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Abstract

This work has investigated the thermoelectric properties of tungsten Magnéli oxides and sin-
terend FeSb, nanoparticles, and has revealed that complex oxides (such as the Magnéli phases)

are promising thermoelectric materials.

The conventional approach in finding thermoelectrics is to empirically search for materi-
als with large «, small p and small « thereby increasing the thermoelectric figure of merit,
zT = (a?/px) - T. Optimizing such a relationship quickly reduces the space of available ma-
terials, and it is well known that all good thermoelectrics are small-band-gap semiconductors
or semi-metals. There has been renewed interest in the field of thermoelectrics after recent
predictions that crystalline interfaces can lead to lower thermal conductivity and thus higher

thermoelectric performance.

The main focus of this thesis lies on the thermoelectric characterization of tungsten Magnéli
oxides. The combination of crystallographic shear planes, a large unit cell, and a metal-
like electrical conductivity make tungsten Magnéli oxides promising candidates for high-
performance thermoelectric materials. In this proof of principle study, WO, ¢ and WO, 75,
were prepared by classic solid state reaction and yielding single phase materials. SPS was
used to consolidate the materials and produce dense, single phase pellets. For WO, ¢y, {103}
crystallographic shear planes have been identified by structure determination, whereas pen-
tagonal columns are the dominating structural feature in WO, 5,. The obtained thermal
conductivities are x=3-35Wm 1 K~! (WO, ¢)) and x=9-6 Wm ! K~! (WO, ,,,). The differ-
ences are mainly ascribed to crystallographic shear planes, which act as scattering centers for
phonons. The thermal conductivity of WO, o, is comparable to current n-type oxide state of
the art materials. The obtained figure of merits are 0.13 (WO, o)) and 0.07 (WO, 5,) at 1100K,
which are promising.

A rapid SPS-assisted preparation of dense and single phase WO, ¢, pellets has been elabo-
rated, allowing the simultaneous preparation and consolidation of WO, 4, starting from com-
mercially available precursors, WO; and W. Although the thermal conductivity of these
prepared pellets is ~ 15% higher than in conventionally processed WO, g, the zT of 0.1 is still
comparable to convetionally processed WO, g.

This work also demonstrates the SPS-assisted approach can be used for the introduction
of additional scattering centers on the nanoscale. By adding small amounts of Ta,Os, the
lattice thermal conductivity of WO, ¢, decreases steadily with the introduction of (W)-Ta-O
scattering centers. Additionally, HRTEM studies reveal dislocations, oxygen vacancies and
Wadsley-defects in the pellets, which also contribute to a low thermal conductivity. Similar
to recent breakthroughs, scattering centers on the atom scale (defects) and the nano scale
(nanoinclusions) lead to an improvement of the lattice thermal conductivity and values of
Kiar. =2 Wm™ 1K~ are observed. This leads to an enhancement of the zT of ~50% to 0.15 at
1100K.

Through the rapid sample preparation method developed in this work high-throughput
exploration of new phases may help playing a key role in understanding the underlying
physics in Magnéli oxides and related complex materials.
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In addition to the investigation of complex oxides, the more conventional approach was
pursued in FeSb, to increase its thermoelectric performance by introduction of crystalline
interfaces on the nanoscale.

Nanoparticular FeSb, was prepared via a new, facile wet chemistry approach which is also
suitable for the preparation of other binary antimonides such as CoSb, NiSb, Cu,Sb, ZnSb and
Zn,Sb;. FeSb, is an important material of considerable interest due to the recent discoveries
of a colossal Seebeck effect of -42000 uVK~! at 10K.

However, the application of FeSb, thus far has been limited because of its high thermal
conductivity. The nanoparticles prepared in this work were consolidated using SPS, which
does not lead to significant particle growth. Transport measurements show that the thermal
conductivity is reduced about 80% with respect to the bulk value. However, an improvement
of the figure of merit is not gained due to a reduction of the thermopower, which is caused
by a collapsse of the correlation effects in the nanoparticles. These results underline the
challenge in thermoelectrics to overcome the interrelation of the different material properties,
the decrease of the thermal conductivity while maintaining the high thermopower.
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Abstract - German

Diese Arbeit beschiftigt sich mit dem Einfluss von intrinsischen Nanostrukturen und Korn-
grenzen auf die thermische Leitfahigkeit von Festkorpern. In diesem Zusammenhang werden
die thermoelektrischen Eigenschaften von Wolfram Magnéli Phasen und gesinterten FeSb,

Nanopartikel untersucht.

Der gewohnliche Weg Materialien mit guten thermoelektrischen Eigenschaften zu finden ist
die empirische Suche nach Materialien mit hohem Seebeck Koeffizienten, hoher elektrischer
Leitfahigkeit und geringer thermischer Leitfahigkeit um den thermoelektrischen Giitefaktor,
zT = (a?/px) - T zu maximieren. Die Bedingungen des Giitefaktors grenzen die Auswahl an
moglichen Materialien schnell ein, und stark dotierte Halbleiter stellen aktuell die state-of-

the-art Materialien dar.

Der Fokus der Arbeit liegt auf der Charakterisierung der thermoelektrischen Eigenschaften
von Wolfram Magnéli Phasen. Die Kombination aus kristallographischen Scherebenen, einer
grofien primitiven Einheitszelle, einer hohen Defektdichte gepaart mit einer metallartigen
elektrischen Leitfdhigkeit machen diese Verbindungsklasse zu vielversprechenden Kandidaten

fiir die thermoelektrische Anwendung.

Zunichst wurden die Verbindungen WO, g, und WO, ,, mittels Festkorpersynthese darge-
stellt. Die Pulver wurden per Spark Plasma Sintering (SPS) kompaktiert und anschlieffende
Mikrostrukturuntersuchungen zeigen dichte, homogene Pellets. Wiahrend WO, ¢, eine {103}
kristallographische Scherebene besitzt welche als intrinsische Nanostruktur interpretiert wer-
den kann, sind in WO, 55, pentagonale Tunnel das dominierende Strukturmotiv. Die gemesse-
nen thermischen Leitfihigkeiten sind im Bereich von x=3-3.5Wm 1 K~! (WO, ¢, ) und x=9-
6 Wm~1K~! (WO, 75,). Der Unterschied in den thermischen Leitfahigkeiten ist hauptsédchlich
durch kristallographische Scherebenen in WO, g, zu erkldren, welche als Phononenstreuzen-
tren wirken. Die thermische Leitfdhigkeit ist etwas geringer als fiir derzeitige n-typ oxidis-
che state-of-the-art Materialien. Die erhaltenen Giitefaktoren sind mit 0.13 (WO, gq) und 0.07
WO, 75, vielversprechend.

Aufbauend auf diesen Ergebnissen wurde eine SPS unterstiitzte Preparation von WO, g,-
Pellets entwickelt, ausgehend von kommerziell erhiltlichem WO; und W. Obwohl die ther-
mische Leitfadhigkeit dieser Proben ~ 15% hoher ist als konventionell hergestellte Pellets aus
WO, g, ist der Giitefaktor mit zT = 0.1 vergleichbar. Damit erlaubt die SPS unterstiitzte Prapa-
ration die Synthese und gleichzeitige Préaparation von Pellets ohne weiteren Kompaktierungss-
chritt und kann in Zukunft mafigeblich zur systematischen Untersuchung der Struktur--

Eigenschafts-Beziehungen in komplexen Oxiden und Magnéli Phasen beitragen.

Folgend wurde die entwickelte SPS-unterstiitzte Prdparation verwendet um zusétzliche
Streuzentren fiir Phononen einzufithren. Durch Zugabe von wenigen Prozent Ta,Os, kon-
nte der Gitteranteil der thermischen Leitfdahigkeit verringert werden, ohne die elektronischen
Eigenschaften zu beeinflussen. HRTEM Untersuchungen zeigen neben (W)-Ta-O Streuzentren
eine hohere Anzahl an Versetzungen, Sauerstoff-Fehlstellen und Wadsley-Defekten welche
ebenfalls zur verringerten thermischen Leitfahigkeit beitragen. Ahnlich zu kiirzlich pub-

lizierten Durchbriichen, wirken demnach Streuzentren jeder Grossenskala (atom-, nano-) als
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Streuzentren fiir Phononen, was zu thermischen Gitterleitfahigkeiten von x;,; =2Wm 1 K™!
fihrt.

Die thermoelektrischen Giitefaktoren konnten damit um 50% auf einen Wert von zT =0.15
bei 1100 K erhoht werden.

Zusétzlich zu der Untersuchung von Magnéli Phasen wurde der Einfluss von kristalli-
nen Grenzflichen im Nanometerbereich auf die thermische Leitfdhigkeit an kompaktierten
FeSb, Nanopartikeln untersucht. Aufgrund des publizierten Seebeck Koeffizienten von -
42000 uV K1 bei 10K zog FeSb, in den letzten Jahren viel Aufmerksamkeit auf sich.

In diesem Kontext wurde eine nasschemische Syntheseroute fiir die Darstellung von FeSb,
Nanopartikel entwickelt, welche sich auch zur Synthese weiterer nanopartikuldrer Ubergangsmet-
allantimoniden wie z.B. CoSb, NiSb, Cu,Sb, ZnSb und Zn,Sb; eignet.

Die dargestellten FeSb, Nanopartikel wurden mittels SPS kompaktiert. Aufgrund der sehr
hohen Heiz- und Abkiihlraten ermoglicht SPS die Kompaktierung von Nanopartikeln ohne
Kornwachstum. Die thermische Leitfdhigkeit konnte bis zu 80% im Vergleich zu Einkristallen
verringert werden, wobei der Hauptanteil der Reduktion auf Phononenstreuung an den Ko-
rngrenzen zuriickzufiihren ist. Eine Verbesserung des thermoelektrischen Giitefaktors konnte
aufgrund des geringeren Seebeck Koeffizienten nicht erreicht werden. Elektronenkorrelation
welche in einkristallinem- und bulk-FeSb, fiir den hohen Seebeck Koeffizienten verantwortlich
ist, wird in Nanopartikeln weitestgehend unterdriickt.

Diese Ergebnisse unterstreichen die anspruchsvolle Aufgabenstellung im Forschungsfeld
der Thermoelektrik die miteinander verkniipften Materialeigenschaften unabhédngig voneinan-

der zu optimieren.
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1 Introduction

Diminishing fossil fuel ressources combined with the increasing demand for energy will be-
come a major challenge not only for our society, but also for future generations. In this
context, renewable energy technologies play a key role and therefore plenty of effort has been
devoted over the past years in the development of more efficient materials for photovoltaics,
water splitting, light emitting diodes, batteries and thermoelectrics. In particular since Ger-
man nuclear power plants will be decommissioned, new and sustainable energy sources are
required.

Thermoelectric generators which are able to convert heat energy into electric energy can
help to face this challenge by increasing the efficiency of certain processes such as in industrial
plants, cars or even in solar cells. Although thermoelectric materials are already used in
spacecraft, the performance needs to be increased for commercial application.

The conventional approach to finding thermoelectrics is to empirically search for materials
with suitable electronic and thermal properties which reduces the space of available materials.
The approach pursued in this work is to investigate materials with low intrinsic thermal
conductivities.

1.1 Summary

This chapter provides a substantial introduction into the topic covered within this thesis.

At the beginning the thermoelectric phenomenon will be discussed and the upcoming
challenges in this research field will be outlined. Afterwards heat transport in the solid state
will be treated from a qualitative point of view which directly leads to requirements towards
a good thermoelectric.

A rough review on properties of tungsten based Magnéli phases will be given and the
properties will be compared to those required for a good thermoelectric material.

At the end, spark plasma sintering will be presented which was used as consolidation
method for all materials investigated in this thesis.
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(a) (b) heat

TCO LD

Y

Figure 1.1: Schematic of (a) the Seebeck effect and (b) a thermogenerator which is used to
convert heat energy into usable electrical energy. Due to the temperature gradient
the charge carriers (e~ and h™) diffuse to the cold end until the equilbrium between
chemical potential and the electrostatic repulsion is reached.

1.2 Thermoelectrics

The thermoelectric phenomenon allows for the conversion of heat energy into usable, electric
energy and vice versa. Motivated by theoretical studies which showed that crystalline inter-
faces on the nanoscale reduce the thermal conductivity of a material, a lot of effort has been
devoted in optimizing materials for thermoelectric application.[1] Due to the rising interest,
a couple of stimulating review papers appeared and therefore, just a brief introduction is
presented here.[2—4]

1.2.1 Basic theory

In 1821 J.T. Seebeck discovered that a compass needle is deflected when a temperature gradient
is applied to a loop formed by two metals joined in two places. At this point he did not realize
that an electric current is involved and called the phenomenon the thermomagnetic effect.[5-7]
H. C. Oersted corrected the mistake and coined the term thermoelectricity.

Due to the applied temperature gradient a diffusion of charge carriers is caused from the
hot to cold end of the material. The diffusion continues until the equilibrium between the
chemical potential and electrostatic repulsion is reached. In the equilibrium state, the material
is charged, as illustrated in Fig. 1.1(a). For small temperature differences the arising voltage is

linearly dependent on the temperature gradient applied,
V = aAT (1.1)

with V the voltage, « the Seebeck coefficient (thermopower) and AT the temperature difference
applied, respectively. Depending on the nature of the charge carriers, the Seebeck effect
is negative (electron conduction) or positive (hole conduction).[5] For the measurement of
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the Seebeck voltage the material must be in contact with another material (closed circuit
conditions).

Note at this point that the thermoelectric current also occurs under open circuit conditions,
which is a common misconception in literature.

The Seebeck effect is utilized in a so-called thermogenerator, cf. Fig. 1.1(b) where p-type and
n-type materials are wired electrically in series and thermally in parallel. Radiosotope ther-

239

mogenerators are already used in spacecraft where Pu~” acts as heat source.[8, 9] However,

for commercial application the efficiency of such devices is still not sufficient.

Applying an electric current on a junction of two materials causes heating or cooling,
depending on the direction of the current.[6] This effect is called the Peltier effect, after J.P.
Peltier. The dissipated heat is proportional to the current,

dqp = (HA — HB) I = HABI (12)

with dq, the Peltier heat, I14(I1p) the Peltier coefficient of material A(B) and I the electric
current from A to B. Peltier elements (corresponding devices to thermogenerators) are widely
used in temperature regulation, e.g. in optics, X-ray detectors and seat warmers/coolers.
Both the Seebeck effect and the Peltier effect are thermodynamically reversible processes and

should not be confused with irreversible Joule heating, eq. 1.19.

