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Abstract

Clathrates are a class of new materials thet lan open-framework structure that
allows guest atoms or molecules to be enclosederddi their polyhedral framework.
Varying the number, weight, and size of the gupsties in a particular framework
allows one to alter the physical properties ofdlahrate. This relationship enables one
to further the fundamental understanding of thesptsyand chemistry of the clathrate
structure and use this knowledge to “tune” cerpaperties. This “tunability” of
inorganic clathrates is of great interest as @vadl one to optimize their physical
properties; making them promising candidates famae of applications such as
thermoelectric, optoelectronic, and supercondugtivi

In this study, new synthesis methods of typed Il clathrates of group 14 are
introduced, along with two new compositions of tymtathrates. A new synthesis
method used to produce single crystal and micreaityse NaSiss and NasSiiss
clathrates by the spark plasma sintering technigjugroduced. Microcrystalline type |
NagSise and type Il NaSiise are also selectively synthesized with no phaseuritypof
the other type using the low temperature ionicilquethod. In addition, the synthesis
of microcrystalline NgGe;Sizg and single crystal BEsGaSrss type | clathrates are

presented for the first time.

vi



1. Introduction

The word clathrate refers to materials that are &binclude “guest species” such
as atoms or molecules into their polyhedral fram&wd he polyhedral framework forms
a “cage-like” structure around the “guest spectbat allows these “inclusion” atoms or
compounds to be varied in their number or typear@mg the number and type of guest
species in the host framework allows one to alterthysical properties of the clathrate
compounds. The ability to “tune” the physicabperties of clathrates holds promise for
a variety of applications, from thermoelectriés’, to photovoltaics and optoelectronics
% to potentially ultra-hard materidito magnetic cooling applicatioi8. This study
involves new synthesis methods and new clathratgoands that furthers the
knowledge of the fundamental physics and chemistrglved in the synthesis process of
clathrate compounds.

Clathrate hydrates or “gas hydrates” are itts¢ Known clathrate compounds where
H,O molecules form the host lattice of the crystaldure in a manner similar to ice and
are able to enclose atoms or molecules such asanmeetind xenon. Currently, there are
nine known crystal structures of clathratewith each crystal structure composed of
varying face-sharing polyhedral. Not all of thigstal structures have been
experimentally produced, with the type | structbeing the most frequently published

(Figure 1.1).
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Figure 1.1: Number of clathrate publications bysture type (as of 11/2012).

At this time, most of the known experimentgtpduced clathrates are composed of
the group 14 elements, Si, Ge, and Sn. These drd@ements form the structural
framework of the clathrate with alkali and alkalie&th elements being the most
common guest species that reside in the cagertkedwork. Group 14 elements have
been extensively studied due to their optoelectrpnoperties and their importance to the
field of semiconductor electronit®s™. Therefore open-framework materials, such as
clathrates, that are composed of group 14 elena@atsf immense interest as they hold
great potential to optimize their physical propestior a variety of applications.

Intermetallic clathrates were first introduceith the type | clathrate, N8iss, being
synthesized by Kasper et #lin 1965 with subsequent analysis and characteizaf
this clathrate undertaken by Cros et'ain 1968. Clathrate research then progressed at a
steady rate until the last 15 years which saw & huagick in clathrate research and

publications (Figure 1.2).
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Figure 1.2: Number of clathrate publications byrnyf@s of 11/2012).

From a chemical and physical viewpoint, this huggs in clathrate research can be
largely attributed to the study of the crystal stane of these compounds, their greatly
varying physical properties, and how those two ijealare intimately inter-connected.
Therefore, being able to understand the fundamehtaics and chemistry of these
inorganic clathrate compounds is a crucial padssessing their potential for use in a
variety of applications, some of which are mentoabove.
1.1. Crystal structure of type | and 11 clathrates of group 14

The type | and Il clathrates of group 14 &e=focus of this research. Their crystal
structure consists of face sharing polyhedra witlug 14 atoms forming the structural
framework with the “guest” consisting of akali mistar akali-earth atoms residing in the

polyhedral “cage” created by the framework atorfibe general formula for the crystal



structure of the type | clathrate igBs with the A consisting of akali metals or akali-
earth atoms, and the E consisting of the groupdrents Si, Ge, or STT2*¢ Type |
ternary compounds that have the formulBAEszo, with B consisting of Zn, Cd, Al, Ga,
In, As, Sb, or Bi also exist. In addition, multiple type | clathrates have ee
synthesized exhibiting a slight variation of thgsaeral formulas by varying the host
atoms in the framework and by varying the guesnatin the cages

In most of these compounds, the bonding isicened to adhere to the Zintl
concept®!’ where the electropositive guest atoms donate Waénce electrons to the
electronegative host atoms, resulting in an elestatral compound. These valence
electrons are covalently bonded to the host attiaisform the face sharing polyhedra.
In the type | clathrate, the host atoms form twaety/of cages, & and B4, with the g
being the smaller 20-membered pentagonal dodecali@tned by twelve pentagonal
faces and the &z being the larger 24-membered tetrakaidecahednaeiiby twelve
pentagonal and two hexagonal faces (Figure 1.8hag. type | crystal structure consists of
two Ex and six k4 cages, with a cubic unit cell afdn3n space group Three
crystallographic sites make up the framework, & \tYiyckoff notationgc, 16i, and24k,
with the guest atoms residing in th& and6d positions inside the & and k4 cages

respectively.
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Figure 1.3: a) Crystal structure of the type |lutate. The cubic unit cell is composed of
two pentagonal dodecahedEad) and six tetrakaidecahedi&,y).
b) Crystal structure of the type Il clathrate.eTdubic unit cell is composed
of sixteen pentagonal dodecahedtg) and eight hexacaidecahedEag].
Reprinted with permission from Ref. 1 Copyright(2(, Elsevier Books.
The type Il clathrate crystal structureanposed of face sharing polyhedral that
create a face centered cubic unit cell of the spamepFd3m. The type Il crystal

structure follows the formula AE;zs "'

with E consisting of the group 14 framework
atoms and A consisting of the akali-metal or alk@lkearth guest atoms. Two types of
polyhedra form the unit cell,.Eand ks, with E;o being the smaller cage formed by 20-
membered pentagonal dodecahedra aid&ng the larger cage formed by 28-
membered hexacaidecahedra (Figure 1.3b). Therkdtg cages and 8Jgcages in the
unit cell of the type Il clathrate. The threestatlographic sites (in Wyckoff notation)
for the framework atoms aBa, 32e, and96g while the guest atoms reside in 8Bieand
16c sites in the polyhedral. The type Il clathsat@ve not been nearly as extensively

studied and produced as the type | clathrate, treguh only 19 known

composition&®%0222



1.2. Physical Propertiesof type |l and Il clathrates of group 14
In order to determine the potential that clathrédielsl for applications, one needs to
fully understand the physics and chemistry of trmsapounds. Therefore the
characterization of these materials is neededderdo obtain their physical properties
and to better understand how their physical progegedre related to their crystal structure.
Inorganic clathrates have varying electronic ardrttal properties that range from

semiconductort to metalli¢® behavior.
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Figure 1.4 : Electrical properties of selected typhkathrates.
Reprinted with permission from Ref. 23. Copyrigt02].
IOP Publishing Limited

