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ABSTRACT: Type I clathrates of the composition KgEgGe,s (E = Al, Ga, In)
were prepared via the reaction of KH with E and Ge and thermoelectric
properties measured in order to compare to KgAlgSizs, a promising
thermoelectric material. The structures were confirmed with Rietveld
refinement of powder diffraction patterns obtaining lattice parameters of
10.7729(2) A, 10.7469(5) A, and 10.9975(6) A for E = Al, Ga, and In,
respectively. Samples of KgEgGesg with E = Al and Ga were consolidated via
spark plasma sintering for property measurements and determined to be
94.2% and 81.4% dense, respectively. KglngGe;s showed significant
decomposition after sintering with both elemental In and Ge present in the
powder diffraction pattern. The thermoelectric properties of KsE;Geyg (E =
Al, Ga) from 300—10 K were measured on sintered pellets. KsAl;Geyg was
found to have a Seebeck coefficient, electrical resistivity, and thermal
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conductivity of —35.8 yV/K, 2.56 mQ-cm, 1.37 W/m-K at 300 K, respectively. KsGagGe;5 was found to be a compensated
semiconductor with a Seebeck coeflicient, electrical resistivity, and thermal conductivity of 4.19 yV/K, 1080 mQ-cm, and 1.05
W/m-K at 300 K, respectively. The resistivity of KsAlgGe;q is 46 times lower than KgAlgSizg which has a Seebeck coefhicient of
—90.0 1V/K and thermal conductivity of 1.77 W/mK at 300 K, suggesting that a solid solution of KzAlSiss ,Ge, has potential

for optimal thermoelectric performance.

1. INTRODUCTION

Metal hydrides are useful reagents for preparing materials such
as type-I clathrates,"” the Ba,_,K Fe,As, superconductor,’ the
promising thermoelectric material Mg,Si,*~” and others. Metal
hydrides are fine, commercially available powders. Using
powder reagents rather than the soft and sticky elemental
group 1 or 2 metals helps with manipulating and mechanically
milling these reagents with other elements into fine powders
and can facilitate the scale-up of reactions.” The use of
hydrides of group 1 and 2 metals was shown to make the
synthesis of the Zintl phases Na,Si,, Na,Ge,, and K,Ge, more
convenient.” Metal hydrides decompose into their metal
constituent and hydrogen which creates a reductive environ-
ment. A reductive environment is helpful when producing
electronic materials because oxides that are typically insulating
and can negatively influence electronic properties are either
removed or inhibited from formation.” Additionally, hydrides
provide high surface area group 1 or 2 metals, which allow
solid-state reactions to proceed faster and at lower temper-
atures.>” There is no evidence of hydride incorporation in the
materials described above.” ™’

The type-I clathrate crystal structure was first discovered as a
chlorine hydrate by Allen in 1959 (Figure 1).'> A few years
later inorganic sodium silicide clathrates were discovered by
Kasper et al.'' The complex unit cell of clathrate phases has
gained attention for hydrogen storage,12’13 thermoelectrics,*”
Li-ion batteries,'® superconductors,16 and many other
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applications.'”"® The type-I clathrate structure (Figure 1)
consists of a 20 vertex pentagonal-dodecahedron cage and a 24
vertex tetrakaidecahedron cage that form an extended covalent
network. The framework encapsulates two unique guest host
sites (referred to by their Wyckoff site notation as 2a and 6d)
within each cage (Figure 1). The framework consists of group
14 elements (tetrel group) and can incorporate group 2, group
13, and group 15 elements as well as transition metals.'” The
guest sites can be occupied by cationic group 1 or 2 elements
that donate their electrons to the structure. In some cases, both
group 1 and 2 elements can be incorporated as guests into the
same structure.” In frameworks that have tetrels and lower
valent elements, the electrons donated by the cation are
employed in covalent bonds. The wide variety of elements that
can be used for the framework and guest sites make it possible
to control the electronics of the structure." >

