kozuka et al., 2012; Vulchev et al.,
2012; Robert et al., 2006; Robert et al., 2007) usually increase electrical conductivity
and decrease Seebeck coefficients. However, some of replacements such as Ti-(Robert
et al., 2010) and Rh-substitution (Li et al., 2010) have opposite effects as they reduce
electrical conductivity and raise Seebeck coefficient.

Among these results, Hejtmanek et al. (2008) found that the introduction
of homovalent Ga*" into Co-site results in similar resistivity and thermoelectric power
behavior to LaCoO3z which showed the Seebeck coefficient of 700 pVK™ at 300 K
(Figure 2.12). Heterovalent Mg-doping showed constant thermoelectric power in the
same way as 0.02 Sr-doping from 100 to 300 K but with higher Seebeck coefficient of
400 pVK™ at 300 K (Hejtmének et al., 2008). The Seebeck coefficient increases with
Mg substitution but the values fall rapidly as the temperature increases (Ramadass et
al., 1979). Another interesting dopant which showed ability to maintain a high
Seebeck coefficient is Fe. LaCo;xFexO3; (X = 0-0.5) can maintain Seebeck coefficient
about 600 uVK™ at room temperature (Vulchev et al., 2012).

2.2.2.3 Thermal conductivity improvement

Electrical conductivity can be improved with various heterovalent
substitutions, some of which can also maintain thermoelectric power. In addition, the
ZT can be further maximized by minimizing thermal conductivity. This could be

achieved by means of adjusting the crystallographic structure and increasing the
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phonon scattering.

Total thermal conductivity (x7) comes from two sources: electronic (xg) and
lattice (x;) part. xz is directly related to the electrical conductivity through the
Wiedemann—Franz law:

kg = oLT =neulLT 4)

where L is the Lorenz factor which is equal to 2.4x10° J*K*C " for free electrons.
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Figure 2.12 The electrical resistivity and the thermopower for LaCo;.x\MxO3 (x = 0.02,
0.05) when M is Ga, Ti, Mg, and Sr compared to LaCoOs. Inset shows activation

energy in the low-temperature region (Hejtmanek et al., 2008).
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Regarding this equation, the substitution which enhances the charge
carrier concentration will simultaneously increase electronic thermal conductivity
(xg). Therefore, the alternative way is to reduce the lattice part of the thermal
conductivity (x;). When all the phonons have a mean free path intrinsically equal to
the interatomic spacing of the constituent atoms, scattering phonons is attempted by
creating rattling structures, alloying, grain-boundary scattering (due to the size of the
grains) or point defects such as interstitials and vacancies (Snyder and Toberer, 2008;
Tritt and Subramanian, 2006).

There have been several investigations into the enhancement of short
wave phonon scattering by point defects; for example, Sr-(Zhou et al., 2006), Pb-, and
Na-substitution (He et al., 2006) lower thermal conductivity of LaCoQ3. Iwasaki et al.
(2008), however, discovered that the thermal conductivity reduction of Sr-doping is
limited with the doping concentration range of 0-0.04; when Sr content is increased
(0.05-0.4), the values increase with amount of carriers (Figure 2.13). Likewise, Ni
doping up to 0.2 showed increasing thermal conductivity (Li and Li, 2011).

Apart from conventional ceramic method, Iwasaki et al. (2008) prepared
La;xSrkCoO3 with a polymerized complex method and found that thermal
conductivity was improved depending on Sr concentration in the range of 0-0.2 (Zhou
et al., 2008b). These results show that the thermal conductivity mainly comes from its
morphology structure. This implies that it is possible to increase the figure of merit ZT
by optimizing compositions and microstructure in order to enhance phonon scattering,
hence reduce thermal conductivity (Zhou et al., 2008b). Other solution methods and
sol-gel method were carried out to investigate the changes of thermal conductivity

comparing to solid state reaction. Although the samples prepared by sol-gel processes
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have better homogeneity and smaller average particle size, they have higher thermal
conductivity than that of a solid state reaction because of their higher density.
However, large ZT value of 0.046 is obtained in sol-gel sample of LagoSrp1CoO;3 at

room temperature (Zhou et al., 2008a).
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Figure 2.13 Thermal conductivity of La; «SryCoO3 dependence of Sr content at 300 K
(Iwasaki et al., 2008)
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In addition, a hydrothermal method was used to prepare thermoelectric
samples by Wang and Fan (2010). The nanowire samples exhibit strong suppression of
thermal conductivity (Figure 2.14) and the samples with optimal size have a ZT value

which is nearly two time higher than that of the bulk (Figure 2.15) (Wang and Fan,

2010).
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Figure 2.15 Plot of the ZT value versus the size of LagoSrp1Co03 (Wang and Fan,
2010).

2.2.2.4 ZT improvement strategy

Since LaCoOs-based oxides have been studied extensively for decades,
the state-of-the-art researches are to maximize the dimensionless figure of merit ZT by
substitutions. However, most works have mainly focused on single substitution for the
La or Co site which leads to improvement of only one or two parameters against the
other(s). As each substitution has different effects, the new idea of the double
substitutions was introduced in an attempt to maximize the positive effects on as many
parameters as possible.

