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ABSTRACT: The compound Ba,ZnSb, has been predicted to be  High Valley Degeneracy
a promising thermoelectric material, potentially achieving zT > 2 at

900 K due to its one-dimensional chains of edge-shared

[ZnSb,,]*" tetrahedra and interspersed Ba cations. However, the E

high air sensitivity of this material makes it difficult to measure its

thermoelectric properties. In this work, isovalent substitution of Eu ?
for Ba was carried out to make Ba, ,Eu,ZnSb, in order to improve r "
the stability of the material in air and to allow characterization of + = V4 T

thermal and electronic properties of three different compositions f a

(x = 0.2, 0.3, and 0.4). Polycrystalline samples were synthesized o<g< S o:&)
using binary precursors via ball milling and annealing, and their L 1 L4
thermoelectric properties were measured. Samples showed low 1D Covalent Channels
thermal conductivity (<0.8 W/m K), a high Seebeck coefficient

(350—550 uV/K), and high charge carrier mobility (20—3S cm?/V) from 300 to 500 K, consistent with predictions of high
thermoelectric efficiency. Evaluation of the thermoelectric quality factor suggests that a higher zT can be attained if the carrier
concentration can be increased via doping.

High zT ?

1. INTRODUCTION of compounds, which have demonstrated competitive zT's due
Thermoelectric generators have the potential to alter the world’s g’ thei{)_}117igh charge carrier mobilities and Seebeck coef-
cients.

energy landscape by converting heat to usable electricity, which

could reduce greenhouse gas emissions and dependence on Ba,ZnSb, is a Zintl phase with infinite chains of 1D edge-

fossil fuels. To make this possible, materials with a high shared [ZnSb,,]*" tetrahedra that are structurally similar to the
thermoelectric figure of merit, zT = (S*T)/kp (where S is the corner-shared infinite tetrahedral chains in CaALSbg com-
Seebeck coefficient, T is the operating temperature, & is thermal pounds, the discrete corner-shared chains in Ca;AlSb;, and the
conductivity, and p is electrical resistivity), need to be designed. isolated edge-shared chains in Sr;AlSb;.”'®'” These covalent
Zintl phases are a class of intermetallic compounds that is well chains can form channels that transport charge and result in high
suited to this application, given the rich structural chemistry that mobility, which is good for thermoelectric performance.
can result from the combination of ionic and covalent bonding Motivated by these structural motifs, theoretical investigations
found in these materials." The primary challenge in designing a of the thermoelectric properties and electronic structure of p-
thermoelectric material is to simultaneously improve these three type Ba,ZnSb, revealed an anisotropic Fermi surface with high
properties, a task that is difficult due to the interrelated nature of valley degeneracy (N, =4), low lattice thermal conductivity, and
S, p, and the electronic component of k2 predicted an average zT > 1, with 2T > 2 in the z-direction at 900

One method of optimizing both the Seebeck coefficient (S) K.>'**° The two bands at the edge of the valence band are flat
and resistivity (p) simultaneously is to look for materials and heavy, which give rise to a high Seebeck coefficient, while
containing anisotropic bonding schemes that provide a favorable the two that are just below are lighter bands that are expected to
Seebeck coefficient in one crystallographic direction and result in high charge carrier mobility and low electrical
resistivity in another. Some anisotropic layered and low- resistivity. """

dimensional materials are promising candidates for thermo-
electric applications because they decouple the Seebeck and
electrical resistivity effective masses, with the electrical resistivity
being governed by the light mass in one crystallographic
direction while the Seebeck coefficient is controlled by the
average mass.” ° Examples of this strategy include layered
materials with A,MPn, stoichiometry and materials containing
1D tetrahedral chains, such as the A;MPn; and A;M,Png families
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Figure 1. Ba,ZnSb, structure viewed along the b-axis (left) and c-axis (right). Ba, Zn, and Sb are indicated by purple, gray, and blue colored spheres,

respectively.

