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ABSTRACT

Clathrate-I-based materials are promising for waste-heat recovering applications via thermoelectric (TE) effects. However, the lack of highly
efficient p-type materials hampers the development of clathrate-based TE devices. In this work, the synthesis of the p-type semiconductor
Ba; gAus 33Geyo 67 With clathrate-I structure is up-scaled by steel-quenching and spark plasma sintering treatment at 1073 K. A thermoelectric
figure of merit ZT=0.9 at 670 K is reproducibly obtained, and 40 chemically homogeneous module legs of 5 x 5 x 7mm? are fabricated. By
using a carbon layer as a diffusion barrier, electrical contacts are sustainable at elevated application temperatures. Eight couples with the
clathrate-I compounds Ba; gAus33Geyo67 as p-type and BagGa;sGesy as n-type materials are integrated into a TE module with an output
power of 0.2 W achieved under a temperature difference AT =380K (T, = 673K and T, = 293K). The thermoelectric performance of
Ba; sAus 33Geyg 6, demonstrates the potential of type-I clathrates for waste heat recycling.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0059166

Type-1 clathrates consist of a host framework enclosing guest
atoms in polyhedral cages. The structure type occurs for various inor-
ganic compounds ranging from gas hydrates to silicates and inter-
metallic clathrates.”” In the latter, the host framework typically
comprises group 14 elements encapsulating electropositive metal
atoms. In addition to the examples with a homoatomic framework
such as NagSiyg,~ group 14 elements can partially be replaced by four-
bonded group 13 elements like in BagGa;¢Geso,” by d-elements like in
Bag 5Aus 33Gey067 OF by framework vacancies.”” Intermetallic clath-
rates generally feature modifiable chemical compositions and, inde-
pendent from that, a low lattice contribution to heat conductivity.
Both features are favorable for the design of thermoelectric materials,
requiring a high Seebeck coefficient o, a low electrical resistivity p, and
a low thermal conductivity x, summarized in the thermoelectric figure
of merit ZT = o T/px. In application, thermoelectric properties also

depend on the microstructure such as the grain size or the composi-
tion of impurity phases segregated at grain boundaries. For this reason,
bulk materials do not always reflect the intrinsic properties of a sub-
stance, and ZT values of reported compounds may differ substantially.
In this regard, for the clathrate-I phase BagAu,Geys_,, different results
were reported. At composition BagAus 33Geyq 67, @ maximum ZT value
of 0.9 was found at 700 K,” still the highest value obtained for a clath-
rate with p-type electrical conduction. In another study, however, a
much lower maximum ZT value of 0.4 was achieved at 800K for the
composition BagAugGeyo.” In this work, we have achieved a reproduc-
ible material characterization and optimized the chemical composition
to obtain legs suitable for thermoelectric module manufacturing.

In the ternary Ba—Au-Ge system, the clathrate-I type has been
reported for compositions ranging from BagGe,s[]; to BagAueGey
(O stands for framework vacancy) . For the series BagAu,Geys_s
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samples showed n-type electrical conduction for x <5.0 switching to
p-type for x >5.25."" Recently, a single-crystalline specimen grown by
the Bridgeman method revealed the composition Ba, sAus 53Geso 7
where the cubic clathrate-I structure with space group Pm-3n is
formed by a framework of 5.33 Au and 0.67 Ge, atoms at Wyckoff
position 6¢, 16 Ge, atoms at 167, and 24 Ge; atoms at 24k (Fig. 1). The
framework atoms form pentagonal-dodecahedral cages fully occupied
by Bal atoms at position 2a, and tetrakaidecahedral cages partially
occupied by 5.8 Ba2 atoms at position 6d. The substitution of a Ge
atom in the four-bonded framework by Au (d'°s' configuration)
formally requires additional three valence electrons to generate four
two-center-two-electron Au-Ge bonds. Within this Zintl-like interpre-
tation, the composition BagAus33Geyog; is charge-balanced: [Ba®"]g
[(4b)Au’535[(4b)Ge’] 1067 The actual composition Ba; gAus 33 Geyogr
formally implies an electron balance [Ba®"],5[(4b)Au’]5 55
[(4b)Ge®] 4067 % 0.4 ht, which is consistent with the p-type electrical
conduction observed experimentally.”

