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Intermetallic clathrates have continued to be an
essential joint project at the institute. During the
recent research period long-standing questions
were elucidated, and new perspectives in the field
were opened. Despite intense research activities on
intermetallic clathrates, fundamentally new results
can still be achieved by applying advanced experi-
mental methods and the concerted research action
of chemists and physicists.

BaGes: A new Type of Intermetallic Clathrates

The great majority of intermetallic clathrate phases
form crystal structures related to type I and type II
gas hydrates. These phases are characterized by
covalently-bonded host frameworks of, typically,
group-14-elements encapsulating electropositive
metal atoms. However, with increasing content of
electropositive elements connectivity patterns
become more complex. A well-known example is
the chiral clathrate type with Pearson symbol cP124,
in which metal-centered pentagonal dodecahedral
cages enclose a zeolite-type labyrinth containing
chains of the remaining metal atoms [1]. The new
crystal structure type of BaGes (0P60, space group
Pmna) [2] may be described as an intermediate
between BayGe,[; (cP54-3) [3] and BaGe,;s
(cP124) [4]. The crystal structure of BaGes reveals
only one type of polyhedron, Ge,, pentagonal
dodecahedra, which are centered by Ba atoms. The
remaining Ba atoms are either assembled in chan-
nels as in BagGe,s or located in cavities which are
similar to the Ge,, cages in BagGe,;L1; (Fig. 1). The
Ge,, polyhedra are arranged via common pentagons
and hexagons to 2D layers perpendicular to [010].
These 2D layers are covalently interconnected via
disordered (3b)Ge species which alternatively
occupy two neighboring positions. The electronic
balance expressed by [Ba®’|[(3b)Ge ],[(4b)Ge"]s
fulfills the counting scheme of a Zintl phase.

Fig. 1: Crystal structure of BaGes; with channels and cova-
lently bonded layers along [100] (top); view down [010]
(bottom). Ba atoms are represented by large spheres in black
and grey, the disordered Ge sites are drawn in red and white.

BaGesdecomposesataround 820 K inaperitectoid
reaction to BasGe,s and a-Ge. The reverse reaction
is kinetically hindered which is probably the reason
why the phase was not identified in thermodynam-
ic equilibrium before. We succeeded in the prepa-
ration of BaGes by disproportionation of the high-
temperature-phase BagGe,;[];. Hence, microcrys-
talline products contained ~ 5 wt-% of a-Ge. As a
consequence of this discovery of a new equilibrium
phase in the system Ba—Ge, the phase relations of
the various multinary thermoelectric clathrates
based thereon should be reconsidered. The
clathrate BaGes constitutes a diamagnetic semicon-
ductor and hence may represent a new prototype
structure for thermoelectric materials.
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Csg Siye and Csg (Geyy,y: New type-1 Clathrates

Until recently, a binary clathrate-I phase with Cs
had only been known for tin [5]. Although clathrate
frameworks can adapt to various kinds of filler
atoms, Cs was believed to be too large to be accom-
modated in Si and Ge frameworks. Surprisingly,
the new binary clathrates were obtained by high-
pressure syntheses [6, 7]. Both phases do not only
show large interatomic distances d(Ge—Ge) and
d(Si—Si), but also exhibit the largest lattice param-
eters ever observed for binary silicon and germani-
um type-I clathrates, respectively. The existence of
clathrate phases with expanded unit cell volume at
high pressure may be unexpected but the overall vol-
ume decreases upon clathrate formation if com-
pared to the respective educts. For instance, the
volume change for a reaction such as 2 Cs,Gey +
26.4 Ge — CsgGeyq 102, 60(2) 18 calculated to be
about —273 A® per formula unit considering cell
parameters at ambient pressure. Hence, the forma-
tion of the clathrate-I is supported by the applica-
tion of pressure, as it was similarly observed for
Bag ,Siy6 [8]. For both Csg_,Siys and Csg ,Geyys,, the
reaction conditions have a strong influence on the
composition. For the silicon clathrate, the occupa-
tion of the smaller Si,, cages by Cs atoms increased
with pressure, while the Cs positions in the larger
Si,, cages and the Si framework sites were always
fully occupied. According to X-ray powder diffrac-
tion data the composition ranged from Csg¢Siye
(=2GPa, = 1200 K) to Cs;5Siy (= 10 GPa,
~ 1200 K). In contrast to the Csg ,Siy phase, the
germanium clathrate contains vacancies in the
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Fig. 2: Crystal structure of the clathrate-I Csg (Geygyy L, .
with defect positions in the Ge framework [8]. Cs atoms are
drawn in red, the partially occupied Ge site is represented
by transparent spheres, the fully occupied Ge sites by blue
spheres.

framework (Fig. 2) as it was similarly observed for
K¢Geyyll, or CsgSnyyll,. However, structure refine-
ment of single crystal X-ray diffraction data revealed
the chemical composition CsgGeyy492)1; 602 The
higher Ge content is surprising, because 2 vacancies
L] per formula unit are expected for an ideal Zintl
phase with charge-balanced composition, according
to [Cs'5[(3b)Ge 15[(4b)Ge’]s4. The structure analy-
sis reveals a reduced free volume in the Ge,, cage
due to vacancy formation, which would be unfavor-
able for a large filler atom [7]. However, only neutral
Cs atoms would be too large for the cages considering
atomic radii. This might indicate that the Cs atoms do
not fully transfer their valence electron to the Ge
framework.