The synthesis, characterization, and experimental thermo-
electric properties for Ba,_,Fu,ZnSb, (x = 0.2, 0.3, and 0.4) are
reported. Small amounts of Eu were substituted for Ba to reduce
air sensitivity enough to make measurements feasible while
retaining the orthorhombic structure type of Ba,ZnSb, and
avoiding a phase transition to the hexagonal Eu,ZnSb, structure

type.

2. METHODS

2.1. Synthesis. Samples were synthesized by ball milling elements
with binary precursors and annealing the resultant powder. Ba;;Sb;,
and Eu,;Sb;, were used as cation sources to eliminate difficulties
associated with milling highly malleable and reactive alkaline-earth and
rare earth metals.”' A;;Sb,, precursors were also synthesized via high-
energy ball milling and annealing. In an Ar-filled glovebox, pea-sized
pieces were clipped off a Ba rod (Sigma-Aldrich, 99.999%), Eu pieces
(Stanford materials, 99.99%) were cut to a similar size, and each was
combined with the Sb shot (SN Plus, 99.999%) that had been ground
into a fine powder using an agate mortar and pestle. Both reactions were
sealed in a ball mill vial, as described above, and milled. After 30 min,
both reactions were brought into the glovebox to be scraped, resealed,
and then milled for an additional 30 min. The milled powders were
sealed into tubes (Nb for Ba and Ta for Eu) and jacketed in evacuated
quartz to be annealed (200 °C/h to 800 °C, dwell for 12 h). The
diffraction patterns are provided in Supporting Information, Figure S1,
with Rietveld refinement parameters (lattice, % phases, and statistics) in
Table S1.

Due to the air sensitivity of Ba,_,Eu,ZnSb,, all manipulations were
carried out in an Ar-filled glovebox. The synthesized A;;Sb;, (A = Ba,
Eu) precursors were combined with elemental Zn flakes (Alfa, 99.98%)
and a small amount of Sb shot (SN Plus, 99.999%) in a 65 mL stainless-
steel ball mill vial with two 12.7 mm diameter stainless-steel balls,
hermetically sealed in a metalized 4 mil polyethylene bag and milled in a
SPEX 8000 M mill for 30 min, then scraped with a stainless-steel
spatula, resealed, and milled for an additional 30 min. The
homogenized powder was then scraped from the container, and
approximately 3 g was packed into a 7 cm long, 1 cm diameter Nb tube
that was welded shut in an argon arc welder and flame sealed in an
evacuated quartz jacket (<SO mTorr) to be annealed in a box furnace.
The reaction was heated at a rate of 200 °C/h to 800 °C and dwelled for
96 h. Samples of Ba,_,Eu,ZnSb, with Eu content x = 0, 0.2, 0.3, and 0.4
were successfully synthesized as determined by powder X-ray
diffraction (Rietveld refinement provided in Supporting Information,
Figures S2 and S3, with refinement parameters (lattice parameters, %

6004

phases, and statistics in Table S2). Property measurements were not
carried out for x = 0 due to air sensitivity. Attempts were made to
increase Eu content, but products of x = 0.5 and 0.75 provided a
combination of the orthorhombic Ba,ZnSb, structure type and the
hexagonal Eu,ZnSb, structure type, while x = 1 gave only the Eu,ZnSb,
structure type. As this study is focused on the Ba,ZnSb, structure type,
characterization, and properties, they are presented only for x = 0.2, 0.3,
and 0.4.

2.2. Spark Plasma Sintering. In a glovebox, the annealed powders
of Ba,  Eu,ZnSb, x=0.2,0.3, and 0.4 were ground with an agate mortar
and pestle, sieved (100 mesh), and packed into a graphite die (12.7 mm
inner diameter) that had been lined with graphite foil. The die was
loaded into the chamber of a Dr. Sinter Jr. instrument (Fuji Electronic
Industrial Co., Ltd.), which was evacuated below 15 Pa, refilled to
50,000 Pa of Ar, and sintered according to the following profile: heated
to 600 °C in 1S min and then to 650 °C in 1 min (to prevent
temperature overshoot) and dwelled at 650 °C for 20 min. At 400 °C,
the applied pressure was slowly increased from 47 to 83 MPa. The
geometric densities of the consolidated pellets were >95% of the
theoretical values. Samples were polished with dried sandpaper inside
an argon-filled glovebox to prevent oxidation.