Type-I clathrate phases have been studied for their
application as superconductors, magnetocaloric coolers, photo-
voltaics, and thermoelectric materials that can convert heat
directly into electricity.'”'”*' ™" When n-type and p-type
semiconductors are placed electrically in series and thermally
in parallel with a temperature gradient, the dominant charge
carriers of the materials are driven toward the cold side in a
phenomenon known as the Seebeck effect.”® The Seebeck
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Figure 1. Views of the 20 vertex and 24 vertex cages of the type-I
clathrate KgAlgGe;5 with Wyckoff sites colored and labeled: 24, red;
6d, green; 6¢ yellow; 24k, blue; 16i, black. Thermal ellipsoid images of
atoms are shown (90% probability) (A). Projection of the extended
clathrate network (B).

effect generates a voltage that can be used to power devices.
The efficiency of a thermoelectric material is defined by the

2
unitless figure of merit, zT = :—pT, where a is the Seebeck

coefficient, p is the electrical resistivity, T is the operating
temperature, and K is thermal conductivity.”> Ideal thermo-
electric materials have been described as having glass-like
thermal conductivity and crystal-like electrical conductivity,
known as phonon glass electron crystal (PGEC) materials.”
The diffuse covalent network of the type-I clathrate structure
type allows for low electrical resistivity.' Clathrates have a low
“glass-like” thermal conductivity which is proposed to originate
from the guest atoms that are only loosely bound to the cages
allowing for “rattling” (Umklapp scattering), leading to short
phonon lifetimes and therefore low thermal conductivity.””
Recently inelastic neutron scattering experiments on the type-I
clathrates Ba,g;Ge,4,Aus33 and BagGey, Nig_, have shown
phonon lifetimes and mean free paths that are far too large to
support the hypothesis that isolated guest atoms are disrupting
phonons by rattling.”**” This work has provided an alternative
hypothesis pointing toward hybridization of the cage-guest
phonon modes providing decreased thermal conductivity,
making type-I clathrates ideal PGEC materials.”” ™'

NASA’s Jet Propulsion Laboratory (JPL) estimates that if
the existing US infrastructure were to be retrofitted with
thermoelectric generators with average zT values between 1
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and 2, up to 2.8 terawatt hours of power could be generated
annually.”” Type-I clathrate KgAlgSisg is a candidate for this
application because it is made of earth-abundant, lightweight
elements and is stable up to 810 °C."**° Moreover, at low
temperatures, the o and « are similar to BagGa;4Gey, a type-1
clathrate that is isoelectronic to KgAlgSizg with a reported zT of
1.35 at 900 K."**** However, p of KzAlSis; is 200 times
higher than BagGa,4Ge;, at 300 K333

Replacing some Si with Ge should allow for higher mobility
with the same carrier concentration, and this is a valid method
for optimization of the thermoelectric properties; however,
properties of the phase pure end members of KgEsGey (E =
Al, Ga, In) have not yet been reported. Single crystal structures
of the type-I clathrate KgEgGesyg (E = Al, In)*>*° have been
reported, and lattice parameters from a crystal of KgGagGesg
have been reported.”’ Herein, KgEsGeys (E = Al, Ga, In)
powders were synthesized with KH precursor, and the
elements and characterized by powder X-ray diffraction
(PXRD) in order to measure the thermoelectric properties.
The composition of the dense pellets (94.2% for E = Al and
81.4% E = Ga) was characterized by electron microprobe
wavelength dispersive spectroscopy (WDS). The thermo-
stability of the materials was determined by differential
scanning calorimetry (DSC), and the thermoelectric transport
properties were measured.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The synthesis of KsE;Gess (E = Al, Ga, In) was
adapted from that reported for KeAlSiz,.' Ge (99.999%, Furuchi
Chem. Co., Japan) and E (Al shot, 99.99%, Furuchi Chem. Co.,
Japan; Ga ingots, 99.999%, Furuchi Chem. Co., Japan; In needles,
99.99%, Cerac) were weighed in air and arc-melted into ingots (total
mass ~1.2 g) in an argon-filled arc welder. The ingots were crushed
into ~50 mg pieces with a stainless steel mortar and pestle and placed
into a S mL acrylic grinding vial (19.1 mm X 54 mm) with two Delrin
end-caps, tungsten carbide inserts, and two 7.9 mm diameter tungsten
carbide balls purchased from SPEX SamplePrep. Potassium hydride
(KH, Sigma-Aldrich, 30 wt % dispersion in mineral oil), washed with
toluene (dried in a solvent distiller) to remove the mineral oil and
dried under vacuum, was added to the acrylic vial. The vial was closed,
sealed in two airtight polyethylene bags, and mechanically milled for
30 min. To compensate for the experimentally observed loss of E and
the vaporization of K, stoichiometry according to the formulas
KyAlyGesg, KoGagGesg, and Kglng sGe;g were used. The resulting black
powders were placed in Nb tubes (Ta for In), arc-welded shut under
argon, and jacketed in a fused silica tube under vacuum. The tubes
were heated to 980 °C at a rate of 150 °C/h, held there for 10 h, and
then cooled at 15 °C/h to 700 °C, where they were annealed for 40 h.
The brittle condition of the Nb tubes after reaction suggests that KH
produced hydrogen which reacted with niobium.>® The tubes were
opened in an argon-filled glovebox, and the products were fine black
powders with some small annealed pieces.