A general rigid band model that is typicalppéed to inorganic clathrates is that the
valence electrons from the electropostive gueshatare donated to the electronegative

host framework atoms. If this charge transfer daesccur, a partially filled band gap



with a high density of charge carriers results enadallic conduction is expected.
Maudryk et af® (Figure1.4) and Beekman et®Ahave characterized type | and Il
clathrates that exhibit temperature dependenttiégiss and low Seebeck coefficients
that are typical for metals. Type | clathratest #axhibit semiconducting qualities were
also characterizetl An important characteristic of these compousdbat one is able to
vary the doping level by varying their chemical gmsition. Semiconducting clathrates
of type Il have also been synthesized and showt greanise for future applications.
Type Il clathrates are of great interest as théyleithe ability of removing the guest
atoms by the “degas” meth3d Beekman et af* and Stefanoski et &° used this
method to remove the sodium from microcrystalane single crystal NagSiize to a

final composition of NgSijgs and Na ¢Siize In doing this, they showed that removing
the sodium content from the clathrate changedetdrecal properties from metallic to a
semiconductor, with a metallic/semiconductor traosioccurring at the sodium content

of Na~8 (Figure 1.5).
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Figure 1.5: Resistivity (log scale) as a functidnemperature for N&ijzs with x =2.9 (0), 5.1 @), 8.2

(©), 14.7 (0), and 24 ¢). Reprinted with permission from Ref. 26. Copiuti¢r012]. American Chemical
Society.



Gryko ?° used this degas method to create an essentiafifyeBi ss clathrate. This
clathrate was measured to be a wide band gap seduictor, holding promise for
optoelectronic applicatiofs

The thermal properties of type | and Il claties of group 14 are also of great interest.
Their unique thermal propertiésre directly related to their guest-host intemwi The
guest atom is weakly bound to the cage like framewagiving the guest atom the
ability to move, or “rattle” inside the cage. Thiattling” behavior creates strong
phonon scattering , which results in a low theromaiductivity in clathrate$*2 It has
also been found that the heavier the atom andreésdey the size difference between the
guest and its cage, the lower the thermal condiyctiv The magnitude and temperature

dependence of the guest atoms atomic displacemaesutneters (ADPS) is shown in

Figure 1.6%".
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Figure 1.6: Temperature dependent isotropic atalisiglacement parametetdd,)
for the Eyg guest as well as framework sites igN&¢Ei135 (A = Rb, Cs; E = Si, Ge)
Reprinted with permission from Ref. 27 Copyrigh®(2], American Institute of Physics.



This “rattling” behavior, that results in aner thermal conductivity in various
clathrates, has been one of the most interestidgmaportant discoveries in
thermoelectric research as it introduces the “phaglass electron crystal” (PGEC)
concept introduced by Slack efal. SEGasGes, for example, exhibits a lattice thermal
conductivity temperature dependence comparablentw@hous solids (Fig 1.7b). The
PGEC concept refers to this quality that varioagtehtes have in exhibiting a thermal
conductivity similar to amorphous materials, sustgkass, while also exhibiting the
electrical properties of crystalline materialshisTis of great importance for
thermoelectric research, as materials with lowrttarconductivity and tunable electric
properties may result in superior thermoelectritenals®. The “rattling” effect is
clearly demonstrated in Fig 1.7a as the clathnatfsheavier guest atoms and a greater

size difference between the guest and cage hawgex lattice thermal conductivity.
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Figure 1.7: a)x | for several representative type | clathrates bp&silike” k for SEGaGesg

Reprinted with permission from Ref. 1. Copyrigh001], Elsevier Books



1.3. Applications

The interesting physical properties displaygdyipe | and Il clathrates of group 14
show that these compounds hold promise for a wanieapplications. One such
application is thermoelectrics. The determinatbthe quality or “goodness” of a
thermoelectric material is the dimensionless figufrenerit, ZT* . ZT is calculated by
the equatioZT=Ss/x with S being the Seeback coefficiemtyeing the electric
conductivity, andk being the thermal conductivity witts k. + ke, Wherex, is the lattice
component of thermal conductivity arglis the electrical component of thermal
conductivity. Therefore in order to achieve a high a material must have a high
“power factor”, So, and lowk. However materials with high S generally have tow
such as semiconductors, and materials with higbnerally have low S, such as metals

(Figure 1.8%°.
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Figure 1.8: Variance of the seeback coefficient eledtrical conductivity for semiconductors and ah&t

Reprinted with the permission of Reference 29. y@ight [2008]. Nature Publishing Group.
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Therefore clathrates are great candidates for thellentric materials as they are able to
exhibit lowk while also being able to change their dopant lesetemiconductdts

Another area of great interest in clathrat=aech is that of optoelectronics. The
semiconductor Si has been the standard bearee asdst important material in
electronic device¥’. Recently, amorphous Si has been revealed toihteresting
optical properties in comparison to crystallinécsih (@-Si) *>. However the low
efficiency of a photoelectric device using crystedlor amorphous Si is a problem for
mainstream optoelectronic applicatidhsAn important discovery in clathrate research
predicted a wide-band gap Si clathrétand was later experimentally verified by Gryko
et al.>. The empty type Il Sis clathrate synthesized by Gryko exhibits an expdnde
band gap of 2.0 eV @& of a Si ~1.2 eV), qualifying it as a novel wide-bangga

semiconductor with potential for photovoltaic apptions (Figure 1.9).