The third thermoelectric effect was found by W. Thomson in 1854, who postulated a con-
nection between the Seebeck effect and Peltier effect. He applied the second law of thermo-
dynamics and discovered an experimental inconsistency. Considering a conductor where a
temperature gradient is applied, he supposed that an electrical current causes a Thomson
heat dqr:

dqr = prJ VT, (13)

with pr the Thomson coefficient, | the current density.

From this qualitative point of view, a good thermoelectric material requires (i) a low ther-
mal conductivity to keep the temperature gradient stable, (ii) a good electrical conductivity
to assure charge carrier diffusion and (iii) a high Seebeck coefficient. However, all these pa-
rameters are interrelated and the main task in thermoelectric research is to overcome this

interrelation.[10]

1.2.2 Thermoelectric figure of merit, zT

A thermogenerator is a heat engine which converts heat energy into usable electric energy.
Therefore, the efficiency is connected to the Carnot process,[11]

W V1+zT -1

I /At i 14
T eI AT & 14
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Figure 1.2: Overview of zT values of different oxide materials. Note that depending on the
material, the maxium zT is reached at different temperatures.[12]

with W the power generated, Qn net heat flow, 77¢ the efficiency of the Carnot process, zT
figure of merit, Tc and Ty as the temperature at the cold and the hot side, respectively.[5, 7]

In the thermoelectric figure of merit, all the materials properties are included:

oo

T=—-T, 1.5
2T = = (15)

with o the electrical conductivity, x the total thermal conductivity and T the absolute temper-
ature. The zT is a dimensionless quantity of the performance of a certain material and reflects
the previously stated requirements for a good thermoelectric material. Increasing a material’s
zT and therefore the device efficiency has been the challenge in the field of thermoelectric
research since the early 60s.

1.2.3 State of the art materials

Current state of the art materials show peak zT values >2, although the cycling stability
seems questionable in some cases.[13, 14] Materials such as PbTe, SiGe and Bi,Te; with zT
values around 1.5-1.8 are well studied compounds and their zT values have been increased
significantly over the past decades.[3, 9, 15] The long-time stability of SiGe alloys is proven
in the spacecraft mission Voyager II where a SiGe based radioisotope thermogenerator has
acted as an as energy source for now more than 30 years.[8] Recently, a PbTe/TAGS based
thermogenerator has become popular, installed in the Mars Rover mission “Curiosity”“with
device efficiencies of 5%.[9] Other promising materials include Zintl phases, Skutterudites
and Half-Heusler compounds, having zT values of ~ 1.5 at temperatures above 400 K.[16-18]

In general, oxide materials have lower zT values and only p-type compounds show zT
values greater than one.[19] Usually limited by a high thermal conductivity due to the simple
crystal structure, oxides are still of interest because of their inherent chemical and physical
stability.[12] An overview of oxide state of the art materials is shown in Fig. 1.2
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Figure 1.3: Illustrated are the Seebeck coefficient, electrical resistivity, thermal conductivity
and z in dependence of the charge carrier concentration

Since the 70s, Na,CoO, and related compounds such as Li, CoO, have been investigated as
anode materials for batteries and also exhibit promising thermoelectric properties. The com-
pounds exhibit a layered structure made of edge-shared CoO, octahedrons and Na™ or Li*
cations between the layers.[20] Thermal conductivities smaller than 2W m~! K~! are obtained
between 300K and 800K, fulfilling the concept of a “phonon-glass electron-crystal”.[7] Other
p-type oxides include structurally related compounds such as Ce;Co,Oq misfits and BiSrCoO
Whiskers.[21, 22] Recently, p-type oxyselenides (family of BiCuOSe) have drawn the attention
due to zT values greater than 1. In contrast to cobalt oxides, oxyselenides seem to be highly
stable under ambient conditions.[23]

N-type oxides show significantly lower zT values and the best investigated compound is
7Zng ggAly O with a reproducible maxium of 0.4 at 1300 K.[24] Other materials such as the
Ruddleson-Popper phases and related compounds exhibit highly interesting properties but
the achieved figure of merit is still smaller than 0.3.[19]

So far, there is a big discrepancy between n-type and p-type oxide materials and zT values
of oxides are signficiantly lower as current state of the art materials. However, the large variety
of conductive oxides, including Magnéli phases which have been barely investigated so far,
contain a lot of potential.

In comparison to other state of the art materials which are usually comprised of toxic and
scarce elements (e.g. telluride, lead), oxides have smaller zT values, but the high chemical and
physical stability combined with the usually low toxicity make oxides to promising candidates

for future application in thermoelectrics and material science in general.[22]

1.2.4 Future challenges

The challenge in finding materials with high zT values lies in the interrelation of the material
properties, illustrated in Fig.1.3. Whereas insulators exhibit high Seebeck coefficients, low
thermal conductivites and large resistivities, the situation is somewhat reversed for metals.
Slack et al. introduced the concept of a perfect thermoelectric material, a so called “phonon-

glass electron-crystal”- the need of glass-like thermal properties and electronic transport prop-
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erties of a crystal. This concept is best realized in compounds such as filled Skutterudites,
Zn,Sb; and Zintl phases.[25]

A prominent approach to enhance the zT of a promising material is the introduction of
crystalline interfaces on every lengthscale. Due to phonon scattering at the grain boundaries,
the thermal conductivity can be altered reaching glassy values.

However, other approaches which focus on the optimization of electronic properties in-
clude band engneering and the introduction of resonant state levels to gain advantage of the
correlation between the Seebeck effect and the slope of the density of states next to the chem-
ical potential.[26]
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Figure 1.4: Illustration of a monoatomic chain, with one atom in the unit cell and a unit cell
length of a. Although this simple model has little in common with a real solid,
important relations for the description of «j,; can be derived.

1.3 Thermal transport in the solid state

As stated before, good thermoelectric materials desire small thermal conductivities. In this
section basic concepts of thermal transport in the solid state will be introduced and linked
to current approaches in the field of thermoelectrics towards low thermal conductivites of
promising materials.[3, 27]
Neglecting bipolar contributions the thermal conductivity can be written as the sum of
electronic and lattice contributions,
K = Kjgp. + Kel. (1.6)

with xj,. the lattice part of the thermal conductivity and «,; the electronic part of the thermal
conductivity.[28]

This thesis focuses on oxide materials with intrinsic low lattice thermal conductivities, thus,
the lattice part «;,;, will be stressed here. For a detailed description of the electronic part of

the themal conductivity, the reader is referred to comprehensive reviews.[29-31]

1.3.1 The monoatomic and diatomic linear chain

Within the adiabatic approximation introduced by Born and Oppenheimer, the dynamic of
electrons and atomic nuclei can be separated which is justified by the large mass difference
of atomic nuclei and electrons.[32] Although the following model has little in common with a
real solid, the monomatic (diatomic) chain is a reasonable starting point which illustrates the
situation qualitatively.

In Fig.1.4, the monoatomic chain with one atom in the unit cell is illustrated. At temper-
atures > 0K atoms oscillate around their equilibrium positions. In the monoatomic chain the
atoms are connected by identical springs and the oscillation is highly coupled to neighboring
atoms. Thus, the force constant Cj; (bond strength) is an important property. By applying
Newton’s law on the monoatomic chain the dispersion relation for a monoatomic chain can

be calculated to be

. Ci1, . . E
w=2 ’i |sin(qa/2)] 9= (1.7)



1 Introduction

L1

N

frequency

NVAVA

0 T/a 0 /a0 m/a0mn/a

q—>

Figure 1.5: Phonon dispersion curve in dependence of the number of atoms in the primitive
unit cell. With increasing atom number flat optical branches are introduced in the
dispersion curve, which lead to low phonon group velocities. Figure adapted and
modified from reference [27].

with w the vibrational frequency, M the mass of the atom and g the phonon wave vector.[29].
The function is usually illustrated in a phonon dispersion curve where the frequency w is
plotted as function of g, cf. Fig.1.5 (N=1), with N the atom number in the unit cell.[27] The
vibrational frequency is periodic in g = 27 thus it is sufficient to plot the function between 0
and 7.

The branch illustrated for N=1 is the so called accoustic branch (w (g)=0 for g=0). In-
creasing the atom number in the primitive unit cell, by increasing the unit cell length from
a’=2a, leads to a second branch, the so called optical branch, cf. Fig.1.5 (N=2, diatomic
chain).[33, 34] In general, a phonon dispersion curve has 3 acoustic branches and 3 N-3 opti-
cal branches. Note at this point that “optical” not necessarily imply optical activity, of course,
an optic active vibration must be accompanied with a change of the dipole moment.

Another import quantity is the group velocity v, of the phonons which is defined as the slope

. Jdw . C11
Vg = i a | Ecos(qa/Z) (1.8)

Thus, the phonon dispersion increases with increasing force constants and decreasing

of the phonon branches[31]:

masses. Although v, is difficult to access because of the broad spectrum of phonons, v,
directly influences the thermal conductivity which will be shown in the following section.

1.3.2 Lattice thermal conductivity

Thermal conductivity, in general, is a nonequilibrium phenomenon and a thermal current
only arises when a temperature gradient is applied. The thermal conductivitiy of a material
describes the proportionality of the thermal current density Q and the applied temperature
difference[35]:

Q=K. VT (1.9)
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Considering small areas with constant temperatures, a phonon number (n) can be defined,
using the canonical distribution. Neighboring areas will then have different temperatures and
the phonon number becomes a function of position. The thermal current density Q, is then

expressed in terms of the properties of phonons, here for one direction:
1
Qc = 37 Y fuw(m)vy (1.10)
9]

Note, in the thermal equilibrium the thermal current density is of course zero. This can be seen
directly derived using eq. 1.10. In equilibrium, the phonon numbers (n) are equal for positive
and negative values of q and due to the symmetry requirement we have v,(q)=—vy(—q).
Therefore a thermal current can only occur when the phonon number (n) deviates from the

equilibrium value (n)“7,

Qe = 3 L hew ({n) — (m)T) v (1.11)
q,]

Now the time variation of phonons can be considered. A change of the phonon number can
occur by (i) diffusion of phonons into or out of the observed area and (ii) phonons may decay

into other phonons by scattering processes. Using the so called Boltzmann equation[30]:

(1.12)

diff. decay

This is a special form of the Boltzmann equation which can also be used for considering
problems concerning electron transport. However, assuming steady state conditions, the total
time derivative of the phonon number is constant and therefore d(n) /dt is zero. Considering
the diffusion of phonons in more detail, within a time intervall At all the phonons that were

originally within the region x — vt will arrive in the region of interest around x.

J <Tl> BT 1 _ a<n>eq. oT
o |upr lim = [(n (x = veAt)) = (1 (x))] = —ve—ar— =~ (1.13)
For the decay process, the relaxation time T is introduced via,
0
o) _m=(n) 114)

ot T

decay

By substitution of eq.1.14,1.13, 1.12 into eq. 1.11 an expression for the thermal current density

in dependence of phonon properties is derived[29, 35].

1 () AT
Qe =—3 %hw (@) 7)) v (@) —— === (1.15)
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By a comparison of eq.1.15 with eq.1.9 and considering an isotropic system, (v2) = 112 an
expression for ;. is obtained.
Kt = 20 Y0 (@) A @]) e [w (@), T (116)
lat. — 3V q]- q/] q/] aT q/] 7 7 .

with 9/9T€ [w (q,]), T] the heat capacity of phonon j with wave vector g.

Eq.1.16 shows the dependence of the thermal conductivity of the group velocity on the
different phonons. Phonons close to the zone boundary (q) — 0,w — 0 and optical phonons
contribute less to the thermal conductivity. Furthermore, the contribution of the specific heat
capacity of every phonon is emphasized.[27, 35] In the Debye approximation (phonon group
velocities are approximated as constant), we derive eq.1.17:

K= %Cvgl (1.17)

This phenomenlogical equation, also holds for gases and electrons. In general, eq.1.17 is
used as an approximation and the frequency dependency of the single parameters is then
introduced qualitatively.[31]

grains

phonons

electrons

grain boundaries

Figure 1.6: Schematic of the differences of the mean free path of phonons and electrons.
Whereas the mean free path of phonons is significantly reduced due to scattering
at crystalline interfaces, the electrons mean free path is smaller thus the influence
of these additional scattering sites is less significant.

1.3.3 Complex unit cell approach

Experiments show that compounds with many atoms in the primitive unit cell usually exhibit
low lattice thermal conductivities. This finding can be qualitatively understood within the
model of the monoatomic chain, discussed above.[36, 37]

As illustrated in Fig.1.5, doubling the number of atoms in the unit cell means doubling the
number of optical branches in the dispersion curve. The optical branches usually exhibit small
group velocities, v, eq.1.8. Neglecting interactions between optical and acoustic phonons,
this directly leads to a small x;,, cf. eq.1.17.[31, 38] Interactions between optical- and acoustic

phonons are strong for a small phonon gap and weak for a large phonon gap. The size of

10
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the gap strongly depends on the mass difference of the atoms, hence, a large mass difference
leads to a large gap between acoustic and optical phonons.[39]

By considering the monoatomic chain, it is easily shown that (i) many atoms in the unit
cell and (ii) large mass differences of the atoms lead to low thermal conductivites. Both

requirements are fulfilled by tungsten Magnéli oxides.

1.3.4 Grain boundary scattering towards low lattice thermal conductivities

The mean free path of a phonon is the product of the scattering relaxation time 7 and vy.
Before, the influence of the phonon disperson on v, was illustrated, now the scattering relax-
ation time is discussed in more detail.
According to Matthiessen’s rule, the relaxation time can be written as the sum of all scattering
processes[29],
=Y vl =1 v+ T+ T (1.18)
1

with the relaxation times of Umklapp phonon-phonon scattering (7;), Normal-processes (tn),
grain-boundary scattering (7;p), electron-phonon scattering (tgp) and point-defect scattering
(tpp). Whereas Umklapp phonon-phonon scattering is often the dominating scattering pro-
cess for temperatures significantly higher than Tp (Debye temperature), electron-phonon in-
teractions and normal-processes can usually be neglected.[27, 31] In the context of this thesis,
grain-boundary scattering and point defect scattering have to be discussed in more detail.

An effective approach towards decreased thermal conductivity is the introduction of crys-
talline interfaces on different lengthscales. These interfaces act as scattering centers for phonons
which directly affects 7g. The electronic conductivity is usually not affected significantly due
to the smaller mean free path of electrons, illustrated in Fig.1.6.[1, 4] Already shown for super-
lattices of Bi,Te;-Sb,Te;, nanoparticular CoSbs, recently Kanatzidis et al. reported on phonon
scattering on different length scales in PbTe leading to a peak zT of 2.2.[14, 15] However,
interfaces on the nanoscale tend to grow at high temperatures which challenges the high
temperature application.