In initial attempts, Sr substitution for La site and Mn substitution for Co

site, Lag.goSro.20C01yMnyO3 (y = 0.01-0.10) were conducted. Sr plays an important



26

role in enhancing electrical conductivity while Mn can both increase Seebeck
coefficient and reduce thermal conductivity. As a result, a large ZT was obtained at
room temperature (Suzuki et al., 2003). After that, Lag.g5Sro05C01.xRhxO3 (x = 0.1-0.3)
was also prepared. In spite of a slight increase in resistivity, Rh together with Sr can
maintain Seebeck coefficient and remarkably reduce thermal conductivity providing a
new route to achieve a higher ZT at higher temperatures (300-800 K) (Kwong et al.,
2010). Lately, double substitution in the same site, LaCoqg(Nio.1Feo1)Os, showed
improved transport properties and exhibits the great thermoelectric efficiency with ZT
of 0.16 at room temperature (Vulchev et al., 2012).

These findings provide new insights into an improvement of the
thermoelectric perovskite oxides. The concept of the double substitution as well as
sample preparation method will be very useful in achieving high thermoelectric

efficiency of LaCoOs-based oxides.
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CHAPTER Il

EXPERIMENTAL

3.1Chemicals

- Citric acid monohydrate (CsHgO7-H,0), 99.5-105.5%, Carlo Erba

- Cobalt(ll) nitrate hexahydrate (Co(NO3),-6H,0), 99+%, Acros Organic

- Lanthanum(lll) nitrate hexahydrate (La(NOs3)3-6H,0), 99.999%, Acros
Organic

- Magnesium(Il) nitrate (Mg(NQO3)3-4H,0), 99.5%, Qréc

- Strontium(Il) nitrate (Sr(NQs)2), 99+%, Acros Organic

3.2 Instruments

- Simultaneous thermal analyzer (STA), Model STA449 F3, NETZSCH

- Fourier transform infrared spectrometer (FT-IR), Model Spectrum GX,
Perkin-Elmer

- Powder X-ray diffractometer (XRD), Model D2 Phaser, Bruker

- Field emission scanning electron microscope (FESEM), Model JSM-7800F,
JEOL/Energy dispersive X-ray spectroscopy (EDS), Model X-Max 50 mm, Oxford
instruments

- Physical properties measurement system (PPMS), Quantum Design
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3.3 Sample preparation

3.3.1 Sol-gel method

Sol-gel method is a good method to improve homogeneity of a sample as the
reagents are well-mixed on an atomic scale. The precursors of metal salts are dissolved
giving a colloidal solution named ‘sol’. The gel can be formed by a dehydration
process of the sol. After drying and calcination, a final product is obtained. Another
good point of this preparation technique is that heating temperature is usually
decreased (Segal, 1997).

In this work, polycrystalline samples of La;xSryCo0O3, LaCo;xMgxO3 (X = 0,
0.02, 0.05, 0.1, 0.2), and La;xSr«C01.xMgxO3 (x = 0, 0.025, 0.05, 0.1) were prepared
by the citrate sol-gel method. High purity starting materials of La(NO3)3-6H,0,
Co(NO3)2-6H,0, Sr(NOs),, and Mg(NO3),-6H,O were weighed in a stoichiometric
ratio and dissolved in a citric acid solution with 1:4 molar ratio (cations:citric acid).
The aqueous solution was heated with constant stirring at 353 K for 2 hours resulting
in a red transparent solution. Then the solution was dried at 393 K in air in an oven
overnight to transform into a dried gel. The obtained dried gel was ground and
calcined at 1023-1073 K for 8-12 hours at a heating rate of 5 K/min to give a black
powder. The calcined powder was ground, pressed into a pellet, and then sintered at
1273 K for 24 hours in air. A bar-shaped sintered-pellet with general dimensions of
about 10 mm x 3 mm x 2 mm was prepared for the thermoelectric properties

measurement
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3.4 Characterizations

3.4.1 Structure identifications

3.4.1.1 Thermogravimetry/Differential thermal analysis (TG/DTA)

Thermogravimetric technique monitors the change in weight of a sample
as a function of temperature or time in a controlled atmosphere. Each change in weight
refers to the decomposition of the components of a compound at each temperature.
When the compounds have no change, weight of a sample remains constant with
increasing temperature. In this study, thermogravimatry analysis (TGA) was used to
investigate the decomposition of substances and to find the temperature required to
decompose all organic species in the samples prepared by the sol-gel method in order
to determine the calcining temperature.

Differential thermal analysis technique measures the difference in
temperature, AT, between a sample and an inert reference material as a function of
temperature; therefore, detects changes in heat content, that is, enthalpy. Changes in
samples relative to the reference are either endothermic or exothermic. Thus, a DTA
curve provides data on the heat changes that an involved chemical reaction have. The
DTA curve was utilized for this purpose in this study.

Thermal decomposition of the dried gels was investigated by TG/DTA
using a NETZSCH STA449 F3 Simultaneous Thermal Analyzer instrument (STA).
The dried gel was put in an Al,O3 crucible and heated from 303 K to 1273 K with a

heating rate of 10 K/min under the atmosphere of 80% nitrogen and 20% oxygen.
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3.4.1.2 Fourier transform infrared spectrometer (FT-IR)

This spectroscopic technique is related with the infrared radiation; some
of infrared radiation is absorbed by the sample and some of it is transmitted. The
absorption of infrared at specific frequencies is characteristic to vibrations between
bonds of the atoms. An infrared spectrum represents a fingerprint of a sample and can
be shown in either the absorption or transmission mode.

