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ABSTRACT OF THE DISSERTATION

Synthesis and Characterization of Rare-Earth Tellurides and Their Composites

For High-Temperature Thermoelectric Applications

by
Dean Cheikh

Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2017

Professor Bruce S. Dunn, Chair

Radioisotope thermoelectric generators (RTGs) are solid-state energy conversion devices
and have been a vital power generation technology for deep space missions conducted by the
National Aeronautics and Space Administration (NASA). At the heart of these generators are
thermoelectric materials that convert heat given off by a radioisotope decay into electricity
through the Seebeck effect. While these systems have demonstrated long-term reliability, the

current state-of-practice materials have thermoelectric figures of merit, ZT, near 1, leading to low

2
system level efficiencies of ~6.5%. The figure of merit is defined as ZT = %T where o, S, «,

and T are electrical conductivity, Seebeck coefficient, thermal conductivity, and temperature,
respectively. Development of higher ZT materials would enable future NASA missions to

perform a greater number of scientific experiments and extend mission lifetimes.



Lanthanum telluride (LasxTes) is a state-of-the-art n-type high-temperature
thermoelectric material, with a ZT of 1.1 at 1275 K. It has been demonstrated that the electrical
resistivity and Seebeck coefficient of this material can be decoupled when nickel inclusions are
added to form a composite. This new phenomenon, known as composite assisted funneling of
electrons (CAFE), allows for the resistivity of the composite to decrease while leaving the

Seebeck coefficient unaffected when 12-15 vol% nickel was incorporated.

The initial work presented in this dissertation focused on microstructural modifications to
LasxTes-Ni composites to attain a better understanding of the CAFE mechanism. This
investigation was conducted by varying the size of the nickel particles compared to what were
used in the previous composite study. A 60% increase in ZT to a value of 1.9 at 1200 K for the
composites with the smallest Ni particle size was obtained due to an increased Seebeck

coefficient and decreased thermal conductivity.

The next study focused on the extension of the CAFE effect in Laz.xTes to use inclusions
other than nickel. Cobalt of a similar size to the nickel in the initial LasxTes-Ni composite work
was used. A series of LasxTes-Co composites were synthesized and their thermoelectric
properties characterized. A gradual decrease in resistivity was observed above 8 vol% cobalt,
suggesting the CAFE mechanism was occurring. An 18% increase to the Seebeck coefficient was
observed between 5-8 vol% cobalt, likely due to contamination on the cobalt powder, altering the
carrier concentration of the matrix. The increase to the Seebeck coefficient allowed for a ZT of

1.5 at 1225 K to be achieved at 5 vol% cobalt.

The final investigation in this dissertation focused on the synthesis and thermoelectric

characterization of praseodymium telluride (Prs.xTes). Density functional theory (DFT)



calculations predicted a large peak in the density of states (DOS) of PraxTes at its Fermi level
compared to LasxTes, due to the 4f electrons of praseodymium. This change in the band structure
was predicted to increase the Seebeck coefficient of Pra.xTes over Las.xTes. A series of PraxTes
with varying vacancy concentrations were mechanochemically synthesized and characterized. A
25% improvement in the Seebeck coefficient and 25% decrease in the thermal conductivity
compared to LasxTeswas observed. The thermoelectric properties were found to optimize at a

composition of Pr2.74Tes, reaching a ZT of 1.7 at 1200 K.
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Chapter 1: Introduction to Thermoelectric Materials and Applications
1.1. Fundamentals of Thermoelectric Materials

Thermoelectric materials are solid-state energy conversion devices that convert thermal
energy into electricity or vice versa. Conversion of heat to electricity, which utilizes the Seebeck
effect, occurs when a temperature gradient is applied to a material and the subsequent thermal
diffusion of charge carriers generates a voltage across the material. The converse approach leads
to the creation of a temperature gradient from an applied electric potential, known as the Peltier
effect. These energy conversion characteristics have made thermoelectric materials attractive for
potential use in applications such as waste heat recovery in automobiles and power plants,

cooling for microelectronics, and wine coolers.*?

Thermoelectric devices utilize the configurations shown in Figure 1.1 for power
generation or heating and cooling. To maximize efficiency, n-type and p-type legs are placed
electrically in series and thermally in parallel. For power generation, majority charge carriers are
thermally excited at the hot side and then diffuse to the cold side. When connected to a load, a
current is produced and can be used to perform electrical work. Conversely, in the
heating/cooling configuration, an electric potential is applied to the segments and the charge

carriers pump heat from one side of the couple to the other.

Thermoelectric generators (TEGS) utilize thermoelectric devices in the power generation

configuration to convert heat to electricity. The electrical efficiency of a TEG (#e) is given by:

_ I(SAT-IRy)
Me = ISTh+KAT—0.512R;

(1.1)



where | is current, S is the Seebeck coefficient, Thot is the temperature of the hot side, AT is the
temperature difference between the hot and cold side, R. is the load connected to the TEG, « is

thermal conductivity, and R; is the internal resistance of the legs.

Cold Side Cold Side

NVVV

Figure 1.1 Schematic of typical thermoelectric couples with n-type and p-type segments in

configurations for power generation (left) and heating/cooling (right).
The power output (P) of a TEG is also given by:

_ SAT?Ry,
P= erry? 42

From Equation 1.2, the power output is maximized when the internal resistance is made to match
the load connected to the TEG. When this condition is imposed on Equation 1.1, the maximum

efficiency of a TEG is given by:



= (1.3)
Mhmax Thot  IFZT+cold
Thot
ZT is known as the thermoelectric dimensionless figure of merit and is defined as:
aS?
ZT = TT (1.4)

where ¢ is the electrical conductivity. The device efficiency with a cold side temperature of 300
K is plotted in Figure 1.2 for a various ZT values. It can be seen that # increases with ZT and as

ZT goes to infinity, the device efficiency approaches the Carnot efficiency.

09 r

0.8 ZT > o (Carnot)

300 400 500 600 700 800 900 1000 1100 1200 1300
Hot Side Temperature (K)

Figure 1.2 Thermoelectric device efficiency as a function of hot side temperature for several

values of ZT. The cold side temperature is 300 K. ZT = « corresponds to the Carnot efficiency.



In order to increase the total device efficiency, ZT must be increased or the Carnot
efficiency must be increased (Equation 1.3). Increasing the Carnot efficiency is challenging due
to practical constraints on TEGs, e.g., limits to the operating temperatures of the hot and cold
sides and material constraints due to melting or decomposition temperatures of the
thermoelectric materials. It should also be noted that # is dependent on the average values of ZT

between Thot and Tcoig for both p- and n-type legs, not the peak ZT values.

Increasing ZT is also challenging since the variables that comprise ZT are coupled, and a
change in one variable will often adversely affect another (Equation 1.4).57 This is due to the
dependency of the electronic terms, o, S, and the thermal transport component, «, on the carrier
concentration of the material. The electrical conductivity of a material will generally increase

linearly with the carrier concentration:

1
0= =ney (L5)

where p is the electrical resistivity, n is carrier concentration, e is fundamental charge of an
electron, and [ is the mobility of the charge carriers. Conversely, increasing the carrier
concentration of the material will result in a decrease in the Seebeck coefficient. The Mott
formula can be used to model the Seebeck coefficient of metals and is given by:

ZkBm T
" 3en?

( (L.6)

where kg is the Boltzmann constant, m” is the effective mass of the charge carrier, and # is the
reduced Planck constant.® Increasing the carrier concentration will simultaneously increase the

electronic contribution to the thermal conductivity. The total thermal conductivity is the sum of

4



the lattice contribution, x., and the heat carried by electrons, x..® The electronic contribution to

thermal conductivity can be estimated using the Wiedemann-Franz law:
K, = LoT = neulLT .7

where L is the Lorenz number which is dependent on the Fermi level and can range from 1.5-2.6
x 108 M};—f.g As a result of these competing effects, the ZT for any given material system will have

a peak value at an optimum carrier concentration. For many systems, the optimal carrier
concentration is in the degenerate semiconductor range of 10'°— 10?* cm™ (Figure 1.3).1° For
these reasons, there has been much interest in degenerate semiconductors, which can be doped to

adjust their carrier concentrations.>510
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Figure 1.3 Dependence of thermoelectric properties on carrier concentration, n.®



1.2. Heritage of Thermoelectrics in Space

Radioisotope thermoelectric generators (RTGs) utilize thermoelectric materials to convert
heat produced from a decaying isotope into electrical power. They have been used on 18 NASA
missions over the last 50 years without failure. Typically, RTGs are used on missons where
photovoltaics or electrochemical systems are not feasible due to lack of solar flux, long mission
lifetimes, environments with day/night cycles, or where settling dust could impair the
effectiveness of solar cells. RTGs are all solid-state devices and, as a result, are incredibly
reliable due to a high level of redundancy and lack of moving parts. The long lifetimes of RTGs
are evidenced by the Voyager 1 and 2 missions, which have been operating continuously for 40
years.!? As future missions of the National Aeronautics and Space Administration (NASA) are
targeting longer mission durations, larger scientific payloads, and worlds with more extreme

environments, improvements to RTG technology is vital for the future of space exploration.
1.3. State-of-The-Art High Temperature Thermoelectric Materials

Historically, materials that have been at the heart of all of the RTGs for the past 50 years
have been n- and p-type Si1-«Gex, n-type PbTe, p-type PbSnTe, or p-type Te-Ag-Ge-Sb
(TAGS).* 12 13 While these materials have demonstrated high reliability, a limiting factor of
these systems is that they exhibit low thermal-to-electrical conversion efficiency, with
beginning-of-life (BOL) RTG efficiencies between 3-7%.2 Increasing the efficiencies of the
thermoelectric materials used in RTGs is critical for future deep space exploration, as it would
allow for larger scientific payloads, decrease the amount of limited radioisotope fuel used, and

reduce the weight of future RTGs for a given power output.



Figure 1.4 shows ZT as a function of temperature for the current state-of-the-art materials
under investigation by the Thermal Energy Conversion Research and Advancement Group at the
Jet Propulsion Laboratory. It can be seen that the heritage RTG materials have average ZT values
significantly lower that 1 (approximately 0.80 for PbTe/TAGS across a 811 K-483K temperature
range and 0.55 for Si-Ge alloys over a 1273 K-573 K temperature range). However, there have

been several materials recently identified which have ZT values well over 1, with some reaching
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Figure 1.4 ZT values for current state-of-the-art (a) n-type and (b) p-type bulk thermoelectric

materials under investigation at the Jet Propulsion Laboratory.*?