2.3. Air-free Powder X-ray Diffraction (PXRD). Portions of the
pressed pellets were prepared for air-free PXRD characterization by
grinding with an agate mortar and pestle, sieving the powder onto
double-sided polyimide tape on a zero background PXRD plate, and
protecting from air with a polyimide film in an Ar-filled glovebox. A
Bruker D8 ADVANCE Eco diffractometer with Cu Ka radiation
operating at 40 kV and 25 mA was used to collect diffraction data from
the 20 range of 15—60°. The step size was 0.015, and the scan rate was 1
s per step. TOPASS software was used for Rietveld refinement of the
data to refine lattice parameters and obtain information concerning
phase purity. Rietveld refinements of binary precursors and
Ba, ,Eu,ZnSb, (x = 0, 0.2, 0.3, and 0.4) are presented in Supporting
Information, Figures S1—S3 and Tables S1 and S2.

2.4. Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-ray Spectroscopy (EDS). Slices of the consolidated
pellets were mounted in epoxy pucks and polished using dried
sandpaper (up to 1200 grit) inside a glovebox and loaded into a
Thermo Fisher Quattro ESEM. An Everhart—Thornley detector was
used to collect secondary electron micrographs with a 20 kV
accelerating voltage, and an annular backscattered detector was used
for Z-contrast micrographs. A Bruker Quantax EDX detector was used
to determine stoichiometry and collect elemental maps.

2.5. Magnetism. Magnetization measurements of Ba,  Eu,ZnSb, x
= 0.2, 0.3, and 0.4 were performed in a Quantum Design magnetic
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property measurement system (MPMS). A polycrystalline sample
(typical mass SO mg) was placed in between two plastic straws, which
was then attached to the sample holder rod and field-cooled (FC) from
room temperature to 2 K. A magnetic field of 0.1 T was applied, and
datawere collected from 2 to 300 K (ZFC) and from 300 to 2 K (FC). A
modified Curie Weiss fit was used to determine the Eu®* content,
assuming the theoretical value of the effective moment for Eu** ions.

2.6. Thermoelectric Properties. A custom-built instrument was
used for Seebeck coefficient measurements from 300 to 600 K in a low-
pressure (300 Torr) N, atmosphere.”” Graphite foil was used between
the sample and thermocouples to ensure good electrical contact.
Although Ba,_,Eu,ZnSb, x = 0.2, 0.3, and 0.4 samples were determined
to be stable up to 783 °C via differential scanning calorimetry, the upper
temperature of measurements was determined based on sample
behavior with repeated heating and cooling cycles. Above 550 K, the
materials seem to react with the small amount of oxygen present in the
atmosphere of the device. Resistivity and Hall effect measurements
were carried out on a home-built system with van der Pauw geometry.**
A magnetic field of 1 T and a current of 0.1 A were used for
measurement. A voltage—current curve was generated before measure-
ment to confirm Ohmic contacts. Thermal diffusivity was measured
using a Netzsch Laser Flash Analysis (LFA) 475 Microflash instrument,
and thermal conductivity was calculated according to the equation k =
ApC,, where K is the thermal conductivity, C, is the Dulong—Petit heat
capacity, 4 is the thermal diffusivity, and p is the sample density. Third-
order polynomial fits of the data are presented herein and employed to
calculate zT. The experimental data with the polynomial fits are
provided in Supporting Information, Figures S4 and SS.