In this study, FT-IR was used to probe the structural information of the
samples. The presence of specific peaks in the infrared spectra was used to confirm the
functional groups of the obtained products.

In the experiment, FT-IR spectra were obtained by a model spectrum GX
Perkin-Elmer IR spectrometer. The sample was mixed with dry KBr and pressed to
form a pellet for the measurement. Spectra were collected in the range 4000-400 cm™
using 32 scans with a resolution of 4 cm™.

3.4.1.3 X-ray diffraction (XRD)

X-ray diffraction is a principal technique of solid state chemistry, which
is widely used for crystal structure determination and phase identification. In principle,
a monochromatic beam of X-rays, which strikes the powder of a solid, interacts with
electrons in matter in which it is scattered in various directions by the electron cloud of
the atoms. Referring Bragg’s equation (nA = 2dsin®), the constructive interferences
occurred with scattered X-rays which are in phase and contribute to X-ray powder
diffraction patterns. Each solid material has its own characteristic X-ray powder
diffraction pattern.

In this study, the X-ray powder diffraction patterns were used as a

fingerprint of samples for phase identification and phase purity confirmation. When a
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pure phase of a compound is obtained, the investigation of a crystal structure is
necessary. Crystallographic information such as cell parameters can be calculated
from positions or d-spacings of the set of peaks.

In this work, XRD patterns of all samples were collected at room
temperature on a model D2 Phaser of Bruker X-ray diffractometer. To check a phase
purity, the operation uses Cu Ko radiation (A=0.15406 A) with 30 mV and 10 mA
scanning in diffraction angle (20) range of 20-80° at the rate of 0.5°/s and the
increment of 0.02°. The phase identification and the crystal structure were determined
using PDF-2 (2004) database and EVA software. To analyze unit cell parameters of
the samples, the Le Bail structure refinement method was performed with TOPAS
software using the high quality XRD patterns collected with the diffraction angle (26)
from 20° to 120° using the increment of 0.01 at the scan speed of 1°/s.

3.4.1.4 Field Emission Scanning Electron Microscope (FESEM)/
Energy Dispersive X-ray Spectroscopy (EDS)

This electron microscopy provides the microstructural information on the
surface of a sample. In FESEM, the gun typed field emission (FE) is applied which
gives an electron beam with high-brightness and better focus. With the same principle
as other SEM, a sample is bombarded with high-energy electrons from a source called
electron gun. A secondary electron is generated to construct the image of a sample’s
morphology. By the electron bombardment, X-ray energy is also produced by the
replacement of an outer-shell electron for a hole when an absorbed electron is rejected
out of an atom. This characteristic X-ray emission relates to the type of an atom and is
detected in EDS technique. Thus, a quantitative analysis of an element can be

investigated (Smart and Moore, 2005; West, 2014).
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The purpose of this study was to determine the amount of each element
in the sample. The sintered bars of all samples were coated with a layer of gold to
make them electrically conduct. All FESEM images were taken with a magnification
of 5,000 to 30,000 using the accelerating voltage of 15 kV. A working distance of 10
mm was used with a resolution of 1 nm. By using EDS, the point and ID analysis was
performed to capture the interested area of the image to study an elemental
composition.

3.4.2 Thermoelectric properties characterizations

Thermoelectric measurements, including electrical resistivity (p),
Seebeck coefficient (S), and thermal conductivity (x), were performed on sintered
pellets in a Quantum Design Physical Properties Measurement System (PPMS)
coupled with the thermal transport option (TTO). The measurements were done at
room temperature. The dimensionless thermoelectric figure of merit, ZT, was
determined based on the algebraic combination, ZT = (S%/p«)T.

3.4.2.1 Physical properties measurement system (PPMS)

Electrical resistivity is one of the important transport properties of a
material which is used to determine how well the material can electrically conduct.
Moreover, the range of electrical resistivity indicates the type of materials as insulator,
semiconductor, or metal (Elsheikh et al., 2014). With the TTO system, a digital signal
processor (DSP) current is used as a source and phase sensitive voltage is used as a
detection system. The standard four-probe method is employed for the measurement
with AC transport mode. The advantage of the four-probe method is that it can prevent
the problem from a contact resistance occurred in a two-probe configuration (Quantum

Design, 2002).
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Seebeck coefficient provides the information about the thermal diffusion
of free charge carriers, which can be an electron or a hole. According to the Seebeck
effect, charge carrier diffusion generates an electric field inside a material which
creates a voltage gradient when a temperature gradient is applied. The TTO system
measures Seebeck coefficient by originating a particularized temperature difference
(AT) and monitoring an electrical voltage difference (AV) (Quantum Design, 2002).
The ratio of these two measured parameters (AV/AT) is equal to S (Tritt and
Subramanian, 2006).

The measurement of thermal conductivity evaluates the ability of a
material to conduct heat. In the TTO system, the heater source applies heat to a sample
and the amount of heat passes through the sample is collected from the observed
temperature drop. Thus, thermal conductivity can be calculated directly from three
parameters: an applied heater power, a resulting AT, and a sample dimension

(Quantum Design, 2002).