10000/T (Kelvin'l)

Figure 1.9: Skg as a wide band gap material

Reprinted with the permission of Reference 5. Cighy [2008]. American Physical Society
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Another important result that increases thtemial of type Il clathrates of group 14
for optoelectronic applications was the theoretiradiction by Moriguchi et af. of
possible band gap engineering by varying the dahromposition. Moriguchi et &l.
using density functional techniques, having exmldrew the band gap of the clathrate-II
silicon-germanium alloy, $is{G€, changes depending on composition. The authors
found that by this band gap tuning it is not onbggible to vary the band gap, but also to
tune the Ske{G6 clathrate to have a direct band gap. The refolts the study
indicated that the band gap could be continuousiged” in the visible range of the
electromagnetic spectrum from values of 1.2 to 2 &\erefore the possibility of a type
Il clathrate being a wide-band gap Si semiconduitiar has a direct band gap holds

enormous potential in the field of photovoltaicsl aptoelectronics.

12



2. Pressure-mediated selective synthesis of type | atidSi-clathrates using
Spark Plasma Sintering

2.1.  Spark Plasma Sntering as a novel synthesis method

The search for new synthesis techniques ggezdt importance to experimental
physicists and is one of the main components sfldh, the Novel Materials Laboratory
at the University of South Florida. Recently, ollaboration with Dr. Yuri Grin’s
laboratory at the Max Planck Inst., this laboratioag optimized the use of spark plasma
sintering (SPS) as a novel synthesis techniquiedrtteation of single crystal and
microcrystalline clathrates. SPS is a state ofttelensification and consolidation
technique, with numerous advantages over hot prg'ésis a densification method due
to the more uniform and local heating and the fastating rates that the SPS employs
353637 n the process of consolidating a specimen, acl@ent is sourced through the
anode, through the die and specimen and then apghrthe cathode (Fig 2.1). This is
done under vacuum and while the punch and die ddgesnunder uniaxial pressure
(applied by the anode and cathode). The DC cuaiaws SPS to achieve faster
densification due to its faster heating rate$’” More recently SPS has been used as a
method to synthesis new materidl§>*® Beekman et af! also used SPS to synthesize
single crystal NaSi;ssClathrates, being the first one to synthesizes8igss in single

crystal form.

13



o
Pulsed DC|

Fig 2.1 Spark Plasma Sintering setup illustrating thedd@ent flowing through the anode, through
the die, and through the cathode -crystal struatfied NaSiss and b) NgSiize

Reprinted with permission from Ref 41 and Ref Jop@ight [2009], American Chemical Society
Copyright [2001], Elsevier Books.

The DC current that is sourced through thecispen from the anode to the cathode
allows mass transport of the ions to occur. Tleeefwhile the specimen is under
uniaxial pressure, clathrate growth and crystainfairon can occur. In this study, using
SPS as a novel synthesis method, and by varyinggthperature and uniaxial pressure of
the SPS, one is able to selectively synthesizeamigstalline and single crystal type |
NagSiss and type Il Na,Siy36 Clathrates.

2.2.  Sdective synthesis of crystalline and microcrystalline clathrates
The NaSi, precursor that was used for the reaction was sgizbd by direct

reaction of elemental Na (Alfa Aesar, 99.98%) amcp@vder (Alfa Aesar, 99%). A
Na:Si atomic ratio of 1.1:1 was placed in a tungsteucible and sealed in a stainless
steel canister in a nitrogen filled dry-box. Tlenister was then placed in a quartz tube,
sealed under M and reacted in a furnace at a temperature of 6507 a reaction time of
36 hours. The resulting product was opened irdtlzgdbox and resembled a dark grayish

powder that was then coarsely ground.
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The SPS investigations were carried out using thermal Technology, Inc. 10-3
system. Pulsed DC current, with pulse-on time ofrf6and pulse-off time of 2 ms, was
sourced through the anode, through the specimenpandh and die assembly, and
finally through the cathode. The reaction tookcplat uniaxial pressures of 60, 80, and
100 MPa, at a reaction time of 30 minutes to 3 soand at reaction temperatures of
450°C, 550°C, 600°C and 650°C. All reactionsha EPS chamber took place under a
vacuum of 10 Torr. The resulting product was allowed to caohttemperature of 50°C
and washed with distilled water and ethanol to negreny unreacted precursor.

Single-crystal XRD data of N8iss and NasSi;3s crystals were obtained at 293 K
on a STOE diffractometer using a graphite monoclatomand a Mo K fine-focus
sealed tube with a wavelength of 0.71073 A. Tinglsicrystal refinement was done at
Northwestern University. Structural refinements evgyerformed using SHELXL-97

(Tables2.1-25).

Table 2.1.Single-crystal XRD refinement data for §&&s and Na,Siizs.

Composition NagSise N&p4Sii3s
Formula weight 1476.06 4372.00
Crystallinity single-crystal | single-crysta
Largest Crystal size (mm) 0.20 0.49
Crystal system, space group | Cubic,Pm3n Cubic,Fd3m
Lattice parameter, a/A 10.1961(7) 14.71560(10
Calculated density / gcnT 2.312 2.280

26 (deg.) 4.90 to 38.07 4.59 to 38.04
R 0.0520 0.0662
wR 0.0358 0.0885
Goodnes of fit ony? 1.003 1.577

15



Table 2.2.Refined atomic positions, occupancies, and isatrafpmic displacement

parametersl;s,) for single-crystal NgSise.

Atom x/a yla Z/a Occ. Uiso (A)
Nal 0 0 0 1 0.0185(4)
Na2 0 0.5 0.25 1 0.0416(8)
Si1 0.11733(3) 0.30777(4) O 1 0.00681(7)
Si2 0.18413(2) 0.18413(20.18413(2) 1 0.00677(7)
Si3 0.25 0.5 0 1 | 0.00666(14)

Table 2.3.Refined anisotropic atomic displacement parameteéfgl) for single-crystal

NagSise.
Atom Un Uz Uss U, Uiz Uzs
Nal | 0.0185(4) | 0.0185(4)  0.0185(4 0 0 0
Na2 | 0.0490(10)| 0.0490(10)  0.0267(10) 0 0 0
Sil | 0.00653(14) 0.00661(15) 0.00729(15) -0.00057(13 O 0
Si2 | 0.00677(7)) 0.00677(7) 0.00677(7)  -0.00024(8) .00024(8)  -0.00024(8)
Si3 | 0.0070(3) | 0.00651(19) 0.00651(19) 0 0 0
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Table 2.4.Refined atomic positions, occupancies, and isatrafpmic displacement

parameterslis,) for single-crystal NaSiise.