Sample preparation was performed on a 100g scale with tech-
niques allowing for sufficiently high throughput. In the first step, a
precursor alloy with target composition was prepared from BaGe, Au,
and o-Ge in a dry, Ar-filled glovebox. Batches of 3 g were melted
at 1400K in an open glassy-carbon crucible (Sigradur, MKS,
= 12mm, /=20mm) by using an induction furnace and rapidly
cooled by pouring the melt onto a steel plate and hammering.”"’
Afterward, the glassy carbon crucibles remained shiny and did not
show visible signs of a reaction with the melt. By reacting the binary
precursor phase BaGe'” instead of elemental barium, the reaction is

FIG. 1. Cubic clathrate-| structure of Bag sAu,Gess (X <6) with space group
Pm-3n. Barium atoms (blue spheres) occupy 20-atom (yellow) and 24-atom cages
(grey), gold atoms in the framework are accentuated by golden, and germanium
atoms by red spheres.

scitation.org/journal/apl

less exothermic, enabling the use of an open crucible without material
loss by squirting. Nevertheless, at temperatures of about 1300 K, which
were applied to obtain a homogenous melt [melting point of the clath-
rate phase is 1204 K (Ref. 8)], a loss of barium by evaporation could
not be avoided entirely. Thus, an excess of Ba was required to obtain a
single-phase material. The microstructure of a sample with nominal
composition Bag ; Aus 33Geyq ¢, did not show any minority phases after
steel quenching and after further annealing at 1073 K (Fig. S1). The x-
ray powder diffraction (XRPD) pattern is in agreement with the
reported structure model of Ba; gAus 33Gey 67 (Fig. S2).” In contrast, a
sample with the slightly different nominal composition BagAus 3
Gey67 showed inclusions of a-Ge, while in samples with higher Au
contents, e.g., BagAusGe,o, the phase BaAu,Ge,_, appeared at compo-
sition BaAu, ;Ge, o (Ref. 9) as a minority phase.

In order to manufacture module legs, the as-cast samples were
ground and sieved to a grain size of d <100 um, and the powder was
compressed by spark-plasma sintering (SPS) at 1073 K to cylindrical
pellets with 98% of XRD density. During the sintering process, the
samples were wrapped by a carbon foil. After SPS treatment, the pel-
lets were further annealed for seven days at 1073 K in glassy carbon
crucibles sealed in tantalum ampoules. After this additional annealing
step, the change in lattice parameter was not significant, indicating
that the conversion of the reactants after SPS was completed (Table I).
After SPS treatment, the microstructure showed pronounced grain
boundaries (Fig. 2) and minority phases ¢-Ge and BaAu, ;Ge, ¢ below
the detection level of XRD. Finally, the SPS sintered pellets were diced
on air with a diamond wire saw into blocks of 5 x 5 x 7mm?® for inte-
gration into a thermoelectric module.

Thermoelectric properties were studied for two series of compo-
sitions. The electrical conductivity and the Seebeck coefficient were
measured simultaneously by using a ZEM-3 instrument (ULVAC-
RIKO), while the thermal diffusivity 4 was determined using the laser
flash technique (LFA 447 Micro Flash, Netzsch). The thermal conduc-
tivity i was calculated subsequently from the relationship « ~ C, d 4,
where d is the sample density and C,, is the specific heat capacity. The
latter was estimated according to the Dulong—Petit law. The first series,
Bag1Au,Geys ,, Was expected to result in the single-phase material,
which was the case for samples in the range 5.25 <x <5.38. In this
series, samples with x >5.41 showed BaAu,;Ge,q (Ref. 9) as a by-
product (Table I). A second series with nominal composition
BagAu,Geys , was prepared to investigate the influence of excess-
amounts of o-Ge at the grain boundaries on the thermoelectric perfor-
mance. While the lattice parameter of samples in the series
Bag_sAu,Geys_, was found to increase linearly with x for 0 < x < 5,
the differences for the chosen composition range were found to be
smaller than 2 x 10> A, indicating that the change in the thermoelec-
tric properties could not be traced by x-ray diffraction. Nevertheless,
in both sample series, the development of the thermoelectric proper-
ties was controlled by the nominal sample composition.