Synthesis of Clathrates by Redox Reactions

The preparation of the allotrope Ge (c¢F136) by oxi-
dation of Na,;,Ge,; with an ionic liquid has opened
up new perspectives for the preparation of inter-
metallic phases at low temperatures [9].
Meanwhile, the purity of the bulk products has been
distinctly enhanced by utilising of gas-solid-reac-
tions [10] (see contribution The Role of lonic
Liquids in the Preparation of Intermetallic
Clathrates and Related Element Modifications).
The method was successfully applied to the synthe-
sis of Bag ,Siys [11], which has attracted particular
interest as superconductor with silicon framework
[12]. The preparation at ambient pressure and low
reaction temperatures is remarkable because this
phase could, so far, only be prepared by high-pres-
sure, high-temperature syntheses [8]. However, the
existence field of Bag ,Si 4 is not fully understood.
Calculation of ground-state energies for BaSi,, a.-Si
and BagSi,4 indicates that the clathrate with fully
occupied Ba sites is stable only at high pressure
[13]. On the other hand, a high-pressure product
with composition Ba,Siy, was transformed by
annealing at 800 K and under vacuum to a clathrate
with lower Ba content, namely Bag 4;Si44 [14]. From
the latter result it might be concluded that, for lower
Ba content, the clathrate phase is stable at ambient
pressure in this temperature range. The preparation
of Na,Ba,Si [15] by oxidation of Na,BaSi, led us
then to the question of whether Bag_,Si,4 can also be
prepared at ambient pressure by this method.
However, our first experiments to oxidize the pre-
cursor phases Ba;Si, or BaSi, with gaseous HCI
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Fig. 3: Setup for the oxidation of intermetallic compounds
with HCI [11]: (left) the precursor and NH,CI are placed
spatially separated at the same temperature 7 (right) using
a two-zone furnace, the precursor is placed in the high-tem-
perature zone (7,), while NH,Cl is placed in the low-tem-
perature zone of the ampoule (7)).

resulted in the formation of nano-porous silicon [16,
17]. The reaction had been performed in a closed
ampoule in which the precursor and NH,Cl were
placed spatially separated (Fig. 3, left). In this setup,
gaseous HCI is generated from NH,CI upon heat-
ing. In order to control the oxidation reaction, a low
partial pressure of HCI is required such that only
low reaction temperatures of about 573 K should be
applied. By using an improved experimental setup
with two different temperature zones (Fig. 3, right)
the reaction temperature of the precursor and the
partial pressure of HCI could be independently
adjusted. This way, polycrystalline samples of
Bag ,Siys could be prepared by oxidation of Ba;Siy
and BaSi, [17].

The yield and crystallinity of the clathrate phase
could be substantially enhanced by using Ba,Li,Si
as an alternative precursor. This is attributed to the
high mobility of Li during the redox process in
which the crystal structure of the solid substrate is
rearranged [11]. While Li reacts to LiCl, it was not
detected in the clathrate product anymore. Using
Ba,Li,Si4 it is possible to achieve the clathrate
product within only a few minutes of reaction time.
Depending on the reaction conditions, the clathrate
phase could be obtained in high yield with compo-
sitions ranging from Bag 5)Siss t0 Bag 63(2)Sige.
Our preparation route provides an alternative to the
high-pressure route and may provide access to bulk
products of Bag ,Siy.

Fig. 4: TEM image of rod-shaped clathrate-1I K, Ge,s¢
nanoparticles obtained by oxidation of K,Ge, [19].

This example shows that the preparation of crys-
talline reaction products by the oxidation method
requires elaborate adjustment of the reaction condi-
tions, while X-ray amorphous products are easily
obtained. However, this fact has been exploited to
prepare interesting nano-structured products [18].
Crystalline nano-sized particles of the clathrate-II
phases K,Ge 3, and Na,Si,;, are obtained from a
dispersion of alkali metal tetrelides in an ionic lig-
uid [19]. The morphology of the nanoparticles is
revealed by means of electron holography and
high-resolution electron microscopy. The particles
are typically bullet-shaped with dimensions of
15 nm — 60 nm in width and 100 nm — 300 nm in
length (Fig. 4). The preparation route might facili-
tate the access to silicon- and germanium-based
crystalline nanostructures.