Caution! KH is air and water reactive and should be handled in an
inert atmosphere.

2.2. Powder X-ray Diffraction. The products were characterized
by powder X-ray diffraction (PXRD). Diffraction patterns were taken
with Cu Ka radiation (4 = 1.5405 A) on a Bruker D8 Eco Advance
diffractometer operated at 40 kV and 40 mA at room temperature
from 15° to 65° 26. Rietveld refinement was performed with the
JANA 2006 software package.*” The KgAlyGess and KgIngGess CIFs
were used as the structural models for KgEgGeyg (E = Al, Ga) and
KgIngGess, respectively. The following constraints were applied: (1)
The composition determined from microprobe experiments was used
to restrain the overall occupancy of K, E, and Ge for KgE;Geyg (E =
Al Ga); (2) E/Ge share «, y, z coordinates and isotropic temperature
parameter B,; (3) the profile shape was generated with a pseudo-
Voigt function; (4) the background intensity was fitted using a shifted
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10-order Chebyshev polynomial function; () the site occupancy for
E/Ge was kept at 100% for each site; and (6) the relative occupancy
of Al/Ge and In/Ge was refined. In the case of Ga/Ge, the refined
experimental ratio of Al/Ge was employed as the model and the
relative occupancy was not refined because there is not enough
difference in scattering amplitude.The plotted data were normalized
by dividing the observed and calculated data by the highest value in
the observed set.

2.3. Spark Plasma Sintering. KE;Ge;s (E = Al, Ga, In) samples
were consolidated by a Dr. Sinter Spark Plasma Sintering (SPS)
System at S00 °C, 425 °C, and 425 °C, respectively, and 7.7 kN (613
MPa on the cross-section). S00 mg of the product was first ground
and sieved (100 mesh), then loaded into 4 mm diameter graphite die
with tungsten carbide plungers. The set up was placed into a larger 20
mm die with silicon carbide spacers and graphite plungers to
accommodate for high-pressure sintering. The results were pellets ~8
mm thick with 94.2% density for E = Al and 81.4% for E = Ga. The In
containing sample was not able to be consolidated without creating
significant In and Ge impurities.

2.4. Thermoelectric Property Measurement. Four mm pellets
were cut into ~1 mm-thick disks with a diamond saw and polished flat
and parallel to a mirror finish with silicon carbide polishing disks for
thermoelectric measurements. Thermal conductivity and Seebeck
coefficients were measured with the thermal transport option (TTO)
of Quantum Design Physical Property Measurement System (PPMS).
Two gold-coated copper leads were attached to the top and bottom of
the sample with conductive silver epoxy for measurement. Resistivity
measurements were done with the alternating current (AC) transport
option of the PPMS, where the sample was mounted on a puck, with
four platinum leads attached to the surface of the samples with silver
paint.