Another powerful approach to thermal conductivity reduction is the introduction of point
defects into the lattice which is usually achieved by alloying with isoelectronic elements. The
scattering relaxation time of point defect scattering is influenced by (i) mass differences of the
atom (mass field fluctuations), the larger the better and by (ii) differences in the radii (strain
field influences) which usually affect the bonding between the atoms.[40] Good examples are
the alloying in half-heusler compounds and the void filling in skutterudites.[41, 42]

In conclusion, a good thermoelectric material requires a low lattice thermal conductivity
which is usually achieved by compounds with large primitive unit cells and high mass differ-
ences of the atoms. In a following step the thermal conductivity can then be optimized by the
introduction of scattering centers on different length scales and by alloying.

11
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Figure 1.7: Schematic of the formation of crystallographic shear planes. In case of WO, the
vacant oxygen sites which are introduced by a slight reduction of the compound
tend to diffuse to certain planes within the crystal structure. The condensation
process in which edge-sharing octahedras are introduced eliminates the oxygen
defects. Concurrently, the oxidation number of W{ central-ions (corner-shared)
are partially changed to W°*(edge—shared).

Figure 1.8: Illustrated is the difference between (a) CS planes in WO, o, and (b) a Wadsley
defect. Whereas the CS is a part of the structure and a long-range can be observed,
the Wadsley defect is a local phenomenon.

1.4 Tungsten Magnéli oxides

This thesis focuses on the investigations of high temperature transport properties of tungsten
based Magnéli oxides. Here, the unique structural features of Magnéli phases are highlighted
and the reports about the properties of tungsten Magnéli phases are reviewed.

The structural features will be linked to the requirements for good thermoelectric materials,
showing the great potential of Magnéli phases. The determined thermoelectric properties are
then presented in Chapters 2, 3, and 4.

1.4.1 Crystallographic shear planes

In 1949 A. Magnéli performed extensive structural research on slightly reduced early transition-
metal oxides of Ti, V, Nb and W. He found alternating layers of corner- and edge shared octa-
hedras and thereafter, Wadsley established the structural concept of crystallographic shear

12
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Figure 1.9: Illustrated is the ideal unit cell of WO, g5 (W5;Osg) in (a) 010 direction and (b) 001
direction, respectively. (c) illustrates the superlattice structure which originates
in the occuring crystallographic shear planes. The structure can be interpreted
as 2D structure where WO; building blocks (light grey) are separated by layers
of edge shared octahedrons with W?>* as central atoms (blue). The W>* ions are
responsible for the n-type conductivity in this compound.

planes, CS.[43-46] In literature, sometimes CS planes are called “(extended) Wadsley de-
fects” which is a common misconception, cf. Fig.1.8. In the idealized structures, the CS
planes are long range ordered and therefore a part of the structure.[47]

In Fig. 1.7 the formation of the CS planes is illustrated. Starting from a perfect crystal (a),
oxygen vacancies are introduced either by heating or chemical reduction (b). In the early
transition metal oxides, these vacancies tend to diffuse to certain crystallographic planes to
form ordered defects (c). The vacancies are then eliminated by the introduction of corner-
sharing octahedras. Similar ordering processes of vacant oxygen sites can be observed in
Fe,_S and Fe; O where ordering with maximum seperation and clusters can be found.[48, 49]
All these structural changes can be interpreted as assimilation of defects to incorporate them
as new structural elements.

CS planes have been widely studied in solid state chemistry, in particular in the 70s and 80s
when electron diffraction techniques became more common.[50] In the quasi binary system
WO;-WO,, {102} and {103} crystallographic shear planes have been identified by structural
determination techniques.[43, 51] A variety of different, non-equilibrium compounds have
been identified via electron diffraction: {102} CS planes (ordered and disordered), {103} CS
planes (ordered and disordered) and the combination of {103} and {102} planes.[52, 53]

A more fundamental study was conducted by Booth et al. who summarized all structural
reports and tried to prepare equilibrium phases of the tungsten suboxides.[51] He found four
different regions in the phase diagram of WO; - WO, system: (i) Defect WO;_, with disordered
and ordered {102} CS, (ii) a phase region around the formal composition of WO, o, where
only {103} CS planes are found (iii) a smaller phase region around WO, g3 with disordered
pentagonal columns and (iv) a strictly stoichiometric phase WO, ;,,.

In Fig.1.9(c) the structure of WO, g, is illustrated. As a consequence of the {103} CS planes
with a separation of 2.36 nm the structure can be interpreted as a superlattice structure.

13



1 Introduction

I
Bl T T T T 17T 7]
10— —]

ne (cm3 - 10%1)

B O @
|
|

275 28 285 29
X in WOy

Figure 1.10: Calculated carrier concentrations for the tungsten suboxides WO,. As expected,
with increasing degree of reduction the carrier concentration increases linearly.
Data from ref.[54]. Purple data points represent nonequilibrium compounds.

1.4.2 Electrical conductivity in Magnéli phases

A good thermoelectric material requires an electrical conductivity in the order of a heavily

doped semiconductor with typical carrier concentration of ~ 101°-10! carriers cm 3.

In Magnéli oxides, electrical conductivity occur due to the mixed valence of tungsten and
the one electron remaining at the W°* sites. One could expect a temperature activated electri-
cal conductivity similar to a hopping mechanism. However, such a behavior is not observed
which suggests that electrical conductivity mainly occurs along the W>*Oy, layers in the com-

pounds.

WO, g has been identified as a promising candidate for thermoelectric application and in
this thesis the high temperature properties of WO, g, are determined.[55] As illustrated in
Fig.1.9, the W?>* ions form layers in which conduction can occur. For more reduced oxides,
metal like behavior is expected, for less reduced oxides, more insulting properties are expected
which is in agreement with calculated carrier densities, cf. Fig.1.10.[54]

1.4.3 State of the art: thermoelectric properties of Magnéli phases

So far, no high temperature properties neither on electrical transport nor thermal trans-
port have been reported on tungsten Magnéli oxides. However, room temperature and low
temperature electrical conductivity show increasing conductivity with increasing degree of
reduction.[56-58] It can be assumed that WO, g, is a heavily doped semiconductor whereas
WO, 7, has a metal-like electrical conductivity. These results are supported by carrier con-
centration calculations, which show a linearly increasing amount of carriers with reduction,
cf. Fig.1.10.

The room temperature Seebeck coefficients with 16 4 VK1 (WO, 5,,) and 35 u VK~ (WO, o)
further confirm the metal-like conductivitiy of WO, ;,, and the more semiconducting behavior
Of WOz.gO'
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High temperature thermoelectric investigations on titanium based Magnéli oxides revealed
n-type conduction and a reduced thermal conductivity with increasing amount of shear struc-
tures in the TiO,_, system.[59] The authors were able to show that CS planes act as sources for
phonon scattering without affecting the electronic conduction and zT values of ~ 0.1 at 1000 K
have been reached. Therefore, Magnéli compounds seems very promising to us and are po-
tential candidates to close the current gap between n-type and p-type oxide thermoelectrics.

In conclusion tungsten Magnéli oxides with their large unit cells fulfill many requirements
for compounds with low thermal conductivities. Because of its semiconducting behavior,
WO, 4 is identified as a promising candidate for thermoelectric application. The tungsten
based Magnéli oxide combines an intrinsic nanostructure, a large primitive unit cell with an
electrical conductivity comparable to a heavily doped semiconductor.

The intrinsic nanostructure acts as a scattering center for phonons while the large unit cell
shall be responsible for low phonon group velocities. The conductivity is comparable to a
heavily doped semiconductor, making this compound and Magnéli phases in general highly
interesting for thermoelectric research. However, so far, high temperature investigations have

not been conducted and proof of principle studies are necessary to verify these expectations.
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Densification Characterization

Figure 1.11: In the field of thermoelectrics the convential processing can be divided into three
parts, (i) the preparation of the powder, (ii) the densification into pellets and
the subsequent (iii) characterization. In case of nanoparticular compounds the
preparation and the consolidation step are exceptionally challenging.

1.5 Spark Plasma Sintering (SPS)

The conventional processing steps in the field of thermoelectrics can be divided into three
main parts, illustrated in Fig. 1.11. After the preparation, the material needs to be consolidated
in order to perform transport measurements. Depending on the material, the preparation can
be challenging, e.g. the characterization of materials that include intermetallic nanoparticles
is usually connected with some inaccuracies.[60, 61]

In this section the consolidation step is highlighted and a brief introduction into the tech-
nique of spark plasma sintering is provided which is used as consolidation technique for all
materials described in this thesis.

In general, two widely known techniques can be applied for consolidation, conventional
hot pressing (HP) and spark plasma sintering (SPS), sometimes denoted as current activated
and pressure assisted densification (CAPAD).[62-64] Driven by efforts in the research field of
nanoparticles, SPS has recently gained much interested. [1, 65, 66] SPS has been shown to be
a suitable tool for the consolidation of nanoparticles, due to its ability to maintain their small
size.[67, 68] Note at this point, it has been shown that plasma is absent in the SPS process,
however, owing to the high recognition value in the community SPS is used as a label in this
work.[63, 69]

SPS is a current- (field) and pressure assisted densification method which allows rapid
heating and cooling rates (>100 Kmin~!), short holding times and the preparation of dense
samples at sintering temperatures of several hundred degrees lower than conventional HP.
Instead of using an external heat source (as in conventional HP), an electrical current (DC,
pulsed DC) is passed through the conducting pressure die and/or through the sample. The
heat is the result of the passed current in the form of Joule heat, eq.1.19.

P = JE, (1.19)

with P the power (energy per unit time), | the current density and E the electric field. Al-
though the main densification occurs due to the interplay of temperature and applied pres-
sure, the passed current has nonthermal benefits and generally speaking current promotes
densification.[64, 70]

Usually high quality graphite is used as a die material, illustrated in Fig.1.12. It has been
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Figure 1.12: (a) illustrates a carbon die which is commonly used in SPS and conventional hot
pressing processes. (b) shows an example of a sintering profile typically obtained
during the sintering process with the time dependent piston position z and the
absolute temperature T.

shown that SPS can be used for the preparation and simultaneous densification of materi-
als, starting from commercially available precursors which will be emphasized in Chapter
3.[71-73] The single-step preparation of a dense pellet makes this technique interesting for a
widespread application, especially for industry, where a single-step preparation is desired.

New SPS devices provide the opportunity of live monitoring sintering parameters such as
applied pressure, pyrometer temperature and piston position and a typical sintering profile is
shown in Fig. 1.12(b) where the observed temperature and piston position are plotted as func-
tion of time. The sintering profile is an important tool to obtain the ideal sintering parameters
which have to be carried out for each material. Usually, the goal is densification within a short
time period and at temperatures as low as possible. Therefore, in a first sintering experiment
of a new material, consolidation is conducted at temperatures ~ 150K below the decomposi-
tion temperature. Afterwards, the main consolidation step is identified in the corresponding
sintering profile (cf.1.12(b), ~1200K). In a second experiment, sintering is done at tempera-
tures ~ 50K above the main consolidation step with a holding time of 1 min. In general, this
procedure is a good guide towards high quality pellets of unknown materials. In case of using
SPS as tool for consolidation and simultaneous preparation, the situation is not as easy and
the holding must be extended usually.

1.5.1 Mechanisms of densification

In a simple picture, densification refers to the elimination of porosity in a loose powder to form
a physically stable, dense pellet. Usually three different mechanisms contribute to densifica-
tion, (i) plastic deformation, (ii) sintering and (iii) particle rearrangement.[63, 74] Whereas
plastic deformation occurs instantaneously when a certain, material-dependent stress is ex-
ceeded, sintering and particle deformation include temperature dependent processes.
Sintering generally includes surface minimizing processes and the driving force is the re-
duction of surface energy. As illustrated in Figure 1.13, different mass transport processes can
be regarded but not all contribute to densification of the material. Surface diffusion and evap-
oration are certainly connected with mass transport, but they do not bring the particle centers
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Figure 1.13: (a) illustrates the situation before sintering, highlighting inter- and intraparticle
pores. (b) Schematic of the underlying processes during sintering. In a qualita-
tive picture, densification can be regarded as competition between sintering and
particle growth.

closer together and therefore do not contribute to actual densification. In fact, these processes
are mainly responsible for particle growth during consolidation and usually exhibit lower
activation energies which makes surface diffusion and evaporation to the dominating mass
transport processes in the lower temperature regime. At higher temperatures, grain boundary
and volume diffusion are more preferred and particle growth is mainly suppressed.

The second temperature dependent mechanism is particle rearrangement, cf. Fig.1.13, and
is a direct consequence of the applied pressure, however, particle sliding is clearly promoted
by grain boundary and/or surface diffusion and is therefore also favored at higher tempera-
tures.

Even this simplified discussion of the underlying densification mechanisms explains why
SPS is a suitable tool for the consolidation of nanoparticles thereby maintaining the small size
of the particles. The competition of particle growth and densification can be influenced by the
large heating rates accessible in the SPS process.

1.5.2 Current effects in SPS

The specific role of the applied current (and corresponding field) highly depends on the na-
ture of the material being investigated. The theory of electromigration which describes the
transport of material caused by momentum transfer between conduction electrons and diffus-
ing atoms seems to be a reasonable starting point.[64] The diffusions of the ith species is then
described with

DiCi RTali’lCi
— +

FZ*E 1.2
RT ox z (1.20)

Ji=
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with J; the flux of the diffusing i-th species, D; the diffusion coefficient, C; the conentration,
F the Faraday constant, z* the effective charge of the diffusing species, E the field, R the gas
constant and T the absolute temperature, respectively.

However, in a typical SPS experiment the temperature and current are not independent
parameters, and therefore thermal effects cannot be separated from the intrinsic role of the
current easily. A couple of experiments have been conducted on the formation of intermetal-
lic Al-Au phases, using a three layered geometry (Al-Au-Al) perpendicular to the applied
field.[70] The effect of current on growth of the intermetallic phases was then investigated by
annealing the layers at 723 K with different current densities. This study shows a remarkable
effect of the applied current on the product which supports the formation of the intermetallic
phase. However, it is difficult to generalize these results. Even the calculation of the current
density which goes through the sample is challenging. It is likely that electromigration effects
are active in SPS, but this depends on several parameters, such as the material being processed
as well as the stage of densification and the processing parameters employed.