The temperature dependence of the electrical resistivity p system-
atically varies as a function of the Au content [Figs. 3(a) and 3(e)]. It
reaches a maximum at the nominal composition BagAus,5Geyq s,
which fits the composition BagAus;3Geyos; predicted by the
Zintl-Klemm concept, where semiconducting properties are expected.
The validity of the Zintl-Klemm formalism as a rule of thumb to pre-
dict the evolution of the electronic properties has also been verified for
the related Ba-Au-Si type-I clathrates.”'* Consistently with the
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TABLE I. Constituting phases and lattice parameters of the clathrate-I phase (C-I) in
samples with nominal composition Bag 1Au,Gess_y and BagAu,Geyss . Phase analy-
sis was performed by XRPD and energy dispersive x-ray spectroscopy.

Nominal composition Phases detected alA

Bag 1Aus 25Geqo.75 C-I 10.7992(2)
Bag 1 Aus 30Geso.70 10.7994(2)
Bag 1 Aus 35Gey.65 10.7991(2)
Bag 1 Aus 35Gesg.62 10.7985(2)
Bag 1 Aus 41Gey 59 C-1+ BaAu, 1Ge, o 10.7981(2)
Bag 1 Aus 44Geyo.56 10.7983(2)
Bag 1 Aus 47Geyo 53 10.7983(2)
Bag 1 Aus 50Geso.50 10.7983(2)
Bag 1 Aus 53Geyo.47 10.7983(2)
Bag 1Aus 56Geq0.44 10.7978(2)
Bag 1Aus 65Gego 35 10.7970(2)
Bag 1Au6.05Ges9.95 10.7973(2)
BagAus 0Geso.80 C-I+ a-Ge 10.7994(2)
BagAus »5Geyo.75 10.7992(2)
BagAus 30Geyo.70 10.7990(2)
BagAus 33Geyo.67 10.7992(1)
BagAus 36Geyo.64 10.7981(2)
BagAus 30Geyo.61 10.7984(1)
BagAus 4,Geyo.58 10.7976(2)
BagAus 45Geyo 55 10.7983(2)
BagAus 45Geyo.52 10.7966(2)
BagAus 5,Geyg.00 C-1+ BaAu; ;Ge, o 10.7967(2)

expected semiconducting behavior, p(T) decreases with increasing
temperature for the compositions with x = 5.20, 5.25, and 5.30 for the
series BagAu,Geyg_, and x = 5.35 for the series BagAu,Ge,q_ . For the
series Bag;Au,Geys ,, the observed decrease starting above 500 and
600K for x=5.35 and 5.25, respectively, is due to minority carrier
activation. Common to both series is the emergence of degenerate
semiconducting behavior for x>5.35 induced by an increase in the
carrier concentration controlled by x. Samples of the series
BagAu,Geys_, with Ge excess generally feature higher p values than

scitation.org/journal/apl

samples of the series Bag ;Au,Geys_, with BaAu,Ge,_, by-product.
The presence of o-Ge at the grain boundaries may lead to stronger
charge carrier scattering and, hence, reduced charge carrier
mobility.

The thermopower o generally correlates with the electrical resis-
tivity of the samples. In this case, samples of the series BagAu,Geys
with higher electrical resistivity show higher « values compared to the
series Bag ; Au,Geye_x [Figs. 3(b) and 3(f)]. For both series, the prevail-
ing n-type conduction in the composition range 5.20<x <525
switches to a p-type behavior for higher Au concentrations. The high o
values measured for the n- (up to —200 uV K !at 300K) and p-type
samples with the lowest Au contents (up to +400 £V K™ ' at 300 K)
are consistent with lightly doped semiconducting behavior. These
samples show a broad maximum in o(T) between 400 and 550 K fol-
lowed by decaying o values due to the thermal activation of minority
carriers that dominate transport. From the maximum temperature
Trax and associated oy values, band gaps of E, = 0.2eV can be
inferred according to the Goldsmid-Sharp relation E, = 2eT maxOmax-
This value is in very good agreement with electronic band structure
calculations performed for the composition BagAusGeyo and with
prior experimental results.” Progressively increasing Au concentration
results in a monotonic decrease in the « values and in «(T) that follow
linear temperature dependences, as expected for degenerate
semiconductors.

