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ABSTRACT OF THE THESIS

Structural Characterizations of Filled n-type IrSbs Skutterudites

By

Diep Thi Ngoc Nguyen

Master of Science in Chemistry
University of California, Los Angeles, 2014

Professor Richard B. Kaner, Chair

Thermoelectric (TE) materials have been attractive to research groups all over the world
for their ability to directly convert thermal energy into electrical energy by the Seebeck effect,
and vice versa by the Peltier effect. Due to their reliability and scalability, TE materials can be
incorporated into devices for power generation or for cooling applications. Skutterudites have a
complex crystalline structure in which the voids in the structure can be filled with foreign atoms.
This doping technique has been shown to improve the TE performance of these “filled”
skutterudite materials by disrupting the thermal conductivity without significantly impacting the
electrical conductivity. Several studies have been done on filled CoShs-based skutterudites and
high ZT values have been obtained for these materials around 600°C. However, for

thermoelectric applications that require higher operating temperatures, the more refractory IrShs



with a peritectic decomposition at 1136°C (1409 K) offers an advantage over CoShs, which
decomposes at 874°C (1147 K). Using the traditional synthesis method of melting, quenching,
then annealing stoichiometric amounts of the elements to produce n-filled skutterudites, the
obtained filling fraction was found to be significantly lower than the nominal filling fraction due
to the high reactivity, or sometimes the high volatility, of the elemental fillers. In this
experiment, we explored the effects of pre-reacting the reactive metal filler element with one of
the elements in the skutterudite structure and utilized this precursor for the synthesis of the filled
skutterudites to compare the relative successes of achieving targeted filling percentages of the
voids in the structure. KylrsShi> samples were synthesized using both the pure filler element, as
well as the pre-reacted K-Sb compound. The phase purities, lattice parameters and elemental
compositions were analyzed for each sample, calculated using X-ray diffraction (XRD),
scanning electron microscopy (SEM) and electron microprobe analysis (EPMA), respectively.
Their thermoelectric properties were also measured and calculated at room temperature and as a
function of temperature ranging from room temperature to about 750°C (1023 K). The
preliminary results obtained suggest that pre-reacting the potassium with antimony results in
higher percentages of phase impurities and less efficient void filling in IrSbs skutterudites. The
highest ZT among all potassium-filled samples synthesized was measured to be 0.28 at 500°C
(773 K) for KooslrsSbio. The data suggest that the cumulative thermoelectric properties of
potassium filled IrShz are not as favorable as those of IrSbhs-based skutterudites filled with other
atoms such as Ba or Eu. However, some of the potassium-filled samples achieved high room
temperature carrier concentrations, similar to those seen in barium-filled samples, indicating that
the potassium effectively participates in doping the structure. This work has compared and

contrasted two methods for incorporating potassium fillers in the void spaces of IrSbs



skutterudites. While the ZT of potassium-filled samples was less than required for practical
applications, this work does suggest that potassium may be useful in tuning electrical properties
in samples that employ multiple element filling.

The relationship between the lattice parameter and the filling fraction was also studied on
barium-filled and europium-filled IrShs skutterudite samples. A higher nominal filling fraction
achieved a higher EPMA filling fraction and a larger lattice parameter until the filling fraction
limit was reached. While barium displayed higher filling efficiency, europium possessed a higher
filling fraction limit. These preliminary results suggest that the optimization of multiple element

filling to produce higher ZT is very obtainable with further studies on different single fillers.
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Part 1. The synthesis of n-type potassium-filled 1rSbs skutterudite thermoelectric materials

using KsSb precursor as compared to the synthesis using elemental potassium

Chapter 1. Introduction

Thermoelectric (TE) effects enable direct conversion between thermal and electrical
energy. When a temperature gradient (AT) applied to a TE couple consisting of n-type and p-type
elements, the mobile charge carriers diffuse from the hot end to the cold end, producing an

electrostatic potential (AV). This phenomenon is known as the Seebeck effect (Figure 1a), where

a= AV/AT is defined as the Seebeck coefficient, and is the basis for power generation.

a.Beebeck@ffect b.Peltier@ffect?

Coldm

Hotfl

Cold®

=

Cold®

Figure 1. Schematic illustrations of a TE module for (a) power generation (Seebeck effect)
and (b) active refrigeration (Peltier effect). (a) An applied temperature difference causes
charge carriers in the material (electrons or holes) to diffuse from the hot side to the cold side,
resulting in current flow through the circuit. (b) Heat evolves at the upper junction and is
absorbed at the lower junction when a current is made to flow through the circuit.