Atom x/a yla Zla Occ. Uiso (A)
Nal 0 0 0 1 0.0195(8)
Na2 0.3750 -0.1250 -0.1250 0.118(6
Sil 0.1250 0.1250 0.1250 0.0066(5)
Si2 0.18265(4) 0.06735(4)0.12117(6 1 0.00652(16)
Si3 0.21800(6) 0.03200(6)0.03200(6) 1 0.0064(2)

Table 2.5.Refined anisotropic atomic displacement paramdteéfgl) for single-crystal

NapsSiize.
Atom U U, Uss Ui Uiz Uz
Nal | 0.0195(8) 0.0195(8) 0.0195(8 -0.0020(8) -00g8 | -0.0020(8)
Na2 | 0.118(6) 0.118(6) 0.118(6) 0 0 0
Sil | 0.0066(5)  0.0066(5)  0.0066(5 0 0 0
Si2 0.0065(2) 0.0065(2) 0.0066(3 -0.0009(2) 0.@y08) -0.00016(18
Si3 0.0064(2) 0.0064(2) 0.0064(2 0.0000(3) 0.08D0O( 0.0000(3)

Powder X-ray diffraction (XRD) patterns were cotlet with a Bruker D8 Focus

diffractometer in Bragg-Brentano geometry using Kgg radiation and a graphite

monochromator. NIST Si 640c internal standard wssdufor determination of lattice

parameters. Scanning electron micrographs (SEMg wetected using a JEOL JSM-

6390LV, and energy dispersive X-ray spectroscopieg) data were collected using an

Oxford INCA X-Sight 7582M. The results of the posvdrefinement are displayed in
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Tables 2.6-2.8 and in Figures 2.2 and 2.3. Alstalographic results of single crystal

and powder refinement are consistent with thoseioéd previously**2

Table 2.6.Crystallographic data from the Rietveld refinemesftsicrocrystalline

specimens of the clathrate-1 and Il phases.

Refined Composition NagSiys NapsSiize
Formula weight 1464.442 4344.376
Crystallinity microcrystalline | microcrystalline
Crystal system, space group Cubic,Pm3n Cubic,Fd3m
Lattice parameter, a/A 10.1998(1) 14.7167(1)
Calculated density / gcr? 2.292 2.279

260 (deg.) 10 to 120 10to 120
cRp 0.0809 0.0769
cRwp 0.1056 0.1063
Goodnes of fit ony? 1.316 1.891
Rp 0.1035 0.0897
Rwp 0.1266 0.1161

Table 2.7. Refined atomic positions, occupancies, and isatrepomic displacement
parameterslis,) for microcrystalline NgSise.

Atom x/a yla Za Occ. Uiso (A)
Nal 0 0 0 1 0.010
Na2 0.5 0 0.25 1 0.0714
Sil 0.30817 0.12030 0 1 0.0175
Si2 0.18049 0.18049  0.18049 1 0.01223
Si3 0.5 0.25 0 1 0.0179
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Figure 2.2 Observed (red crosses), calculated (green cuave),difference (purple curve) powder X-ray
diffraction patterns for microcrystalline pi,. Black tick marks indicate reflection positionsr fthe

NagSise phase.
Reprinted with the permission of Reference 64. yEight [2013].American Chemical Society.

Table 2.8. Refined atomic positions, occupancies, and isatr@pomic displacement

parametersl;s,) for microcrystalline NgSi; 3.

Atom x/a Va a Occ. Ui (A)
Nal 0 0 0 1 0.0250
Na2 0.375 0.375 0.375 1 0.1677

Sil 0.125 0.125 0.125 1 0.0168
Si2 0.21809 | 0.21809 | 0.21809 1 0.0065
Si3 0.06652 | 0.06652 | 0.37226 1 0.0146
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Figure 2.3 Observed (red crosses), calculated (green cuave),difference (purple curve) powder X-ray
diffraction patterns for microcrystalline bi&i; 36 Black tick marks (lower) indicate reflection pisins for
the Na4Siiz¢ phase; red tick marks (upper) indicate reflecpositions for the Si impurity phase.

Reprinted with the permission of Reference 64. yEight [2013]. American Chemical Society.

2.3  Temperature and pressure effects

Maintaining a uniaxial pressure of 100 MPa arattieag for a reaction time of 3
hours under a dynamic vacuum, phase pure singatrgpecimens were obtained at
temperatures of 450°C and 600°C, respectively45& °C and a uniaxial pressure of 100
MPa, single crystals of the type | clathrateg8la, formed. At 600 °C, single crystals of
the type Il clathrate, NaSiiss, formed. At temperatures below 450 °C no clathra

formation was observed and at a temperature of°6€50nly a-Si was obtained. The
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selective synthesis of single-crystal clathratedG MPa is displayed below in Figure

2.4.

- 650 °C
g S| ) e
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E A A
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Figure 2.4- X-ray diffraction patterns of powdered §&is and Na,Si;s¢, collected from crushed single

crystals, NgSi;and Si demonstrating the selective synthesis giesiarystal clathrates at 100 MPa.
Reprinted with the permission of Reference 64. y@ight [2013]. American Chemical Society.

This is the first time that single crystals of thype | clathrate, NéSiss, have been
synthesized by the SPS method. The synthesisiglescrystals of clathrates is of great
importance as only single crystals are free of emgor clathrate om-Si impurities,
which is typically seen in N&iss and NaSijss clathrates in microcrystalline form
10,11,43,44

Single-crystals are also preferred for physipedperty measurements as

consolidation and densification is not needfed
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Figure 2.5-X-ray (Cu Kg) diffraction patterns of microcrystalline M, N&Siss, N&psSiizs and Si

demonstrating the selective synthesis of microatljse clathrate specimens at 60 MPa.

Reprinted with the permission of Reference 64. y@ight [2013]. American Chemical Society.

At a uniaxial pressure of 60 MPa, under a dyicavacuum and at a reaction time of 3
hours, selective synthesis of microcrystallinetulattes was also obtained (Figure 2.5).
At a temperature of 450 °C and a uniaxial presetii® MPa, the type | clathrate,
NagSise, formed. At 600 °C, the type Il clathrate, D&i; 36, with an impurity of 5 wt Yw-
Si, formed. The presence @fSi in microcrystalline NgBii s Clathrates is typically
observed®**34% At temperatures below 450 °C no clathrate faimmawas observed
and at a temperature of 650 °C oa#pi was obtained. At a temperature of 550° C the
resulting product was a mixture of type | and llS\anicrocrystalline clathrates. The

selective synthesis of microcrystalline clathrate60 MPa is shown in Figure 2.5.
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As shown from Figures 2.4 and 2.5 the variasfdade uniaxial pressure during
the synthesis process changes the size of thealtyity product. Table 2.9 displays the
processing conditions for the SPS synthesis oh@d#ts and shows how the crystallinity
of the clathrates change as the pressure is iretteahe grain size of the powders was
calculated using the Debye-Scherrer equatfdii The size of the single crystals was

obtained from SEM analyses.