2.5. Differential Scanning Calorimetry (DSC). The thermal
stability of KgE¢Gess (E = Al Ga, In) was determined by DSC
employing a Netzsch Thermal Analysis STA 409 PC. Approximately
20 mg of powder was flame-sealed into an evacuated fused silica tube
and placed in the DSC sample holder. The samples were scanned
under flowing argon at 10 °C/min, both increasing and decreasing
temperature, in three different runs to 1000 °C, 900 °C, and 900 °C.
Additionally, approximately S0 mg of KgE¢Ge;s (E = Al, Ga) sintered
pellet (E = In was a hand pressed powder) was placed in an alumina
crucible, and data were collected at 10 °C/min, both increasing and
decreasing temperature, under flowing argon to 650 °C, 550 °C, and
600 °C, respectively. Heating and cooling data were also collected to
220 °C and 550 °C for sintered pellet samples of KgAlgGess. The
onset of features was determined by Netzsch Proteus analysis
software.

2.6. Electron Microprobe Characterization. Elemental analysis
and mapping of KgEsGezs (E = Al, Ga) was performed on polished
sintered pellets with a Cameca SX-100 electron microprobe equipped
with five wavelength-dispersive spectrometers. The Ka of K was
standardized from an orthoclase standard, Ka of Al from an alumina
standard, and La of Ge from germanium single crystal standard. The
stoichiometry of KyAlgGe;g was averaged from three data points, and
KgGagGe;g was averaged from 15 data points.

2.7. Carrier Concentration. Hall measurements and electrical
resistivity were measured on sintered pellets using the home-built Van
der Pauw set up at JPL with tungsten pressure contacts and a 0.8 T
magnet, as described herein.*’

3. RESULTS AND DISCUSSION

3.1. PXRD and Rietveld Refinement. K E;Ge,; (E = Al,
Ga, In) samples were prepared by a reaction of the ball milled
mixture of KH with E + Ge that was arc-melted into a pellet.
The stoichiometry employed in the reaction provided an
excess of K and E according to the following compositions:
KoAlyGeszg, KyGagGesg and Kglng sGeyg Samples with lower
amounts of E showed peaks corresponding to Ge in the
powder diffraction. Figure 2 shows the powder diffraction data
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Figure 2. A portion of the powder diffraction pattern showing the
Rietveld refinement of KgAl;Gess (A), KgGagGesg (B), and KglngGesg
(C) with the observed pattern in red, calculated pattern dotted, and
the difference between calculated and observed as a solid below the
data.

and Rietveld refinement for KgEsGess (E = Al, Ga, In) before
consolidation. The refinement confirmed that KsEsGess (E =
Al, Ga, In) crystallizes in the cubic space group Pm3n of type-I
clathrate structure-type. The Rietveld refinement parameters
for the samples are indicated with the residuals provided below
the diffraction data. Rietveld refinement of the KiGagGe,q
samples was performed starting with the crystallographic file
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Table 1. Rietveld Refinement Results of KE;Ge,s (E = Al,
Ga, In) and Reported Lattice Parameters from Single