> €— a piece of gold

<€— a bar of a sample

I- / COLDFOOT

Figure 3.1 The sample preparation for the four-probe measurement (Quantum Design,

2002).



39

The samples were prepared for a four-probe measurement. The bars of all
samples were mounted with four rectangular pieces of gold using an electrically
conducting silver-filled epoxy (Figure 3.1). Then, they were undergone baking at
about 423 K for around 5 minutes to allow all pieces of gold to attach properly to the

surface of samples. To set up a sample for the measurement, firstly, the prepared bar

/—TTD PUCK ASSY (WITHOUT SHIELD)
(4084-570)

“——PUCK MOUNTING STATION ASSY
(4084-600)

b)

THERM B
THERM A
HEATER

the set-up of a sample

Figure 3.3 The thermal transport sample puck (TTO puck) demonstrating (a) the set

up of a sample, (b) TTO puck with a radiation shield (Quantum Design, 2002).
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of samples was set into the thermal transport sample puck (TTO puck) (Figure 3.3a)
using the puck-mounting station (Figure 3.2). Then, the TTO puck was plugged into
the puck-wiring test station in order to check an electrical contact by checking contact
at V+/V- and I+/l- with an ohmmeter. After that, the TTO puck was covered with a
radiation shield (Figure 3.3b) and then was plugged into the 12-pin socket which is
located at the bottom of the PPMS sample chamber (Quantum Design, 2002).

The measurement was done under hi-vacuum system and controlled by the TTO
software. Electrical resistivity (p), Seebeck coefficient (S), and thermal conductivity
(x), were measured simultaneously and the figure of merit ZT was calculated. By
using the TTO software, the units of all parameters were recorded as Q-m, pVK™, and
WmK™ for p, S, and k, respectively. So, ZT is reported as dimensionless (Quantum

Design, 2002).
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Sample preparation

In this work, all samples of LaCoOs-based oxides, which are La;xSryCoOs,
LaCo;.xMgxO3 (x = 0, 0.02, 0.05, 0.1, 0.2), and La;«SrxCo1.xMgxO3 (x = 0, 0.025,
0.05, 0.1), were synthesized by the citrate sol-gel method. The sol-gel technique
involves four main mechanisms: hydrolysis, polymerization, drying, and densification
(Rao and Raveau, 1988). In case of metal oxides, a metal alkoxide is normally used as
a precursor (Put, 1998). In this experiment, a citric acid was used as a chelating ligand
to form the metal alkoxide (Predoana et al., 2009). The mechanism of LaCoO3; was
proposed by Predoana et al. (2009), that of Sr-doped and Mg-doped LaCoOj; in this
work can be proposed based on the same way as shown in following steps:

Firstly, the starting materials of metal nitrates were dissolved in water producing
a small particle of metals suspended in an aqueous solution, a system called “sol”
(Rao and Raveau, 1988). A metal is solvated by six molecules of water resulting in the
hydrate form. This process is called “hydrolysis”.

Secondly, with the presence of citric acids, the water condensation of the metal
hydrate is occurred. Citric acids begin to chelate with metal ions forming the
coordination compound. This corresponds to “gel” formation because of the
aggregation of those particles in the sol (Rao and Raveau, 1988).

Then, the condensation proceeds continuously as citric acids chelate all metals
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forming the complex. The metal network is growing during this process and this step
is, therefore, called “polymerization”.

After that, the metals-citric acid chelate dries resulting in a dried gel, xerogel or
aerogel, depending on the purpose of applications (Rao and Raveau, 1988). Finally,
the densification procedure, such as pelletizing and sintering, is applied for specific

uses. (Livage et al., 1988)

4.2 Sample characterization

4.2.1 Thermogravimatry/Differential thermal analysis (TG/DTA)

Thermal behavior of the Lag 975Sr0,025C00.975M0.02503 dried gel was investigated
by TG/DTA (Figure 4.1). As all the samples are LaCoOs-based oxides,
Lag.9755r0.025C00.975Mg0.02503 Was used as a representative. The mechanism of phase
changes of dried gel precursor was investigated by weight loss (%) as a function of
temperature from 303 K to 1273 K. The weight changes are observed at temperature
lower than 873 K which are related to the thermal decompositions of water, citrate
precursors, carbon monoxide, and carbon dioxide (Robert et al., 2007). There was no
weight loss observed at higher temperature. There are approximately three stages of
weight loss. The first endothermic loss of weight occurred at 303-453 K is related to
the evaporation of crystalline water. The major weight loss was observed between 453
K and 643 K, which corresponds to the decomposition of citrate precursors (Robert et
al., 2007). Changes in DTA at these temperatures are small which suggests that these
reactions involved much smaller energy changes compared with those at the last stage.
The last stage of weight loss of 27.25% at 723 K accompanied by a strong exothermic

DTA peak is ascribed to the loss of remaining organic components, where carbon
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monoxide and carbon dioxide was released. As the measurement was performed under
80%N,/20%0, atmosphere, decomposed organic species combusted in the presence of
oxygen giving the large exothermic DTA peak (Wu et al., 2011). The weight loss
steps from TGA along with the DTA peaks show that the stepwise thermal

decomposition of the precursors completes at 873 K. The total weight loss was

78.02%.
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Figure 4.1 TG/DTA curves of the dried gel Lag.9755r0.025C00.975Mg0.02503.