3. RESULTS AND DISCUSSION

3.1. Sample Purity and Composition. Figure 1 depicts the
crystal structure of Ba,ZnSb,. It is a Zintl phase with three
crystallographically unique sites corresponding to each atom:
Ba, Zn, and Sb. Ba cations are separated by isolated infinite

chains of edge-shared 1D ;[ZnSbZC}Z]4_ tetrahedra.'®'® These

chains run along the ¢ direction and are stacked in the b
direction. The Zintl formalism can be used to rationalize the
charge balance as (Ba®"),(Zn*")(Sb*"),. Ba,ZnSb, adopts the
Ibam space group and has the K,SiP, structure type.

In the case of the solid solution of Ba,_,Eu,ZnSb,, Eu*" is
expected to substitute on the Ba®" site, and because it is less
electropositive than Ba, it reduces the air-sensitivity of the
compound. PXRD patterns for Ba,_,Fu,ZnSb, (x = 0.2,0.3, and
0.4) are shown in Figure 2 and compared to the calculated

—_ ot x=0.4

=

L

> x=0.3

= X

)

c

£ M x=02

E A h A AN
I“ m Calculated

A 1 A A_LALAA_
20 25 30 35 40 a5 50 55
26 (°)

Figure 2. PXRD patterns for Ba,_,Eu,ZnSb, (x = 0.2, 0.3, and 0.4)
compared to the calculated pattern from the single-crystal CIE*® on the
bottom. BaZn,Sb, impurities are marked by asterisks, and BaO is
marked by +. An unidentified peak in x = 0.3 is indicated with an x.
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pattern.'” Rietveld refinements employing the Ba,ZnSb, CIF"’
to obtain lattice parameters and possible secondary phases are
provided in Supporting Information, Figures S2 and S3, and
Table S2. The x = 0.2 sample was confirmed phase pure via
Rietveld refinements, and x = 0.3 contained one small peak at 26
~ 27° that is consistent with BaZn,Sb, (marked by an x in
Figures 2 and S2) but could not be indexed via Rietveld
refinement since no other peaks were present, and x = 0.4 had
<4% of a BaZn,Sb, impurity marked by asterisks and ~0.5% of
BaO impurity marked by a plus sign. Rietveld refinements
yielded R, statistics <10%. Lattice parameters (Figure 3,
Supporting Information Table S2) decrease with x, as expected
due to the smaller size of Eu compared to Ba. Standard deviation
values for lattice parameters are smaller than the symbols used
and are not shown in Figure 3.

A typical backscattered electron micrograph with elemental
maps of a pressed pellet of Ba,_ Eu,ZnSb, x = 0.4 is shown in
Figure 4. Elemental maps confirm the uniform distribution of all
elements, and backscattered electron micrographs show that all
samples are single-phase (Supporting Information, Figure S6).
The cracks shown in the sample topography are due to surface
oxidation that occurred during sample preparation. EDS
characterization (Table 1, Supporting Information, Figure S7)
confirms Eu incorporation consistent with the nominal value for
x =02 and 0.3 and x = 0.4. There are many examples of Eu
substituting for an alkaline earth-containing Zintl phases.”*~>°
Typically, Eu substitutes into alkaline earth-containing com-
pounds as Eu*".”’~*’ Therefore, temperature-dependent mag-
netic susceptibility (Figure S, Supporting Information, Figure
S8) was employed to further confirm the Eu content. The
magnetization as a function of temperature of the samples
follows a modified Curie—Weiss behavior with a small Weiss
constant and no notable magnetic ordering down to 2 K. It is
expected that Eu should be Eu’*, and if we assume that is the
case, then the x values obtained are 0.177(1), 0.277(1), and
0.385(2), consistent with the amounts of Eu employed in the
reaction. The data plotted as inverse magnetization vs
temperature showing the fits are provided in Supporting
Information, Figure S9. Attempts made to incorporate more
Eu (x = 0.5, 0.75, and 1) resulted in a mixture of the Ba,ZnSb,
and Eu,ZnSb, structure types,"”>* where lattice parameters for
the Ba,ZnSb, phase matched those determined for the x = 0.4
sample. This result combined with the small BaZn,Sb, impurity
and slightly larger lattice parameters than expected suggests that
slightly less than x = 0.4 is the upper limit of Eu solubility in this
system.