Conversely, when a voltage is applied to a TE couple, the carriers flow through the circuit, which

then causes the energy to be absorbed at one end and released at the other. This is known as the
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Peltier effect (Figure 1b) and is the basis for electric refrigeration. In short, the TE effect can be
used for both power generation and electric refrigeration.!? Thermoelectric devices are solid-
state devices, meaning they have no moving parts, and therefore are very reliable, making this
technology attractive for many applications, including waste heat recovery and solar heat
utilization (power generation) and temperature-controlled seats, portable picnic coolers and
thermal management in microprocessors (electric refrigeration).®

The efficiency of TE devices is assessed by the dimensionless figure of merit (ZT):

ZT =T [1]

where o, p, x, T are the Seebeck coefficient, the electrical resistivity, the total thermal
conductivity and the absolute temperature.* A large Seebeck coefficient (corresponding to a large
potential difference), low electrical resistivity (corresponding to low Joule heating), and low
thermal conductivity (corresponding to a large temperature difference) are essential to obtain
high performance TE materials. Two different research approaches have been studied in order to
improve the efficiency of TE materials: one by exploring new materials with complex crystalline

structures, and the other by reducing the dimension of the materials.



Several complex crystalline structures have been studied such as skutterudites,
clathrates®, Half-Heusler compounds®, Zintl compounds’ and so on. This thesis focuses on the
structure of skutterudites, which possess a CoAss-type structure with the general chemical
formula MX3, where M is the transition-metal cobalt, rhodium or iridium, and X is phosphorus,
arsenic or antimony.®® This compound has a specific lattice structure composed of tilted
octahedra of MX3 which creates a large “cage’ located at the center of the unit cell, which could
be filled with compatible metal atoms as shown in Figure 2.1%! Since the “cage” is sufficiently
large, the fillers tend to “rattle” at their equilibrium position and therefore generate significant
scattering of phonons.2 Up until now, numerous investigations have been carried out on CoSbs-
based TE materials with respect to both doping strategies, filling strategies and synthesis

processes, and several innovative results have been obtained.®

~ M =Co,Rh, Ir \,Td‘— & ?’
o W
/

X=P, As, Sb i

2 »

Figure 2. Two different views on the structure of skutterudites with substructure details. The

void/cage

figure on the left!® shows the “cage” in the center of the structure formed by connecting
octahedra of MX3 (M = Co, Rh, Ir; X = P, As, Sh). The figure on the right!* shows the whole
unit cell consisting of eight cubes formed by M atoms; six of these cubes are filled with almost
square planar rings of X4 oriented as shown in the figures; two other cubes are left with voids,

which can be filled by other metal atoms.



Filled skutterudites AyCo4Sh1> have been a focus of research as typical “phonon-glass
electron-crystal” materials proposed by Slack!* for their promising thermoelectric efficiency.
According to Shi et al.®, the filling limit of filled skutterudites is related to the electronegativity
difference between antimony and the filling element (R). Only the elements meeting the
electronegativity difference condition of yg, — yzr > 0.8 can fill the “cage”. A large number of
research groups have studied the TE properties of filled CoSbs skutterudites with fillers varying
among alkali metals (Na, K)*8, alkaline earth metals (Cal”!8, Sr'® Ba?°?1), post-transition metals
(In?2, TI%), and rare earth metals (La, Ce, Nd, Eu, Yb).242526.27.2829.3031 CoShs has been proven
to be a very good choice for medium-temperature TE applications because both n- and p-type
materials with high performance can be obtained in the same material system. In these filled
skutterudites, the rattling motion of loosely bonded atoms within a large cage generates strong
scattering effects against lattice phonon propagation; more advantageously, this “rattling” motion
has less impact on the transport of electrons.’®* As a result, the thermal conductivity of
skutterudites can be reduced significantly while preserving the electrical conductivity (or
electrical resistivity) and the Seebeck coefficient, simply by doping and filling the voids with

foreign atoms 323

Another focus of recent work in enhancing the ZT of skutterudite materials is reducing

the grain sizes within the bulk material. In research on low-dimensional material systems,

Dresselhaus et al.** suggested that the power factor (“2/ p) can be enhanced through the use of

quantum confinement effects. As the system size decreases and approaches a nanometer length
scale, the density of electronic states (DOS) can split and become narrow. Various low-
dimensional systems, including superlattices, nanowires and quantum dots have been studied and

shown promising results. However, for general applications, it is highly desirable to develop



high-performance bulk TE materials. Figure 3* shows the figure of merit of several typical TE
materials as a function of time. As this figure has shown, ZT values can be improved
significantly by the two methods mentioned above: filling the complex crystalline structure and

nano-structuring.

4'0: L] 1 I I 1 I -
3.5FPbSeTe/PbTe quantum dots =
3.0 —
2.5 E_BizTe:,/szTeasuperlattices _f

K 20F AgPb,,SbTe,, b 3
1_55_ filled skutterudites _5
1_05_ BIQT?S_ n48bé
0.5 PbTe E
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Year

Figure 3. Figure of merit (ZT) of many typical thermoelectric materials as a function of time.
The high performance of most of these materials is related to filling the complex structures and

nanostructure engineering.