Crystals
parameter comment
nominal formula K3Al;Gesg KGagGesg KgIngGesg
space group Pm3n
reported lattice constant 10.785(1) 10.7706(S) 10.9975(6)
(A)3>737
prepre-SPS 10.7729(2) 10.7469(5) 10.9975(6)
lattice constant (A)
post-SPS 10.7732(8) 10.7468(4) 10.9966(4)
lattice constant (A)
pre-SPS (Rp, wRp) 6.27%, 8.88%  6.02%, 9.31%  9.69%,
13.33%
post-SPS (Rp, wRp) 8.84%, 7.94%, 8.89%,
12.42% 11.47% 13.78%
site  occupancy ADP (A?) (%, 2)
(KsAlsGess)
2a (K) 100% 0.013(3) 0,0,0
6d (K) 96.2(4) % U,y =0.018(4); Uy, = U= 1/4,1/2,0
0.011(2)
6c (E) 95.2(6) % 0.005(3) 1/4,0,1/2
16i (E) 6.3(1) %  0.002(1) 0.1835(8), x, x
24k 3.6(2) %  0.0072(6) 0, 0.3076(1),
(E) 0.1174(1)
(KsGagGeys)
2a (K) 100% 0.013(4) 0,0,0
6d (K) 93(1) % Uy, =0011(5); Uy =Up=  1/4,1/2,0
0.025(3)
6c (E) 0.01(1) 1/4,0,1/2
16i (E) 0.01(2) 0.1840(8), x, x
24k 0.01(2) 0, 0.307(1),
(E) 0.1178(9)
(KsIngGegy)
2a (K) 100% 0.068(7) 0,0,0
6d (K) 100% Uy, = 0.02(1); Uy, = Uy = 1/4,1/2,0
0.064(7)
6c (E) 84(2) %  0.011(2) 1/4,0,1/2
16i (E) 3(1) % 0.016(2) 0.183(1), x, x
24k 5(1) % 0.014(2) 0, 0.302(2),
(B) 0.0.115(2)

(CIF) of the published KgAlgGess™ structure with Ga
replacing Al because KyGagGe;z does not have a CIF available
in the International Crystallographic Structure Database.*' For
K3AlgGesg and KgGagGeyg, the refinement is consistent with
phase purity before SPS consolidation. Rietveld refinement
indicates that KgIngGe;s shows a small amount (<1% by
weight) of In impurity at 33.0°.

Table 1 I;rovides the lattice constants from reported single
crystal data® ™" and those obtained from Rietveld refinement
of the samples described herein. The as-prepared KgAl;Gesq
and KgGagGesy have lattice constants 10.7729(2) A and
10.7469(5) A, respectively, slightly smaller compared to the
published single crystal data of the same nominal composi-
tions, 10.785(1) A and 10.7706(5) A.>>*” KIngGesg has lattice
parameters similar to the published ones.” There is little
difference in the lattice parameters of the as-made vs
consolidated pellets for all samples. However, since a high-
quality dense pellet of KglngGejs could not be prepared,
further characterization was not performed. The stoichiometry
of the dense pellets of the E = Al, Ga samples was calculated to
be K;g(1)Alys9(0)Gess sy and Ky 64(4)Gaz1(3)Gess.54(6) from
WDS data. The slightly smaller lattice constants observed for
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Figure 3. DSC of KgAlyGe;q pellet to 650 °C under flowing argon,
KgGagGe;g pellet to 550 °C under flowing argon, and KglngGesq
pressed powder to 600 °C. A gain in signal indicates an exothermic
process, a loss of signal indicates an endothermic process. Heating
(solid) and cooling (dashed) data are shown.

these samples are attributed to K or Al deficiencies in the
structure. Elemental mapping of the pellets is provided in
Supporting Information (SI).