In general SPS is a useful tool not only for the consolidation of a certain material but
also for simultaneous preparation and consolidation. The fast heating and cooling rate allow
for the consolidation of materials where decomposition and grain growth are known issues
during consolidation, e.g. for oxides and nanoparticles. So far, the aimed and systematic SPS-
research is somewhat limited due to difficulties in the determination of the current density

which passes through the sample.
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2 Proof of principle: thermoelectric
properties of W02_90 and W02.722

2.1 Summary

This chapter presents the first experimental investigation on the high temperature thermoelec-
tric properties of Magnéli phases WO, ¢, and WO, ,, consolidated via SPS. The combination
of crystallographic shear planes, a large primitive unit cell and a metal like electrical conduc-
tivtiy make Magnéli oxides interesting for thermoelectric application.

Since A. Magnéli has discovered crystallographic shear planes in binary M-O systems where
M is an early transition metal oxide, a lot of effort has been devoted in the detailed structural
investigations of complex oxides. In this context the binary W-O system gained much interest
including the compounds WO, g and WO, ;,,. Whereas {103} crystallographic shear planes
have been identified as structure motif in WO, ¢,, the more reduced WO, ,,, is built of pen-
tagonal tunnels without crystallographic shear planes, cf. Fig.2.1. Although the carrier con-
centration slightly differ because of the different degree of reduction, these two compounds
are most suitable to investigate the influence of crystallographic shear planes on the thermal
conductivity in the W-O system.

For this proof of principle study, WO, ¢ and WO, ,,, were prepared via solid-state syn-
thesis. The materials were consolidated using SPS and powder X-ray diffraction was used
to ensure phase purity. Thermoelectric properties were measured in the temperature regime
between 300K and 1100K reavealing a significant difference in the thermal conductivity of

the compounds.

WO3 WOZ.BE*E.SQS WOZ.MS-Z.SZZ WOE.?ZZ WOZ

Figure 2.1: Schematic of the WO;-WO, system and the dominating structure motifs of the
different compounds. Not shown are the high-pressure compounds WO, ¢, and
WO, (5. The degree of reduction increases from left to right and except WO, ;,, all
compounds exhibit a certain phase width. Illustrated are the distorted ReO;-type
structure of WOj;, crystallographic shear planes which can be found in WO, g, g5
and WO, g45.9800. For WO, ,, pentagonal tunnels are identified and WO, exhibit a
distorted TiO,-type structure.
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2 Proof of principle: thermoelectric properties of WO,.99 and WOz 722

2.2 Motivation

The results presented here are in parts an adapted reproduction, from Phys. Chem. Chem.
Phys. 2013, 15, 15399.[55]

Thermoelectric devices allow for the direct conversion of heat into usable energy and could
play a key role in handling the upcoming challenges in the energy sector. Therefore, much
effort has been devoted towards designing and improving materials for such devices. It has
been shown that interfaces on the nanoscale can enhance the thermoelectric properties by
acting as scattering centers for phonons, thereby lowering the thermal conductivity.[7] The
use of nanoparticles and artifically superstructures usually involves low yield preparation
methods and high cost processes.

Instead of using expensive artificial superstructures and sintered nanoparticles, the con-
cept pursued here is based on an intrinsic, layered nanostructure defined by crystallographic
shear planes as structure motifs.[59] Recent studies on structurally related compounds al-
ready showed exceptionally low thermal condutivities.[59] As mentioned in the introduction,
crystallographic shear planes are a structural feature in reduced early transition metal oxides.

For tungsten oxide, WO;_,, a representative of the Magnéli phases, {102} and {103} crystal
shear planes have been identified. Fig. 2.1 shows the idealized unit cell of WO, ¢, with corner
sharing octahedra of the ReOs;-type structure of stoichiometric WO; and the crystallographic
shear highlighted in light blue.[43, 44, 51] Along the c-axis in WO, 4, an intrinsic layered
structure with a 2.34nm separation between adjacent layers have been observed. Ab initio
calculations showed the possibility of treating WO, oy as an n-type degenerate semiconductor,
which is also reflected in the low temperature values of the Seebeck coefficient.[54] Although
the synthesis of the Magnéli-type tungsten oxides has been reported before, WO, g, is not
well investigated. In the synthesis the equilibrium state is usually not achieved, and the
crystal structure remains highly disordered.

Monoclinic WO, ;,, with the largest oxygen deficiency in the WO; - WO, region is reported
as the only oxide that can be isolated in a pure form under ambient condition, which is not the
case for other tungsten sub-oxides. The structure of WO, ,,, contains pentagonal columns (PC)
instead of CS, shown in the Fig. 2.1. Ab initio calculations predict metallic behaviour, which is
in accordance with the higher degree of reduction and the reported temperature dependence
of the electrical resistivity.[54] In contrast to WO, gy, WO, 7,5, compound is stoichiometric and
detailed electron microscopy studies showed the presence of well ordered crystals.[51, 75]

By using bulk compounds with intrinsic nanostructures as thermoelectrics, advantages of
bulk phases such as cycling stability and simple preparation are paired with the concept of
using crystalline interfaces on the nanoscale to ensure low thermal conductivities.

In case of nanoparticles, the preparation of the desired material and the consolidation has
shown to be challenging and remaining solvent molecules on the surface, phase decomoposi-
tion, grain growth during densification and low densities are issues which have to be solved
for each material very carefully. Therefore, the use of bulk materials with intrinsic nanotruc-
tures prepared via low cost methods is preferred.
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2.3 Procedure and experimental

The approach used here to pellets of WO, oo and WO, 5, follows the conventional procedure
illustrated in Fig.1.11. Solid state synthesis was used as preparation method of the pow-
ders. After consolidation via SPS the obtained pellets were characterized in terms of density,
microstructure and transport properties.

Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich with a purity
of 99.9 % or higher. For the preparation of WO, o, and WO, ;,, stoichiometric amounts of W
and WO; were sealed in evacuated quartz ampules and heated for 24 h at 1323 K (WO, o)) and
1073 K (WO, 7,) with a heating rate of 10K min~!. After the first heating cycle the powders
were thoroughly ground for 10 min and annealed for an additional period of 24 h at the given
temperatures. SPS experiments were provided on the SPS - 515 ET, Dr. Sinter - LAB machine
(Japan). The materials were ground to a fine powder and loaded into graphite dies with an
inner diameter of 8 mm. Carbon foil was used to surround the powder specimen on all sides,
isolating the specimen from contact with the graphite die and plungers during SPS experi-
ments. Compaction was achieved following the following temperature protocol: the samples
were treated at 1273 K (WO, oy) and 1473K (WO, ,,,) with a heating rate of 100 Kmin~! un-
der a uniaxial pressure of 50 MPa in vacuo and directly cooled to room temperature . These
temperatures were held for 1min; subsequently the samples were cooled to room tempera-
ture. For the transport measurements the samples were cut with a diamond wire saw into bar
shaped specimens, with typical dimensions of 1.5 x1.5 x 8 mm:s.

PXRD was performed with the X-ray Guinier diffraction technique (Huber G670 camera,
Cu-K,; radiation, A = 0.15409 nm, graphite monochromator. The electrical resistivity and See-
beck coefficient were measured simultaneously in the temperature range from 573K to 1323 K
using a ZEM-3 instrument (ULVAC-RIKO). Specific heat measurements were performed on a
Netzsch Pegasus differential scanning calorimeter. The specimens were heated up to 1073 K
under Ar atmosphere with a heating rate of 10Kmin~!. The thermal diffusivity D was de-
termined in the temperature range from 573K to 1323 K using the laser flash technique (LFA
447 Micro Flash, Netzsch). The temperature dependent thermal conductivity x was calcu-
lated using the relationship x=C, - D - d, with the geometric density d. For metallographic
characterization the SPS specimens were cut perpendicular to the pressure direction. The sur-
face area was prepared by SiC grinding and vibration polishing (VibroMet 2, Buehler) with
a 0.05 um Al,O; slurry. The microstructures were studied by optical microscopy (Axioplan2,
Zeiss). Scanning electron microscopy was performed on a Philips XL30 LaB6; EDAX Pheonix
system with Si(Li) detector. Carbon-coated specimens were used for SEM analyses.
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2 Proof of principle: thermoelectric properties of WO,.99 and WO3 72,

Figure 2.2: Scanning electron micrographs of (a) the as prepared WO, o, powder. (b) Bright
field and (c) polarized light images of the sintered pellet show randomly oriented
crystallites and a dense sample.

Figure 2.3: Scanning electron micrographs of (a) the as prepared WO, ,,, powder. (b) Bright
field and (c) polarized light images of the sintered pellet show randomly oriented
crystallites and a dense sample.

2.4 Results and discussion

2.4.1 Microstructure analysis

The crystallites of both compounds have highly anisotropic morphologies, cf. Fig. 2.2 (a) and
2.3 (a). Spark plasma sintering was used for consolidation, enabling fast heating and cooling
rates and minimizing any additional loss of oxygen at higher temperatures which is a well-
known effect in oxide chemistry.[47, 64]

Powder X-ray diffraction before and after the sintering process, cf. SI-Fig.7.1, reveal no
phase decomposition or transformation during the sintering process. The lattice parameters
for WO, ¢y (@=1.208nm, b=0.378nm, ¢=2.359nm) and WO, 5, (a=1.832nm, b=0.379nm,
¢ =1.404 nm) match with those reported in the literature.[51] For WO, g, triclinic WOj is taken
into account in the Pawley refinement. The amount of WO; is around the resolution limit of
PXRD, therefore the corresponding features in the powder pattern may also be due to domain
structure in the WO, ¢4 crystallites, originating from dislocations of the shear planes.

The sintering process enhances the crystallinity of the materials which is reflected in the
calculated crystallite sizes (250 nm for WO, ¢; and 321 nm for WO, ,,, and the densities of ~
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Figure 2.4: Temperature dependence of the thermopower and electrical resistivity of (a)
WO, ¢, and (b) WO, 7,,. Whereas the electronic transport properties of WO, g,
show a temperature behavior of a heavily doped semiconductor, WO, ;,, exhibit
mainly metal-like properties.

100% (7.7 gcm =2, WO, 7»,) and = 98% (6.95g cm 3, WO, o) [76]. Surface microscopy images
of the sintered samples confirm the observed high densities of the pellets and show two
different main orientations, indicated by different colors in the polarized-light images.

2.4.2 Electronic transport properties

Temperature dependent Seebeck coefficient and electrical resistivity of both compounds are
shown in Fig.2.4. Both compounds exhibit n-type conduction. For WO, ,,,, the electrical
resistivity shows a metallic behavior, whereas « features a more complex temperature depen-
dence. |«| first decreases with increasing temperature, passes through a minimum and finally
increases monotonically. The reason for the minimum of |«| around 425K is still unclear, but
considering the low temperature data from the literature, || passes through the minimum fol-
lowed by a maximum around 50 K. A similar behaviour, which can be attributed to a charge
density wave (CDW), was observed for the structurally related MoO,_, [57, 77]. For WO, 75,
no evidence for the appearance of a CDW in the electrical conductivity can be found. The
absence of a maximum in the high temperature regime indicates that the temperature is not
reached, where carriers are excited across the band gap.[28, 78] This would lead to a reduction
of the thermoelectric voltage.

For WO, o, the Seebeck coefficient has the expected temperature dependence of a heav-
ily doped semiconductor. The relatively low maximum value of 80 uVK™! at 1000K can be
attributed to a high carrier concentration. The temperature dependence of the electrical resis-
tivity may be explained from a superposition of two different effects.

Band structure calculations for WO, ¢, show a Fermi surface with hole and electron pock-
ets. In addition, one band lies above but very close to the Fermi level. Therefore thermal
excitation of electrons can occur.[29, 31] These electronic features are compatible to the ob-
served metal-like and semiconductor conduction mechanism. With increasing temperature
more carriers from defect states close to the unoccupied states of the conduction band are
activated leading to a small drop of resistivity. Above a threshold temperature the metal-like
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Figure 2.5: Temperature dependence of the power-factor (a2c) of WO, o, (blue) and WO, 5,,
(orange). Above the 850K both materials show nearly the same values which
makes the thermal conductivity the dominating influence for the zT.

behavior becomes dominant and electron-phonon interactions usually play a key role.[35] This
leads to a decrease of the electrical conductivity.

Based on the crystal structure and microscope images, one might expect anisotropy con-
tributions to the resistivity. Samples measured in different directions and different diameters
showed similar resitivities which indicates that anisotropy effects are not important in poly-
crystalline sintered samples.

2.4.3 Thermal transport properties

The temperature dependences of the thermal conductivity of WO, ,,, and WO, ¢, are shown
in Fig.2.6(a). The lattice parts of the thermal condutivities have not been calculated due to
the inherent inaccuracies of the Lorenz number for the WO, , Magnéli phases, which do not
follow the Drude-Sommerfeld model.[79]

The thermal conductivity of WO, 5, is very high which reflects the metallic character.
The temperature dependence is in rough agreement with the expected T~! behavior for
high temperatures, indicating phonon-phonon Umklapp scattering as dominant scattering
mechanism.[80]

For WO, ¢, an exceptionally low thermal conductivity was observed, with values of x ~ 3-
3.8WK !m™!, which is lower than the state-of-the-art material for n-type oxides (Zn;_, Al O:
>54WK !m~1[24] and slightly higher than those in the current state-of-the-art materials
(e.g. Tlyo1PboooTe[78]: 2.3-1 WK m~!, Bi,Te;[81, 82]: <2WK 'm™!, Yby,AlSby,[16, 25]:
<1WK'm™1). Above 600K the thermal conductivity increases slightly and a T~! behavior
cannot be found which seems unusual at first. However, considering that Umklapp processes
can be suppressed by defects and dislocations, the thermal conductivity at least its lattice part
presumably reflects the disorder of the shear structures in the WO, ¢, compound.[42]
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Figure 2.6: Temperature dependence of x and zT for WO, g, (blue) and WO, ,,, (orange). Tak-
ing into account the values of the temperature dependent PF, the low thermal
conductivity of WO, 4, is mainly responsible for the difference in the figure of
merit.

2.4.4 Figure of merit

The figure of merits are shown in Fig.2.6(b) with maximum values of 0.13 at 1100 K (WO, ;)
and 0.07 at 1100K (WO, 75,). For WO, 5, zT just slightly increases with temperature which
mirrors the drop of the power factor for high temperatures, cf. Fig.2.5. The WO, g, phase
shows a much stronger temperature dependence and reveals a better thermoelectric perfor-
mance than WO, ¢ above 700 K.