Materials with large ZTs in the high temperature regime fall into one of two materials
selection strategies. The first is to identify materials with complex crystal structures so they have
inherently low lattice thermal conductivities. Yb14MnSh1: and LasxTes exemplify this as their

thermal conductivities are approximately 0.7 and 2 Wm™K* at at room temperature,
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respectively.'>® Their low thermal conductivities, in addition to their desirable electronic
properties, result in some of the highest ZT values reported for bulk materials. The second
material selection strategy is to identify thermoelectric materials with desirable electronic
properties and then modify the microstructure to reduce the thermal conductivity. This strategy
was employed on Si1xGey alloys, where the size of the grains in the alloy was reduced by
extended ball milling to lower the thermal conductivity.*”® The result was a 250% increase in

ZT when compared to heritage Si1xGex.
1.4. LasxTes as a Thermoelectric Material

Lanthanum telluride (LasxTes) is a state-of-the-art high-temperature, n-type
thermoelectric material, which possesses a peak ZT of 1.1 at 1275 K at the optimal vacancy
concentration of x = 0.23.16 Las.cTes material exists in the ThsPs structure type, contains 28 atoms
per unit cell (Z = 4), and have Te atoms inside distorted octahedra of La atoms (Figure 1.5).
Las-xTes has a defect structure, which is able to accommodate vacancies on the rare earth site,
where up to one of every nine La atoms may be absent. The complexity of the crystal structure
leads to a intrinsically low thermal conductivity values in the range of of 1-2 WmK-! at room
temperature depending on the vacancy concentration.!® The carrier concentration of this system

is controlled by the number of cation vacancies and is given by:
Nn = Nya(1 —3%) (1.8)

where nmax is 4.5 x 1021 cm™. As a result of this dependence, the system can be doped to optimize
its electronic properties.’®> When x = 0 (LasTes), the material behaves as a degenerate
semiconductor and the electronic properties are metallic in nature with respect to temperature.

When x = 0.33 (Laz2.e67Te4, also written as La>Tes or LaTes 5), the material acts as an intrinsic
8



semiconductor. The optimized defect stoichiometry to attain the maximum ZT = 1.1 occurs when
x = 0.23 (LaTe1.46).1® This makes LasxTes one of the highest performance n-type materials in the

temperature range between 1273 K-800 K.*2

La @

Te O

Figure 1.5 Crystal structure of LaszTes. Lanthanum atoms are represented in blue and tellurium

atoms by yellow. The tellurium atoms sit inside distorted octahedra of lanthanum atoms.

LasxTes and other rare-earth chalcogenides were initially challenging to synthesize with
reproducible results due to the use of melt syntheses or solid-state reactions.?%3 The large
differences in melting points between tellurium and lanthanum, 722 K and 1193 K respectively,
would lead to loss of tellurium into the vapor phase, altering the stoichiometry of the products.

Additionally, oxidation of lanthanum and Las.xTes was problematic, especially at the elevated



processing temperatures. These processing issues were circumvented through the application of

powder metallurgy techniques to synthesize and compact LazxTea.*8
1.5. Dissertation Objectives

The research presented in this dissertation is focused on the thermoelectric
characterization of four rare-earth chalcogenide systems. The first is the LasxTes-Ni system. The
influence of Ni morphology on the composite assisted funneling of electrons (CAFE) mechanism
was studied. This was performed by using Ni particles of varying sizes compared to the previous
inclusion size used during discovery of this phenomenon. The impact of these altered

microstructures on the materials’ thermoelectric properties was investigated.

Second, in an effort to observe if the CAFE mechanism could be utilized with inclusions
other than nickel, the LazxTes-Co system was also investigated. Cobalt, with similar starting size
and morphology to the previous Las.xTes-Ni work, was used and a series of composites were
made with similar loading fractions to the initial Las.xTes-Ni study. The thermoelectric properties

of these composites were measured.

Finally, evaluation of rare-earth chalcogenides where lanthanum was not a constituent
was also performed, specifically the thermoelectric characterization of Prz.«Tes. This work was
motivated by theoretical calculations, which predict an increased Seebeck coefficient due to
introduction of additional states near the Fermi level from the 4f electrons of praseodymium.
PraxTes compacts with various vacancy concentrations were prepared via mechanochemical

synthesis and their properties were measured.
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Chapter 2: ZT Enhancement in Las-xTes-Ni Composites via Particle Size Reduction
2.1. Introduction to Composite Assisted Funneling of Electrons in LasxTes-Ni Composites

The thermal-to-electrical conversion efficiency of thermoelectric materials is determined
by the temperature gradient across the material, AT, and the dimensionless thermoelectric figure
of merit, ZT = S?T/px. Therefore, to improve the efficiencies of these materials, the Seebeck
coefficient must be increased or the electrical resistivity and thermal conductivity must decrease.
As discussed in Chapter 1, exclusively changing one property favorably is challenging due to the
dependency of S, p, and x on the material’s carrier concentration. Consequently, a positive

change in one property will often detrimentally affect another.t

One strategy to circumvent the issue of coupled transport properties is to fabricate
composite materials that have desirable properties. The ideal thermoelectric material is said to
have properties of a “phonon glass electron crystal” having the low thermal conductivity of a
glass, the electrical conductivity of a metal, and the Seebeck coefficient of an insulator. 1* From
a practical standpoint, it is often challenging to fabricate composite materials in such a way that
their properties combine in a favorable manner. Additionally, reactions between inclusions and
the matrix or growth of the inclusion phase are of concern due to the elevated working

temperatures and long-term operation of the materials.®

It is still of interest to identify composite systems which avoid these issues of particle
coarsening and reactions between the matrix and inclusion. However, one hurdle is that previous
modelling of isotropic composite systems using effective medium theory has determined that the
ZT of the composite cannot be greater than the individual ZT values of any of the constituent
phases.® Subsequent calculations predicted that while ZT cannot be improved, the power factor,

13



0S?, of a composite can theoretically be improved using tailored inclusion geometries, such as

parallel rods or core shell particles.’

Despite these theoretical limitations, a large amount of experimental research has still
been conducted on compositing thermoelectric materials to improve their properties.®*!
Selection of inclusion and matrix materials typically utilize one of two strategies. The first is to
reduce the thermal conductivity of the composite through the addition of inclusions which
promote phonon scattering.®® Inclusions are typically chosen such that they have thermal
conductivities significantly lower than the matrix material in order to minimize the thermal
conductivity of the composite while maximizing the differences in thermal conductivity to
enhance phonon scattering. However, the inclusions will also increase electron scattering and
lead to increased electrical resistivity. A second strategy is to add conductive particles to reduce
the electrical resistivity of the composite. While the resistivity can be decreased through this
method, the Seebeck coefficient and thermal conductivity are adversely affected and no gain in

ZT is observed.1011

Previous research performed at the Jet Propulsion Laboratory had investigated
compositing 2.2-3 um Ni particles with a Las.xTe4 matrix in order to improve the mechanical
robustness of the material.>*? While the Ni particles were found to improve the fracture
toughness of the composites, it was also found that the Seebeck coefficient and electrical
resistivity were decoupled for samples with 12-15% Ni loading in a LaTes .4 matrix.®> The
electrical resistivities of the composites remain invariant up to 10 vol% Ni, after which it
decreases (Figure 2.1(a)). The Seebeck coefficients of the composites remain unchanged until
above 15 vol% loading (Figure 2.1(b)). However, the thermal conductivity begins to increase in

composites with Ni loadings greater than 5 vol% (Figure 2.1(c)). As a result, the ZT of the
14



LaTe1.46-Ni composites remain at approximately 1.2 until the Ni loading fraction is increased

above 15 vol% (Figure 2.1(d)).
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Figure 2.1 Thermoelectric properties of LaTex1.46-Ni composites ranging from 0-20 vol%. (a)
Electrical resistivity, (b) Seebeck coefficient, (c) total thermal conductivity, and (d)

dimensionless figure of merit.*2

The mechanism responsible for the gradual decrease in electrical resistivity has been
termed “composite-assisted funneling of electrons (CAFE)” where the drop in electrical
resistivity is a result of the formation of low resistance pathways by the Ni inclusions. Monte
Carlo simulations were used to solve for thermal and electrical continuity and shows the
electrical current density is highest between Ni inclusions (Figure 2.2(a)).12 The minimum
threshold for the amount of Ni required to decrease the resistivity of the composite suggests that
there is a proximity criterion between the Ni particles.'? However, the CAFE mechanism is
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distinct from percolation seen in other systems because the reduction in resistivity occurs
gradually and at loading fractions much lower than those required for traditional percolation.23
Additionally the CAFE phenomenon observed is also distinct from effective medium theory. The
delayed onset of reduction in the Seebeck coefficient with respect to reduction in electrical
resistivity is a result of large differences in the thermal conductivities between the inclusions and
matrix. Since the thermal conductivity of Ni is significantly larger than that of the LaTe1.46
matrix, the Ni particles act as thermal shunts resulting in smaller temperature differences across

the inclusions. Therefore, from an electrical standpoint, the Ni inclusions behave similar to voids

which have been shown to have little impact on the Seebeck coefficient of bulk materials.'*
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Figure 2.2 Monte Carlo simulations of LaTe1.46-Ni composites. (a) Contour plot of the electrical
current density for a Laz-xTes matrix material with 63 Ni inclusions. (b) The black line denotes
the shortest path between the top and bottom boundaries across the Ni inclusions (red circles)

with neighboring distances not exceeding 4.4x the inclusion radius.*?