Table 2.9Processing conditions for SPS synthesis from theyssor NgSis.

P(MPa) Phase T(°C) Crystallinity L (um)
60 clathrate-I 450 microcrystalline 10

80 clathrate-| 450 microcrystalline 10

100  clathrate-I 450 single crystal 150

60 clathrate-I+l 550 micrystalline 10

80 clathrate-I+l 550 microcrystallifiesingle crystal ~ 10/150
100 clathrate-I+ll 550 microcrystalligiesingle crystal ~ 10/150
60 clathrate-Il 600 microcrystalline 15

80 clathrate-Il 600 single crystal 50

100 clathrate-Il 600 single crystal 250
100 Silicon 650 nano-crystalline 0.065

For the NasSiy36 clathrate, as the uniaxial pressure is increasad 60 MPa to
80 MPa, small single crystals of 50 microns in aappear. As the uniaxial pressure is
increased to 100 MPa, one obtains the largestairgete of 250 microns for Ngbiize.
Therefore for the NaSiiss clathrate it appears that the increase in uniapiaksure
causes the crystal formation to occur and thattistal size is increasing with increasing
uniaxial pressure.  For the §&us clathrate, as the uniaxial pressure is increased f

60 MPa to 80 MPa, the clathrate is still in micystalline form. As the uniaxial pressure
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is increased to 100 MPa one obtains single-crystNaSiss, with the largest crystal
size being 150 microns. Therefore it appearsftirathe type | NgSiss Clathrate there is
a threshold pressure of 100 MPa for single-cryfstahation.

Another interesting result in this study came afterasuring the grain size of the
a-Si that was obtained at a pressure of 60 MPatiogatime of 3 hours, and a reaction
temperature of 650 °C. Using the Debye-Scherrahoteto measure the grain size of
the a-Si product indicated that theSi was in nano-crystalline form with a grain safe
65 nm. This is an important result as Si nanogladi are of great interest to green
chemistry*®*. Therefore, this could indicate that SPS can$esllas a novel synthesis

method of Si nanoparticles.
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Figure 2.6- X-ray powder patterns showing the type-l anddthrate fractions as a function of reaction
time at 606C. a-Si is indicated by[).
Reprinted with the permission of Reference 64. y@ight [2013]. American Chemical Society.
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The variance of the product by changing tteetien time for a reaction temperature
of 600°C and uniaxial pressure of 60 MPa was alsdied (Figure 2.6). All previous
results were for a reaction time of 3 hours. Ag¢action time of 30 min and at a reaction
temperature of 600°C, the result was a productOoiv6% type | clathrate and 40 wt %
type Il clathrate. At a reaction time of 1 hr agida reaction temperature of 600°C, the
result was a product of 70 wt % type Il clathrabel 80 wt % type | clathrate. As the
reaction time increased to 1 hr and 30 min and r&aation temperature of 600°C, the
result was a product of 90 wt % type Il clathratel 40 wt % type | clathrate. At a
reaction time of 3 hours, the type Il clathrate gghavithout any type | impurities was
observed. These results are another step in uaddisg the fundamental physics of the
clathrate formation process that occurs during §p#hesis.

By varying the uniaxial pressure and the lieactemperature during SPS processing,
one is able to selectively synthesize microcrystaland single-crystal type | and type Il
clathrates. The variance of clathrate purity bgraing the time of the reaction was also
studied. Finally, this study also indicated tha¢ tSPS has the potential to be a new

synthesis method for growing Si nanoparticles.
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3. Synthesis of NgSisg and Na&p4Siizq by oxidation of N&Siy by decomposition of an
ionic liquid

3.1. Overview of ionic liquid synthesis
The use of ionic liquids as a new low-pemature synthesis method of inorganic

materials has recently created enormous intetesic liquids (IL) are organic salts that
consist entirely of iorf8. lonic Liquids were first discovered and analybgdProf
Atwood et al. in the 1970’s who discovered that nibs have organic cations and
inorganic anions’. The recent interest in ILs is due to their &pitif being used as a
solvent of inorganic compounds, and in doing sdrigaen assortment of chemical
reactions at one’s disposal as a redlltionic liquids are also considered as molten-salt
solvents as they are non-aqueous and thermodynifnstable at room temperatute
lonic liquids display an array of favorable projpestthat allow them to be of great
interest as a low-temperature synthesis methodaardgreen solvefit Some of these
beneficial properties of ILs are their low meltipgints (below 100°C), their wide range
of thermal stability (stable below 330°C), theiwlto negligible vapor pressures, and the
ability to adjust their electrical properties basedcompositiori®>3

Recently, Guloy et al. used these favorabbpe@rties to use ILs as a solvent to create
a guest-free type 1l Gg clathrate®. This was accomplished by oxidizing the precursor
Na;2Ge 7 in the ionic liquid n-dodecyltrimethylammonium ohide and AIC4
(DTAC/AICI3)®*. Guloy et al. also used this method to synthetsieeype Il clathrate

Kg.¢Gezs through oxidation of the precursoi®e, in the IL (DTAC/AICL) and by
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further annealing of the resulting prodictFurther analysis of these chemical reactions
indicates that as the ILs thermally decompose; tekase a variety of compounds.
These compounds that are released are HCI, B)¢C&hd NHCI; with the gaseous HCI
seen to be as the main oxidizing ag&nA group from the Max Planck Inst. in Dresden,
Germany, simplified this procedure by obtaining gaseous HCI from the thermal
decomposition of N&CI°®. Bohme et al. through this procedure used thdatiin agent,
HCI, to create a redox reaction that resulted ia, (K)s..Siss type | clathrate¥ and the
NaxBasSiss type | clathraté’ while Liang et al. also used this procedure taizea type |
BasxSiss Clathrate®®. Liang's use of this low-temperature synthesishmoe is significant
as previously the synthesis of type | clathratgSgawas only possible under high
temperature and high pressure conditidn#n this study, through the thermal
decomposition of the IL (DTAC/AIG), we were able to selectively synthesize the fully
occupied type | NgSiss and type 1l NaSiy36 Clathrates.
3.2. Synthesis of type | NagS 46 and type 11 NazsS136

The precursor used in the synthesis of the tygnd Il NaSi clathrates is M&i;. The
synthesis of the precursor M is thoroughly described in section 2. The IL uged a
mixture of n-dodecyltrimethylammonium chloride (8ig Aldrich, 99 %) and AlIGI
(Alfa Aesar, 99.99 % ultra-dry). The IL was placddhe bottom of a quartz tube and
was not mixed or stirred. The precursou8iawas placed in a separate smaller open
glass vial and placed on top of the IL mixturehe fjuartz tube. The spatial separation
of the precursor and IL is done in order to ensuréormation of unwanted amorphous
phases (as is seen from Guloy et al. when theydrixe precursor and IL in the process

of creating Gess and Kg 6Gersg). All preparations were done in a dry, nitrogiied
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glove box. The quartz tube containing the IL apatislly separated precursor was then
sealed under vacuum. The sealing was done wihalbdttom of the quartz tube
(containing the IL) was placed in an ice bath idesrto prevent premature decomposition
of the IL. The sealed length of the quartz tubsegafrom 4.5 — 8 inches.