The total thermal conductivity x is low for all samples, ranging
between 0.75 and 1.5W m~ ! K™! at 300K [Figs. 3(c) and 3(g)]. The
increase observed above 500 K in several samples of both series is due
to the thermal activation of minority carriers across the bandgap that
gives rise to an additional bipolar contribution. Below this tempera-
ture, K is the sum of a phonon contribution «; and an electronic con-
tribution x, that can be estimated using the Wiedemann-Franz law
ke = LT/p, where L is the Lorenz number. Because r, is inversely
proportional to the electrical resistivity, the non-degenerate samples
that exhibit high p values have a negligible electronic contribution. For
the degenerate samples, the temperature dependence of L has been
estimated by a single-parabolic-band (SPB) model. The lowest x;, val-
ues achieved, on the order of 0.75W m ' K ! up to 500 K, are similar
to those obtained in other n- and p-type type-I clathrates. Due to the
polycrystalline nature of the present samples that induces grain
boundary scattering, these values are consistently lower than those

FIG. 2. Microstructure of the sample with nominal composition BagAus 33Ge4 67 manufactured by SPS treatment at 1073 K: (a) optical microscopy image and (b) scanning

electron microscopy image (backscattered electron contrast).
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FIG. 3. Temperature dependence of thermoelectric properties between 300 and 700 K. Electrical resistivity p, thermopower «, thermal conductivity x, and the dimensionless
thermoelectric figure of merit ZT of samples with nominal compositions BagAu,Gess_ (a)-(d) and Bag 1Au,Gess_ (€)—(h). Reproducibility of the thermoelectric properties for dif-
ferent batches with the same composition in the series Bag 1Au,Gegs_y (i)~(1).

measured on single-crystalline Ba;gAus33Geyos; (Ref. 8). Similar 1 /7\ /3 YN

values are obtained for both series, indicating that the nature of KGlass = 2 (g) kpV (2vr + i),

the secondary phase has little influence on the thermal transport. The

high-temperature amorphous limit Kgjes to iy is estimated from the where kg is the Boltzmann constant, V' is the average volume per
relation atom, and vy and v, are the transverse and longitudinal sound
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TABLE II. Characterization of different batches with nominal composition Bag 1Aus 47Geq 53 after SPS treatment of 12 g of the sample. The amount of phases written in brackets
is close to the detection limit of XRPD. Lattice parameter and WDXS composition refer to the clathrate-1 phase (C-I).

Batch Detected phases Lattice parameter/A® WDXS composition
01 C-1, a-Ge 10.7966(1)

02 C-I 10.7985(1)

03 C-L, («-Ge) 10.7979(1)

04 C-I, BaAuxGe4_x 10. 7985( ) Ba8.00(3)Au5.49(2)Ge40,68(3)
05 C-1, (2-Ge) 10.7976(1)

06 C-1, BaAu,Ge, , 10.7982(1)

08 C-1, BaAu,Ge, 10.7979(1)

09 C1 10.7980(1)

10 C-1 10. 7980(1) Bag.o(z)Au5.49(2)G€40_2(2)
11 C-1, -Ge 10.7971(1)

12 C-1, (a-Ge) 10.7978(1)

13 C-1, ((X-Ge) 10. 7978(1) Ba&oo(s)Au5.54(5)Ge40'66(5)

*The lattice parameter was refined with LaBs standard and the same set of reflections.

velocities, respectively. Using vy = 2930 and v, = 4520 m s~ ' inferred
from acoustic dispersions measured by inelastic neutron scattering on
single-crystalline Ba; gAus 33Gesoq7 this relation yields g
= 0.12W m ! K L. In none of the samples, this limit is reached at
high temperatures, indicating that further reduction in x; may be
achieved by further alloying to increase point-defect scattering.

Combining the three transport properties, the calculated ZT val-
ues increase with temperature to reach a maximum value of ~0.9 at
670K [Figs. 3(d) and 3(h)]. This peak value is consistently achieved in
both series for Au concentrations falling in the range 5.40 < x <5.50
and is, thus, remarkably robust against minor changes in the chemical
composition, which is a favorable characteristic for up-scaling the syn-
thesis process.