In the experiment presented here, the carrier concentration is the most important factor
that is of concern because it can dominate the electronic transport behavior of the TE materials
by exerting a significant effect on both the electrical conductivity and the Seebeck coefficient;*
the electrical resistivity, the Seebeck coefficient and the thermal conductivity are mutually
related and vary systematically as a function of carrier concentration.®’ It was also found that all
TE properties depend closely on the carrier concentration and the optimal carrier concentration
for typical TE materials was found to be in the range from 10%° to 10%* per cm®.38 In addition, the
carrier concentration can be easily monitored by the level of doping or the filling fraction of the

fillers, which can be initially estimated from the lattice parameter data calculated from X-ray



diffraction, and the materials’ elemental composition obtained from scanning electron
microscopy (SEM) and electron microprobe analysis (EPMA), respectively.

With promising results obtained from CoShs-based TE materials which can work
efficiently throughout a mid-temperature range, IrSbs TE materials can operate at a higher
maximum temperature. The peritectic decomposition of IrShs occurs at 1136°C (1409 K)%,
compared to 874°C (1147 K) of CoSbz*. Much work studying the filling fraction of CoShs has
been carried out and some results compiled in Figure 4*' show the calculated and the
experimental filling fraction limits for several fillers, which appear to be in strong agreement.
There have been attempts on filling IrShs-based skutterudites with various metal fillers, but little

work has been done to elucidate the maximum filling fraction achievable in IrSbs skutterudites.

4 E -
3+
g ® C(Ca
-d) Y
= v Sr
N 2k .. s B Ba
* la
A (e
1 A ® Yb
<& La(LDA)
0.0 | | | |
0.0 . 2 3 4 5
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Figure 4. The theoretical and experimental maximum filling fractions of M-filled
skutterudites, where M varies from alkali metals, alkaline earth metals and rare earth

metals.
One of the more popular methods to synthesize skutterudites is ball milling

stoichiometric amounts of elemental components, then reacting the homogenized powder in an



evacuated, sealed quartz tube, hot-pressing the resulting powder and ultimately forming the
skutterudite structure. However, from past findings, the nominal filling fraction was significantly
lower than the measured filling fraction. This discrepancy might be explained by the loss of
starting materials, either by being oxidized or by being left behind on the walls of the ball mill
vial, or possibly by the formation of unwanted secondary phases between the impurity filler
elements and one of the other elements present.

For the purpose of simplicity in this experiment, potassium was chosen as the single filler
since it satisfies the condition of electronegativity (x5, — xx > 0.8); also, it is a one electron
donor, removing additional uncertainty of multiple possible valence states of the filler atom. This
ensures that the measured carrier concentration of the sample will likely be a good indication of
how much of potassium was incorporated into the structure as a filler, relative to the nominal
filling fraction.

An ultra-high filling fraction greater than 60% for potassium (K) in CoSbs is predicted by
density functional calculations by Shi et al.*> In 2006, Pei et al.** successfully synthesized
potassium-filled CoShs, achieving a ZT of 1.0 at 800K in the compound Ko3sCo04Shi> by a
melting-quenching-annealing technique on highly pure starting materials including potassium,
cobalt and antimony. In their experiment, they found a significant difference between the
nominal filling fraction and the obtained filling fraction measured by EPMA. The main reason
for the significant difference between the nominal and measured filling fractions is the
considerable volatilization losses of K during the synthesis for the low melting point of about
880 K for the most likely secondary phase KSb, which is much lower than the annealing
temperature. Pei et al. suggested that higher filling fractions may be obtained by using either

low-temperature or high-pressure preparation methods.



Another reason for obtaining a lower than nominal filling fraction could be due to
oxidation of starting materials. When elemental potassium was cut into small pieces in order to
increase the surface to volume ratio to better homogenize the mixture, more surface oxidation of
potassium could have occurred due to potassium’s extremely high reactivity. Therefore, this
work aimed to use a more stable precursor as a starting material as the source for potassium,
measuring the effect that would have on filling efficiency. KsSb can be easily synthesized at a
moderate temperature and then used in the subsequent step adding the remaining elements for the
synthesis of potassium filled KylrsSb1> skutterudite. The use of this precursor in lieu of elemental
potassium should prevent some vaporization of potassium during the high temperature synthesis
of IrShs skutterudite due to the high vapor pressure of elemental potassium at low temperature

(64°C)™.



Chapter 2. Experimental

2.1 Preparation of K3Sb precursor

Due to the unique properties of potassium, hot-pressing the potassium can devitrify the
quartz tube when potassium vaporizes at high temperature if a simple melting of the pure
elements is carried out in a sealed, evacuated quartz tube. Therefore, in this experiment,
stoichiometric amounts of elemental potassium (99.99%, pieces) and antimony (99.9999%, shot)
(3:1) were put into a stainless steel vial for planetary ball milling in order to homogenize the
mixture of the elements, milling the powder down to nanoparticles in order to obtain a high
surface to volume ratio in the mixture. The vial was then heated at 90°C for 48 hours in order to

produce the KzSb precursor for the next step of the experiment.