While the 2D Monte Carlo simulations in Figure 2.2 support the existence of the CAFE
mechanism, the proximity criterion for the Ni particles is currently not well defined. The
computational model assumes that in order for current to preferentially pass from one Ni particle

to another, the Ni particles must be within 4.4x the radius of another Ni particle. The validity of
16



this assumption is still under investigation and warrants further computational study.
Additionally, the role of Ni particle morphology in the CAFE mechanism has not yet been
investigated. For these reasons, the initial particle size of the Ni inclusions was varied from the
nanometer range to particles hundreds of microns in diameter while keeping the volume fraction
of Ni constant. Decreasing the Ni particle size was expected to increase the electrical resistivity
and decrease the thermal conductivity of the composites due to the larger number of interfaces
present in the composite. Conversely, the larger Ni particles were expected to decrease the
electrical resistivity and increase the thermal conductivity due to the smaller number of

Ni/LaTex.46 interfaces.
2.2. Synthetic Methods

In this study lanthanum telluride was made using a previously reported mechanochemical
synthetic procedure with a stoichiometry of LaTes 46 for optimal thermoelectric properties.™ All
manipulations of the starting elements and synthesized powders were handled in an Ar-filled
glovebox (H20 < 1 ppm, O2 < 0.1 ppm). Elemental La (99.9%, metals basis, HEFA Rare Earth)
was combined with Te (99.999%, 5N Plus) and sealed under argon in a stainless steel vial with
stainless steel balls. The vial was then placed in a ball mill and milled until a homogeneous
LaTe1.46 powder was synthesized. The same batch of LaTes 46 parent powder was used for all
composites to ensure a constant carrier concentration in the matrix. Ni powders were procured
from Alfa Aesar with the following particle sizes: 2.2-3 um (99.9%, metals basis), 5-15 pm
(99.8%, metals basis), 80-150 nm (99.8%, metals basis), and -50+100 mesh (300-150 pum,
99.7%, metals basis). The as-received powders likely had oxide on the surface, which
detrimentally affected the thermoelectric performance of the composites. For this reason, the Ni

particles were treated in a reducing atmosphere of forming gas (7% H in Ar) and heated to
17



reduce the surface NiO. 15 vol% of Ni powder was then blended with the LaTe1.46 powder to
homogenously disperse the Ni particles. The blended powder was loaded into a 12.7 mm
graphite die and the powders were compacted through spark plasma sintering (SPS) at

temperatures above 1200 °C.

The sintered compacts had densities greater than 98% of the theoretical density,
measured using the Archimedes method. Scanning electron microscopy (SEM) was performed
on the Ni powders before and after reduction to ensure the particle size did not change. Back-
scattered electron (BSE) SEM was performed on the composites after sintering to observe the
differences in the Ni microstructures. The volume fractions of the nickel inclusions were

calculated using ImageJ analysis software on the SEM images.

Temperature-dependent electrical resistivity was measured using a combined 4-point
probe/Hall effect system.'® The high-temperature Seebeck coefficient was measured using a
custom-fabricated system.*” Thermal diffusivity measurements were carried out using a
commercial Netzsch LFA 457 laser flash analysis system. Differential scanning calorimetry
(DSC) was performed to measure the heat capacity of the composites using a Netzsch DSC 404.
Experimental error in electrical resistivity, Seebeck, and thermal conductivity were found to be

approximately 5, 20, and 10 % respectively, resulting in a propagated error in ZT of 30%.

2.3. Thermoelectric Properties of LasxTes-Ni Composites with Varying Ni Particle Sizes

and Morphologies

To ensure the starting particles sizes were dissimilar and no changes occurred during the
oxide reduction, SEM was performed on the as-received and the reduced Ni powders. The initial
Ni powder size is in good agreement with expected size from the manufacturer (Figure 2.3(a-d)).
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In addition to the powders being different sizes the morphologies also varied, ranging from more
spherical particles for the 80-150 nm and 5-15 pum powders to having more textured surfaces for
the 2.2-3 um and 150 — 300 um powders. There were no changes to the powder sizes or

morphologies of the Ni powders post-reduction (Figure 2.3(e-h)).

80-150 nm 223 um 5-15 pm 150-300 pm _

Figure 2.3 SEM images of Ni powders as-received (a-d) and post-reduction (e-f). Particle sizes
were in good agreement with the manufacturer’s advertised size. No particle growth or changes

to the surfaces were observed.

After compaction, the samples were polished and the microstructures were analyzed
using BSE SEM. Figure 2.4 compares the microstructure of the composites made with nickel
as-received and nickel which had undergone the oxide reduction process. The reduction of the
nickel particles did not significantly alter the microstructure, which was also observed in the
composites made with other nickel particle sizes. Additionally, there was no observable reaction
between the nickel particles and the LaTe1 .46 matrix. This is consistent with the results from prior

investigations of the interface between the Ni inclusions and matrix.>
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Figure 2.4 BSE SEM micrographs of 2.2-3 um composites with as-received (a) and post oxide
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reduction (b) powders. No major changes to the microstructure of the Ni inclusions were

observed.

A comparison of the microstructures for the samples that underwent the reduction process
is shown in Figure 2.5. The light regions in the images are the LaTe1.4¢ matrix and the dark
regions correspond to the Ni inclusions. This contrast is expected due to both La and Te having
higher atomic numbers (Z) than Ni, which would make them appear brighter in BSE mode. The
starting Ni particle size influences the sizes of the Ni inclusions after densification (Figure 2.5).
Table 2.1 presents the calculated area coverage of the Ni particles and all are in good agreement
with the nominal value of 15%. The 80-150 nm, 2.2-3 pum, and 5-15 um samples show similar
microstructure in terms of size and dispersion, however the inclusions in the 5-15 pm sample
appear to be more spherical and better dispersed than in the 2.2-3 um samples that were
previously studied. The microstructure of the 80-150 nm sample contains some larger inclusions,
similar to those seen in the 2.2-3 um and 5-15 pum composite samples, in addition to much

smaller Ni particles, on the order of 1 um or less, which are not present in the other samples. The
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inclusions in the 150-300 um composite are much larger than in any other composite, although

there are smaller particles dispersed amongst the larger Ni particles.
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Figure 2.5 Back-scattered SEM images of LaTex1.46-Ni composites using different nickel starting

particle sizes.
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Ni Starting Morphology Calculated Ni Inclusion %

80-150 nm 15.2
2.2-3 um 17.4
5-15 um 17.2

150-300 pm 13.8

Table 2.1 Ni inclusion percentage calculated from SEM micrographs. The values match well

with the nominal Ni fraction of 15 vol%.
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Figure 2.6 Temperature-dependent resistivity for LaTe1 46-Ni composites made with the
as-received nickel powders. The resistivity of the 80-150 nm (inset) and 5-15 pum composites
were found to increase the resistivity of the composites. Ohmic contacts for the 150-300 pum

sample could not be made due to the composite having an exceptionally high resistivity.

With exception of the 2.2-3 um nickel, composites made with the as-received nickel
powders were all found to have temperature-dependent resistivities higher than that of LaTe1.46

(Figure 2.6). Addition of the as-received 5-15 um nickel powder increase the resistivity by 33%
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compared to the parent. The 80-150 nm composite (inset of Figure 2.6) exhibited significantly
increased resistivity values, reaching as high as 100’s of mQ-cm. Resistivity data on the

150-300 pum composite was not collected due to the exceptionally high resistivity of the sample
preventing Ohmic contacts being made. It was hypothesized that the increases in resistivity
resulted from the nickel powders having a surface oxide, acquired either during synthesis of the
powders or during transport from the vendor. As lanthanum is significantly more electropositive
than nickel, the lanthanum could remove oxygen from the oxide layer resulting in a loss of
charge carriers from the LaTe1.46 matrix and cause the increased resistivity of the composites.
For subsequent composites, the nickel powders were first treated in a reducing atmosphere of 7%

H; in argon to remove the oxide layer.'®

Temperature-dependent electrical resistivities and Seebeck coefficients for the reduced
composites are shown in Figure 2.7 from 300-1275 K. All composites had resistivities lower than
that of the baseline LaTe1.4s sample (Figure 2.7(a)). The resistivity of the 5-15 pm composite had
similar values to the parent LaTe1 .46 at high-temperature. An intermediate drop in resistivity was
observed for the 80-150 nm composite, which was more resistive than the baseline 2.2-3 pm
composite. The reduced 2.2-3 um and 150-300 pum composites had very similar resistivities to
one another. The corresponding Seebeck coefficients for the reduced 2.2-3 um and 150-300 pm
samples both decreased below the LaTe146 values, which trend with what would be expected
given their decreased resistivities (Figure 2.7(b)). This likely indicates that the samples have
become conductive enough that the resistivities and Seebeck coefficients are no longer
decoupled. Significant increases in the Seebeck coefficients for the 5-15 pum and 80-150 nm

composites were observed.
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Figure 2.7 Temperature-dependent (a) electrical resistivities and (b) Seebeck coefficients of the

composites.
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The underlying cause of this increase is still under investigation. A possible explanation
is a small amount of nickel oxide remained on the surface of the two nickel powders after the
reduction process. This residual oxide would result in a decreased carrier concentration, resulting
in the observed increased Seebeck coefficient. A decrease in the carrier concentration should also
result in the composites having increased resistivities compared to the parent material. However,
the increased resistivity could be then offset by the CAFE effect, which would explain why the
80-150 nm and 5-15 um samples had resistivities higher than the other composites but still below

the baseline LaTe1.46.

The power factor for each composite was calculated by combining the Seebeck
coefficient and electrical resistivity. Despite large increases in Seebeck coefficients for the
samples made with 80-150 nm and 5-15 um Ni particles, the baseline 2.2-3 um composite
exhibits the highest power factor above 900 K (Figure 2.8). However, the power factor of the
80-150 nm composite was the largest at temperatures below 900 K. All samples exhibited power
factors much higher than that of the parent LaTe1.46 Sample. This supports the theoretical

predictions of improved power factors of composites made by Bergman and Fel.”

In order to calculate the thermal conductivities of the composites, the high-temperature
specific heat capacity (cp) of the 2.2-3 um composite was measured. The experimental heat
capacity is flat, as expected, and agrees well with the heat capacity estimated using a rule of

mixtures between LaTex1.46 and pure nickel (Figure 2.9).
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Figure 2.8 Temperature-dependent power factor for LaTes 46-Ni composites.

26




0.4

035
i o
03
) " o
2 025 F * v e e o °
E_” i
- 0.2
v -
Qﬁ. 0.15 k- — Rule of Mixtures
0.1 _ ® Measured
0.05
0 1 | 1 | 1 | 1 |
450 650 850 1050 1250

Temperature (K)

Figure 2.9 High-temperature specific heat capacity of the 2.2-3 um composite. The heat capacity

is in good agreement with the estimated heat capacity calculated using the rule of mixtures.