Comparing the different power factors, cf. Fig.2.5, WO, ;,, exhibits the better electronic
properties over almost the entire temperature range. Therefore, the enhanced thermoelectric
performance for WO, ¢y originates from the low thermal conductivity, which is correlated to
the presence of shear structures and dislocations.

However, these systems are not optimized in terms of their thermoelectric performance.
The small Seebeck coefficients indicate carrier concentrations that are about one order of mag-

nitude higher than those in doped semiconductors like Cu,,,Zn;_ GeSe, or chalcopyrites such
as CuGaTe,.[83, 84]

In conclusion, the thermoelectric properties of Magnéli-type WO, 4 and WO, ,,, have been de-
scribed. The more conventional approach to looking for thermoelectric materials has focused
on finding systems with large power factors followed by attempts to reduce their thermal con-
ductivity. The strategy to decrease the thermal conductivity through crystallographic shear
planes allows approaching the problem from the other direction, i.e. starting with a material
that has a comparably low thermal conductivity, and then attempting to increase its power
factor by adjusting power factor by changing the oxidation state of the metal. A remarkable
low thermal conductivity was observed for WO, 45, which can compete with values of the
state-of-the-art materials.

Spark plasma sintering was used for consolidating the powders. Electron microscopy studies
confirm the anisotropic crystal growth, which reflects the structural building principles of the
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Magnéli phases. It is also reflected in the surface structure of the sintered samples, where
crystallites with two main orientations appear.
However, no evidence of anisotropy was found in the physical transport properties. The non-
optimized zT values of 0.13 and 0.07 at 1100 K are promising. Considering the power factor of
both compounds, the more encouraging thermoelectric properties of WO, o, can be attributed
to the low thermal conductivity, which is related to crystallographic shear, oxygen vacancies
and dislocations. This study represents a proof of concept for the development of promis-
ing, cheaper, and more efficient thermoelectric conversion devices based on the strategy to
use intrinsically nanostructured materials rather than artificially structured layered systems
to reduce lattice thermal conductivities.

It is believed that the concept presented in this chapter will stimulate intensive research
in the chemistry and physics as well as on potential application of Magnéli nanophases as

thermoelectric materials.
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3 Rapid SPS-assisted preparation and
thermoelectric characterization of WO, o,

3.1 Summary

This chapter focuses on the rapid SPS assisted preparation and simultaneous consolidation of
the Magnéli phase WO, g. The high temperature thermoelectric properties of the obtained
pellets are compared with conventionally processed WO, ¢, revealing a similar thermoelectric
performance.

The preparation of phase pure Magnéli oxides through conventional solid-state techniques
usually requires long reaction times. Additionally, the obtained powder requires consolida-
tion for measurement of transport properties. This separate densification step with conven-
tional hot-sintering is performed at high temperatures at which oftentimes the decomposition
of the material occurs. In contrast to conventional processing, the rapid and simultaneous
preparation through the SPS route shown here opens up the possibility of faster bulk prepa-
ration of complex oxides. The resulting pellet is dense and is ready for physical property
measurements. Employing high throughput SPS-assisted sample preparation, SPS-assisted
preparation can play a key role in understanding the underlying physics in Magnéli oxides
and related materials.

In particular, conventional hot-sintering has shown to be unsuitable for the densification
of Magnéli oxides. The low heating and cooling rates lead to more reduced oxides and phase
purity can not retained. The thermoelectric properties of SPS processed WO, ¢, are compared
with WO, ¢ prepared via solid state synthesis. The measured maximum zT is 0.1 at 1100K,
comparable with the zT of conventionally prepared WO, .
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3.2 Motivation

This section is in parts an adapted reproduction, from J. Mater. Chem. A 2013, submitted.

SPS has been known for more than 80 years, but it is only recently that it has attracted
great attention. SPS is a field- and pressure-assisted compaction method which allows rapid
(>100 K min~!) heating and cooling rates, short holding times, and preparation of dense sam-
ples at sintering temperatures several hundred degrees lower than conventional hot sintering.[64,
85]

Instead of using an external heat source (as in conventional hot pressing), an electrical
current (DC, pulsed DC) is passed through the conducting pressure die and/or through the
sample. The factors that contribute to the rapid densification process are (i) mechanical pres-
sures, (ii) fast heating and cooling rates and (iii) exposure to an electric field.[63] SPS has been
applied for the investigation of sintering kinetics and for the rapid densification of materials
while preserving small grain sizes, e.g., with minimized grain growth.[86-89] By controlling
sintering kinetics, tailored microstructures can be obtained, to optimize material properties,
such as the electrical conductivity, thermopower, and thermal conductivity.[66, 90, 91] The
optimal balance between these is essential for successful thermoelectric materials with a high
figure of merit.[2, 4, 92]

For widespread applications the preparation and subsequent consolidation steps of ther-
moelectrics should be rapid and inexpensive. Therefore, the single-step preparation of a dense
pellet from commercially available precursors such as W and WO; is desired.[73, 93] It has
previously been shown that this can be achieved with SPS by combined preparation and
consolidation. Additionally, it has been demonstrated that there is a strong influence of the
applied current on the composition of the synthesized product.[63, 64] In general, the applied
current promotes the reaction of precursors, decreasing the required reaction time to form
single-phase compounds.[94]

Here the SPS-assisted preparation of the Magnéli phase oxide WO, o, is focused.[43, 44] As
shown in the previous chapter, crystallographic shear is responsible for a low intrisic thermal
conductivity in WO, ¢(.[95, 96] A figure of merit value of zT = 0.13 at 1100 K, previously found
for WO, g prepared by conventional methods is a promising indicator for the non-optimized
system.

3.3 Results and discussion

3.3.1 Preparation and processing

The preparation method used in this contribution is illustrated in Fig.3.1. Commercially
available WO; and elemental W were used in stoichiometric amounts as precursor materials.
A detailed description of the used equipment and procedure is given in the SI, p.57.

SPS was employed to directly obtain WO, g, pellets in a single step. The processing method-
ology may be applied to other materials as well. The applied temperature profile is shown
in Fig. 3.2. After preparation, samples were phase pure WO, ¢, with densities > 96% of the
calculated theoretical density.
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Figure 3.1: Illustration of the processing procedure. Unlike conventional approaches, reaction
and consolidation take place concurrently. (a) Starting compounds (WO; and W),
(b) the sintering die, and (c) processing of the solidified pellet.
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Figure 3.2: Termperature profile (blue), densification curve (orange) and decompression curve
(light orange) for the spark-plasma synthesis and simultaneous consolidation of
WO, gy. Note that the temperature profile is plotted only for the pyrometer con-
trolled heating, starting from 673 K. Capital letters indicate different segments of
the process. A Compression and B heating to 673 K, C pyrometer-controlled heat-
ing, D consolidation and E subsequent reaction followed by F decompression and
cooling. Whereas pressure induced densification is observed in segment (A), tem-
perature induced consolidation occurs in segment (D).
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In the first step a pressure of 50 MPa is applied (A). The sample is then heated to 673
K (B) followed by pyrometer-controlled heating step (C) to the final temperature. The main
consolidation occurs during the heating segment where the sample is rapidly heated at 100K
min~! (D) to the final temperature 1473 K. This temperature is held for another 5min (E) to
ensure the entire conversion of the precursors.

After cooling the cylindrical pellet to room temperature, it is removed from the die and
polished with SiC abrasive paper to clean the surface. For measuring the electronic proper-
ties, bar-shaped pieces with approximate dimensions of 10mm x 2mm x 1.5mm were cut
using a low-speed saw with a diamond wafering blade. The remaining material was used for

microscopy and physical characterization.

3.3.2 Microstructure analysis and thermoelectric properties

counts (a.u)

Q(A™)

Figure 3.3: Pawley analysis of the synchrotron X-ray powder diffraction pattern indicates that
WO, g is single-phase. The idealized unit cell is shown in the inset, in a man-
ner that highlights the crystallographic shear planes created by alternating lay-
ers of corner-sharing (grey) and edge-sharing (blue) octahedrons. Lattice param-
eters obtained agree with the literature (a=1200.0pm, b=378.1pm, c=2350pm
Rwp=9.8).[51]

As shown by high energy X-ray diffraction, cf. Fig.3.3, single phase WO, 4, is obtained
after 5min at 1473K. Although the maximum density of 98% is reached already at 1273K
(orange curve in Fig. 3.1), the temperature must be held at 1473 K for 5 minuntes to obtain the
phase pure material. Note that the increase of density in region F is caused by measurement
artefacts which occur during the cooling process. A detailed description of the underlying
sintering mechanisms can be found in the Introduction, p. 16. However, sintering for less than
four minutes leads to the formation of a multiphase system. An additional minute is used as
a buffer for fluctuations during the sintering process.

SEM micrographs of the polished pellet surface in Fig. 3.4 indicate the formation of a dense
pellet. The grains are randomly oriented and the overall microstructure is comparable to the
microstructure reported for conventionally prepared WO, ¢,.[55] The grains are similar in size,
but have a pronounced rod-like appearance. This observation is supported by the results of the
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3.3 Results and discussion

Figure 3.4: Scanning electron micrographs (a) cross section, (b) top view, reveal that WO, g4
pellets are dense, with randomly oriented grains. The grain size is of the same
order as in conventionally synthesized WO, q.

Figure 3.5: High resolution transmission electron micrographs of the obtained material. The
material was cut with a diamond saw into small pieces, step size 5nm. (a) shows
a overview image of the observed crystal and (b) a high resolution image of the
occuring crystallographic shear structures with a average spacing of 2.35nm, there-
fore the c-axis is identified easily, as indicated.

33



3 Rapid SPS-assisted preparation and thermoelectric characterization of WOz.9p

( )3.0 W T | T ][ T ] 7 -30 (b) 3.5 T 7 T 77 Jo
=5 ” CA
L ] —~ 3 o —
- -40 § F o -
= 25— o —
£20 —O.... ”D 0T X F Re ]
é | ...U....... § € 2 N o —_
£ o 0= L 15— ¢ —
Q1.0 2z r o ]
. E ]
m 70 & _F ¢ 5
— 5] 05 —6><>°° —
I T T s T T N R B
N ——— 1) ottt

400 600 800 1000

T(K)

400 600 800 1000

T(K)

Figure 3.6: Temperature dependence of (a) the electrical resistivity and thermopower, and (b)
the calculated power-factor of SPS-prepared WO, ;. The temperature dependence
of the electronic transport properties shows the behavior of a heavily doped semi-
conductor

X-ray powder diffraction, where a refinement of the crystallite axis was performed (average
crystallite sizes along the different crystallographic axes are 40nm (a), 227 nm (b), and 36 nm
(c) respectively. The small calculated crystallite sizes reveal that the visible grains are not
single crystals. To further investigate the nature of the crystallographic shear, high resolution
transmission electrom micrography was conducted, cf. Fig.3.5. The spacing between the
different W>*O building blocks (Fig.3.5(b), dark lines) underlies a variation and reflects the
natural disorder in Magnéli[51]

The temperature dependence of the electrical resistivity and thermopower of WO, 4, pre-
pared by SPS (Fig. 3.6) is that of a heavily doped semiconductor. The monotonic increase of
the thermopower with increasing temperature reveals that the maximum of the thermopower
is not yet reached at 1100 K, characteristic of a wide band gap semiconductor.[28, 54] These
results closely match the behavior of conventionally prepared WO, 4,.[55]

The temperature dependence of the thermal conductivity (Fig. 3.7(a)) shows a small maxi-
mum around 800 K. The temperature regime where Umklapp scattering dominates the scatter-
ing mechanism is not reached until 900 K which is consistent with the high Debye temperature
of ~600K. Although the values of the thermal conductivity are small for conductive oxides,
they are slightly higher than for conventional prepared WO, o,. The differences between 15%
and 20% are mainly attributed to the uncertainties of the applied measurement method rather
than any differences of the microstructure.[60, 61]

The calculated figure of merit zT is shown in Fig. 3.7(b) and has a maximum of 0.1 at
1100 K. In comparison to the state of the art materials and other well-studied n-type oxide ma-
terials, the Magnéli oxides reported here are entirely non-optimized and seem to be promising
in the context of new thermoelectric materials.[19]

In conclusion, SPS assisted preparation and simultaneous consolidation tunred out to be a
useful tool for the large scale preparation of the Magnéli phase WO, g. The preparation of
phase pure Magnéli oxides through conventional solid-state preparation usually requires long

reaction times. Additionally, the obtained powder requires consolidation for measurement of
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Figure 3.7: Temperature dependence of (a) the thermal conductivity and (b) the calculated
figure of merit, zT of SPS- prepared WO, gy. The slope of x to a maximum at 800 K
is consistent with the high Debye temperature (Tp = 600 K).

transport properties. This separate densification step with conventional hot-sintering was
performed at high temperatures when decomposition often occurs.

In contrast to conventional processing, the rapid and simultaneous preparation and consol-
idation through the SPS route shown here opens up the possibility of faster bulk preparation
of complex oxides. The resulting pellet is dense and suitable for physical transport property
measurements. Through high sample throughput, SPS-assisted preparation can play a key
role in understanding the underlying physics in Magnéli oxides and related materials. In par-
ticular, conventional hot-sintering has shown to be unsuitable for the densification of Magnéli
oxides. The low heating and cooling rates lead to more reduced oxides and phase purity
cannot retained.

The measured maximum zT is 0.1 at 1100 K, comparable with the figure of merits of con-
ventionally prepared WO, 4,. Considering that the Magnéli phases are an entirely new class
of materials in the field of thermoelectric research, a zT value of 0.1 for n-type oxides is
promising.
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4 Reduced thermal conductivity via
nanosized crystallites and defects in WO, o

4.1 Summary

The aimed manipulation of a material property is a key step towards materials with high
thermoelectric performance. In this chapter, it is shown how (W)-Ta-O scattering centres on
the nanoscale can be used to improve the thermoelectric properties of the Magnéli phase
WO, .90-

SPS assisted preparation and simultaneous consolidation was used as preparation method
leading to dense and single phase pellets. In addition to crystallographic shear planes and
intrinsic defects as scattering centers in pure WO, o), (W)-Ta-O nanoscaled crystallites in the
range of 5-50nm are introduced as scattering sources. The enhanced phonon scattering on
different length scales reduces the thermal conductivity by ~ 30% without changing the elec-
trical properties, thus, the thermoelectric figure of merit is improved and a maxium zT 0.15 at
1100K is observed.