2.2 Preparation of potassium filled cobalt-based skutterudites

Stoichiometric amounts of tripotassium antimonide (ball milled from the previous step,
powder), antimony (99.999%, shot) and cobalt (99.99%, powder) were put into a stainless steel
vial for ball milling in order to homogenize the mixture of reactants. The powder mixture was
transferred into an evacuated quartz tube, then that tube was heated in a furnace at 750°C for 48
hours to produce KyCo4Shiz. After furnace treatment, the powder was then hot-pressed at 750°C

and 1.55 tons for 80 minutes to form a cylindrical pellet.

2.3 Preparation of potassium filled iridium-based skutterudites

Stoichiometric amounts of tripotassium antimonide (ball milled from the previous step,
powder) and antimony (99.999%, shot) were put into a stainless steel vial for ball milling in

order to homogenize the mixture of reactants. Elemental iridium (99.99%, powder) was then



added to the vial along with additional antimony. The powder was then hot-pressed according to
the pressed profile listed in Table 1 to produce KylrsSbis.

Table 1. Pressed Profiles of K-Filled Iridium-Based Skutterudite Samples

Sample Temperatures (°C) | Time (minutes) | Force (tons)
Ko.4lraShiz 880 90 1.25
KoslraShiz - low temp 800 60 1.00
KoslraShio 880 90 1.25

2.4 Characterizations of potassium filled iridium-based skutterudites

The hot-pressed samples were then analyzed by X-ray diffraction (XRD) for phase purity
and for lattice parameter calculations. Then, each sample was analyzed by scanning electron
microscopy (SEM) and electron microprobe analysis (EPMA) to measure the phase purity and
filling fraction from the images and measured elemental compositions, respectively.
Thermoelectric properties of the samples were measured at the Jet Propulsion Laboratory in
Pasadena, CA. The room temperature carrier concentration, carrier mobility, electrical resistivity,
and Seebeck coefficient measurements were made. The heat capacity and thermal diffusivity
were determined using a flash method®. Then, the thermal conductivity was calculated by x =
aDC,, where a, D, C, are thermal diffusivity, density and heat capacity, respectively. The

electrical resistivity and Hall effect were also measured using the van der Pauw technique.*® The

carrier concentration was calculated from the Hall coefficient by p/n = 1/ Rye where p and n are

the densities of holes and electrons, and e is the electron charge. The Hall mobility (uy) was also

calculated by u = RTH, where Ry is the Hall coefficient and p is the electrical resistivity. The

10



Seebeck coefficient were also measured on each sample between room temperature and
approximately 750°C (1023 K) using the light pulse technique*’. The power factor was

calculated by dividing the Seebeck coefficient squared by the electrical resistivity. Finally, the
2
figure of merit for each sample at each temperature were also calculated by ZT = %T, where «a,

p, k, T are the Seebeck coefficient, the electrical resistivity, the thermal conductivity and the

absolute temperature.

11



Chapter 3. Results and Discussion

3.1. The formation of KsSb precursor

Due to the highly air-sensitive properties of KsSh powder, the X-ray diffraction was not
taken for the obtained precursor because it was difficult to obtain XRD without the proper inert
environment XRD apparatus. However, after ball milling and warming of the vial for 48 hours,
all of the sticky chunk of elemental potassium disappeared and only a homogeneous powder
remained. This observation is consistent all of the potassium reacting with antimony to form the

KsSh precursor.

3.2. Structural characterization of KyCo4Sbi2

The obtained pellet was fragile and appeared to be composed of multiple phases, even to
the naked eye. However, Figure 4 shows that the X-ray diffraction pattern obtained from the hot-
pressed pellet was in fact predominantly the structure of CoSbs, with a small amount of some
unknown impurities, possibly resulting from oxidized potassium that was unincorporated. The
lattice parameter of the sample was calculated to be 9.044 + 0.005 A, compared to the referenced
lattice parameter of unfilled CoShs of 9.0385 A. The increase in lattice parameter demonstrates
that using the precursor resulted in successful potassium filling of the CoShs structure.
According to Pei et al.*®, the lattice parameters for Ko3Co04Sbi2 and KosC04Shi, synthesized
using elemental potassium were 9.042 + 0.001 A and 9.052 + 0.001 A, respectively. From the
similarity in sizes between the KoaslrsSbi> sample made from the KsSh precursor and the
KoslrsSb1, sample made from elemental potassium from the literature, the synthesis of
potassium-filled CoShs-based skutterudite utilizing elemental potassium (“K method”) showed

better filling efficiency than the synthesis utilizing the KsSb precursor (“KsSb method”).

12
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Figure 5. X-ray diffraction patterns of the hot-pressed Ko.4Co04Sbi,. Simulated diffraction
patterns generated from JCPDS reference patterns 01-078-0976 for CoShs, 03-089-4869 for
CoShy, 01-089-4867 for CoSh, 00-004-0643 for K3Sh, 00-042-0791 for KSb are included here

for comparison to the experimental sample’s pgjtern.