The as-prepared powders were consolidated into 4 mm
diameter pellets via SPS. Temperature and pressure profiles
were investigated to obtain high-density pellets. KsEsGesg (E =
Al Ga, In) was pressed at S00 °C, 425 °C, and 425 °C,
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Figure 4. PXRD before and after DSC cycled to 220 °C, 550 °C, 650 (B) KBInSGeSg
°C, and 1000 °C for KgAlsGe;s. The red line indicates the observed 900 °C
pattern, the black dotted line represents the simulated pattern, and the ]
black solid line is the difference between observed and calculated. .
Black stars denote peaks from Ge. Rietveld refinement of scans =) " - ’ -
obtained at 1000 °C was performed employing the Ge CIF.* < ! 600 °C
>
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section). Post-SPS consolidation PXRD patterns with Rietveld 5 _—LA__L_LM_M__J_._A
refinement are provided in SI. After SPS, broadening of the < Pre TG/DSC
peaks can be observed in all three samples, indicating strain . l l
from the high pressure applied. After SPS, two small impurity 1T YT A M.
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dense pellet. Lower pressures and temperatures employed in
the SPS lead to densities <80%, therefore, the small amount of
impurity was considered acceptable for property measure-
ments. Since the impurity is consistent in both samples of
KEsGeys (E = Al, Ga), comparison of transport data of the
samples provides valid insight into the properties. In the case
of KgGagGejyg, after SPS an additional peak at 27.3°, assigned
to Ge is observed (<0.5% by weight). Post SPS KgIngGesq
shows two small unknown impurity peaks at 26.6° and 21.5°
and additional peaks assigned to Ge and In. Rietveld
refinement of the mixture indicates the weight % to be
92.7% KglngGess, 2.8% In, and 4.5% Ge. Therefore, the
transport properties of the KglngGess pellet were not
measured, as the inclusion of both elemental In and Ge in
the final pellet was high enough to make the determination of
the intrinsic properties of KgIngGess difficult and the
interpretation highly suspect. Pressing KglngGess at lower
temperatures lead to less dense pellets, and pressing at higher
pressures disintegrated the graphite SPS die to the point where
a pellet could not be recovered.

3.2. Thermal Stability. DSC was used to determine the
stability of KgE;Gess (E = Al Ga, In) with cycling from room
temperature to 1000 °C, 900 °C, and 900 °C respectively (SI).
KgEgGeyq (E = Al, Ga) samples were also scanned to 550 °C,
and KgIngGe;g was scanned to 600 °C to amplify features seen
in higher temperature scans. KgAlgGeys was also scanned to
220 °C (SI).

Figure 3 provides the DSC scans of KgAlgGe;g to 650 °C,
KsGagGesq pellet to 550 °C, and KgIngGesq pressed powder to
600 °C. The DSC scan of KgAl;Ge;5 shows the onset of an
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Figure S. PXRD before DSC and after DSC to 550 and 1000 °C for
KsGagGe;s (A) and before and after DSC to 600 and 900 °C for
KgIngGesq (B). The red line represents the observed pattern, the black
dotted line represents the simulated pattern, and the black solid line
represents the difference between observed and calculated. Rietveld
refinement of scans obtained at 900 °C was performed employing the
Ge CIF."

exothermic peak at 509 °C attributed to the decomposition of
the clathrate. KgGagGesg shows a similar feature at 360 °C
which is attributed to the exothermic decomposition.
KgIngGesg with ~1% In impurity shows an endothermic peak
at 149 °C which corresponds to the melting of In. There is an
additional exothermic peak with an onset at 240 °C which is
attributed to the decomposition of the KgIngGe;q clathrate
structure.

Figure 4 shows the PXRD data for the KgAlyGe;s DSC
sample after cycling to the temperature indicated in the plot
along with the refinement fits and residuals. The PXRD pattern
after DSC to 220 °C shows no change from the pre-DSC scan,
indicating the structure is stable up to this temperature. After
DSC to 550 and 650 °C, a diffraction peak at 20 = 27.3°
appears (indicated with a star) which can be refined as 3.3%
and 20% Ge by weight, respectively. The increasing amount of
Ge with increasing temperature suggests that some of the
sample has decomposed at 550° and significantly more at
650°C, consistent with the assignment of the exothermic peak
at 509 °C in the DSC scan to the decomposition of the sample.
PXRD after DSC to 1000 °C shows only Ge remaining.
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Figure 6. Low-temperature thermoelectric properties of KgAlgGe;q (black triangles) and KgGagGe;s (red diamonds). Seebeck coefficient measured
with the TTO option on a PPMS (A). Thermal conductivity measured with the TTO option on a PPMS with the lattice thermal conductivity
labeled with dashed lines (B). Electrical resistivity measured with a four probe AC resistivity set up on a PPMS (C) and calculated zT (D).