To investigate the reproducibility of the preparation process and
the ZT values, the preparation and characterization of the series
Bag ;Au,Gey  Was repeated for the compositions x = 5.44, 5.47, 5.53,
and 5.56 [Figs. 3(i)-3(1)]. The batches with x=5.44, 5.47, and 5.53,
which were weighed with an accuracy of Am = 0.1 mg for an overall
mass of 3 g, led to fully reproducible transport data. Only the sample
x=15.56 with a less accurate weighing of Am = 1 mg showed measur-
able differences in ZT [Fig. 3(1)], which provides an idea about the
accuracy required. The sample with x = 5.47 achieved the highest ther-
moelectric performance and was, thus, chosen for an upscaling process
and the fabrication of a thermoelectric generator. A 160 g of the pre-
cursor material was manufactured by SPS treatment to 13 pellets
(J = 15mm, I=9mm, m~12 g), which were cut to module legs of
dimensions 5 x 5 x 7mm®. Also in this larger preparation scale, the
samples were either single-phase clathrate materials or contained small
amounts of BaAu,; ;Ge, o or «-Ge as impurity phases (Table II). The
lattice parameter a of the clathrate-I phase was constant within
Aa < 107*A. Moreover, wavelength-dispersive x-ray spectroscopy
(WDXS) analysis did not show any significant differences for the
clathrate composition from sample to sample.

The manufactured legs were tested by electrical resistivity mea-
surements for which contacts were placed at opposite faces of the
cuboids (Fig. S3). In this way, samples with microscopic cracks were

detected by distinctly higher resistance and separated. For the fabrica-
tion of a thermoelectric module suitable for high-temperature applica-
tion in the region of about 500 °C, traditional soldering materials, such
as tin or lead, cannot be used due to their low melting point. For Ge-
based clathrates, the additional problem arises that the clathrate phase
reacts with most d-elements to form stable binary germanides.
Therefore, materials like Fe, Cu, or Ni cannot be used. The result is
exemplarily shown for a thin layer of Ni powder, pressed by SPS treat-
ment on the sample. The interface showed cracks, and several Ni-
containing phases had formed (Fig. 4). A solution to this problem is
the manufacturing of a thin carbon layer acting as a diffusion barrier
that separates the clathrate phase from the electrical contacts. As the
preparation and the SPS experiment show, carbon does not react with
the clathrate phase (Fig. 4).

With the module legs obtained, a thermoelectric test module was
manufactured. In the test module, the p-type legs with the nominal
composition Bag ; Aus 4,Geyq 53 were combined with n-type legs of the
BagGa;6Ges clathrate. Samples of the latter material were prepared

2.8 +— C-foil

NizGe

»BajgAuNixgGeyq ™

W <— C-foil

FIG. 4. SPS-sintered Ni layer on a clathrate-l pellet of Ba;gAus33Geqp67. The
sample shows cracks, a layer of Ni,Ge, and an unknown quaternary phase. At the
bottom, the carbon layer did not react with the clathrate-l phase.
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FIG. 5. Current-voltage characteristics for the clathrate-l module for Ty,oy = 673K
and T.oq = 293 K. Electrical voltage and power share the same numeric scale.

with the nominal composition BagGa;ssGeso4 using a preparation
route similar to the one wused for Bag;Aus,;Geyss. For
BagGaj56Gesoq, a thermoelectric figure of merit ZT ~0.35 was
achieved at 670K (Fig. S4), which is similar to that reported for
BagGa;¢Geso.~ The legs were assembled on the thermal conducting
ceramics Rulit708S/Al,0;. The module parameters were measured on
the specialized high-precision setup. The internal resistance was mea-
sured at 1000 Hz frequency and amounted to 148 mQ at 293 K. The
measurement uncertainty of the heat flow through the module
was less than 3% and less than 0.3% for the electric module with an
external load. Without any optimization of the module assembly, the
output power was 0.2 W for cold and hot side temperatures of 293 and
673K, respectively (Fig. 5). Further optimization is in the scope of
future projects.

To conclude, the thermoelectric properties of the type-I clathrate
phase Bag sAu,Gess, were investigated for several sample composi-
tions in the region Ba; gAus 33Geyo;. A maximum dimensionless ther-
moelectric figure of merit ZT of~0.9 at 670K was achieved and
shown to be highly reproducible. Germanium as a minority phase
hardly influences the thermoelectric performance. An upscaling proce-
dure consisting of steel quenching and spark plasma sintering allows
the production of a nearly phase pure specimen in a short time
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without affecting the thermoelectric properties. Module legs were
manufactured and integrated into a demonstrator module.

See the supplementary material for microstructure analysis of the
clathrate phase, x-ray powder diffraction patterns, electrical resistivity
measurements on the fabricated legs, and the temperature-dependent
ZT-value of the BagGa,sGesy sample used for the n-type legs of the
demonstrator module.
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