These results present the first successful attempt of altering the thermal properties of Mag-
néli oxides and underlines their potential as non-toxic, chemically stable thermoelectric mate-

rials.
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Table 4.1: Sample description and nominal composition of the prepared and characterized
samples. The amount of Ta,O5 in percent is related to the amount of tungsten in

WO,.99
o . . PF (900K) K1at. (900 K)
sample description =~ nominal composition (Wm-1K-2) (Wm-1K-1)
WO, 4, (reference) WO, 4 2.76 x 1074 3.14
4:0/0Ta205'W02.90 Ta0.O4W0.9602.90 2.68 x 1074 2.12

4.2 Procedure and experimental

SPS assisted preparation and simultaneous consolidation was used to prepare Magnéli oxide
WO, ¢y and has been described in detail before.

Briefly, stoichiometric amounts of the precursor materials W, WO; and Ta,O5 were thor-
oughly ground, loaded into a graphite die and heated to 1473 K with 100 Kmin~!. Prior to
heating, a pressure of 50 MPa was applied. After a holding time of 5min and cooling to room
temperature, the cylindrical pellet was removed from the die and polished with SiC grinding
paper to a clean surface.

The Seebeck coefficient and the electrical resistivity were measured simultaneously be-
tween 300K and 1100 K on bar-shaped samples with a ZEM-3 Ulvac instrument perpendicular
to the pressure axis in SPS. The thermal diffusivity was measured on compacted discs with
a Netzsch laser flash diffusivity instrument (LFA 457) along the pressure axis; the samples
were coated with a thin layer of graphite to minimize errors in the emissivity. The data were
analyzed using a Cowan model with pulse correction. Specific heat measurements were per-
formed on a Netzsch Pegasus differential scanning calorimeter (DSC). The specimens were
heated up to 1073 K under Ar atmosphere with a heating rate of 10 Kmin~—!. The sample den-
sities were calculated from the measured mass-to-volume ratios and the thermal conductivity
was calculated with the relation k=D - d - C, where D is the diffusivity, d the density and C
the heat capacity. The experimental densities were determined to be between 96% and 98% of
the theoretical density.[51]

Field-emission scanning electron microscopy was performed on a FEI XL40 Sirion FEG mi-
croscope with an attached Oxford Inca X-ray system for chemical analysis. After polishing,
the samples (mounted in epoxy) were surrounded with silver paste in order to prevent the
sample from charging during imaging. Secondary and backscattered electron images were
collected with an acceleration voltages of 5 keV and 15 or 20 keV, respectively. (High reso-
lution) transmission microscopy was perfomed on a tecnai X50 and a working potential of
5kV.[76] Powder X-ray diffraction pattern were obtained on a Philips XSPert with CuK, radi-
ation. For quantitative analysis TOPAS academic, v4.1 was used, applying the fundamental

parameter approach.
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4.3 Results and discussion

Figure 4.1: High resolution transmission electron micrographs of the reference sample WO, .
(a) The superstructure can be observed in real space as well in the corresponding
FFT (inset). (b) and (c) show lattice mismatches and defects in the reference sample
which are responsible for phonon scattering in the small nano scale and subnano
scale.

4.3 Results and discussion

4.3.1 Microstructure analaysis

PXRD patterns of all samples show WO, 4, as main crystalline phase, cf. SI-Fig.7.3. The
average calculated crystallite size of all samples is in the nanometer range (=~ 100 nm) and the
obtained lattice parameters are in agreement with reported data, cf. SI-Tab. 7.1.[51]

Scanning electron micrographs of different samples, cf. SI-Fig.7.4, 7.5 and 7.6 show similar
grain sizes in the order of 5 ym for all samples. Therefore visible grains in SEM micrographs
do not represent single-crystalline diffraction domains, which is consistent with the disorder
typical for this class of oxides cf. Fig.4.1.[51, 53] The cross-sectional and top view micrographs
confirm the high density of all samples >97%, with respect to the theoretical density.

High resolution transmission electron micrographs of the reference WO, o, and 5%Ta,O5-
WO, oo samples are shown in Fig.4.1 and Fig.4.2 respectively. For 5%Ta,05-WO, 4,, a higher
density of defects and nanocrystalline areas can be observed in comparison to the reference
sample. The assignment of the d-spacing values is desisted due to several reasons: Because of
(i) many possible phases in the ternary W-Ta-O system (even the Ta-O is barely investigated)
and (ii) the small crystallites, there are large uncertainties associated with the assignment of
certain crystalline phases.[75]

The introduction of tantalum-rich areas in the length scale of 5-50nm together with the
high defect density in the Ta,05-WO, g, samples plays a key role in the scattering mechanism
of phonons which is discussed below.
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4.3.2 Thermoelectric properties

The temperature dependences of the thermopower « and the electrical resistivity p (Fig.4.3,
measured between room temperature and 1100K, show the typical behavior of a heavily
doped semiconductor and are insensitive to amounts Ta,O5;. The maximum of a is not yet
reached by 1100K, which is consistent with data observed in chapter before. The calculated
power factors, illustrated in Fig.4.4(a) underline the insensitivity of the electronic transport
properties towards increasing amounts of Ta,Os.

Temperature dependence of the thermal conductivity of the samples are shown in Fig. 4.4(b).
The thermal conductivity is observed to decrease with increasing amount of Ta,O5. Thus the
sample 5%Ta,O05-WO, gy has the smallest thermal conductivity over the measured temperature
range.

Whereas in the reference sample, WO, ¢; mainly defects smaller than 3nm contribute to
phonon scattering, 5%Ta,05-WO, o, exhibits a high amount of (W)-Ta-O crystallites in the
nanoscale between 5-50 nm which further decreases x;,; .

In Fig.4.5 the calculated figures of merit are shown, indicating an increase of 50% from the
stoichiometric material, due to the smaller thermal conductivity.
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4.3 Results and discussion

Figure 4.2: High resolution transmission electron micrographs of the sample 5%7Ta,O5-WO, g4
(@) - (f) show a high density of defects and nanosized crystal areas. Single crys-
talline areas are in the order of 5-50nm. As defects, discloations, Wadsley defects
and twin structure can be observed.
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Figure 4.3: Temperature dependence of (a) the thermopower and (b) the electrical resistiv-

ity. Both properties are insensitive towards the Ta,O5 impurities and resemble the
behavior of a heavily doped semiconductor for all samples.
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Figure 4.4: Temperature dependence of (a) the thermal conductivity and (b) the power-factor.
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Whereas a significant improvement of «r, is observed with increasing amount of
Ta, the power factors are independent of the Ta amount. Therefore the difference
in the thermal conductivity has to be related to the lattice thermal conductivitiy of
the samples.



4.3 Results and discussion
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Figure 4.5: (a) Temperature dependence of the lattice part of the thermal conductivity. In con-
trast to other tungsten based Magnéli phases and many oxide systems, the corre-
lation effects are not signficiant, allowing a calculation of x;,; via the Wiedemann-
Franz law (b) temperature dependence of the calculated figures of merit, zT. Note
that the thermal conductivity was extrapolated to a temperature of 1100 K from.

4.3.3 Discussion

In the absence of bipolar contributions, the absolute thermal conductivity consists of an elec-
tronic and a lattice contribution, eq.1.6.

As the electronic transport properties influencing «,; were unaffected by amounts of Ta,Os,
the difference in x is attributed to differences in x, arising from the underlying microstruc-
ture. Using the Wiedemann-Franz law (x,;, = LoT), the lattice part of the thermal conductivity
is calculated. A Lorentz number of L=2.00-10"8 W QK2 is used and the resulting tempera-
ture dependence of xj,; is presented in Fig. 4.5(a).

To understand the scattering mechanisms qualitatively, x;,;. can be expressed with eq.1.17,
thereby neglecting the frequency dependency of the different parameters. The frequency
dependency of the scattering relaxation time of the different scattering effects is then qualita-

1 is written

tively considered. According to Matthiessen’s rule the scattering relaxation time 7~
as the sum of all scattering processes, eq.1.18.

In the context of this work, contributions of Umklapp scattering 7;;', grain boundary scat-
tering 7;; and point defect scattering 57 have to be considered.

Due to the high Debye temperature of the system (Tp =600K) a clear T~! behavior cannot
be indicated within the applied temperature range. Additionally, it is known that Umklapp
scattering can be suppressed by defects and discloations. However, for every sample shown
in Fig.4.5 x;,; decreases with increasing temperature.

The decrease of xj;; with increasing amount of Ta,O5 is ascribed to enhanced phonon
scattering at the defects and nano-sized crystalline areas of (W)-Ta-O. Due to grain boundary
scattering 7. is increased, which directly influences the mean free path of the phonons I = v,
thereby decreasing ;. Because point defect scattering is usually less dominant or nearly
non existent for higher temperatures and the differences of «;,; are constant, contributions of
point defect scattering can be neglected. This is supported by (i) the small mass differences
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Figure 4.6: Schematic of the underlying microstructure. The nanosized crystallites (blue) con-
sist of (W)-Ta-O and act as scattering centers for phonons thereby decreasing the
mean free path of the phonons. The high defect density is indicated by the dark
grey areas.

of Ta® and W>"/®*, (ii) the similar radii of the different cations and (iii) the insensitivity of
the electronic properties, which suggest that no significant amounts of Ta,O5 are built in the
WO, g, lattice.[97]

A simplified scheme of the underlying nanostructure is illustrated in Fig.4.6. The intrinsic
defects (dark grey) and (W)-Ta-O scattering centers (blue) are highlighted to underline their
influence on the thermal transport characteristics.

In conclusion, this chapter shows how the thermal conductivity of the Magnéli oxide
WO, g9 phase can be altered by introducing (W)-Ta-O crystallites as scattering centers. In
the pure WO, o, compound, crystallographic shear planes and defects on the subnano scale
are identified by HRTEM as scattering sources for phonons. With the addition of (W)-Ta-O
crystallites, interfacial phonon scattering in the 5-50 nm range is introduced. As a result, xj,.
is lowered by 50% over the entire measured temperature range while the electronic proper-
ties remain unaffected, therefore enhancing the thermoelectric performance. The observed
maxium figure of merit is 0.15 at 1100 K.

The large unit cell and the high electrical conductivity combined with a low lattice thermal
conductivity make Magnéli phases an interesting class of materials for thermoelectric research.
So far, just a small part of the field of Magnéli phases has been investigated and this work
presents the first successful attempt to alter the thermal transport properties. The next step
towards an even lower thermal conductivity is the introduction of scattering centers on the
scale of 100-500 nm to scatter phonons over the entire distribution of phonon mean free path
lengths. Additionally, the electronic properties have not been optimized; a future goal is to
control the carrier concentration.

This knowledge is important not only for tungsten based Magnéli oxides but also for the

optimization of other binary or ternary systems with potential thermoelectric application.
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5 Wet chemistry route towards nanoparticular
antimonides and thermoelectric
characterization of nano-FeSb,

5.1 Summary

In this chapter a facile wet chemistry route towards nanoparticular binary metal antimonides
including the thermoelectric promising material FeSb, is presented. It is shown how grain
boundary scattering on the nanoscale can be used to alter the thermal transport properties of
FeSb,. The obtained results emphasize the challenge in thermoelectric research to control the
highly interrelated material properties independently of each other.

During the past few decades transition metal antimonides have attracted much industrial
and academic interest. Their great variety of electrical and magnetic properties originating
from the variable compositions makes them intresting materials in metallurgy and solid-state
science. Compounds, such as FeSb,, CoSb; and Zn,Sb; have long been characterized as
promising materials in thermoelectric devices.

Low-dimensional materials and nanomaterials are known to exhibit properties that are
fundamentally different from those of the corresponding bulk compounds. The number of
low temperature synthesis methods for nanocrystalline intermetallic compounds of the late
transition metals has increased dramatically over the past few years, however, the preparation
of nanocrystalline antimonides has not been focus of extensive studies. Therefore, a low
temperature wet chemistry route is optimized allowing for the formation of intermediate and
metastable antimony intermetallic phases including nanoparticular FeSb,, CoSb, NiSb, Cu,Sb
and ZnSb.

In case of nano-FeSb,, SPS was used as consolidation method in order to determine the
influence of nanoscale interfaces on the thermal transport and thermoelectric properties in
general. Although the thermal conductivity is lowered by more than 80% in comparison to
the bulk value, an enhancement of the thermoelectric figure of merit is not achieved due to

the decreased electronic performance of the compound.
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5.2 Motivation

This section is in parts an adapted reproduction from Inorg. Chem. 2011, 50, 6938 and Dalton
Trans., 2013, submitted.

The main task in the field of thermoelectric research is to overcome the highly interrelated
material properties and in this context grain boundary scattering of phonons on different
length scales has shown to be an effective approach.[2, 98] Due to the decreased mean free
path of the phonons the lattice part of the thermal conductivity is reduced thereby improv-
ing the thermoelectric performance.[1, 99] Therefore, recent studies have focused on obtain-
ing dense materials of sintered nanoparticles[14, 66, 100] superlattice systems [15, 101] and
nanosegregations [102] of high zT bulk materials.[103]

Compounds such as FeSb,, CoSb; and Zn,Sb; have long been characterized as promising
materials in thermoelectric devices and potential anode materials.[104-108] To further inves-
tigate possible candidates within the antimonide family, phase pure nanoparticular samples
must be prepared and characterized.

The synthesis of intermetallic compounds usually requires high reaction temperatures and
long reaction times for the thermodynamically stable phase to be formed. Besides, nanopar-
ticles are sensitive to heat because of crystal growth during longer heating periods. The
number of low temperature synthesis methods for nanocrystalline compounds of the late
transition metals has increased dramatically over the past few years. In situ reduction in high
boiling solvents, (modified) polyol processes, and solvothermal reaction allow the syntheses
of metastable intermetallic phases.[109-113]

In contrast to the well-established polyol process, the wet chemistry route which is pre-
sented here, starts from metal particles and/or carbonyl precursors; that is, no additional salts
(from reducing agents) or organic compounds are present in the synthesis (besides possible
organic impurities in the solvents used). Therefore this method can yield products without
further impurities. In addition, this synthesis route allows the production of macroscopic
masses of single-phase nanopowders and thus allows further investigations of the thermo-
electric properties.