4.2.2 Fourier transform infrared spectrometer (FT-IR)

Figure 4.2 shows the FT-IR spectra of the Lag 9755r0.025C00.975M00.02503 samples.
The observed peaks are assigned to vibrations of molecular bonds and indexed as
shown in the figure. The FT-IR spectrum of citric acid shows functional groups
characteristics of carboxylic group. The broad band around 3433 cm™ is assigned to

O-H stretching (Pavia et al., 2009), while the doublets at 1767 cm™ and 1713 cm™ are
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attributed to stretching vibrations of free carboxylic groups and carboxylic groups
forming intramolecular hydrogen bond, respectively (Cannas et al., 2006). Absorption
bands at 1630 cm™ and 1412 cm™ are due to asymmetric and symmetric stretching of
resonance ~O-C=0 vibrations, respectively (Worayingyong et al., 2008). The FT-IR
spectrum of the dried sample exhibits some similar absorption bands with lower
intensities. The O-H stretching at 3433 cm™ might belong to some free carboxylic
group or moisture. The C=0 and two ~O-C=0 stretching vibrations shift to 1719 cm™,
1633 cm™, and 1407 cm™, respectively in the dried sample. These shifts indicate the

coordination between metal ions and carboxylic group of citric acids (Predoana et al.,

2009).
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Figure 4.2 FT-IR spectrum of the dried gel, calcined, and sintered sample of

La9.9755r0.025C00.97sM0.02503, and citric acid.
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The FT-IR spectrum of the calcined sample shows the evolution of the
compound after a heat treatment at 1023 K. The spectrum presents the absence of the
bands corresponding to the components of citrate precursors while metal-oxide bonds
(M-0) vibrations around 400-600 cm™ are observed which indicates the formation of
oxides. The bands at 596 cm™ (very strong) and 559 cm™ (shoulder) are attributed to
Co-O stretching while the band at 419 cm™ (strong) corresponds to Co-O bending
(Couzi and Huong, 1974; Merino et al., 2005). These bands are also detected at
similar wavenumbers in the spectrum of the sintered sample. The fact that only bands
for metal-oxide bonds are present in the calcined and sintered samples indicates that
all organic species have completely decomposed.

4.2.3 X-ray diffraction (XRD)

The XRD patterns of sintered La;xSrCoO3; (x = 0.02, 0.05, 0.1, 0.2),
LaCo;.xMgxO3 (x = 0.02, 0.05, 0.1, 0.2), and La;xSr«C01.xMgxO3 (x = 0.025, 0.05,
0.1) samples are shown in Figures 4.3, 4.4, and 4.5, respectively. The diffraction

peaks of all samples can be indexed as the LaCoO3 phase which has a rhombohedral

distorted-perovskite structure with the R3c space group (PDF 48-0123). The
calculated cell parameters a and c are listed in Table 4.1. In general, the partial
substitutions of Sr** for La** and Mg?* for Co®" cause increases in unit cell parameters
because the ionic radii of Sr** (1.18 A) and Mg (0.72 A) are greater than those of
La** (1.032 A) and Co** (0.545 A for low-spin and 0.61 A for high-spin
configurations) (Shannon and Prewitt, 1969; Shannnon, 1976). The situation could be
complicated, however, when the following two issues are taken into account. First,
some Co®" ions are oxidized to Co*" ions with a smaller ionic radius (0.53 A) to

preserve the charge neutrality. Secondly, Co®" in this system can be either in the high-,
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intermediate-, or low-spin state or even in a mixture of them (Li et al., 2010; Kriener
et al., 2004). As shown in Figure 4.6, the substitutions of both cations have more
effects on cell parameter ¢ than on cell parameter a, indicating that the unit cell
elongates along the ¢ axis with increasing cation substitution content. This tendency is
similar to that observed in La;xSrCoOj3 prepared by other works (lwasaki et al.,
2008; Mineshige et al., 1996). The plot of the c/a ratio is shown in Figure 4.6¢c to
confirm that substitutions were successful (Zhou et al., 2008b).

Based on the ionic radius, Goldschmidt defined the tolerance factor (t), t =
(ra+ro)N2(rg+ro), to determine the degree of a structural distortion of cubic
perovskite (ABOs3). To illustrate the ideal perovskite structure, SrTiO3 has t = 1; the
calculation was done using rasy = 1.44 A, rgmiy = 0.605 A, and ro = 1.40 A (Wells,

2008; Mudiller, 1993). In case of LaCoQgs, B cation size is similar (rgco) = 0.545-0.61
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Figure 4.3 XRD patterns of La;.xSrCoO3 (x = 0.02, 0.05, 0.1, 0.2).
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A) while A cation is smaller (raqs) = 1.032 A); therefore, t is less than 1. The smaller
size of La causes CoOg octahedra to tilt, and thus the structure is distorted from a
cubic to a rhombohedral distorted-perovskite structure. The double substitution of Sr
and Mg, which have greater ionic radii, for La and Co should cause an increase in the
t value which leads to a higher symmetry in the crystal structure (Johnsson and
Lemmens, 2007). In fact, it has been reported that La;«SrCoO3; show a structure
transformation from a rhombohedral (when x = 0-0.5) to a cubic structure (when 0.55
< X < 0.7) (Mineshige et al., 1996). In our experiments, a change of symmetry with
increasing x is also evident in the XRD patterns as two reflections near 33° are
merging into one peak (Pygarden et al., 2012).
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Figure 4.6 Cell parameters (a) a and (b) ¢ and (c) the c/a ratio of La;.xSr«CoOs,

LaCo01.xMgxOs, and La; xSrxCo1.xMgxOs.
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Table 4.1 Cell parameters a and c of all samples calculated from TOPAS software.