3.3. Structural characterization of KylrsSbi

Figure 6 shows the X-ray diffraction patterns of the hot-pressed samples of KylrsShi,
(y = 0.4, 0.5) made from the KsSb precursor (named as the KzSb method) compared to the
KoslrsSbiz sample made from elemental potassium (named as the K method). In order to
determine the phase purity of each sample, the JCPDS reference pattern of 1rSbs was included
along with the reference patterns of the most likely secondary phases (IrSh2, KSb). The reference
pattern of the K3Sb was also included in the figure in order to confirm that all of the KsSb
precursor reacted and came into the skutterudite structure. The X-ray patterns confirm that the
compound obtained possesses the structure of the IrShz skutterudite, with a small amount of
unknown impurities, which can be studied further in the SEM and EPMA analysis.

Figure 7 shows the cubic lattice parameters as a function of the filling fraction and Figure
8 shows the SEM images of the unfilled and potassium-filled IrSbhs skutterudite samples. There
were significant discrepancies between the nominal and EPMA-measured filling fractions.
Furthermore, from the results, it was found that the samples made using the KsSb precursor
showed lower filling efficiencies as compared to the skutterudite synthesis using elemental
potassium. This might be because of the formation of impurities and secondary phases that we
could not effectively identify in XRD. The SEM images of the KylrsSbi> samples show the
formation of significant amounts of impurities in rod-like shape and other random shapes. Table
2 shows the impurity percentage in each sample. Among the samples made using the KsSh
precursor, the ones with higher filling fraction contained more impurities and among these
samples, the one that was hot-pressed at lower temperature contained less impurities. This
suggested that above 40% filling, the excessive fillers started to form secondary phases and

exited the structure. However, by hot-pressing the sample at lower temperature undergoing a

14



smaller temperature gradient, more fillers can still be incorporated into the structure. The EPMA-
measured filling fractions, the lattice parameters and the impurities percentages appear to agree

well with each other.
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Figure 6: X-ray diffraction patterns of the hot-pressed samples. Simulated diffraction patterns
generated from JCPDS reference patterns 03-065-3145 for IrShs, 00-030-0089 for IrShz, 00-
004-0643 for KsSbh, and 01-083-1576 for KSb are included here for comparison to the

experimental samples’ patterns.
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a. Unfilled IrShs b. KoslrsShi2 — K method

o

d. KoslraSbi2 — KsSh method
at low temperature e. KoslraSbiz — KsSh method

Figure 8. SEM image of the unfilled and K-filled IrSbs skutterudite samples.

a. Unfilled IrShs; b. KoslraSbi, sample made from elemental potassium; c. KoalraSbi2 sample
made from the KsSb precursor; d. KoslraSbi, samples made from the KsSb precursor, hot-
pressed at 800°C and under a lower initial temperature gradient; e. KoslrsShiz samples made

from K3Sh precursor, hot-pressed at 880°C.
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Table 2. Impurity Percentages in Unfilled and Potassium-Filled 1rSbs Skutterudite Samples

Sample % impurities*

unfilled IrSbhs 17.33
Kos1r4Shiz — K method 0.636
Ko.4lr4Sb12 — KsSh method 36.83
KoslraShio — KsSb method — low temperature 35.99
KoslrsSbi2 — KsSb method 50.03

*The impurities were totaled from both bright spots and dark spots in the SEM images.
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3.4. Thermoelectric properties of KylrsSbi

The room temperature electrical properties, carrier concentration and mobility for
different samples are listed in Table 3. The values from the table are graphed in Figure 9. The
carrier concentrations of the potassium-filled samples do not show a linear correlation between
the carrier concentration and the lattice parameter, which is reasonable since with higher filling
fractions (higher lattice parameter), more secondary carriers are present and this therefore
decreases the absolute carrier concentration. However, it is safe to conclude that as the lattice
parameter increases (corresponding with higher EPMA filling fractions), the carrier
concentration increases. Furthermore, the absolute carrier mobility decreases slightly as the
lattice parameter increases.

Figure 10 presents the carrier concentration as a function of temperature ranging from
room temperature to about 1023 K for potassium-filled 1rShz samples. As the figure shows, the
carrier concentration varies significantly among the samples. Samples with higher lattice
parameters (higher EPMA filling fraction) show higher initial carrier concentrations at room
temperature. At high temperature, more carriers are activated until the minority carriers
dominate. The temperature at which the carrier concentration reaches its highest value varies
significantly among samples; for example, for the sample “KoslraSbiz — K method”, the
maximum carrier concentration is about 2.3x10?* cm™ at about 790 K, while the maximum
carrier concentration of “KoslraShi2 — KsSb method” is about 1.0x10%* cm at about 670 K, and
of “KoslraSbiz — KsSb method — low temp.” is about 9.0x10%° cm™ at about 590 K. This huge
variation suggests that different filling fractions cause drastic changes in the carrier concentration

and the temperature at which it is activated.
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Figure 11 plots the carrier mobility as a function of temperature for the KylrsShi,
samples. Undoped IrSbs shows significantly higher mobility at all temperatures, and therefore is
plotted separately in the inset of the figure. This is probably because the carriers are scattered at
the grain boundaries due to doping, in which the filler partially disrupts the crystalline structure
compared to the undisrupted p-type undoped structure. In addition, the mobility of the undoped
sample decreases as the temperature increases, while the doped samples show the opposite trend:
their mobility increases as the temperature increases. The measured mobilities at high
temperatures for the filled n-type samples indicate that the minority carriers begin to dominate at
higher temperatures.