Kondo systems and highly correlated electron systems such as FeSb, and FeSi, are promis-
ing candidates for cryogenic thermoelectric applications due to their favorable electronic prop-
erties at low temperatures. Localized d- or f-states mix with conduction electron states leading
to a formation of a small hybridization gap with extremely sharp densities of states next to
the band gap.[114, 115]

For independent electrons interacting with static scatterers the Mott formula describes
the relation between the thermopower and the density of states.[116] Clearly, this formula
oversimplifies the situation in Kondo systems, but the thermopower is still highly sensitive
to the density of states close to the chemical potential. Therefore, large values of the ther-
mopower are expected in Kondo and highly correlated electron systems, as has been shown
for FeSb,[105], FeSi[117], CeBg[118], Ce;Sb,Pt;5[119], CeF,P,[120] and CeRu,Sby,[121]. For
single crystalline FeSb,, a thermopower of a = —42000 uV K~! at 10K is found[105], leading
to the highest reported power-factor (x?c) but so far, the thermoelectric performance is limited
by the large thermal conductivity of the compound. Recent approaches on FeSb, thin films
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Figure 5.1: (a) Schematic of the applied wet chemistry route. Activated Sb nanoparticles and
Fe(cp),CO, are used as precursors and tetraethylenglycol (TEG) as solvent. In
contrast to the classical polyol process, no additional reducing agent is necessary
therefore minimizing the possibilty of impurities. So far, the detailed influence of
the solvent is not determined, but the coordination of the solvent to the reactands
and products surface seems to be crucial. (b) Scanning electron micrograph of
the obtained FeSb, nanoparticles reveals agglomerated particles with sizes in the
range of 50 to 200 nm.

and nanoparticular FeSb, prepared via a solvothermal method indicate a significant reduction

in both the thermal conductivity and the thermopower of the compound.[122, 123]

5.3 Experimental

A description of the detailed experimental procedure can be found in the Supporting Infor-
mation, p.64. Here, the experimental approach is briefly described and compared to other
preparation methods for nanoparticular antimonides.

A schematic of the wet chemistry route for the preparation of FeSb, nanoparticles is shown
in Figure 5.1. In general, antimony nanoparticls are either reacted with other metal nanopar-
ticles or reacted with a molecular precursor and are produced by a reduction of SbCl; with
lithium triethylboronhyride Li[(Et);B]H at room temperature.

Activated nanoparticles are highly reactive in ambient air, leading primarily to the forma-
tion of Sb,05. 'H NMR data of Sb nanoparticles kept in an inert gas atmosphere show an
intense signal according to surface bond stibane (6 ~ 1.05 ppm), which broadened when the
particles were in contact with air.[124, 125]

In case of antimony it is very difficult to obtain well separated, monodisperse nanopar-
ticles. Nevertheless this synthetic technique was studied to obtain intermetallic binary anti-
monides for a proof of principal study with a focus on the thermal conductivity, therefore,
the interface density is important. However, the activated Sb particles are used in a solution
based approach, which allows to study the influences of additional reaction parameters on the
forming binary antimonide nanoparticles. Therefore the activated nature of the nanoparticles
without any capping agents or polymers on their surface is of great importance. A TEM image
and powder X-ray diffraction pattern of activated Sb nanoparticles are shown in SI-Fig.7.13.
Ni, Cu and Zn nanoparticles were prepared from the corresponding chlorides. For the syn-
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Table 5.1: Reaction conditions for the preparation of nanoparticular late transition metal an-
timonides. Activated Sb nanoparticles were used as antimony source and reacted
with stoichiometric amounts of the metal precursor.

1 reaction heating rate
compound  metal precursor solvent Y (K min-1)
FeSb, [Fea(cp)2(CO)4] TEG 300 10
CoSb Co2(CO)g TEG 280 5
NiSb Ni NP TEG 180 5
Cu,Sb Cu NP TOA 160 5
ZnSb Zn NP TOA 300 15

thesis of NiSb, ZnSb and Cu,Sb nanoparticles of the corresponding metal were dispersed in
a high-boiling solvent and added to the solution of antimony nanoparticles and the mixture
was heated to temperatures between 420K and 570 K. For the formation of FeSb, and CoSb,
antimony nanoparticles were reacted with Fe(cp),CO, and Co,COg. Presynthesized Fe and
Co nanoparticles did not lead to the formation of a phase pure compound.

With the help of powder X-ray diffraction data of the reaction intermediates, the reaction
conditions for the formation of the different antimonides were optimized in terms of (shortest)
reaction time, phase purity and crystallinity.

5.4 Results and discussion

5.4.1 Wet chemistry route

By starting from small metal particles, solid state diffusion is no longer the rate-limiting step
of the reaction and different phases are accessible. In contrast to conventional solid state
reactions that allow the formation of the thermodynamically stable product, nanostructured
metastable[113] and intermediate compounds can be made by this approach.

However, this synthesis approach is highly sensitive to a variety of parameters, such as
heating rate, final temperature, reaction time, solvent and precursor material. On the other
hand, this variety of reactions conditions also allows an optimization of the reaction process to
obtain the target phase. For example, in the case of NiSb, ZnSb and Cu,Sb, metal nanoparticles
could be used as precursor materials, whereas FeSb, and CoSb could only be obtained by
using molecular precusors, cf. Table 5.1. Additionally, for CoSb, Cu,Sb and ZnSb only the
solvent shown in Table 5.1 led to the formation of phase pure materials, whereas for NiSb the
solvent seems to have a minor influence.

The NiSb phase was also obtained if other solvents (trioctylamine, triethylenglycol) were
used. One reason for the higher flexibility of the synthesis conditions for NiSb could be its
rather broad phase width compared to those of the other compounds described here.

PXRD studies of the reaction intermediates and final products revealed that all target phases
form during the heating step. For the synthesis of CoSb, Sb was consumed upon further
heating. The reaction yields pure CoSb at 550K, cf. SI-7.16. For FeSb,, NiSb, Cu,Sb and
ZnSb the target phases and precursor compounds were crystalline at the final temperature
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Figure 5.2: Influence of the heating rate on the composition of the CoSb/CoSb, system. Exper-
imental data (blue dots), Rietveld fits (orange line), and corresponding difference
plots (black line). (a) Optimized heating rate, 5Kmin~!, yields phase pure CoSb.
(b) Heating rate 15K min~! yields a mixture of CoSb and CoSb,. Excess Co was
removed with 1 M HCI.

and subsequently reacted to form the final product. The size of the obtained nanoparticles is
between 10-250 nm and the nanoparticles show no evidence for anisotropic particle growth,
cf. SI-Fig. 7.14.

As mentioned above, the resulting nanoparticle phases and the product distribution strongly
depend upon the reaction conditions, and they are sensistive towards variation of these vari-
ables. The most important reaction parameters are (i) overall reaction time, (ii) final tempera-
ture and (iii) heating rate.

The overall reaction time seems to control the progress of the reaction between the anti-
mony nanoparticles and the metal precursors. Thus, short reaction times result in impurities
of unreacted antimony. The final temperature and heating rate control the phase formation
and the phase purity as shown in Figure 5.2 for the CoSb/CoSb, system. In a similar way,
variations of the synthesis parameters lead to the formation of NiSb, impurities during the
synthesis of NiSb.

5.4.2 Densification of nano-FeSb, and microstructure analysis

In the wet chemistry approach no additional surfactants are used and therefore agglomerated
particles in the range of 50-200nm are obtained, cf. Figure 5.1(b). Infrared spectroscopy
measurements of the obtained black powder show a absorption band at 2870cm ™!, typically
observed for C-H vibrations, which is attributed to remaining solvent molecules attached to
the surface.

SPS was used as a consolidation method in order to prevent nanoparticles from grow-
ing during the densification process. Neglecting the consolidation due to particle rearrange-
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Figure 5.3: TG/DTA measurements of FeSb, nanoparticles prepared by the wet chemistry
approach described above, (a) under N, and (b) O, atmosphere. An exothermic
reaction is observed around 650K and therefore sintering was conducted with a
final temperature of 523 K.

ment, densification mainly occurs as a result of surface-energy minimizing processes. In this
simple picture SPS can be interpreted as a competition between particle growth and den-
sification. Grain growth processes usually exhibit lower activation energies and therefore
low heating rates and long-time sintering favor particle growth whereas high heating rates
mainly suppress growth processes. Additionally, particle rearrangement is supported by high
temperatures. Therefore, SPS with its high heating rates represents the optimal tool for the

consolidation of nanoparticles thereby maintaining the small crystallite sizes.

The optimal sintering temperature was achieved via DTA /TG measurements under N, cf.
Fig.5.3(a). Over the whole temperature regime a mass loss of 2% was observed. The first
significant exothermic reaction occurs at around 620 K which is ascribed to a decomposition
into FeSb,,, and elementary Sb. Sintering was conducted with a final temperature of 523K,
100K below the phase transition considering local temperature fluctuations. DTA/TG mea-
surements under O, atmosphere reveal oxidation processes starting at around 500 K. How-
ever, previously conducted transmission electron microscopy studies on nanoparticular FeSb,
which were stored under ambient conditions revealed a passivating oxide layer that formed at

room temperature and therefore all experiments were conducted under inert atmosphere.[124]

Powder X-ray diffraction analysis of a sintered bar revealed FeSb, to be the main phase. As
determined by PXRD analysis the average diffraction domain size of SPS-treated FeSb, was
88nm (see Fig.5.4) which is consistent with the average crystallite size of 40nm of pristine
FeSb,. Although SPS is the optimal tool for the consolidation of nanoparticles, particle coars-
ening cannot entirely be suppressed. Elemental Sb was found as impurity and inhomogenity
is confirmed by element mapping (Fig.5.5). Carbon as possible impurity after SPS treatment
was excluded by microstructure analysis (Fig.5.5(d)). Oxygen was found only in the small
cracks (Fig.5.5(e)). The content of iron and antimony varies in the volume of the sample
((Fig.5.5(b) and (c)) and regions with different iron to antimony rations can be recoginzed.

Among all those phases, only FeSb,, elemental antimony and iron oxide were detected as
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Figure 5.4: Powder X-ray diffraction pattern of the sintered sample (blue), Rietveld fit (orange)
and corresponding difference curve (black). The calculated average crystallite size
is 88 nm and the obtained lattice parameters match those reported in the litera-
ture (a = 582.8pm, b = 673.6 pm, ¢ = 319.9 pm).[126] Strongest reflections of the
impurities are indicated with # (Sb) and * (Fe;Oy).

crystalline ones by PXRD (Fig.5.4). All other phases observed in the microstructure seem to
be amorphous intermediates of the preparation reaction.

5.4.3 Thermoelectric properties of spark plasma sintered nano-FeSb,

Temperature dependence of the thermopower a and electrical resistivity p are shown in
Fig.5.6(a). « rapidly decreases with increasing temperature to a minimum of a,;, = -78 VK1
at T,y =30K, indicating n-type conduction in the low temperature regime. As the tempera-
ture increases further, a increases reaching positive values around 148 K. The overall values of
the electronic transport properties match with previous studies conducted on nanoparticular
FeSb, synthesized via a solvothermal process.

The observed minimum of « is shifted to higher temperatures and smaller values compared

to single crystalline FeSb, (T, = 10K, &, 47000 1V K~!) and polycrystalline bulk FeSb,
(Tsin. = 25K, &pin. =-500 uV K~1).[105, 123] The reported value is significantly smaller than for
single crystalline and bulk FeSb, where a giant mobility was found for the charge carriers,
1 =10°cm? V-1s71[127] The collapse of the thermopower is attributed to reduced correlation
effects associated with the small size of particles.
p decreases with increasing temperature; the higher resistivity in comparison to bulk FeSb,
is ascribed to the lower mobility of the charge carriers. These results are highly consistent
with values reported in the literature and stress the relation between electrical resistivity and
thermopower. Studies on FeSb, thin films also connected the reduced mobility with the low
value of «.[122, 123, 127]

The temperature dependence of the thermal conductivity of SPSed FeSb, nanoparticles is
shown in Figure 5.6 (b). In order to estimate the direct influence of grain boundary scattering
on the thermal conductivity, the lattice part of the thermal conductivity is calculated using the
Wiedemann-Franz law, x,; = LoT, with L=2-10"8 W Q K=? the Lorenz-number.[30, 128]

In comparison to bulk polycrystalline FeSb, a reduction of nearly 80% is achieved. This
reduction is presumably caused by the small crysallite sizes, leading to enhanced phonon
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Figure 5.5: (a) Microstructure and element mapping of sintered FeSb, with distribution of (b)
iron, (c) antimony, (d) carbon and (d) oxygen.
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Figure 5.6: Temperature dependence of (a) the thermopower (dark blue), the electrical resistiv-
ity (light blue) (b) the thermal conductivity (red) and the lattice part of the thermal
conductivity, ;. (light red). Although the thermal conductivity is reduced about
nearly 80% with respect to the bulk value, an enhancement of the figure of merit
is not achieved because of the drop of the thermopower. Note, the error of the
measurement of the thermal conductivity is in the order of the obtained values, as
highlighted in the figure.

scattering at the nanoscaled interfaces. According to eq.1.17, xj,; can be treated within the
Debye approximation, thereby neglecting the frequency dependencies of the parameters. By
introduction of grain boundary scattering on the nanoscale, I is reduced significantly leading
to a reduction of x;, .

Although an exceptional reduction of the thermal properties of the compound is achieved,
no enhancement of the thermoelectric figure of merit is gained. The reduced crystal size sup-
presses the correlation effects and therefore a thermopower is obtained which is signficiantly
smaller than for polycrystalline and single crystalline FeSb,.

In conclusion, this chapter presents a facile, flexible wet chemistry route towards nanopar-
ticular late transition metal antimony nanoparticles, FeSb,, CoSb, NiSb, Cu,Sb and ZnSb.
Furthermore the low temperature thermoelectric properties of spark plasma sintered FeSb,

nanoparticles are reported.

Powder X-ray diffraction analysis of the sintered pellet reveals nanoparticular FeSb, as
main phase with elementary Sb and Fe;O, as impurities. The conducted microstructure inves-
tigations show a dense pellet with an inhomogeneous appearance and EDX analysis reaveal
several regions with different antimony to iron ratios. However, the obtained temperature
dependent thermoelectric properties match with previous reported results of nanoparticular
FeSb, which were prepared by a solvothermal approach. The thermal conductivity is reduced
by more than 80% with respect to the bulk value caused by enhanced grain boundary scatter-

ing on the nanoparticular interfaces.

Although the thermal conductivity is reduced exceptionally, an enhancement of the figure
of merit could not be achieved because of the absolute thermopower is decreased which is
attributed to reduced correlation effects caused by the small crystal size.
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These results give another remarkable example how grain boundary scattering on the
nanoscale can help to improve the thermoelectric performance of a material but also em-
phasizes the challenge in the field of materials science in general, to overcome the highly
interrelated material properties, to prepare desired materials with distinct physical proper-
ties.