The thermal conductivities of the composites were calculated by combining the measured
heat capacity with thermal diffusivity measurements (Figure 2.10). Open circles denote the
lattice thermal conductivities calculated from the Wiedemann-Franz law using a
temperature-dependent Lorenz number generated using a single parabolic band approximation.*®
The total and lattice thermal conductivities of the reduced 2.2-3 um composite are similar to the
baseline 2.2-3 um composite even though it had a lower electrical resistivity. The remaining
composites had thermal conductivities lower than the baseline composite, with the 80-150 nm
and 5-15 pum composites having total and lattice thermal conductivities lower than the baseline

LaTe146 Sample. Reduction in thermal conductivity for the 80-150 nm sample is unexpected due
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to the decreased resistivity of the sample. The reduction in its lattice thermal conductivity

suggests that there may be an additional phonon scattering mechanism present, but the source is

unclear, though it may be due to phonon scattering by the nanoscale inclusions. The low lattice

thermal conductivity of the 150-300 um sample is most likely a result of the sample deviating

from the Wiedemann-Franz law. Calculating a temperature-dependent Lorenz number using the

single parabolic band model for a multiband system has limitations as Laz-«Tes has multiple

bands near the Fermi level .2
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Figure 2.10 High-temperature thermal conductivities of the samples. Open symbols represent

the lattice contribution to the thermal conductivity calculated using the Wiedemann-Franz law.

The dashed black line denotes the lattice contribution to the thermal conductivity for the LaTe1.46

sample.
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The dimensionless figure of merit was calculated by combining all of the measured
thermoelectric properties (Figure 2.11). The reduced 2.2-3 um sample had the lowest ZT of all of
the composites, but still had a peak ZT similar to that of the parent LaTe1.46. The baseline
2.2-3 um (as-received), 5-15 um, and 150-300 pm samples all had similar ZT values that were
25% higher than the baseline LaTe1 .46 at 1200 K. The improvement of ZT for the 5-15 um
composite is due to the decreased thermal conductivity and increased Seebeck coefficient,
whereas the 150-300 um composite benefitted from a greatly decreased electrical resistivity and
a slightly decreased thermal conductivity. The 80-150 nm composite reaches a peak ZT of 1.9 at
1200 K, which is a 66% increase over LaTez4e. This is a direct result of all three thermoelectric

properties changing favorably in the composite.
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Figure 2.11 Thermoelectric figure of merit as a function of temperature for LaTer.46-Ni

composites. A propagated error of 30% in ZT was calculated.
2.4. Conclusions

LaTe1.46-Ni composites with larger and smaller nickel inclusions compared to previous
studies were successfully synthesized and their thermoelectric properties measured. At an
equivalent volume fraction, larger nickel particle sizes were found to decrease the thermal
conductivity while leaving the power factor unaffected. This resulted in ZT values which were
similar to the starting baseline composite used in this study. Composites made with smaller Ni

particle size were found to increase resistivity and Seebeck coefficient, while also resulting in a
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decreased thermal conductivity. As all three thermoelectric properties trended favorably, the
80-150 nm composite was shown to have a 66% increase in ZT. The increases in resistivities and
Seebeck coefficients were attributed to residual surface oxide on the nickel particles even after
the reduction process. The competing effects of the CAFE mechanism to lower the composite
resistivity, the oxide lowering the carrier concentration of the matrix, and enhanced phonon

scattering due to a smaller inclusion size enable a ZT to 1.9 to be achieved at 1200 K.
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Chapter 3: ZT Enhancement of LasxTes-Co Composites
3.1. Introduction

Extensive research has been conducted on improving of the dimensionless figure of
merit, ZT = S?T/px, of thermoelectric materials through the use of composites.t® Composites
have been studied in an attempt to make materials with “phonon glass electron crystal”
properties.® One strategy to accomplish this is to introduce inclusions into a material with
desirable electronic properties to promote phonon scattering, thereby decreasing the thermal
conductivity of the composite.2 The second approach is to add conductive inclusions to a low
thermal conductivity matrix to decrease the electrical resistivity.>* However, the effectiveness of
these two strategies has been limited, as the secondary phase will often detrimentally affect the

interconnected properties, degrading the ZT of the composite.

As discussed in Chapter 2, it was found that addition of 2.2-3 um nickel inclusions to
Las-«Tes lowered the electrical resistivity while leaving the Seebeck coefficient unaffected for
volume fractions of nickel between 12-15%.° This resulted in the composites having similar ZT
values as the parent LaTe1.46 While improving mechanical robustness. ZT did not increase as the
gains in the power factors (55%) were offset by the increased thermal conductivities of the
composites.” Decoupling of the electronic transport properties in this system was attributed to a
new mechanism, composite assisted funneling of electrons (CAFE).” Nickel inclusions formed
low resistance pathways for electrons to travel along, leading to the observed decreased

resistivity.

Thus far, the CAFE mechanism has only been observed in LasxTes-Ni composites. While
ZT is an important parameter when designing devices, other considerations, such as chemical
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compatibility and thermomechanical properties, must be taken in to account to maximize device
efficiency and robustness.®'! Therefore, extension of the CAFE effect utilizing inclusions other
than nickel is of interest to allow for flexibility when choosing composite materials for future

thermoelectric devices.

In the research presented here, Las.xTes-Co composites were investigated to determine if
the CAFE mechanism occurs in systems with inclusions other than nickel. Cobalt was chosen as
an alternative to nickel due to both metals having similar electrical, thermal, and mechanical
properties.'? Due to the similarities in their properties, it was expected that the Las«Tes-Co
composites would display similar electronic and thermal properties to those previously reported

for LasxTes-Ni composites.
3.2. Synthetic Methods

Lanthanum telluride powder was synthesized using a previously established
mechanochemical procedure with a stoichiometry of LaTe1 46 for optimum thermoelectric
properties.'®> All manipulations of the starting elements and synthesized powders were performed
in an argon filled glovebox (H20 < 1 ppm, Oz < 0.1 ppm). Elemental lanthanum (99.9%, metals
basis, HEFA Rare Earth) was combined with tellurium (99.999%, 5N Plus) and sealed under
argon in a stainless steel vial with stainless steel balls. The vial was then placed in a ball mill and
milled until a homogeneous LaTe1 46 product was synthesized. The same LaTe1 .46 parent powder
was used for all composites to ensure a constant carrier concentration in the matrix. 1.6 pm
cobalt powder (99.9%, Alfa Aesar) was used as-received. This starting particle size was chosen
as it was similar in size to a previous composite study using nickel powder.®> Cobalt powder was

blended with the parent LaTez .4 with volume fractions of: 2, 5, 8, 10, 12, and 15%. The blended
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powder was loaded into a 12.7 mm graphite die and the powders were compacted through spark
plasma sintering (SPS) at temperatures above 1200 °C. The sintered compacts had densities

greater than 98% of the theoretical density, measured using the Archimedes method.

A Zeiss 1550 VP SEM was used to perform scanning electron microscopy (SEM) on the

Co powder to observe the morphology. Back-scattered electron (BSE) SEM was performed on
the compacted composites to compare the cobalt microstructure to that previously observed in
the Ni composites. The volume fractions of the nickel inclusions were calculated using ImageJ
analysis software on the SEM images. Powder X-ray diffraction (PXRD) data was collected with
a Phillips PANalytical X'Pert Pro diffractometer using Cu K, radiation on compacts ground using
a mortar and pestle. Due to the high moisture and air sensitivities of the LaTe1.46-Co powders, the
powders were sealed with 1 mm thick Kapton film (McMaster-Carr) on a Si zero background

holder under argon.

A custom built combined 4-point probe and Hall Effect system was used to measure the
electrical resistivity.* The high-temperature Seebeck coefficient was measured using a custom-
fabricated system.'® Thermal diffusivity measurements were carried out using a commercial
Netzsch LFA 457 laser flash analysis system. Differential scanning calorimetry (DSC) was
performed to measure the heat capacity of the composites using a Netzsch DSC 404.
Experimental error in electrical resistivity, Seebeck, and thermal conductivity were found to be

approximately 5, 20, and 10 % respectively, resulting in a propagated error in ZT of 30%.
3.3. Microstructure and Thermoelectric Properties of LasxTes-Co Composites

Scanning electron microscopy was performed on the cobalt powder to compare the
starting morphology to that of the nickel powder used in the previous Laz.xTes-Ni composite
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study.® Micrographs of the powders are shown in Figure 3.1 and the observed morphologies of
the powders were found to be different. The nickel powder is comprised of spherical particles
with highly textured surfaces that agglomerate into longer chains (Figure 3.1(a)). The cobalt
powder also has strand morphology, but appear more uniform and is not composed of smaller
particles like the nickel powder (Figure 3.1(b)). However, despite differences in particle

morphologies, the sizes of the cobalt and nickel powders were similar.

Figure 3.1 Secondary electron SEM images of (a) 1.6 um cobalt and (b) 2.2-3 pum nickel. The

powders are similar in size but differ in morphology. The nickel powder is made of long chains
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of connected spherical particles. Conversely, the cobalt powder has similarly sized strands as the

nickel particles, but were monolithic.

Compacted samples were polished and BSE SEM was performed to analyze the
microstructures of the composites. Images of the composite’s microstructures are shown in
Figure 3.2. The light regions are the LaTex1.46 matrix and the dark regions are the cobalt
inclusions. This contrast is expected as cobalt has a lower atomic number (Z) than lanthanum and
tellurium, making cobalt appear darker in BSE mode. From the images no secondary phases
were observed. Image analysis was performed and the Co inclusion percentage was found to
match well with the nominal values of the composites (Table 3.1) While the cobalt inclusions
were dispersed throughout the samples, regions were observed where limited amounts cobalt
were detected (Figure 3.2(d)). For comparison, BSE SEM images of cobalt and nickel
composites are shown in Figure 3.3(a) and (b), respectively. This segregation of the metal

inclusions was not observed in the Ni composites.