Figure S shows the PXRD data for KgEgGess (E = Ga, In)
after DSC to the stated temperature, their fits, and residuals.
The PXRD of KgGagGesq after DSC up to 550 °C shows the
growth of a peak at 26 = 27.3° which was refined to 10.6% Ge
by weight, indicating that this structure starts to decompose at
360 °C where the exothermic peak is seen in the DSC scan.
PXRD after DSC to 900 °C (SI) shows only Ge remaining.
PXRD of KgIngGesq after DSC to 600 °C shows 18.0% Ge by
mass and 5.4% In by mass by Rietveld refinement, indicating
that the structure has begun to decompose at the initial upturn
in the DSC signal seen at 240 °C. PXRD after DSC scan to
900 °C shows Ge and In remaining along with some stray
peaks that can be attributed to the fused silica container
reacting with the sample, indicating that when heated to 900
°C the sample completely decomposes. These structures do
not immediately decompose, but slowly begin to lose K and E
when taken above their decomposition temperature.

3.3. Low-Temperature Thermoelectric Properties. SPS
was used to consolidate KgEgGeyg (E = Al, Ge) powders into
pellets with densities of 94% and 81%, respectively. Figure 6
shows the Seebeck coefficient, thermal conductivity, electrical
resistivity, and zT for the samples from 300 — 2 K. At 300 K,
the Seebeck for KgAlgGesg is —35.8 4 V/K, indicating that it is
an n-type semiconductor. The thermal conductivity, , is 1.37
W/mK at 300 K. The line shape of the thermal conductivity
(Figure 6B) deviates from the Callaway model for lattice
thermal conductivity (k;), indicating a large contribution from
the electronic portion of thermal conductivity (k,) to the
overall thermal conductivity (k,)."* The Wiedemann—Franz
law (k. = k. + k, kK, = LoT), where L is the Lorentz value
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calculated from L = (1.5 + e_(lis)) X 10_8KV2VQ, and S is the

Seebeck coefficient in uV/K, was used to calculate the lattice
thermal conductivity, which is plotted in Figure 6B. It can be
seen that as temperature increases, less of the thermal
conductivity is attributed to the lattice portion, indicating the
material has a high carrier concentration and confirms that «,
contributes significantly to Ko~ The resistivity of KgAlyGesq
(Figure 6C) was 2.56 mQ-cm at 300 K, lower than the
published value of 370 m€Q-cm at 300 K which was measured
on a single crystal sample of KgAlgGe;s."” Simple electron
counting for the clathrate structure provides K as the
electropositive element donating electrons to the framework
consisting of Al and Ge. All framework atoms are 4-bonded
(tetrahedral), so the Al requires an additional electron to make
a fourth bond. Microprobe data show that there is slightly
more K than Al present (K;g)Al;go(9)Gesgs(1)), so there
should be an excess of electrons, making the typically
semiconducting KgAlgGe;s (375 mQ-cm)™ closer to a
degenerate semiconductor.'” Imai et al. show a similar
behavior in KgAl,Sizy where the resistivity at 300 K is 8 mQQ-
cm, much lower than 120 mQ-cm that was reported for
KgAlgSizs. " The zT at 300 K for KAlgGe,q (Figure 6D) of
0.011 is a 10-fold improvement over KgAlgSizg which has a zT
of 0.0011 (Figure 7)." The increase in zT over KeAlgSisg is
attributed to the large reduction in electrical resistivity (as
shown) and a small decrease of thermal conductivity compared
to the values for KgAlgSizg at 300 K of 120 mQ-cm and 1.77
W/mK, respectively. These differences are large enough in
magnitude to offset the reduction in Seebeck from —90.0 yV/
K for KgAlSizy to —35.8 uV/K for KgAlgGesq.' For
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Figure 7. KgAlgGesg shows a 10-fold improvement in zT over
KgAlgSizg that can be attributed to a large reduction in electrical
resistivity. Data for K¢AlgSizq are from ref 1.
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Figure 8. SPB model calculations of zT vs carrier concentration (300
K) with a zT maxima at 6.32 X 10" cm™ plotted with the measured
2T of KgAlgGesg.

comparison, KgAl Sizy has values of 8 mQ-cm, 1.72 W/mK,
—65.5 uV/K, and 0.0096 for resistivity, thermal conductivity,
Seebeck, and zT at 300 K, respectively."