The electrical resistivity as a function of temperature for KylrsSbi> samples is presented
in Figure 12. Resistivity decreases with increasing lattice parameters as shown in Figure 9. This
agrees with the assumption that the filler atoms contribute more n-type charge carriers to the
structure from the filler atoms as the filling fraction increases, which also causes the lattice
parameter to increase. The resistivity of the sample synthesized with elemental potassium
increases slightly as the temperature increases, while the samples synthesized using KsSbh has
significantly higher electrical resistivity, compared to the samples using elemental potassium. At
higher temperature, the resistivities of the samples decrease and converge as the carriers from the
donor atoms of the filled n-type samples become less significant compared to the thermally
generated carriers.

Figure 13 shows the plot of Seebeck coefficient as a function of temperature for KylrsSbhi,
samples. The undoped sample is a p-type material with a positive Seebeck coefficient, while the
doped samples definitely show n-type characteristics. As with the temperature dependence of

electrical resistivity, the Seebeck coefficient differs significantly among samples. At room
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temperature, the Seebeck coefficient of the greatest magnitude was obtained from the KoslraShiz
sample prepared using the KsSh synthesis method. However, at high temperature, the magnitude
of the Seebeck coefficient for this sample also decreases at a faster rate than that of the sample
using elemental potassium. The samples prepared using the K3Sb method each had Seebeck
coefficients of lower magnitudes at 1023 K, as compared to the sample prepared using elemental
potassium. The Seebeck coefficient of the greatest magnitude at 1023 K was obtained from the
KoslraSbi2 — K method sample, which also had the highest lattice parameter, indicating that the
sample also had the greatest amount of potassium filling in the structure. Filling fractions of the
doped samples, measured by EPMA also agree with this trend.

The total thermal conductivity as a function of temperature is plotted in Figure 14. The
thermal conductivity of the doped samples is significantly lower than the thermal conductivity of
the undoped sample, supporting the assumption that the filler atoms effect phonon scattering in
the structure, thereby reducing the total thermal conductivity of the sample. Furthermore, the
thermal conductivity decreases as the lattice parameter and EPMA filling fractions increase. The
KoslraSb1z — K method sample — had the lowest thermal conductivity at all temperatures
measured. The lattice contribution to the total thermal conductivities were calculated for each
individual sample and plotted in Figure 15. By comparing the values of total thermal
conductivity and lattice thermal conductivity, the electronic contribution to the thermal
conductivity appears to be dominated by the lattice contribution. Just as with the total thermal
conductivity, the lattice contribution of the thermal conductivity follows the same trend as the
total thermal conductivity. Additionally, the room temperature lattice thermal conductivities
decrease as the lattice parameters and the EPMA measured filling fractions increase, and these

values start to converge at high temperature.
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The power factors (az/p) are measured and plotted in Figure 16. From all of the above

TE properties, the one that seems to be responsible for this inefficiency is the contribution of the
electrical resistivity. Even though the doped samples have higher Seebeck coefficients and lower
thermal conductivites than the undoped sample, their resistivities are also significantly higher
than the undoped sample. However, when comparing the power factors among the doped
samples, the power factors seem to be higher for the sample with the higher lattice parameter and
higher EPMA filling fraction. Therefore, although potassium is not a beneficial filler for
improving the thermoelectric properties of the IrShs skutterudites, among the filled samples, the
filling fraction still provides a positive role in improving the power factor.

The dimensionless figure of merit ZT is calculated for each sample and shown in Figure
17. Peak ZT values for each potassium filled sample occur between 600-750 K. ZT values

appear to increase with filling fractions and lattice parameters.
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Table 3. Room Temperature Lattice Parameters (a), Carrier Concentrations (n/p), Mobilities (u),

Electrical Resistivites (p) and Seebeck Coefficients (o) for KylraSbi> Samples

Absolute Carrier Carrier Seebeck
y y Resistivity
a (A Concentration Mobility coefficient

(nominal) | (EPMA) n/p (cm3) (cm?V.s) (mécm) (WV/K)
0 0 9.250 1.71E+19 1022.21 0.3584 27.3
0.5 0.24 9.270 2.27E+20 6.149067 4.48096 -92.7
0.4 0.29 9.270 1.08E+20 8.496438 6.8229 -84.7
0.5 0.20 9.258 3.30E+19 8.713654 21.6890 -130