54



6 Conclusion and outlook

This thesis focused on the investigation of the thermoelectric properties of tungsten Magnéli
oxides and spark plasma sintered FeSb, nanoparticles.

With tungsten Magnéli phases a highly promising class of oxides for thermoelectric ma-
terials has been identified. The combination of a metal-like electrical conductivity, crystallo-
graphic shear structures, and a large primitive unit cell makes this materials interesting for
thermoelecric research. In a proof of principle study the suboxides WO, ¢, and WO, ,, have
been prepared via solid state preparation and the powders were densified using SPS. The fast
heating rates of SPS ensure no further reduction during densification and dense single phase
pellets of WO, 4, and WO, 5, could be obtained. Transport measurements showed semi-
conducting (WO, ¢9) and metal-like (WO, ¢,) behavior with a zT of 0.13 at 1100 K. Especially
WO, 4y exhibits a low intrinsic thermal conductivity which is ascribed to crystallographic
shear planes acting as phonon scattering centers.

To further enhance the thermoelectric performance more systematically, a rapid SPS-assisted
preparation towards phase pure WO, ¢, was elaborated starting from commercially available
precursors. This SPS-assisted approach was then used for the gradual introduction of (W)-Ta-
O scattering centers on the nanoscale. The increased interfaces density led to a reduction of
K1at, With increasing amounts of Ta,O5 thereby enhancing the thermoelectric figure of merit,
zT to 0.15 at 1100 K.

The next step towards a high zT material is the detailed investigation of the elecronic struc-
ture of Magnéli oxides and complex oxide materials in general, followed by an optimization
of the power factor, a?c. So far, ab initio calculations showed that WO, ¢y can be treated as
a heavily doped semiconductor, however, the carrier concentration does not seem optimized
for thermoelectric application. The great variety of complex oxides which fulfill the require-
ments for materials with inherent low thermal conductivities such as defect perovskite solid
solutions and ternary Magnéli oxides is encouriging for the future.

Furthermore, a facile wet chemistry route towards binary nanoparticular antimonides was
developed to obtain pure FeSb, nanoparticles and other late transition metal antimonides
such as CoSb, NiSb, Cu,Sb and ZnSb. In order to perform transport measurements, spark
plasma sintering was used as consolidation method to prevent particles from grain growth.
Low temperature thermoelectric properties of FeSb, show a reduction of thermal conductivity
by more than 80% due to grain boundary scattering of heat carrying phonons. However,
an improvement of the zT could not be achieved due to a decreased thermopower in the
nanoparticles. These results emphasize the difficult challenge in thermoelectric research to
overcome the highyl interrelated material properties.
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Experimental: SPS assisted Preparation of WO, 4,

For the preparation and simultaneous consolidation the temperatre profile described in Chap-
ter 3 was applied. SPS treatments were provided on the SPS - HP D 5, FCT machine (Ger-
many). Stoichiometric amounts of W and WO; were ground to a fine powder and loaded into
graphite dies with an inner diameter of 20 mm. Carbon foil was used to surround the powder
specimen on all sides, isolating the specimen from contact with the graphite die and plungers
during the SPS experiment.

After cooling to room temperature, the cylindrical pellet was removed from the die and
treated with SiC abrasive paper to clean the surface from any carbon residues. For measuring
the electronic properties, bar-shaped specimens were cut using a low-speed saw (Allied Inc.)
with a diamond blade. The remaining material was used for microscopy and physical charac-
terization. Samples for microscopy were fixed in epoxy (Buehler Epomet) by hot compression
mounting, ground with silicon carbide abrasive paper, and finally polished to 0.25 ym surface
roughness with colloidal diamond on cloth.

High-resolution synchrotron powder diffraction data were collected at beamline 11-BM
at the Advanced Photon Source (APS), Argonne National Laboratory using a wavelength of
A =0.41315nm. Data were fit using TOPAS Academic v4.1 program suite, using the funda-
mental parameter approach.[76] Field-emission scanning electron microscopy was performed
on a FEI XL40 Sirion FEG microscope with an attached Oxford Inca X-ray system for chemical
analysis. After polishing, the samples (mounted in epoxy) were surrounded with silver paste
in order to prevent samples from charging during imaging. Secondary and backscattered elec-
tron images were collected with acceleration voltages of 5keV and 15 or 20 keV, respectively.

The Seebeck coefficient and the electrical resistivity were measured simultaneously be-
tween 300 K and 875 K on bar-shaped pieces perpendicular to pressure axis in SPS with a
ZEM-3 Ulvac instrument. The thermal diffusivity, D, was measured on compacted discs with
a Netzsch laser flash diffusivity instrument (LFA 457) along the pressure axis; the samples
were coated with a thin layer of graphite to minimize errors in the emissivity. The data were
analyzed using a Cowan model with pulse correction. The specific heat (C) measurements
were performed on a Netzsch Pegasus differential scanning calorimeter (DSC). The speci-
mens were heated up to 1073 K under Ar atmosphere with a heating rate of 10 Kmin~!. The
experimental sample densities, d, were calculated from the measured mass-to-volume ratios
and were determined to be between 96 % and 100 % of the theoretical density. The tempera-

ture dependent thermal conductivity D was calculated using the relationship x = C, - D - d.
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SI-Figure 7.1: Powder X-ray diffraction pattern of WO, 4, (top) WO, 75, (bottom) before and af-
ter spark plasma (SPS) treatment including the profile fit and profile difference
of the corresonding Pawley refinement. No Phase decomposition is observed
during consolidation.
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SI-Figure 7.2: Numerical fit (black) of the Debye function to the heat capacity of WO, ¢, reveals
a Debye temperature of Tp ~ 600 K. The error is estimated to £ 25K.

Table 7.1: Refined lattice parameters of the different samples WO, q), 3%Ta,05-WO, g,
4%Ta,05-WO, gy and 5%Ta,05-WO, oq. The lattice parameter reported in the lit-
erature are a=12.1A, b=3.76 Aand c=23.6 A.[51] The errors of the refined lattice
parameter are smaller & 0.002 A. The errors for the calculated crystallite size are

+5nm.
. . calculated avg.
compound refined lattice crystallite size Rwp (RBragg)
parameters (A) i)
a=12.03
WO,,  b=3783 183.1 8.5 (0.56)
c=23.59
3%Ta.0 a=12.01
o151 =3.777 196.1 8.4 (0.56)
WO c=2357
AUTaO a=12.03
°'L5”  b=3.784 167.5.1 8.8 (0.53)
WO 22361
5%Ta0 a=12.03
015" p=3.783 201.2 8.3 (0.50)

W00  c=2361
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SI-Figure 7.3: Powder X-ray diffraction pattern of (@) WO,q), (b) 3%Ta,05-WO, g, (c)
4%Ta,05-WO, gy and (d) 5%Ta,05-WO, ¢, including profile fit and profile dif-
ference of the corresponding Pawley refinement. All patterns show single phase
WO, .90-[51]

60



SI-Figure 7.6: Scanning electron micrographs of 5%7Ta,05-WO, g, cross section image
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SI-Figure 7.9: HRTEM micrographs of WO, g4
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Experimental: Preparation of metal nanoparticles

Synthesis of Metal Nanoparticles. ZnCl, (ABCR, 99.999%), NiCl, (Sigma-Aldrich, 99.99%),
and CuCl (ABCR, 99.995%) were first dried with thionylchloride, washed with toluene, dried
in vacuo, and stored in a glovebox under N, atmosphere. Tetrahydrofuran was dried with
CaCl, and Na/K and freshly distilled before use. Lithium triethylboronhydride Li[Et;BH]
(Aldrich, 1M in THEF, referred to as superhydride) and SbCl; (ABCR, 99.99%) were used as
obtained, and SbCl; was stored in a glovebox. Zn particles were synthesized by the reaction
of ZnCl,with 2 equiv. of the 1M solution of superhydride in THF at 338 K. The particles were
washed several times with THEF, dried in a vacuum, and stored in a glovebox. Sb particles, Ni
particles, and Cu particles were produced by reducing SbCl;, NiCl,, and CuCl with 3, 2, and 1
equiv. of the 1 M superhydride solution at room temperature, respectively. The black poweder
was repeatedly redispersed in THF and decanted from the solution, dried in a vacuum, and
kept in a glovebox.

Synthesis of Binary Antimonide Nanoparticles. Trioctylamine and tetraethyleneglycol

(Aldrich, 98%) were degassed and stored under Ar before use.
FESB;. In a typcial synthesis, nanoparticles of the nominal composition FeSb, were prepared
by reacting Sb nanoparticles (1 mmol) in tetraethleneglycol with a heating rate of ~15Kmin 1.
A dispersion of cyclopentadienyl iron(II) dicarbonyl dimer (0.5 mmol) in approximately 3mL
of tetraethyleneglycol was added to the reaction when the Sb solution reached a temperature
of around 373 K. The reaction mixture was then heated to 573-583K at a rate of 10 Kmin~!
and held at that temperature for 60 min. For intermediate products, 2ml of the solution was
extracted by a syringe at approximately 473, 523, and 573 K and after 60 min.

CoSs. In a typical synthesis, nanoparticles of the nominal composition CoSb were prepared
by heating of Sb-nanoparticles (1 mmol) and Co,(CO)g (0.5 mmol) in tetraethyleneglycol with
a heating rate of about 5Kmin~!. The reaction mixture was heated to ca. 553 K. For interme-
diate products, 2mL of the solution was extracted by syringe at approximately 423,473,523,
and 553 K. After the solution was cooled to room temperature, the resulting black product
was collected by centrifugation (9000 rpm), washed with ethanol, and dried under a steady
Ar flow.

NiSs. In a typical synthesis, nanoparticles of the nominal composition NiSb were prepared
by heating of Sb-nanoparticles (1 mmol) and Nanoparticles (1 mmol) in tetraethyleneglycol

(ultrasound bath for 10 min) with a heating rate of about 5Kmin~!.

The reaction mixture
was heated to ca. 443K and held there 210 min. For intermediate products, 2mL of the
solution was extracted by syringe at approximately 343,353,413, and 443 K. After the solution
was cooled to room temperature, the resulting black product was collected by centrifugation
(9000 rpm), washed with ethanol, and dried under a steady Ar flow.

CusSB. In a typical synthesis, nanoparticles of the nominal composition Cu,Sb were pre-
pared by heating of Sb-nanoparticles (1 mmol) and Cu-nanoparticles (2 mmol) in tricotylamine
(ultrasound bath for 10 min) with a heating rate of about 5 Kmin~—!. The reaction mixture was
heated to ca. 433K and held there for 180 min. For intermediate products, 2mL of the solu-
tion was extracted by syringe at approximately 323 and 373 K. After the solution was cooled

to room temperature, the resulting black product was collected by centrifugation (9000 rpm)
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and washed with ethanol. Afterward, the black powder was washed two times with 1M HCl
in saturated NH,CI solution to remove possible Cu residues. The powder was then again
washed with ethanol and dried under a steady Ar flow.

ZNSB. In a typical synthesis, Sb- and Zn-nanoparticles were heated to 573K at a rate of ca.
15Kmin~! in a polar, strongly coordinating solvent (trioctylamine) to prevent nanoparticle
aggregation. The reaction mixture was held at ca. 573K for 60 min before it was allowed to
cool down. Products were collected by centrifugation, washed with ethanol, and subsequently
dried in vacuo. The syntheses had to be carried out using an excess (3:1) of zinc metal to
ensure all Sb reacted to form the desired product. The additional Zn can be removed after the
reaction by repeated treatment of the solid residue with dilute acetic acid. The product was
then washed with ethanol and dried with streaming Ar to a dry powder.

Compaction and Characterization. SPS treatments were carried out on a SPS-515 ET, Dr
Sinter setup (SDC-Fuji, Japan). The fine powders were prepared in an Ar-filled glove box
and loaded into WC dies with an inner diameter of 8 x1.5 mm. High density FeSb, bars were
obtained by heating to 523 K wit a rate of 100 Kmin~! under an uniaxial pressure of 650 MPa
in vacuum with a hodlding time of 5min. Temperature measurement within the SPS setup
was performed by means of a thermocouple insde the die wall.

Low-temperature transport properties were peasured on the bar-shaped specimen using a
PPMS system (Quantum Design). Energy dispersive X-ray spectroscopy was performed on
a scanning electron microscope Philips XL30 (cathode LaB;; EDAX Phoenix system, Si(Li)
detector). Carbon-coated specimen were used for SEM studies.

Powder X-ray diffraction experiments were carried out with a Huber G670 camera (Guinier
geometry) Co K, radiation with a step size of A26 = 0.005%.

counts (a.u.)

Q(A?)

SI-Figure 7.13: (a) Transmission electron micrograph of activated Sb nanoparticles and (b)
powder diffraction pattern including pawley fit. The calculated lattice param-
eters and average crystal size of 30nm agree with the particle sizes obtained
from transmission electron micrographs.
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SI-Figure 7.14: Transmission electron micrographs of prepared antimonide nanoparticles that
show particle sizes in the range of 10-250 nm.
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Table 7.2: Refined lattice parameters of the obtained compounds and literature values. The
errors of the refined lattice parameter are smaller £+ 0.003 A. The errors for the
calculated crystallite size are between +0.14nm and + 1.82nm.

reported refined calculated av
lattice lattice ed ave:
compound R I crystallite size rwp (TBragg)
(A) bulk)  (A) (nano) (nm)
a=>5.833
a=>5.833
FeSb, b=6.539 b = 6.539 39.1 5.9 (1.9)
c=3.204 ’
a=3.890 a=3.899
CoSb c=5.186 c=5.207 16.14 2.28 (1.31)
_ a=3.934 a=3.934
NiSb  __5138 =5 145 12.75 5.48 (1.53)
a=4.001 a=4.008
a=6.202 a=6.214
ZnSh b=7.742 b="7.756 82.13 5.17 (2.07)
c=8.100 c=8.098
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SI-Figure 7.15: Formation of NiSb. Time-dependent and temperature-dependent (ex situ)
PXRD: experimental data (black dots), Rietveld fits (red line), and correspond-
ing difference plots (black line) at different reaction temperatures and times.
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: Formation of CoSb. Time-dependent and temperature-dependent (ex situ)
PXRD: experimental data (black dots), Rietveld fits (red line), and correspond-
ing difference plots (black line) at different reaction temperatures and times.
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SI-Figure 7.17: Formation of FeSb. Time-dependent and temperature-dependent (ex situ)
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PXRD: experimental data (black dots), Rietveld fits (red line), and correspond-
ing difference plots (black line) at different reaction temperatures and times.
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