The sealed quartz tube containing the IL gadially separated N&i, precursor was
then placed in a furnace and heated at a rate@hiif to final temperatures of 120°C to
310°C (Fig 3.1). Above 310°C the IL turned blac#licating total decomposition of the
IL. The quartz tube was reacted in the furnacedaction times of 1 hour to 48 hrs. The
quartz tube was then rapidly air guenched and glata sand bath. Once cool, the vial
containing the initial NgBis precursor was removed from the quartz tube irtragen
filled glove bag. Part of the resulting productswdaced on an air-sensitive XRD slide
while the remaining product was washed with ethamal distilled water. Analysis of
the pre-washed product indicated the formation @ENand unreacted Nai, precursor.
The washed product was dried in air and analyzeal ¥RD slide. Powder refinement

was done with the aid of the GS¥and EXPGUi* software.

/\
v
1 S
Sealed B- H*
Length: \L ¢
4.5-8in i
AT~
-21° C
NaSis

Figure 3.1 Experimental setup of the IL synthesis method
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3.3. Results and Crystallographic Data

Through oxidation of the precursor,4Sa, fully occupied type | Ngbise and type Il
Nap4Sii36 Clathrates were synthesized. This redox reaet@as caused through the
thermal decomposition of the IL DTAC/AIEI As the IL thermally decomposes it
releases acidic protofisH+ supplied by the DTAC and chloride ions supplictthe
AICl3; which combine to form HCI vapor (among other coomuis) that drives the redox
reactioni>. As the reaction continues the HCl is furthemuest to H as the chloride
reacts with the akali metal anions, forming a sddylproduct, such as NaCl as observed
in this study. The observation of NaCl in the pasted product and the fact that the
reaction temperatures were significantly lower tti@decomposition temperatures of
Na;Sis in vacuum (~375°C)! while also being lower than the decomposition

43.24136212.17 4G erify that the clathrates were formed

temperatures of N&iss and NaSii3s
as a result of the redox reaction.
Na.Sii36 Clathrates readily formed at reaction temperataf@l0°C to 240°C at
reaction times of 24 hours. The highest yield (224veight) of Na,Siizs with only a
5% by weight impurity ofi-Si was synthesized at a reaction temperature @f 1for a
reaction time of 24 hours (Fig 3.2). Phase putktagh yield (20% by weight) N&iss

was synthesized at a reaction temperature of 240&eaction time of 8 hours (Fig 3.3).

Reaction times longer than 48 hours resulted 8i and amorphous phases.
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Figure 3.2 Observed (red crosses), calculated (green curnd)diéference (purple curve) powder X-ray
diffraction patterns for microcrystalline Bi&i;se Black tick marks (lower) indicate reflection pisins for

the NaySiiz¢ phase; red tick marks (upper) indicate reflecpositions for the Si impurity phase.
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One is able to use this method to selectisghthesize the NaSi clathrates by varying
and optimizing the reaction time and temperat8mmce the vapor pressures of ionic
liquids are very low, one is able to have some abcontrol of the vapor pressures by

varying the reaction temperatures; thereby comtigpthe oxidation rate of the reaction.

NagSiss phase.

The oxidation rate of the reaction is importantrestemperature needs to be

substantially high enough to allow structural raagements of the ions to occur, but also
low enough in order that the Na is not completelypoved from the precursor. The

reaction time needs to be optimized as if the raeaxtion is allowed to continue on

indefinitely, the precursor will be completely oidd with the result o&-Si and
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amorphous phases. Therefore, optimizing the r@adiine and temperature, achieves
this oxidation rate balance and allows clathratenfdgion. The resulting microcrystalline
clathrate products were analyzed via an XRD andedfthrough the GSAS and
EXPGUI software. The results of the refinemenigated full occupancy of the Na and
Si crystallographic sites for both the type Is8gs and type 11 NaSiiz6 Clathrates. The
results of the refinement are summarized in TaBlés3.4 below.

Table 3.1.Refined atomic positions, occupancies, and isatrafpmic displacement
parameterslis,) for microcrystalline NgSise.

Atom x/a yla Z/a Occ. Uiso (A)
Nal 0 0 0 1 0.0627
Na2 0.5 0 0.25 1 0.0546
Sil 0.30981 0.11762 0 1 0.0162
Si2 0.18483 0.18483 0.18483 1 0.0181
Si3 0.5 0.25 0 1 0.0241

Table 3.2 Refined anisotropic atomic displacement parametés/A) for

microcrystalline NgSize.

Atom Ui Uz Uss Ui Uiz Uzs
Nal | 0.06271 0.06271 0.06271 0

Na2 | 0.05463 0.05463 0.05463 0

Sil 0.01620 0.01620 0.0162C 0

Si2 0.01812 0.01812 0.01812 0

Si3 0.02409 0.02409 0.02409 0
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Table 3.3 Refined atomic positions, occupancies, and isatr@pomic displacement

parametersUis,) for microcrystalline NgSiize.