0.5 0.15 9.264 4.32E+19 9.591459 15.0778 -126.9

24




__2.50E420 - 12
P %o 2
E 2.00E+20 - 210 - S
s 5 8 ¢ L 4
= 1.50E+20 - >
@© =
: e oo
e 1.00E+20 - * o
g S 4 -
O 5.00E+19 - 2
E ° 3
8 0.00E+00 T T T 1 0 T T T 1
9.24 9.25 9.26 9.27 9.28 9.255 9.26 9.265 9.27 9.275
Lattice Parameter (A) Lattice Parameter (A)
25 1 50 - N
—_ * 3
£ 20 >
é é O T T T T T 1
é 15 -+ 2 ] 9.245 9.25 9.255 9.26 9.265 9.27 9.275
(]
Z 5
S 10 - € -50 -
5 g
@ 5 0’ Q 4
i . ot
= 8 100 - ‘e
O \‘ T T T T 1 g ‘ ‘
9.245 9.25 9.255 9.26 9.265 9.27 9.275 @ 150 -
Lattice Parameter (A ) Lattic Parameter (A )
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Figure 10. Carrier concentration of KylrsSbi> samples as a function of temperature. The inset
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of temperature. The carrier concentration is calculated by p/n = 1/ Rye’ where p and n are the

densities of holes and electrons, e is the electron charge, and Ru is the Hall coefficient

measured by the light pulse technique.
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The Hall mobility was calculated by u = RTH, where Ry is the Hall coefficient and p is the

electrical resistivity.
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2
The figure of merit was calculated by ZT = Z—KT, where « is the Seebeck coefficient, p is the

electrical resistivity, « is the total thermal conductivity and T is the absolute temperature.
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Chapter 4. Conclusions

The synthesis of n-type potassium filled skutterudite thermoelectric materials using KsSh
as a precursor has been demonstrated along with the synthesis method using elemental
potassium. The final samples were characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), electron microprobe analysis (EPMA), and thermoelectric (TE) properties.
The “K3Sb method” was found to be less effective than the “elemental K method”. The EPMA
and SEM data suggest the presence of an undesired phase impurity, other than that of IrShy,
which was present elsewhere. The highest ZT among the KylrsShi> samples was found to be 0.28
at 500°C (773 K). Potassium proved to be an effective filler, best incorporated when added as
elemental potassium in the synthesis of filled, n-type, iridium-based skutterudite. ZT values
obtained for these filled samples represent a significant improvement over all others reported in
the literature for n-type IrShs skutterudite, and this work addresses concerns about limiting the
reactivity of highly reactive, elemental filler atoms during skutterudite synthesis by pre-reacting

elemental filler atoms with antimony.
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Part Il. The effects of filling fractions on lattice parameters of n-type filled IrSbs

skutterudites.

Chapter 5. Introduction

Due to the presence of “voids” in the skutterudite structure, foreign atoms can easily fill
in and significantly reduce thermal conductivities, while having little impact on electrical
conductivities. 1>* As mentioned in Part |, the carrier concentration is the most important factor
that is of concern because it can dominate the electronic transport behavior of the TE material by
exerting a significant effect on both the electrical conductivity and the Seebeck coefficient;* the
electrical resistivity, the Seebeck coefficient and the thermal conductivity are mutually related
and vary systematically as a function of carrier concentration.® It was also found that all TE
properties depend closely on the carrier concentration and the optimal carrier concentration for
typical TE materials was found to be in the range from 10'° to 10?* per cm®.® In addition, the
carrier concentration can be easily monitored by the level of doping or the filling fraction of the
fillers, which can be initially estimated from the lattice parameter data calculated from X-ray
diffraction, and the materials’ elemental composition obtained from scanning electron

microscopy (SEM) and electron microprobe analysis (EPMA), respectively.

Several efforts studying the filling fraction limit of CoSbhs have been carried out and
showed strong agreements between the lattice parameter and the filling fraction.”° According to
Chen et al.’®, a filling fraction up to 44% was achieved for barium-filled CoShs-based
skutterudite synthesized using elemental barium as the barium source. They also found that the
lattice parameter increases linearly with Ba content. No confirmative result on the filling fraction

of europium-filled skutterudite has yet been published. There have been attempts on filling IrSbhs-
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based skutterudites with various metal fillers, but little work has been done to elucidate the
relationship between the lattice parameter and the filling fraction in IrSbs skutterudites. The
experiments repeated here explore how filling fractions affect lattice parameters on barium-filled
and europium-filled n-type filled IrSbs skutterudites. Due to similarities between CoShz and
IrSbs skutterudite structures, a linear correlation between the filling fraction and the lattice

parameter is expected.
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Chapter 6. Experimental
Unfilled IrShs skutterudite was prepared by sealing stoichiometric amounts of elemental
iridium (99.99%, powder) and antimony (99.999%, shot) in an evacuated quartz tube, and the

tube was heated in a furnace at 900°C for 48 hours.