Co Nominal % Calculated Co %
2 3.5
5 5.6
8 9.4
10 11.6
12 13.3
15 17.6

Table 3.1 Calculated Co inclusion percentages compared to nominal values. All calculated

values match well with the expected values.
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Figure 3.2 BSE SEM images of LaTe1.46-Co composites with cobalt volumes fractions of (a)
2%, (b) 5%, (c) 8%, (d) 10%, (e) 12%, and (f) 15%. The cobalt content increases with increasing
nominal cobalt volume percentage, as expected. While the cobalt appears to be well-dispersed,

regions with limited amounts of cobalt were also observed.
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While the properties of cobalt and nickel are similar in many aspects, they differ in their
room temperature crystal structures. At standard pressure, cobalt undergoes a phase transition
from hexagonal closed packed (HCP) to face centered cubic (FCC) at 723 K. In contrast, nickel
has no phase transition and is exclusively FCC.!" The difference in the composite microstructure
was initially attributed to differences in the crystal structures of the metallic inclusions.
However, the cobalt present in the PXRD pattern has the FCC structure (Figure 3.4). The
existence of the FCC phase at room temperature suggests that the cooling rates used during
densification were rapid enough to quench in the FCC structure. Since both Ni and Co inclusions
have the same structure in the composites, the origin of the differences in the microstructures is

unknown and is under further investigation.

Temperature-dependent electrical resistivity measurements of the composites are shown
in Figure 3.5(a). Near room temperature, the resistivities of the composites were similar to the
parent LaTe1.46 and then began to decrease at 8 vol% and above. This decrease in resistivity
occurs at a lower inclusion volume fraction than what was seen in the previously studied
LaTe1.46-Ni composites, where the onset of CAFE occurred at 12 vol%.> Additionally, above
1100 K the resistivities of the samples were higher than LaTe1.46 for the 2-8 vol% composites
and similar to the parent powder at 10 and 12 vol%. The increased high-temperature resistivities
for most of the composites suggest a reaction occurred with an impurity in the cobalt powder that
altered the carrier concentration of the LaTex1.46 matrix. Similar to what was observed in
Chapter 2 with the LaTex1.46-Ni composites, it is hypothesized that an oxide layer exists on the
surface of the as-received cobalt powder. This oxide is thought to react with the LaTe;.46 matrix
during compaction, in which the lanthanum atoms pull oxygen from CoO. The oxidation of the

lanthanum results in a loss of free carriers in the matrix. However, the gradual decrease in high-
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temperature resistivity with increasing cobalt vol% suggest that the CAFE mechanism is

occurring, but it is competing with the loss of charge carriers from reaction with the CoO .
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Figure 3.3 BSE SEM micrographs of 15 vol% (a) LaTe146-Co and (b) LaTe1.46-Ni composites.
Large regions can be seen where small amounts cobalt are detected (a). Segregation of the

inclusions and matrix was not observed in for the LaTes.46-Ni composites.
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Further evidence of altered carrier concentrations in the matrix was seen in the
temperature-dependent Seebeck coefficients of the composites (Figure 3.5(b)). The Seebeck
coefficients increased above that of LaTe1.46 for the 2-12 vol% composites, with an 18% increase
in S occurring between 5 and 8 vol%. Considering the Mott equation for the Seebeck coefficient

2kEZm'T
3eh?

2
of metallically conducting materials, S = (%)E, reduction of the carrier concentration, n,

due to reactions with the Co surface oxide would cause an increase in S.® Above 10 vol% the
Seebeck coefficient began to decrease from the maximum value, with the 15% composite’s
Seebeck decreasing significantly below that of the baseline material. This dramatic decrease in S
and the electrical resistivity indicated that the electronic properties had become coupled and the

CAFE mechanism was no longer observed in the LaTez.46-Co System above 12 vol%.
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Figure 3.4 PXRD pattern of the LaTe146-Co composite containing 12% cobalt. The peaks in the

pattern match that of Las.xTes and the cobalt face-centered cubic (FCC) phase. No evidence of
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the low temperature hexagonal closed packed (HCP) phase was observed. Reference patterns for

LasxTes and FCC Co are shown at the bottom.
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Figure 3.5 Temperature-dependent (a) electrical resistivity and (b) Seebeck coefficient
measurements. A reduction in the low temperature resistivity occurred at 8%, but composites
with 12% cobalt and below had resistivities higher than LaTes .46 at elevated temperature. The

Seebeck coefficient increased over LaTe1.4e for the 2-12% composites, peaking at 5 and 8 vol%.
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The power factor (652) of the composites was calculated from resistivity and Seebeck
measurements (Figure 3.6). All samples exhibited higher power factors than LaTe1.46 below
1000 K. Above 1000 K, the 15% composite had the lowest power factor of all measured samples
due to its Seebeck coefficient being relatively flat until 1275 K. For the 2-12 vol% samples, 657
increased with increasing cobalt concentration. A significant increase occurs between 2 and 5%
resulting from the corresponding increase in the Seebeck coefficients. The 12% composite
exhibited the highest power factor of 18.8 uW cm? K™ at 775 K, representing a 60%
improvement over the peak value for LaTe1.46. However, in the temperature range of interest
(>1200 K), the power factors for the 5-12% composites were all similar, ~14 pW cm™ K2, which

is 20% higher than the parent LaTe1 4.
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Figure 3.6 Temperature-dependent power factor (¢.52) for LaTe1.46-Co composites from 0-15

vol%.
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The specific heat capacity (cp) of the 8% cobalt composite was measured using
differential scanning calorimetry (Figure 3.7). As expected, the specific heat capacity is
relatively constant as the temperature range investigated was significantly above the Debye
temperatures of lanthanum telluride and cobalt.®>*° Also plotted is the estimated specific heat
calculated using the rule of mixtures, which combined the measured values of LaTe; .46 and
values for cobalt obtained from the National Institute of Standards and Technology (NIST).?*
The measured and estimated heat capacity values were found to be in good agreement with one
another, similar to what was observed in Chapter 2 with the 15% LaTes.46-Ni composites. Since
the rule of mixtures was a good approximation for temperature-dependent heat capacities, the

approximated specific heat capacities were used in subsequent calculations.

Thermal diffusivity (D) and density (p) measurements were performed on the composites
and the thermal conductivities were calculated using the relationship k = cppD (Figure 3.8). From
0-8 vol% cobalt, the thermal conductivities of the composites are similar to that of the parent
LaTe1.4s. At 10 vol% and above, the thermal conductivities increased with increasing cobalt
concentration. This behavior is similar to what was seen in LaTe1.46-Ni composites, where the
thermal conductivities remained invariant until above 10 vol%.® The increase in thermal
conductivity was expected, as the lower resistivity of the cobalt inclusions in comparison to the
matrix would increase the electronic contribution to the thermal conductivity. Lattice thermal
conductivities of the composites were calculated using the Wiedemann-Franz law. A
temperature-dependent Lorenz number was calculated using a single parabolic band (SPB)
approximation.?! The lattice contributions for the 2 and 5% composites were similar to that of
LaTez146. Deviations in the thermal conductivity were observed in the 8% composite and

increased with higher cobalt loading fractions. This likely results from the composites’ departure
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from the Wiedemann-Franz law due to the decreasing resistivities. Additionally, LasxTes is a
known multiband system, which leads to inaccuracies in the SPB model and calculated Lorenz
number.?? Therefore, taking into account only the composites with the smallest loading fractions,
2- 5%, the similarities of the lattice contributions to LaTe1.4s suggests that the increases in the
total thermal conductivities seen in the other composites are due to changes in the electronic

contributions.
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Figure 3.7 High-temperature specific heat capacity (cp) of 8 vol% LaTe1.46-Co composite. The
measured heat capacity agreed well with the heat capacity estimated using the rule of mixtures

from the heat capacities of LaTe1.46 and cobalt.
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Figure 3.8 Temperature-dependent thermal conductivity of LaTe1.46-Co composites. The lattice
contributions to the total thermal conductivity were calculated using the Wiedemann-Franz law

and are represented by open symbols.

ZT was calculated using the measured thermoelectric properties of the composites (Figure
3.9). A loading fraction of 15 vol% detrimentally affected ZT as the composite had a higher
thermal conductivity and lower power factor above 1000 K. The ZTs of the other composites
were found to have peak values similar to or higher than that of the baseline material.
Optimization of ZT occurred at 5 vol% cobalt and achieved a maximum value of 1.5 at 1225 K.
This is a 25% improvement over LaTei .46, largely resulting from the 18% improvement in the
Seebeck coefficient and the unchanged thermal conductivity. Above 5 vol%, the other

composites benefitted from increased Seebeck coefficients, but increases in the thermal
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conductivities caused the ZTs to gradually decrease. The ZT of the 2% sample increased

compared to the baseline due to the improved Seebeck coefficient.
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Figure 3.9 Dimensionless thermoelectric figure of merit (ZT) as a function of temperature for the

LaTe146-Co composites. A propagated error of 30% was calculated for ZT.

3.4. Conclusions

A series of LaTe1.46-Co composite materials, ranging from 0-15 vol% cobalt, were
synthesized and their thermoelectric properties were investigated. The microstructures of the
cobalt composites were less homogeneous than the LaTez.46-Ni composites, and contained areas

of the matrix with a minimal number of cobalt inclusions. This difference was initially attributed
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to cobalt and nickel having different structures at room temperature, HCP and FCC, respectively.
However, as the structure of cobalt was identified as FCC through PXRD, the reason behind the
differences in microstructure is still unknown. Electrical resistivity measurements were
performed and the high-temperature resistivity of the composites were found to increase
compared to LaTer 46 but decreased with increasing cobalt vol%. This suggested competing
effects were occurring between the CAFE effect and a reaction with CoO on the surface of the
cobalt powder. The Seebeck coefficient of the composites also increased, showing an 18%
improvement between 5-8 vol% cobalt, and then decreased as the resistivities began to decrease
significantly. The increase in Seebeck coefficient further supported that a reaction occurred
between the LaTe146 and CoO, which altered the carrier concentration on the LaTe1.4s matrix.
The thermal conductivities of the composites above 8 vol% increased with increasing cobalt
concentration. The calculated lattice contributions to the thermal conductivities were found to be
similar to LaTe1.46 for the 2 and 5%, but began to diverge at higher cobalt concentrations due to
deviations from the Wiedemann-Franz law. All composites except thel5 vol% sample were
found to have peak ZT values similar to or greater than that of LaTe1.46 due to the increased
Seebeck coefficients of the composites. The 5 vol% composite had the highest ZT, 1.5 at 1225 K.