Na,,Si;3;: Preparation and Crystal Growth

For the first time, spark plasma sintering (SPS) was
successfully employed as a route for the synthesis
and crystal growth of intermetallic clathrates [20].
The method represents an electrochemical variant
of the redox reactions of precursor phases. A sin-
gle-phase product of Na,,Si ;s was obtained con-
taining single crystals of up to 500 um in size
(Fig. 5). This is remarkable as binary silicon
clathrates are usually formed as microcrystalline
products by any other preparation method.
Historically, Na,, ,Si3s was the first structurally
identified clathrate-II phase [21]. It has been
obtained with Na deficiency only, and with
clathrate-1 or a-Si as impurity phases directly by
thermal decomposition of Na,Si,. Single crystals
of Na,,Si,;, were obtained by SPS treatment of
Na,Si, at 873 K for 3 hours, under uniaxial pres-
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Fig. 5: Scanning electron microscope image of Nay,Sijs¢
crystals obtained after SPS treatment of Na,Si, at 600 °C.
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Fig. 6: SPS preparation of Na,,Si;s¢ (left) reaction tool;
(right) cross sections of specimens treated by SPS at 600 °C
and 100 MPa. The formation of Na,,Si;3, from Na,Si, in
dependence on the reaction time is cleary visible.
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Fig. 7: Experimental (dots) and calculated (black line) heat
capacity of Na,,Si; ;¢ plotted as Cp/T3. The dashed line rep-
resents the electronic contributions, red and blue lines the
individual contributions of the Na atoms applying the
Einstein model [23].

sure of 100 MPa. The specimen was subjected to
ms-pulsed DC electrical current, with the punches
serving as electrodes (Fig. 6). The whole setup was
situated inside an argon-filled glove box for pro-
tection against oxidation and moisture [22].

After the spark plasma treatment, a thin film of
Na is always found condensed at the cathode while
the clathrate formation started at the anode pro-
gressing towards the cathode (Fig. 6). By changing
the direction of current, the clathrate phase grows in
the inverse direction, which unambiguously proves
the influence of the DC electrical current on the
reaction. Na,,Si,¢ forms by oxidation of Si,*" at the
anode, whereas sodium is reduced at the cathode.
Upon oxidation of the Si," cluster anions, the
clathrate framework is formed, while sodium is
simultaneously encapsulated in the resulting Si,,
and Siyg cages. The crystal structure of the Na,,Si, 4
was investigated in detail. A very large atomic dis-
placement parameter is observed for Na atoms cen-
tered in the Si,g cage. A difference Fourier map cal-
culated with Na removed from the model shows
only a broadly smeared, essentially spherical resid-
ual density, with a clear maximum at the center of
the cage reflecting a thermal motion (‘rattling’).
This is corroborated by Einstein-like modes attrib-
uted to Na atom “rattling” which was observed to
provide a pronounced contribution to the heat
capacity [23] (Fig. 7). The importance of the new
preparation method can be seen from the fact that it
has been highly challenging to prepare dense speci-
mens of silicon clathrates free from detrimental
grain boundary effects.

BagAus;Geyy,: A p-type Clathrate-I with high
thermoelectric Efficiency

The clathrate phase in the system Ba—Au—Ge was
initially assigned to the composition BagAusGey,
[24]. A material of this composition shows bad-
metal behavior [25]. In fact, the clathrate phase
exhibits a wide phase range with promising ther-
moelectric properties. To provide a reliable basis
for physical property measurements a single crys-
talline specimen was prepared as reference materi-
al by using the Bridgman technique [26]. The crys-
tal exhibits p-type electrical conductivity, low ther-
mal conductivity and a high Seebeck coefficient.
The maximum thermoelectric figure of merit was
found to be ZT = 0.3 at 511 K. SPS-compacted
finely ground samples with a slightly different
composition show an increase of Z7 up to 0.9 at
680 K, opening up the opportunity for further opti-
mization of thermoelectric properties.
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Summary

With BaGes, a new type of clathrate (0P60) was
characterized. Based hereupon the phase relations in
the system Ba—Ge were revised. Applying high pres-
sure synthesis the preparation of the so far unknown
clathrate-I phases Csg ,Siys and Csg Geyyy, was
achieved. The reaction of intermetallic precursors
with oxidizing agents has been established as a ver-
satile preparation method. Using gas-solid reactions,
the clathrate phase Bag ,Si,s was obtained which, so
far, had been accessible under high-pressure condi-
tions only. Liquid solid redox reactions of precursors
with an ionic liquid resulted in the formation of nano-
sized clathrate phases. For the first time, a clathrate
phase, Na,,Si,3,, was obtained by using an electro-
chemical redox process: Crystalline samples were
formed by spark plasma sintering of Na,Si,. The ter-
nary clathrate-I phase in the system Ba-Au-Ge was
obtained with compositions showing promising high
thermoelectric efficiency.
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