Samples a (A) c(A)
LaCoOg3 5.4425 13.0940
Lag.9gSro.02C003 5.4448 13.1085
Lag.g5Sr0.0sC003 5.4460 13.1238
Lap.oSrp1Co03 5.4462 13.1508
LaggSrp2Co03 5.4429 13.1887
LaCo0p.9sMQ0.0203 5.4445 13.0996
LaC0p.95Mgp.0503 5.4463 13.1057
LaCop9Mgo.103 5.4475 13.1377
LaCopsMgo 203 5.4541 13.1746
L.20.9755r0.025C00.0975MJ0.02503 5.4445 13.1072
La0.955r0.05C00.95MJ0.0503 5.4436 13.1337
Lag.¢Sro.1C009Mgo.103 5.4456 13.1754

4.2.4 Field Emission Scanning Electron Microscopy (FESEM)/Energy
Dispersive X-ray Spectroscopy (EDS)

Morphology of the sintered samples was studied by FESEM technique. FESEM
micrographs of all samples (Figure 4.7-4.18) show that particle sizes of the samples
varying from 100 nm to 1 micron. The samples are homogeneous with a good particle
distribution. The figures show spherical and/or random shape of particles which is
resulted from the three dimensional structure of LaCoOs-based compound.
Compounds with layer structure often gives plate-like or sheet-like particle as the
particles grow with certain plane preference. The images also indicate that the pellets

have quite low density (about 80% of theoretical density).
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The compositions of all cations including La, Co, Sr, and Mg were confirmed by

EDS technique as shown in Table 4.2.

Table 4.2 Cationic compositions of Sr and Mg doped-LaCoO3; compounds.

Cationic compositions (mol)

Samples

La Sr Co Mg

LaCoO; 0.98 - 0.98 -

Lag 0Sr0.02C003 0.98 0.02 0.96 -

Lag 95Sr0,0sC003 0.95 0.05 0.98 -

Lag ¢Sro1C00;3 0.96 0.10 1.00 -

Lag gSro.C0o0;3 0.83 0.24 1.00 -
LaCo00.9sMgp.0203 1.00 - 0.91 0.02
LaC0g.95Mgo.0503 1.00 - 0.90 0.05
LaC009Mgo.103 1.00 - 0.87 0.11
LaCoosMgo.203 1.00 - 0.78 0.23
La0.975Sr0.025C00.0075MJ0.02503 0.975 0.0185 0.931 0.029
Lag.95Sr0.05C00.95M00.0s03 0.95 0.039 0.91 0.082
Lao 9Sro.1C00.9Mgo.103 0.90 0.13 0.90 0.12

4.3 Thermoelectric properties

4.3.1 Electrical resistivity

The evolution of electrical resistivity of the samples at room temperature with
doping is shown in Figure 4.19. Both single and double substitutions of Sr and Mg
decrease the electrical resistivity of LaCoOs. The replacement of La®" by Sr** and

Co>* by Mg?* are compensated either by the oxidation of Co®" to Co** which creates
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holes, or by the introduction of oxygen vacancies (Mineshige et al., 1999). In general,
a higher level of dopant results in lower electrical resistivity because of the higher
carrier concentration as 1/p = nepl when n is carrier concentration, e is electric charge,
and p is carrier mobility (Snyder and Toberer, 2008). However, | is also affected by
the substitutions. Generally, Co*" generated by substitutions of lower heterovalent
cations enhances the Co-O bonding, and thus broadens the bandwidth to improve
electron conduction (Ramadass et al., 1979). Therefore, substitution of Sr and Mg
should result in decreased resistivity as both n and p are increased. However, in the
case of Mg substitution, the decrease of electrical resistivity is limited and the value
increases when Mg content exceeds 10%. This can be explained when the electron
transfer of the LaCoO; perovskite which occurs in the Co-O network of CoOg

octahedra is taken into account. As substituted Mg locates in the said network, it may
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Figure 4.19 Evolution of the room-temperature electrical resistivity as a function of

doping content.
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block this pathway and results in decreased p. This explanation is reasonable since
there are only localized electrons in Mg?®*. The observed decrease of resistivity in the
Mg-substituted samples is, therefore, a result of the competing mechanisms; an
increase of n, an increase of p through Co** formation, and a decrease of p through
blockage of Co-O network. In the case of Sr doping, Sr locates at the La site and does
not disrupt Co-O network. Hence it should not directly affect carrier mobility in the
same manner. In fact, a detailed study on Sr-substituted LaCoOj3 has shown that the Sr
substitution increases n and |, both of which contribute to reduce electrical resistivity
(Iwasaki et al., 2008). The resistivity of the double-substituted samples is in between
those of the Sr- doped and Mg- doped samples.