This represents a 25% improvement of ZT compared to LaTe 146.
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Chapter 4: Praseodymium Telluride as a High-Temperature, High ZT Thermoelectric

Material
4.1. Introduction and Background

Band structure modifications to materials can have a profound effect on the
thermoelectric performance of materials, specifically on the Seebeck coefficient.1* Equation 1.6
shows that in the case of metals and degenerate semiconductors, the Seebeck coefficient is
dependent on temperature and carrier concentration. A general form of equation 1.6 is the Mott

relation which, for a single band metal, can be written as:

w2k3T ,dIin N(E) . dInt(E)v(E)?
S= 3eB( dE T dE )E=Ef (4.1)

where kg is the Boltzmann constant, T is absolute temperature, e is the charge of an electron, N is

the density of state, 7is relaxation time, v is the average electron velocity, E is energy, and Es is

the Fermi level. Equation 4.1 shows that high band degeneracy near the Fermi level is desirable,
as this will promote a sharp peak in the density of states ultimately increasing the Seebeck

coefficient.

Las-xTes is able to achieve a high ZT of 1.1 largely in part due to its relatively high
Seebeck coefficient at a high carrier concentration of approximately 1 x 102t cm.1% The high
Seebeck coefficient results from the sharp peak at the Fermi level near the conduction band edge
in the LasTes density of states (Figure 4.1(a)). The total density of states in the conduction band
is dominated by the states from the rare earth element whereas the valence band is comprised

primarily of Te states (Figure 4.1(a)). The sharp peaks in the density of states for LasTes and
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cerium telluride (CesTes), coupled with the multiple flat bands near the Fermi level, result in

both systems having similar thermoelectric properties and ZT values.®
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Figure 4.1 Density of states for (a) LasTes and (b) CesTea. Es is defined as zero in (a) and (b).1*

Closer examination of the density of states for both LasTes and CesTes reveal that while
the main contribution to the peak in the conduction band comes from the La 5d orbital, there is
also contribution from the 4f orbitals. La has no f electrons, leaving the 4f shell vacant, while Ce
has one electron in the 4f shell. As the 4f electrons are deep in the valence shell and lower in
energy than the 5p or 6s orbitals, it is unsurprising that the 4f contribution is limited compared to
other orbitals. However, the 4f states appear right at the Fermi level. An increase in the DOS or
sharpening of the peak at the Fermi level could increase the Seebeck coefficient and
thermoelectric performance of the material. One method to increase the contribution from the 4f
states is to move down the lanthanide series to praseodymium, which has a total valence of 3

electrons in the 4f and 6s valence shell.
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Praseodymium telluride (Pra.«xTes) and other rare-earth tellurides have been previously
investigated for their high-temperature thermoelectric properties.”® Melt or solid-state syntheses
from elements were used extensively to synthesize these compounds.®! However, these
techniques require high temperatures (> 2000 K) and would often result in inhomogeneous
samples. The large difference in the melting points between tellurium (722 K) and the rare-earth
elements (1208 K for praseodymium) leads to loss of tellurium into the vapor phase, resulting in
large deviations in stoichiometry from the nominal composition. Additionally, the oxygen
sensitivities of the rare-earth elements and tellurides were problematic, exacerbated by the
elevated temperatures required for synthesis. The lack of stoichiometric control led to reports
with inconsistent properties for these compounds.”® Recently, mechanochemical synthetic
techniques were used to produce LaszxTes with stoichiometric control and highly reproducible
thermoelectric propeties.® This method has yet to be applied to other rare-earth compounds and is

of interest in order to verify the properties reported in previous literature.

In this work, the thermoelectric properties of PraxTes were investigated. Density function
theory (DFT) was used to calculate the electronic structure of PrsTes to observe the effects of the
4f electrons of praseodymium. It is hypothesized that the introduction of the 4f electrons of
praseodymium near the Fermi level will lead to an increase in the Seebeck coefficient compared
to LasxTes. This increase in Seebeck is expected to also increase the ZT of PraxTes. A
mechanochemical approach was used to synthesize samples with increasing vacancy
concentrations. Compositional and microstructural analysis was performed on the compacts in

addition to analysis of their electronic and thermal properties.
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4.2. Pr3Tes Electronic Structure

The structural relaxation and electronic properties of LazTes and PrsTes were computed
with the open source DFT software package Quantum Espresso (QE).*2 It is well known that the
f states in rare-earth (RE) compounds are not adequately described by standard local density
approximation (LDA) and generalized-gradient approximation (GGA) due to strong electronic
correlation effects.*1* To address this shortcoming, PBE plus on-site Coulomb interaction
(PBE+U) was used in this work.*>*® The on-site Coulomb interaction serves to correct the self-
interaction for the f electrons localized at the RE sites. Projected augmented wave (PAW)
potentials generated with the AUTOPAW program were used for La, Pr with an energy cutoff of
60 Ry for the wave functions and a charge density cutoff of 540 Ry.'°?! Since PrsTes and
LasTes are metallic, the Mazari-Vanderbilt smearing scheme is used to speed up the convergence
toward self-consistency.?? Brillouin zone k-point sampling of 13x13x13 and 17x17x17 are used
for the structural relaxation and transport property calculations (Seebeck coefficient),

respectively. The choice of energy cutoff and k-points is from the details of convergence tests.

Band engineering is one of the key tools for optimizing ZT of complex materials. An
important difference between PraTes and LasTes is the presence of three additional 4f electrons in
praseodymium. We have studied the band structures and density of states (DOS) of these two
materials to understand the extent the 4f states affects the thermoelectric properties. Figure 4.2
compares the DOS of LasTes and PraTes. The sharp peaks observed in the DOS of both
compounds are mainly associated with the 4f orbitals (see the discussion next paragraph). While
the 4f peak in LasTes is located far above the Fermi level, the 4f peak in Pr3Tes is situated near
and at the Fermi level, resulting in a higher DOS in the energy range of interest to n-type

thermoelectric materials. This enhancement in DOS at the Fermi level is one of the important
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requirements for improving transport properties. However, for compounds containing f
electrons, it is not always true that the transport property is increased by the presence of f
electron. In order to have an enhanced transport property, the Fermi energy for the experimental
value of the electron density should be close enough to the resonance in the DOS such that band
contributions to ZT become dominant. An example of this observation can be found for the case
of CesTes, where the 4f peak is too far from the Fermi level to significant contribute to Seebeck

coefficient at practical experimental conditions.
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Figure 4.2 Comparison of density of states (DOS) of LasTes and Pr3Tes. The Fermi level is
defined as Ef = 0 for both compounds.
The role of 4f electrons on the electronic properties can be further investigated by
comparing partial density of states (PDOS) of LasTes and PrsTes. As seen from Figure 4.3 and
Figure 4.4, the main contribution to the DOS peak in the LazTes and PrsTes comes from 4f and

5d orbitals of lanthanum and praseodymium, respectively. However, because the La 4f peak in
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LasTes is located far from the Fermi level, significant contribution to the DOS and thus transport
property at and near the Fermi level relies mostly on La 5d orbitals for LasTes. On the other
hand, although the two peaks (the large and small) observed in Pr3Tes DOS are also mainly
contributed by the f orbitals and d orbitals, the contribution from the f orbital dominates at the
Fermi level. Consequently, for PraTes it is expected that the presence of three 4f electrons in Pr
atoms would enhance the transport properties, compared to lanthanum atoms with no electrons in
the 4f shells. In addition, Figures 4.3 and 4.4 also show a gap that separates the f peak from other
lower energy states (with energy of less than ~1.4 eV) in both cases. The gap is ~0.91 eV for
PraTes, which is smaller than that of LasTes (~1.01 eV). While the main contribution to the
DOS peak is the 4f orbitals, far below the Fermi level in the valence band at the energy of ~ 1.4

eV, Te 5p orbitals are found to contribute the most to the DOS.
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Figure 4.3 Partial density of states (PDOS) of LasTea.
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Figure 4.4 Partial density of states (PDOS) of PraTes.

In order to have more insight into the difference in electronic properties bewteen LazTes
and PraTes, band structures of both compounds are examined. Figure 4.5 shows the band
structures of LasTes and PraTes. Slightly above the Fermi level in the band structure of PrsTes, a
denser region of flat bands is observed, which originates from the 4f orbitals of Pr atoms. Further
above the Fermi level (~0.5 eV), significant changes in the band structure are also observed for
the case of PraTes, especially at the H, N, and y points. The bands become flatter, and band
degeneracy is changed dramatically. Due to the effect of 4f orbitals, the bands at the y point have
smaller curvatures for the PraTes case than for LasTes. Consequently, the effective masses are

expected to be larger for Pr3Tes than for LasTea.
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r H N r P
Figure 4.5 Calculated band structure diagrams of (a) LasTes and (b) PraTea.

The Seebeck coefficients for PrsTesand LasTes are computed using standard expressions
derived from the linearized Boltzmann Transport Equation (BTE), and the rigid band
approximation to describe the variation of electron concentration due to vacancies.?>?% In the
rigid band approximation, the band structure of the studied compounds is assumed to be
unchanged when varying the electron concentration; only the position of the Fermi energy is
adjusted. Figure 4.6 presents the Seebeck coefficients of Pr3Tes as a function of temperature and
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compostion. Here the Seebeck coefficient increases with increasing temperature and rare-earth
vacancies. Figure 4.7 compares the Seebeck coefficient of both compounds. The plot shows
larger Seebeck coefficients for Pr3Tes than for LasTes for all carrier concentrations of interest
(102°-10%2 cm®). The results are consistent with the increase in DOS due to the presence of f

electrons observed near and at Fermi energy.
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Figure 4.6 Seebeck coefficient of PraxTes as a function of temperature and composition.
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4.3. Synthetic Methods

Praseodymium telluride was synthesized using a mechanochemical method previously
used for making lanthanum telluride. The starting elements and synthesized powders were
handled in an Ar-filled glovebox (H20 < 1 ppm, O2 < 0.1 ppm). Elemental Pr (99.9%, metals
basis, Stanford Advanced Materials) was combined with Te (99.999%, 5N Plus) and sealed
under argon in a stainless steel vial with stainless steel balls. A series of Pra.xTes samples were
prepared with varying vacancy concentrations of x = 0, 0.1, 0.14, 0.22, 0.26, 0.3, and 0.33. The
vials were then placed in a ball mill and milled until a homogeneous Prs.xTes powder was
synthesized. The PrsxTes powders were then loaded into 12.7 mm graphite dies and compacted
through spark plasma sintering (SPS) at temperatures above 1200 °C. The sintered compacts had

densities greater than 98% of the theoretical density, measured using the Archimedes method.