Barium filled IrSbs skutterudite samples (BaylrsSbi, y = 0.15, 0.20, 0.25, 0.30, 0.35,
0.40) were prepared by planetary ball milling stoichiometric amounts of elemental barium
(99+%, rod), iridium (99.99%, powder) and antimony (99.999%, shot). The resulting powders
were than sealed in evacuated quartz tubes and heated to 900°C for 48 hours. After furnace
treatment, the powders were then hot-pressed according to the hot-pressed profile in Table 4 to
produce cylindrical samples. These samples were then analyzed by X-ray diffraction (XRD) for
lattice parameters and by scanning electron microscopy (SEM) and electron microprobe analysis

(EPMA) for elemental compositions.

Similarly, europium filled IrSbs skutterudite samples (EuylrsSbi, y = 0.15, 0.25, 0.30,
0.35) were prepared by planetary ball milling stoichiometric amounts of elemental barium
(99+%, rod), iridium (99.99%, powder) and antimony (99.999%, shot). The resulting powders
were than sealed in evacuated quartz tubes and heated to 900°C for 48 hours. After furnace
treatment, the powders were then hot-pressed at 880°C under 1.25 metric tons for 80 minutes to
produce cylindrical samples. These samples were then analyzed by X-ray diffraction (XRD) for

lattice parameters and by electron microprobe analysis (EPMA) for elemental compositions.
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Chapter 7. Results and Discussion

Figures 18 present the relationship between the nominal filling fractions and the EPMA-
measured filling fractions in BaylrsShi> and EuylrsShi> samples. As the nominal filling fraction
increases, the EPMA-measured filling fraction also increases. However, among barium-filled
samples, the EPMA filling fraction only increased slightly or stayed the same when the nominal
one exceeded 0.30. This suggests that the filling fraction limit for the barium filler is somewhere
between 0.30 and 0.35 for IrShs-based skutterudites. This phenomenon did not occur in
europium-filled samples as the EPMA filling fraction kept increasing when the nominal filling
fraction increased among the samples studied. The barium atom is significantly larger than the
europium atom, i.e. the covalent radius of barium is 215 pm, as compared to 198 pm for
europium. As a result, more of the smaller europium atoms can fill in the IrSbs skutterudite
structure. However, barium possesses a higher filling efficiency compared to europium; at the
same nominal filling fractions, the EPMA filling fractions of barium filled samples were higher

than the europium filled samples.

Figures 19 shows the lattice parameter as a function of filling fraction (nominal and
EPMA) in BaylrsSbhi, samples. Most of the samples revealed an approximate linear correlation
between the lattice parameter and the filling fraction, except for the BagslrsSbi> sample. As
explained earlier, as barium exceeded its filling fraction limit, it could no longer incorporate into

the structure which in turn negatively affected the filling efficiency and the lattice parameter.

Figure 20 shows the dependence of lattice parameters on the filling fractions among
EuylrsSbi> samples. Initially, the lattice parameter increased significantly when the filling

fractions increased. When the nominal filling fraction exceeded 0.30 and the EPMA filling
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fraction exceeded around 0.20, the lattice parameters stayed unchanged even though there was a

significant difference between the nominal filling fraction and the EPMA filling fraction.

Table 4. Filling Fractions, Lattice Parameters and Hot-Pressed Profiles of BaylrsSbi> Samples

Nominal EPMA Lattice Hot-pressed profile
Filling Filling parameter Temperature Time Force
Fraction Fraction (A) (°C) (min) (tons)
0.15 0.144 9.2617 880 40 1.00
0.20 0.187 9.2664 880 40 1.00
0.25 0.189 9.2646 880 80 1.25
0.30 0.281 9.2713 880 40 1.25
0.35 0.293 9.2751 880 40 1.25
0.40 0.292 9.2664 880 40 1.25

Table 5. Filling Fractions, Lattice Parameters and Hot-Pressed Profiles of EuylrsSbi> Samples

Nominal EPMA Lattice Hot-pressed profile
Filling Filling parameter Temperature Time Force
Fraction Fraction (A) (°C) (min) (tons)
0.15 0.136 9.2565 880 90 1.25
0.25 0.135 9.2616 880 90 1.25
0.30 0.195 9.2628 880 90 1.25
0.35 0.253 9.2627 880 90 1.25
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Figures 18. The relationship between the nominal filling fractions and the EPMA-measured

filling fractions in BaylrsSbi1> samples.
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Figures 19. The lattice parameter as a function of filling fraction in BaylrsSbi> samples
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Chapter 8. Conclusions

Barium-filled and europium-filled skutterudites were synthesized using elemental barium
and elemental europium. The final products were analyzed by XRD for lattice parameters and by
SEM and EPMA for elemental compositions. As the nominal filling fraction increased, the
EPMA filling fraction also increased until the filling fraction limit was reached. The lattice
parameters correlate well with the filling fractions for both barium-filled and europium-filled
IrSbs skutterudite samples. Barium experienced higher filling efficiency as compared to
europium; however, europium possessed a higher filling fraction limit due to its smaller atomic
size. This work demonstrates a close relationship between the lattice parameters and the filling

fractions of n-type filled IrShs skutterudites.
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