Atom x/a yla Z/a Occ. Uiso (A)
Nal 0 0 0 1 0.0300
Na2 0.375 0.375 0.375 1 0.1000
Sil 0.125 0.125 0.125 1 0.0050
Si2 0.21886 0.21886  0.21886 1 0.0097
Si3 0.06686 0.06686  0.37948 1 0.0054

Table 3.4 Refined anisotropic atomic

microcrystalline NaSii 3s.

displacement parametés/A) for

Atom Un Uz, Uss Uiz Uis Uzs
Nal | 0.03000 0.03000 0.03000 0 0 0
Na2 | 0.10000 0.10000 0.10000 0 0 0
Sil 0.00500 0.00500 0.00500 0 0 0
Si2 0.00970 0.00970 0.0097( 0 0 0
Si3 0.00536 0.00536 0.00536 0 0 0

The use of ionic liquids as solvents or gasesmurces to create inorganic compounds

such as clathrates is of great interest. Thistlemperature synthesis method has been
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used and can be used to create new inorganic cardpoun this study, by optimizing
the reaction temperature and reaction time, araligir the thermal decomposition of the
IL DTAC/AICI 3, one is able to selectively synthesize fully ogedpype | NgSiss and

type Il N&4Sii36 Clathrates. The clathrate formation employeduglothis synthesis
method should be further investigated as a tosytthesize novel materididand to

create a type Il &g, clathrate that is of interest for optoelectrorplications.
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4. Synthesis of microcrystalline NgGesSizg by SPS synthesis

The spark plasma sintering (SPS) techniquegbasrally been used for state of
the art densification and consolidation of powd#irs to the fast heating rates and
more uniform heating, as compared with other cadatibn techniqué§’. In spark
plasma sintering, a pulsed DC current is sourcezltih a specimen enclosed in a
punch and die assembly placed in-between two eldesr (Fig 2.1). A more detailed
analysis of the SPS is covered in section 2. RBgcespark plasma sintering has
been employed as a novel synthesis tool of inomgelathrate$™®* Beekman et
al* used the SPS to synthesize single crystals dfffeell Na.Siss clathrate and
Stefanoski et af* used the SPS as a method to selectively synthesize
microcrystalline and single crystal type 14$&s and type 1l Na,Sii36 Clathrates.

In this study, the type | clathrate §&&;Sisg has been synthesized via the spark
plasma sintering (SPS) technique.

4.1. Synthesis

The NaSiGe precursor was synthesized by direct reactioaleamental Na
(Alfa Aesar, 99.98%) and SiGe powder (provided fr@m S. Bhattacharya of the
Bhabha Atomic Research Center, Mumbai, India). ®Bi@e alloy (50:50 ratio) was
crushed to 425 mesh. Na:SiGe with a molar rati®.85:1 was placed inside a tungsten

crucible that was inside a sealed stainless st@bter, and reacted at 650 for 48
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hours. The resulting product was a dark gray chystamaterial that was used as the
precursor in SPS processing.

The SPS investigations were carried out using tiermal Technology, Inc. 10-3
system. The N&iGe precursor was loaded in a graphite die. Tamtdbil was used to
prevent direct reaction between the precursor hadgtaphite die and punches. Pulsed
DC current, with pulse-on time of 36 ms and pul#dime of 2 ms, was sourced through
the precursor and die from the bottom electrod®dah to the top electrode (cathode)
while under 100 MPa of uniaxial pressure (appligdtihe anode and cathode) in a
vacuum of 10 Torr for 3 hours after flushing the chamber thtieges with high purity
N,. The product of the reaction was separated froynusmeacted N&iGe by washing
with ethanol and distilled water. The type | clatle NaGe;Sizs was obtained at a
chamber temperature of 48D and at a reaction time of 3 hours.

Powder XRD patterns were collected with a Bruker Eaf2us diffractometer in
Bragg-Brentano geometry using Cy Kradiation and a graphite monochromator. NIST
Si 640c internal standard was used for determinatd lattice parameters. SEM
micrographs were collected using a JEOL JSM-639@ind EDS data were collected
using an Oxford INCA X-Sight 7582M.

4.2. Crystal structure
Phase pure microcrystalline §&e;Sisg type | clathrate was obtained at a chamber
temperature of 458 under vacuum, a uniaxial pressure of 100 MPaf@na reaction
time of 3 hours (Figure 4.2). Experiments at rieactemperatures under 4%0 did not
result in clathrate formation and experiments attien temperatures above 4%D

resulted in the presence of a SiGe impurity. Expents at the temperature of 5%D
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resulted in the complete removal of the Na fromghexursor resulting in a 100% SiGe
product. The redox reaction that enables the faomaf the clathrate structure in the

SPS is described thoroughly in section 2.

[ 1 Hist 1
Lambda 1.5406 A, L.—S cycle 1155 Obsd. and Diff. Profiles
| | I

)
bt + HH +

1 1 1 1 1 | D P | LI I | LI I LI I} L} L} [N mnw wwn o www o wwnwon
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|
20.0 30.0 40.0 50.0 60.0 70.0

Figure 4.1 Observed (red crosses), calculated (green cuave),difference (purple curve) powder X-ray
diffraction patterns for microcrystalline dae;Siss. Black tick marks (lower) indicate reflection pisins

for the NaGe;Sisg phase.

The composition with a stoichiometry of §&e;Siss was obtained from the refinement of
powder XRD data collected on the microcrystallidathrate-l specimen, respectively

(Table 4.1).
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Table 4.1 Crystallographic data and refined atomic posgiand isotropic atomic
displacement parameters from the powder specinifehe elathrate-1 phase.

NasGesSiss
Formula weight 1441.06
space group Pm3n
a, A 10.2207
Vv, A3 1067.69
Deaic , geni® 2.241
¥2 1.564
Rp 0.0620
Rwp 0.0823
Uiso (Nal) 0.0363
Uiso (Na2) 0.0271
Uiso (Si3) 0.0137
Occupancy (Si3) 1.0
X (Si3) 0.3088
y (Si3) 0.1173
Uiso (Si2) 0.0101
Occupancy (Si2) 0.8786
z (Si2) 0.1847
Uiso (Gel) 0.0059
Occupancy (Gel 0.4322
X (Gel) 0.5
z (Gel) 0

NagGe;Sizg atom positions: NaRa 0, 0,0; Na26d 1/2, 0, 1/4;
Gel,bcx, 1/4, z ; Si216i z, z, zSi3,24k X, y, O

The crystal structure of the type Id$&;Sisg clathrate is of cubic phase with space

groupPm3n. The guest sodium atoms are fully occupied irRthandéd
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crystallographic sites. The Si and Ge atoms compus framework atoms with the Si
atoms fully occupying th24k crystallographic site and the Si and Ge partiatlgupying

the6c and16i crystallographic sites.