Powder X-ray diffraction (PXRD) data was collected with a Phillips PANalytical X'Pert

Pro diffractometer using Cu K, radiation. Compacted samples were ground using a mortar and

pestle and then mixed with Si powder (-325 mesh, 99.999%, Alfa Aesar) to use as an internal
standard during Rietveld analysis. Due to the high air and moisture sensitivities of PraxTeas, the
powders were sealed with 1 mm thick Kapton film (McMaster-Carr) on a Si zero background
holder under argon. Scans were performed over a 26 range of 25-100°, with a 0.008° step size
and a time of 4.15 seconds per step. Rietveld refinement was performed using the GSAS-II
crystallographic data analysis software.?® Structural data for the cubic phase with space group
143d from Mitarov et al. was used for refinement.?” In order to perform a stable refinement of the
Pr occupancy, the occupancy on the Te position was held at 100% as no vacancies were
expected.
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Back-scattered electron (BSE) SEM was performed using a Zeiss 1550 VP SEM to observe
phase homogeneity of the samples. Wavelength dispersive X-ray spectroscopy (WDS) using a
JEOL JXA-8200 electron probe microanalyzer with PrPO4 and elemental Te as standards was
performed to confirm the elemental compositions of the sintered compacts. Ten points were
measured for each sample and averaged to determine sample composition.

A custom built combined 4-point probe and Hall Effect system was used to measure the
electrical resistivity.?® The high-temperature Seebeck coefficient was measured using a custom-
fabricated system.?® Thermal diffusivity measurements were carried out using a commercial
Netzsch LFA 457 laser flash analysis system. Differential scanning calorimetry (DSC) was
performed to measure heat capacity using a Netzsch DSC 404. Experimental error in electrical
resistivity, Seebeck, and thermal conductivity were found to be approximately 5, 20, and 10 %
respectively, resulting in a propagated error in ZT of 30%.

High-temperature resonant ultrasound spectroscopy (RUS) measurements to 300 °C were
performed on densified samples using a Mangaflux-RUS Quasar 4000 system under flowing argon
to minimize oxidation with a frequency range of 0 to 500 kHz with 16.67 Hz step size. Data was
analyzed using the Quasar2000 ClyModel software package.

4.4. Compositional and Structural Analyses of PrsxTes

The diffraction pattern for the Pr2.74Tes sample shown in Figure 4.8 is representative of
the other samples. No secondary or oxide phases were detected and the pattern correlated with
the previously reported PrsTes pattern.®® Phase homogeneity of the samples was further verified
by the use of backscattered electron (BSE) SEM on samples consolidated by SPS. Micrographs
for all samples are shown in Figure 4.9. These images were typical of all samples and the

uniform contrast reflects the phase homogeneity of the compounds. The dark areas in Figure 4.9
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stem from trace amount of residual porosity in the samples and the porosity was calculated to be

between 2-5%.
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Figure 4.8 PXRD pattern of Pr274Tes mixed with Si as an internal standard. Rietveld refinement
was performed and the calculated pattern, difference curve, and theoretical peaks for Pr3Tes and
Si are shown.

To determine the composition of each sample, wavelength dispersive X-ray spectroscopy
(on sintered samples) and Rietveld analysis (on ground compacts) were employed. The measured
and refined values were compared to nominal compositions (Table 4.1). WDS and nominal
compositions were in good agreement for all compositions, as were the values calculated from
Rietveld for samples near the end-members of the compositional range. Rietveld analysis
underestimated the vacancy concentrations for intermediate values. This was attributed to the

PXRD scan quality not being high enough to accurately refine the fractional occupancy of the

praseodymium site.
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Figure 4.9 BSE SEM images of homogenous, phase pure Prs.xTes compacts. The dark regions

are from residual porosity in the samples.
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Nominal Composition WDS Composition Rietveld Composition

Pr;Te, Pr; o5Tey Pr, o-Te,
Pr; o0Te, Pr; o5Te, Pr;q,Te,
Pr; gsTey Pr; gsTey PryqiTey
Pr, 75Te, Pr, 75Te, Pr; s6Teq
Pr; 74Tey Pr, 75Te, Pr; 5oTey
Pr, 5oTe, Pr, 5Te, Pr; ¢5Tey
Pry¢7Tey Pry ¢ Tey Pry¢7Tey

Table 4.1 Nominal, WDS, and Rietveld compositions for PrsxTes.

The lattice parameters for each sample were also refined using Rietveld analysis (Figure
4.10). There was little change in the lattice parameter between samples with minimum and
maximum number of vacancies, which is consistent with prior structural investigations of
PrsxTes.3%3 The small change in the lattice parameters of LasxTes is also observed, however the
mass density of LasxTes is constant at 6.58 g cm™ whereas that of Prs<Tes changes depending
on the vacancy concentration, 7.27 g cm® when x = 0 and 6.91 g cm™ when x = 0.33.16: 3131 The
difference in the trends in densities as a function of rare-earth atomic vacancies for these two

materials is not well understood and warrants further investigation.
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Figure 4.10 Lattice parameters calculated from Rietveld analysis as a function of vacancy
concentration. Error bars in the lattice parameters represent the diffractometer limit of +0.001A
and the error bars in x represent a 5% variation in stoichiometry.

4.5. Thermoelectric Properties of PraxTes

The room temperature carrier concentration was measured using the Hall effect method
and these values were compared to the carrier concentrations calculated from the WDS
composition (Figure 4.11). Good agreement was observed for samples with vacancy
concentrations greater than x = 0.22. The carrier concentrations calculated from Hall effect
measurements on samples with higher carrier concentrations were unreliable due to low carrier
mobililties, approximately 7 cm? V1 s, The low mobility values resulted in a decreased Hall
coefficient, which lowered the signal-to-noise ratio and reduced the accuracy of the measurement

for higher carrier concentration samples (Figure 4.12).
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Figure 4.11 A comparison of the measured carrier concentrations with the concentrations
calculated using the WDS composition. The theoretical carrier concentration prediction is
denoted by the dashed line. Samples with higher carrier concentrations are not shown due to
limitations in accurately measuring n for low mobility materials.

Electrical resistivity as a function of temperature was measured and compared with
values previously reported for Las<Tes (Figure 4.13).%> All samples exhibited behavior expected
for a degenerately doped semiconductor where the resistivity increased with increasing
temperature. The resistivities of the samples increased with increasing vacancy concentrations
due to carrier concentration reductions. The low mobility of this system results in a low Hall
coefficient and decreases the accuracy of the measurement by lowering the signal-to-noise ratio.
This was apparent from the large spread in the lower vacancy concentration (higher carrier
concentration) samples and the increasing accuracy of the measurement as the carrier

concentration decreased. Measurements on samples with x = 0.33 were conducted, but the high

69



resistivity caused difficulties in making ohmic contacts between the sample and probe, resulting
in inaccurate Van der Pauw resistivity values. The resistivity of the Pra.xTes samples trends well
with the values of LasxTes for lower vacancy concentrations. However, at higher vacancy
concentrations, the Pra.xTes samples exhibit higher resistivity values than Las.xTes with

equivalent vacancy concentrations.
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Figure 4.12 (a) High temperature carrier concentration results. The accuracy of the data
increases as the carrier concentration decreases due to the increase in the carrier mobility and

subsequent increase in the signal-to-noise ratio. (b) Temperature dependent Hall carrier mobility.
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Figure 4.13 Temperature-dependent resistivity of PrzxTes samples compared to that of
LasxTeas.®> The samples are indicated by their nominal compositions. The higher vacancy
concentration Pra.xTes samples had resistivties much higher than the equivalently vacancy-doped
Las-xTes samples.

The Seebeck coefficient increased with increasing vacancies due to reductions in carrier
concentration (Figure 4.14). Similar to what was observed with the high-temperature resistivities,
the Prs.xTes samples with lower vacancy concentrations were found to be similar to those of
LasxTes. At higher vacancy concentrations the Pra.xTes samples yielded higher Seebeck
coefficient values compared to Las.xTes. Specifically, the Pr2.74Tes composition exhibited a 25%

increase in the Seebeck coefficient when compared to Laz 74Tes. At higher vacancy
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concentrations, the improved Seebeck coefficient of Pra.xTes resulted in an increased power

factor (05?) over LasxTes (Figure 4.15)
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Figure 4.14 Seebeck coefficients as a function of temperature for Prs«Tes and LazxTes samples.®
Prs.xTessamples exhibited significantly larger Seebeck values compared to Laz-«xTes at higher
vacancy concentrations.

An effective mass of m* = 3.5me and 2.13m. were calculated for Pr274Tes and Laz.7aTes,
respectively, using a single parabolic band model. An effective mass of 2.13me matches well
with previously reported values for LasxTes, which range from 1.8 to 2.75me.>"2* The increased

effective mass of Pro.74Tes over Laz 74Tes is consistent with the observed increase in the Seebeck
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coefficient at equivalent vacancy concentrations and supports the hypothesis that the 4f electrons

modified the band structure favorably over that of Las.xTea.

20

Als ; .Pl‘3_xTE4

(‘QM 16 - ® . ¢ La; Te,
14 ° o oo

12 | $

> 10 I .

Z 8¢ .

¢ 47
2 r T=1200K
0 AN I T T A N T N T S N N T S T N T T T U O T N O Iy |

—

0.05 0.1 0.15 0.2 0.25 03 0.35
x in RE;_ Te,

Figure 4.15 Power factor (¢5?) as a function of rare-earth (RE) vacancy concentration in PraxTes
compared to LasxTesat 1200 K.> At higher vacancy concentrations PrsxTes exhibits an increased
power factor over LazxTea.