4.3.2 Seebeck coefficient

The Seebeck coefficients (S) of all samples are shown as Figure 4.20. All

substituted-LaCoO3 samples show positive S indicating that the main charge carriers
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Figure 4.20 Plot of Seebeck coefficients as a function of doping content.
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are holes. However, it is interesting to note that S is negative in the case of LaCoOs.
This effect is also reported in some other works (Iwasaki et al., 2008; Sehlin et al.,
1995; Ohtani et al., 2000). The sign of S can be varied from negative to positive and
an oxygen vacancy is assumed to be the reason (Vulchev et al., 2012; Berggold et al.,
2005). The Mg substitution effectively enhances the Seebeck coefficient. The values
of LaCo1yMgyO3 with x = 0.05 and 0.1 prepared in this work are 312 and 236 VK™,
respectively, which are higher than 190 and 230 pVK™ of those prepared by
Ramadass et al. (1979). Nonetheless, the S of the x = 0.05 sample is lower than 400
VK™ reported by Hejtmének et al. (2008).

When the samples with same doping content are compared, Mg doping has
significantly larger effects in improving S than Sr doping and the Seebeck coefficients
of co-doped samples are in between those of singly doped ones. Koshibe et al. (2000)
proposed that the characteristic spin degeneracy and strong correlation of 3d electrons
in cobalt oxides cause the large Seebeck coefficient. In the case of cobalt oxides, the
Heikes formula has been used to describe the Seebeck effect; S = -kg/e[In(gs/gs)(X/1-
x)] where gs and g4 are the numbers of spin states for Co®" and Co*, respectively, and
X is the concentration of Co*". Hund’s rule coupling, crystal field splitting energy
(10Dq), and temperature are parameters that determine g; and gs. The ratios of gs/g,
and x/1-x influence not only the magnitude but also the sign of S (Koshibae et al.,
2000). In this work, the increase in the doping content leads to the decrease of the
Seebeck coefficient for all cation-substituted series, which can be explained by this
equation. Although the p-type substitution of LaCoOs plays an important role in
decreasing electrical resistivity, it is always accompanied by the reduction of Seebeck

coefficient which indicates that these two parameters are strongly correlated (Ohtaki
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et al., 2011). Substitutions with other cations, i.e., Sr (lwasaki et al., 2008; Mandal et
al., 2005; Zhou et al., 2006; Zhou et al., 2008a; Zhou et al., 2008b), Ba (Mandal et al.,
2004; Hejtmanek et al., 2004), Ca (Weidenkaff et al., 2008), and Ni (Kozula et al.,
2012; Robert et al., 2006; Robert et al., 2007; Vulchev et al., 2012; Li and Li, 2011;
Robert et al., 2008), also increase electrical conductivity and decrease Seebeck
coefficient. In contrast, the Mg substitution seems to have less effect in decreasing
Seebeck coefficient.

4.3.3 Thermal conductivity

Thermal conductivity is plotted with doping content as shown in Figure 4.21.
Total thermal conductivity (k1) consists of the electronic part (kg) and the lattice part

(k). Electronic thermal conductivity, which is related to electrical resistivity
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conductivity (dash line and inset) as a function of doping content.
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through the Wiedemann—Franz law, (kg = 1/p(LT), where L is the Lorenze factor), is
plotted by the dash line. Lattice thermal conductivity can be calculated by subtracting
the electronic part from total thermal conductivity. It is clearly seen that, in all cases,
lattice thermal conductivity has more contribution to total thermal conductivity. In
general, cation substitutions that create disorder in the solid structure suppress heat
transfer so that the thermal conductivity is reduced. In our experiments, doping with
Mg is more effective on reducing thermal conductivity than with Sr. Moreover, the
decrease of thermal conductivity is more pronounced with the double substitutions,
which is because they introduce more cation disordering. Note that the thermal
conductivity of almost all samples are less than 2 WK™m™ which is considered to be
the minimum value for good thermoelectric properties (Tritt and Subramanian, 2006).

4.3.4 The figure of merit ZT

Power factors, (1/p)S?, of all samples are shown in Figure 4.22. The highest
value of 0.02048 WK?m™ is achieved in Lap.9755r0.025C00.0975M0.02503. In  this
sample, the Sr substitution plays an important role in increasing electrical
conductivity, while the Mg substitution helps in maintaining the high Seebeck
coefficient. However, when the thermal conductivity is taken into account,
Lap.9755r0.025C00.097sM0.02503 has a slightly lower ZT compared with that of
Lag.gsSro.0sCo0O3 owing to the higher thermal conductivity (Figure 4.23).
Lap.95Sro.0sC003 prepared in this work gives a ZT of 0.052 which is slightly higher
than 0.033 reported by Zhang et al. (2006). When the three key parameters are
compared between them, our sample has less electrical resistivity, lower Seebeck
coefficient and similar thermal conductivity, which result in the better ZT. In addition,

a ZT of 0.021 for Lag ¢Srp1C0o03 in this work is rather different from 0.046 reported
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by Zhou et al. (2008a). The reason behind these differences is unclear.
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Some factors such as grain size, porosity, or grain boundary might have some
effects and should be considered (Zhang et al., 2006). The density of all samples
prepared in this work is approximately 80% of the theoretical density.