The synthesis of the new type | clathratesG¢gSiss, was achieved through the novel
SPS method. This is the first time that the typkathrate, NgGe;Sisg has been
synthesized. SiGe clathrates are of great intévesiptoelectronic applications and this
research will expand the fundamental knowledge ee¢al create type | and Il SiGe
clathrates. This research also demonstrates threnenis potential that the new SPS

synthesis technique has in creating novel matesiadd as inorganic clathrates.
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5. Synthesis of single crystal B&ssGagSnsg by flux method

5.1. History of flux synthesis for clathrates

High temperature materials synthesis has @&y a method of producing
inorganic materials. One method that has commbeén used is through high
temperature solid state synthetic reactidnsThis “flux” method was employed by
Nolas et al®®®"®to grow single crystals of type | Sn clathrated aingle crystals of
type | (Sr,EwGasGes clathrates , by Chakoumakos et®3ko grow single crystals
of SEGaisGes, by Tanaka et dF to grow single crystals of the type §&asSnss
clathrate, and more recently by Mano et?ab grow single crystals of the type Il
clathrates (K,Ba)(Ga,Snjss This synthesis method was also used by Suekali e
"L to grow single crystals of type | BaasSnse. That experiment was replicated for
reference (Fig 5.1). Avila et df and Saiga et af® have characterized this clathrate
and found it to have potential for thermoelectpplécations. Using this “flux”
method, this laboratory has synthesized singletaly/sf the novel type | clathrate,

Ba,CsGaSrss.
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Figure 5.1: SEM image of the single crystals of type | clathrate BagGa;sSnso.

5.2. Experimental procedure
The single crystal BE£sGaSns was grown by the “flux” method using excess
Sn as the flux. The starting compositions for i felements had a molecular ratio of
Ba:8, Cs:16, Ga:47, and Sn:96, (Alfa Aesar, 99.9886) were then loaded with that
molecule ratio into a tungsten crucible which waentsealed inside a stainless steel

canister under nitrogen (Figure 5.2).
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Tungsten crucible

Fig 5.2: Experimental setup for self-flux method

This canister was sealed in a quartz tube undeygeih and reacted at 580 for
15 hours. It was then cooled at a rate 8€/hr to a temperature of 45C. Finally, at
this temperature, the quartz tube was quickly resddvom the furnace and air quenched
in a sand bath. The canister was opened in aierumormal laboratory conditions. The
single crystals of the type | clathrate (see FiguB) were picked out from the resulting
flux product. The single crystals were than imabgad SEM and were collected using a
JEOL JSM-6390LV and EDS data were collected usingCxford INCA X-Sight
7582M. Single-crystal XRD data of the BaGaSrss crystals were obtained at 293 K
on a STOE diffractometer using a graphite monoclatomand a Mo K fine-focus
sealed tube with a wavelength of 0.71073 A at thevérsity of California-Davis.

Structural refinements were performed using SHEL9%(Tables 5.1 — 5.3).
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Fig 5.3: An SEM image of the new type | clathrate ,88Ga&Srss

5.3. Crystal structure

The composition with a stoichiometry of BaGaSnss was obtained from the
refinement of the single-crystal XRD data (Tablels%.3). The crystal structure of the
type | BaCssGasSrss clathrate is of cubic phase with space grBogn. The Ba and Cs
atoms are the guest atoms in the framework antlilyeoccupied with the Ba atoms in
the2a crystallographic site and the Cs atoms inG@terystallographic site. The Ga and
Sn atoms compose the framework atoms with the @&amtoms each partially

occupying thel6i, 24k, and6c crystallographic sites (Table 5.2).
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Table 5.1.Single-crystal XRD refinement data for BasGasSrss

Composition BayCsGaSnss
Formula weight 5953.10
Crystallinity single-crystal
Crystal size (mm) 0.25
Crystal system, space Cubic. PG
group

Lattice parameter, a/A 11.994(4)
Calculated density / gcrit 3.450

20 (deg.) 4.90 to 38.07
R 0.0144
WR 0.0297
Goodnes of fit ony? 1.477

Table 5.2.Refined atomic positions, occupancies, and isatrafpmic displacement
parameterslis,) for microcrystalline BaCsGaSrss.

Atom x/a yla Zla Occ. Uiso (A)
Bal 0 0 0 1 0.0072
Cs2 0.5 0 0.25 1 0.0142
Gal 0.31059 0.11825 0 0.15 0.0082
Snl 0.31059 0.11825 0 0.85 0.0082
Gaz2 0.18378 0.18378 0.18378 0.10 0.0075
Sn2 0.18378 0.18378 0.18378 0.90 0.0075
Ga3 0.5 0.25 0 0.37 0.0092
Sn3 0.5 0.25 0 0.63 0.0092
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Table 5.3. Refined anisotropic atomic displacement parametgds/A) for

microcrystalline BaCsGaSnss.

Atom U Uz Uss Ui Uiz Uzs
Bal 0.00716 0.00716 0.0071¢ 0 0 0
Cs2 | 0.01743 0.01743 0.0077 0 0 0
Gal| 0.00842 0.00856 0.0075 0.00045 0 0
Snl | 0.00842 0.00856 0.0075 0.00045 0 0
Ga2 | 0.00751 0.00751 0.0075 -0.00039  -0.00039 6390
Sn2 | 0.00751 0.00751 0.0075 -0.00039  -0.00039 6390
Ga3 | 0.00897 0.00950 0.00891 0 0 0
Sn3 | 0.00897 0.00950 0.00891 0 0 0

The new type | clathrate, BasGasSrss, was synthesized using the solid state “flux”
synthesis technique. The crystal structure ofrikis clathrate was investigated. Due to
the previous studies of Avila et &4f.and Saiga et af® in showing the type | B&asGeso
clathrate being a good thermoelectric materia tiew BaCsGasSrsstype | clathrate
should be further characterized and analyzed terohie if this is also a good

thermoelectric material.

45



6. Summary and Future directions

In the process of obtaining my Masters of Scieregree a lot has been
accomplished. SPS was used to selectively sythesicrocrystalline and single crystal
type | NaSiss and type Il NaySiizsClathrates by varying the temperature and pressure.
The ionic liquid synthesis method was used to seldy synthesize the type | and Ii
clathrates, NgSiss and NaySiissrespectively, by varying the reaction time and
temperature. Two new type | clathrates were ciedNasGe;Sizg and BaCsGaSnss via
the SPS and “flux” synthesis techniques, respegtiv€he crystal structure of each
clathrate was investigated by XRD and EDS.

Although much has been done in this studyrdigg the synthesis and investigations
of type | and Il clathrates of group 14, there iscmto do in the future that can build on
this research. The characterization of the new typathrates, N e;Sizg and
Ba,CsGaSrss, in order to determine their physical propertgesfiinterest. This study
also shows the potential of creating a new typathcate NgGeSiy with varying Ge
content via SPS. Finally, this study demonstrtiiespotential to make a type 11,6ig,
clathrate by using the ionic liquid synthesis metkas of now the ionic liquid method
has been the only synthesis technique to prodyeeltyGe clathraté$?). There is
much to do involving clathrate research in moviagMard, allowing one to further
understand the fundamental physics and chemistriatirates, and use that knowledge

to determine and vary their physical propertiesafeariety of applications.
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