The total thermal conductivity was calculated using the formula, x = DCpd, where D is
the measured thermal diffusivity, Cp is the measured heat capacity, and d is sample density.
Thermal conductivities range form 5-35 mwW cm* K1, with the thermal conductivity decreasing
with increasing vacancy concentration (Figure 4.16). This was expected as the total thermal
conductivity is comprised of two components, the electronic and lattice contributions,

k = ke + kL. Therefore, the increased vacancy concentrations reduced the electronic term as

carrier concentration decreased. This behavior is similar to that previously reported on LasxTea.
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Figure 4.16 Total thermal conductivities of Prs<Tes compared to La74Tes.® The thermal
conductivities decrease with increasing vacancy concentration due to reductions in carrier
concentration. Pr274Tes exhibited a 25% reduction in thermal conductivity compared to
Laz74Tea.

When samples with equivalent vacancy concentrations were compared, it was found that
Prs.xTessamples exhibited a significantly lower thermal conductivity than Las.xTes. To determine
whether the decrease was due to changes in the electronic or lattice contributions, the lattice
thermal conductivities were calculated. The lattice thermal conductivity was found by first
calculating the electronic contribution using the Wiedemann-Franz law, ke = LoT, where L is the
Lorenz number, o is the electrical conductivity, and T is the absolute temperature. The electronic

contribution was then subtracted from the total thermal conductivity. A changing Lorenz number
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was used, which was calculated as a function of Seebeck coefficient using the approximation

L = 1.5 + exp(-|S|/116), resulting in Lorenz numbers between 1.5-2.2 x 102t W Q K1, 3!
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Figure 4.17 Lattice thermal thermal conductivities calculated using the Wiedemann-Franz law.
The lattice thermal conductivity of Laz74Tes is shown for comparison.® PrsxTes samples with
higher carrier concentrations were omitted due to strong deviation from the Wiedemann-Franz
law.

Figure 4.17 shows the calculated lattice thermal conductivities for samples with vacancy
concentrations similar to La2.7aTes. The intrinsically low lattice thermal conductivities result
from the complexity of the ThaP4 structure, which promotes substantial Umklapp scattering of
acoustic phonons.3* The lattice thermal conductivities for the Prs.«Tes samples were similar to

one another and lower than that calculated for Laz74Tes from room temperature to 1275 K. To
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investigate the origin of the reduced . in PraxTes, the elastic moduli and sound velocities of

both Laz74Tes and Pr274Tes were measured from room temperature up to 573 K. The elastic

moduli Pr274Tes was found to be slightly lower than Laz74Tes. Combined with the higher

density of Pr2.74Tea, this led to a small decrease in the speed of sound (Figure 4.18), which is

consistent with the lower x.
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Figure 4.18. Temperature dependent elastic moduli (top) and speed of sound measurements

(bottom) of Laz.74Tes and Pra74Tea.
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ZT increased with increasing vacancy concentration until x = 0.26, and then began to
decrease (Figure 4.19). A peak ZT of 1.7 at 1200 K was achieved for Prz74Tes, representing a
50% improvement over the optimized ZT of 1.1 reported for Las-xTes.> The improvement to ZT
resulted from the large increase in the Seebeck coefficient from the electronic states introduced
by the 4f electrons in addition to decreased lattice contributions, which lowered the total thermal

conductivity. Propagated error in ZT was calculated to be 30%.
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Figure 4.19 Temperature-dependent thermoelectric figure of merit as a function of temperature.
The optimized ZT for LasxTes is shown for comparison.® ZT was optimized with a vacancy
concentration of x = 0.26, achieving a peak value of 1.7 at 1200 K. A 30% error in ZT was

calculated.

77



4.6. Conclusions

Density functional theory was used to calculate the density of states and energy band
diagram for PraTes. It was found that the 4f electrons of Pr cause a sharp increase in the density
of states near the conduction band edge when compared to Las.xTes. The increase in the density
of states was predicted to improve the Seebeck coefficient of PraxTes. A series of PraxTes
samples with varying vacancy concentrations were successfully synthesized using
mechanochemical methods. The stoichiometry and phase purity were analyzed through a
combination of wavelength dispersive X-ray spectroscopy, BSE SEM, and X-ray diffraction. The
electronic and thermal properties were measured and Prz«Tes exhibited a 25% improvement in
the Seebeck coefficient over LazxTes at higher vacancy concentrations. Additionally, Pra.xTes
was found to have decreased thermal conductivity due to a smaller lattice contribution than
Las-xTes. The increased Seebeck coefficient and reduced thermal conductivity resulted in a peak
ZT of 1.7 at 1200 K. The successful theoretical prediction and experimental verification of the
modified band structure of PrsxTes due to the 4f electrons suggests that further improvements

can be made by incorporating other rare earth elements.
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Chapter 5: Conclusions and Future Work
5.1. LasxTes-Ni Composites

The first topic examined in this work was the role of Ni inclusion size on the CAFE
mechanism in LaTe146-Ni composites. The starting Ni particle size was varied from tens of
nanometers to hundreds of microns in diameter and combined with LaTe1.4¢ at an equivalent
volume fraction of 15%. The addition of 2.2-3 pm Ni and 150-300 um Ni particles to LaTex .4
caused the largest decreases in resistivities compared to previous composites, but also had
decreased Seebeck coefficients. 5-15 um Ni had little effect on resistivity resulting in similar
values as LaTex1.4s, but did increase the Seebeck coefficient slightly. The 80-150 nm Ni decreased
the resistivity slightly compared to LaTe1 .46 but increased the Seebeck coefficient by 20%. The
thermal conductivities of the 2.2-3 um and 150-300 um samples were similar to the baseline
composite, but the 5-15 um and 80-150 nm samples had decreased thermal conductivities below
that of LaTe1.46. The decrease in thermal conductivity for the 80-150 nm sample is attributed to
increased phonon scattering as a result of the much smaller inclusions present only in this
sample. The change in properties due to altering the starting particle size of the Ni ultimately
resulted in a 66% increase in ZT for the 80-150 nm Ni composite, with a peak ZT of

approximately 1.9 at 1250 K.

Further work is still required to optimize the reduction of the surface oxide on the Ni
particles of all sizes, as the oxide layers on each particle may require longer reduction treatments.
15 vol% nickel was used in this study as that loading fraction was identified by Ma, et al., to
optimize the thermoelectric properties of the initial LaTe1.4s-Ni composites.! As the properties of

the composites differed significantly depending on the starting Ni particle size, optimization of
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the volume fraction of nickel for each size should be conducted. Additionally, the role of
morphology should be investigated by synthesizing composites with nickel fibers, as fibers have

been shown to reduce the volume fraction required for the onset of percolation.?
5.2. LasxTes-Co Composites

Chapter 3 detailed the investigation of LaTe1.46-Co composites to observe if cobalt could
be used instead of nickel for the CAFE mechanism. A series of composites with 0-15 vol%
cobalt were synthesized and their thermoelectric properties were investigated. The
microstructures of the cobalt composites were found to be less homogeneous than the
LaTe1.46-Ni composites, with segregation between Co-rich and Co-deficient areas as observed
through SEM. High-temperature resistivity measurements were conducted and the composites
had an increased resistivity values compared to LaTez.46 until 15 vol%. The Seebeck coefficients
of the composites were found to be larger than that of the parent material. An 18% improvement
in Seebeck was observed between 5-8 vol% cobalt, after which the Seebeck began to decrease
above 10 vol% Co. The combination of increased resistivity and Seebeck suggested a reaction
was occurring which altered the carrier concentration on the LaTez 46 matrix. An oxide coating
on the surface of the cobalt powder is hypothesized to be responsible. Thermal conductivity
increased with increasing cobalt concentration above 8 vol%. The ZT of all composites except
the 15 vol% sample had peak values similar to or greater than that of LaTe1.46 due to the
increased Seebeck coefficients of the composites. The 5 vol% composite exhibited the greatest
increase in ZT, achieving a value of 1.5 at 1225 K, representing a 25% improvement over

LaTer.s.
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The dissimilarities in the microstructures between the cobalt and nickel composites is
currently being investigated. The interfaces between both inclusions and the LaTe1.4¢ matrix are
being studied using high-resolution transmission electron microscopy (HRTEM) to observe any
differences. Additionally, HRTEM of the interfaces will be used to investigate if an oxide layer
is present between the cobalt inclusions and LaTez.46. Using lessons learned from the nickel
composites in Chapter 2, a study will be conducted where the cobalt powder is first pre-treated to
remove the surface oxide and then incorporated into LaTe 146 matrix to observe any effects on

their thermoelectric properties.

5.3. PraxTes

The final chapter of this work evaluated the thermoelectric performance of the Pra.xTes
system. DFT calculations were performed which showed a sharp peak in the DOS of PrzTes near
the Fermi level compared to LasTes. This peak is the result of the 4f valence electrons of
praseodymium, which are absent in lanthanum. The presence of the peak in the DOS was
expected to increase the Seebeck coefficient of Pra«Tes over LasxTes, possibly enhancing ZT.
PraxTes samples were synthesized with x =0, 0.1, 0.14, 0.22, 0.26, 0.3, and 0.33 and the
thermoelectric transport properties were measured. Increasing the vacancy concentration
increased the resistivity and Seebeck coefficient, while decreasing the thermal conductivity, as
expected. PrsxTes samples between x = 0 and 0.14 had electronic properties similar to that of
Las-xTes with equivalent vacancy concentrations. Prs.xTes samples with vacancy concentrations
greater than x = 0.14 exhibited increased resistivities and Seebeck coefficient values compared to
the optimized Laz 74 Tes. The thermal conductivities of samples with vacancy concentrations of

x > 0.14 were significantly lower than Laz.74Tes due to a decreased lattice contribution. The
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thermoelectric performance of this system optimized x = 0.26, with a ZT value of 1.7 as a result

of the increased Seebeck coefficient and lower thermal conductivity.

The origins of the lower thermal conductivity of PrzxTes compared to LasxTes are not yet
understood and are currently under investigation at the Jet Propulsion Laboratory. For PraxTes to
be integrated into future extraterrestrial power sources, the thermomechanical properties will
need to be evaluated in addition to its temporal stability at elevated temperatures. Finally, the
CAFE mechanism discussed in Chapters 2 and 3 will be applied to PrsxTes to enhance its

thermoelectric and mechanical properties.
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