Although ZT values obtained here are still quite low compared with some other
values reported on LaCoOs related samples such as 0.16 for LaCogggNig 01F€0.0103
(Vulchev et al., 2012), it is shown that co-substitutions in different sites can be a
promising way to improve thermoelectric properties for a further development in

related materials.
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CHAPTER V

CONCLUSION

Three series of polycrystalline samples of La;.xSr«Co03, LaC01.xMgxO3 (x = 0,
0.02, 0.05, 0.1, 0.2), and La;«SrCo01xMgxO3 (x = 0, 0.025, 0.05, 0.1) have been
successfully prepared without impurity phases by the citrate sol-gel method. The
cations compositions were confirmed by EDS. Increasing the amount of dopants, Sr
and Mg, causes expansions in cell parameters a and c, because bigger Sr and Mg
atoms are substituted for La and Co atoms, respectively. Thermoelectric properties of
all series have been examined in terms of electrical resistivity (p), Seebeck coefficient
(S), and thermal conductivity (k) measurements. Compared with LaCoOs, resistivity is
decreased after replacing La by Sr, but not by as much in the case of Mg doping
because Mg may block the electron transfer pathway in the CoOg network. On the
other hand, Mg substitution has more effect in maintaining a high Seebeck coefficient.
The double substitution of Sr and Mg improves the thermoelectric properties as
evidenced by the increase in the power factor. In addition, the double substitution also
decreases the lattice part of thermal conductivity, which further improves their
thermoelectric efficiency. Among all the double-substituted samples studied in this

work, Lag g755r0.025C00.0975M0.02503 gives the best ZT of 0.047 at room temperature.
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APPENDIX A
CALCULATION: ASAMPLE PREPARATION

AND A SAMPLE DENSITY

A.1 Calculation of a sample preparation

Samples of La;SrkCoOs;, LaCoi;xMgxOs3 (x = 0, 0.02, 0.05, 0.1, 0.2), and
La;xSrxCo1.xMgxO3 (x = 0, 0.025, 0.05, 0.1) were prepared by weighting starting
materials in a stoichiometric ratio. The calculation procedure is as following;

Firstly, the number of mol of a sample is calculated using molecular weight
(M.W.) of a sample.

mol of a sample = (gram of a sample)/(M.W. of a sample)

Secondly, a weight of each precursor is calculated using its M.W., mol of a
sample (from the first step), and mol of an atom (in a formula).

weight of a precursor = (M.W. of a precursor) x (mol of a sample) x

(mol of an atom)

For example, 1 gram of LagoSro1C009Mgo103 can be prepared by following
calculations;

mol of Lag oSrp1C0p9Mgo103 =1 g/(237.25 g/mol)

=0.004214963119 mol
weight of La(NO3)3-6H,O0 =433.01 g/mol x 0.004214963119 mol x 0.9 mol

=1.6426 g
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weight of Co(NO3),-6H,0  =291.03 g/mol x 0.004214963119 mol x 0.9 mol
=1.1040¢

weight of Sr(NO3), = 211.63 g/mol x 0.004214963119 mol x 0.1 mol

=0.0892 g
weight of Mg(NO3),-6H,O =256.41 g/mol x 0.004214963119 mol x 0.1 mol
=0.1081 g
Regarding the ratio of cations:citric acid (1:4), mol of a citric acid can be
calculated by multiplying mol of a sample, mol of a an atom, and M.W. of a citric acid
(CeHgO7-H20) by 4.
weight of a citric acid for La(NOs)3-6H,0
= 210.14 g/mol x 0.004214963119 mol x 0.9 mol
=0.7972 ¢
weight of a citric acid for Co(NO3),-6H,0
=210.14 g/mol x 0.004214963119 mol x 0.9 mol
=0.7972 ¢
weight of a citric acid for Sr(NO3),
=210.14 g/mol x 0.004214963119 mol x 0.1 mol
=0.0886 g
weight of a citric acid for Mg(NO3),-6H,0
=210.14 g/mol x 0.004214963119 mol x 0.1 mol

=0.0886 g
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A.2 Calculation of a sample density

In this work, a density of all samples is calculated generally as it is equal to mass
divided by volume; density of a sample = mass/volume. A volume can be obtained
depending on a sample’s geometry. Percent of density is then reported comparing to
their theoretical density. A theoretical density can be calculated from M.W. of a
sample, cell volume (calculated from lattice parameters), a number of atoms per unit
cell (), and Avogadro’s number (6.023 x 10%* /mol).

Z x M.W.of a sample

Theoretical densit =
y cell volume x Avogadro’s number

For example, the density of LaCoOs is as

mass/volume

0.1380 g/0.02366 cm®

5.8319 g/cm®

The theoretical density of LaCoOs is as

Z x M.\W.of a sample

cell volume x Avogadro’s number

6 X 245.84 gmol 1
387.85 cm3 x 6.023 x 1023 mol—1

6.3142 glcm®
So, the sample density percentage of LaCoOs is as

_ _a sample density % 100

a theoretical density

5.8319 g.cm3
= ——— x 100
6.3142 g.cm3

= 92.36%
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THESIS OUTPUT
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