The Seebeck coefficient of KgGagGe,g at 300 K is 4.19 uV/K
indicating a p-type semiconductor, consistent with the
stoichiometry K g4(4)Gay51(3)Gesssae) (Figure 6A). The
thermal conductivity shows an increase followed by a
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downturn at 100 K following the Callaway model for lattice
thermal conductivity and has a value of 1.06 W/mK at 300 K
(Figure 6B).** Kk was calculated with the Wiedemann—Franz
law as described above and is plotted in Figure 6B. x; shows no
difference from K, indicating the sample has a low amount of
charge carriers, and the thermal conductivity arises mostly
from lattice contributions.** The resistivity is 1080 mQ-cm at
300 K which is much higher than the KzAlgGesys sample. The
2T is 1.93 X 107° because of the high resistivity and low
Seebeck coefficient.

3.4. Carrier Concentration and Single Parabolic Band
(SPB) Model. A carrier concentration of 1.083(1) x 10*! cm™
and a mobility of 3.725(3) cm?/V-s were measured at room
temperature for KgAl;Gess compared to 1.31 X 10" cm™ and
a mobility of ~39 cm?/V-s for KAl;Siss, as a result KgAl;Gesg
has a much lower resistivity and Seebeck coefficient.”’ Hall
measurements of KsGagGeyg gave positive and negative charge
carrier values suggesting the material is a compensated
semiconductor, so the data were not used for SPB calculations
(SI). The SPB model has been shown to do an adequate job
predicting thermoelectric properties of type-I clathrates.*
Calculations were performed following typical procedures
described in the literature.””** SPB calculations (Figure 8)
provide an estimate of a zT of 0.017 at 1.083(1) X 10* ¢cm™
for KgAlgGess, which is slightly higher than the measured value
of 0.011. SPB overestimates the thermal conductivity of the
material (1.50 W/mK vs 1.36 W/mK) and underestimates the
electrical resistivity (1.57mQ-cm vs 2.56 mQ-cm), which is
explained by the high amount of grains seen in the electron
microprobe image which will elevate resistivity and lower
thermal conductivity (SI). Calculations indicate that a
KgAlgGesg clathrate with a charge carrier concentration of
6.32 x 10" cm™ would have a zT of 0.067 at 300 K as
suggested by Figure 8. Other thermoelectric Zintl phases show
peak thermoelectric performance at carrier concentrations of
10-10% cm™ as well.* 72 Reducing carrier concentration
can be achieved by doping the structure with Zn or Mg in
place of Al or through better control of the relative
stoichiometry of K and Al

4. SUMMARY

This work provides a synthetic route and consolidation profile
to make dense pellets of KyEsGey,s (E = Al Ga).
Decomposition is initiated at 509 °C, 360 °C, and 240 °C
for KgE;Geyg (E = Al Ga, In), respectively. Thermoelectric
properties were not measured on KgIngGesg because it could
not be consolidated into a dense pellet without additional
impurities. KgGagGe;g showed poor thermoelectric perform-
ance as a compensated semiconductor. The thermoelectric
properties of KgAlgGesq show a significant improvement over
KgAlgSizs." These results suggest that measuring the high—
temperature thermoelectric properties of KgAlgGesq, better
stoichiometric control of KgAl;Ge,s, and a solid solution of
KgAlgSizg_,Ge,, may lead to a promising zT. Also, the lack of a
Ge—Si eutectic point suggests a KgAlgSizs_,Ge, solid solution
may be stable between the decomposition temperature of
KgAlSizg (810 °C) and KgAlgGeys (509 °C) providing a
material that can operate on a vehicle’s exhaust system (250—
750 °C) or other industrial processes.””*~* In addition to Si—
Ge alloying, other elements such as with Zn or Mg can be
incorporated in order to reduce the carrier concentration and
may provide a successful direction toward a high zT.
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