3.2. Electronic Transport. Figure 6 displays the Seebeck,
resistivity, and Hall mobility as polynomial fits to the data from
the heating cycle. Experimental data with the polynominal fit
shown are presented in Supporting Information, Figures S4 and
SS. Carrier concentrations of the samples are quite low, on the
order of 10'7—10"® carriers/cm™ (Table 2), and decrease with
increasing Eu content. Given that Eu is confirmed to be in the 2+
oxidation state via magnetism, the reduction in charge carriers
may be due to the changing defect energies of Eu compared to
Ba, as has been shown in AZn,Sb, (A = Yb, Eu, Sr, and Ca), or to
the higher electronegativity of Eu compared to Ba that could
lead to incomplete electron donation.”””" The Curie—Weiss
behavior of the magnetism indicates the presence of the local
magnetic moment from the Eu*" that is substituted for Ba, which
is consistent with the experimental nonmetallic resistivity
expected due to the Zintl formalism. Seebeck coeflicients
(Figure 6a) are high (>300 £V/K) across the entire temperature

https://doi.org/10.1021/acs.inorgchem.2c04484
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Figure 3. Lattice parameters as a function of Eu content for Ba,_,Eu,ZnSb, (x = 0, 0.2, 0.3, and 0.4) from Rietveld refinement.

Figure 4. Secondary electron micrograph (top left), backscattered
electron micrograph (top right), and elemental maps for the
Ba, ,Eu,ZnSb, x = 0.4 pellet with Ba in turquoise, Eu in green, Zn in
dark blue, and Sb in red (bottom).

range and increase with temperature, reaching a maximum value
of ~550 uV/K for x = 0.4 at 500 K. In their theoretical study on
the electronic structure and thermoelectric properties of
Ba,ZnSb,, Zhang et al."® predicted values >350 uV/K for
<10" carriers/cm™ at 600 K, and experimental values range
from 350 to 450 pV/K at 500 K. The experimental Seebeck
coeflicients reported here agree reasonably well with those
predicted from theory, although direct comparison is not
possible for all compositions due to the low carrier
concentrations in the synthesized samples and lower measure-
ment temperatures.

Figure 6b shows electrical resistivities that decrease with
temperature as expected for a lightly doped semiconductor.'®
Figure 6¢ gives Hall mobilities, which are high for a Zintl phase
(up to 36 cm®/V s) and consistent with expectations from the
infinite tetrahedral chains.>’ Electrical resistivity increases as
more Eu is incorporated, consistent with the increase in Seebeck
coefficient and decrease in carrier concentration. However, Hall
mobility, which is expected to increase given a lower carrier
concentration in a single parabolic band (SPB) model, where 1/
p = neyt also decreases with increasing Eu content. The deviation
from SPB behavior is expected, given that band structures
calculated for Ba,ZnSb, are anisotropic with four degenerate
bands present near the valence band edge. Experimentally
determined effective masses also vary with carrier concentration
(m* = 0.68, 1.07, and 1.19 m, at 300 K for x = 0.2, 0.3, and 0.4,
respectively), which can be an indication of anisotropy or
multivalley transport.”>** The valence band edge is composed of
strongly hybridized Sb—Zn states with minimal contribution

Table 1. Eu Composition Determined by EDS and Magnetic Data for Ba, ,Fu,ZnSb,

loaded composition (x) experimental x (EDS) experimental x (magnetism) u (ug)® Ocw (K) Xo emu/g
02 0.20(2) 0.177(1) 7.94 —09(2) 476(5) x 107
0.3 0.29(2) 0.277(1) 7.94 —1.0(2) 1.17(1) x 107°
0.4 0.37(4) 0385(1) 7.94 -1.8(2) 421(1) x 107
“Moment for Eu** employed to calculate x.
6006 https://doi.org/10.1021/acs.inorgchem.2c04484
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from Ba cations, while the conduction band has substantial Ba
character.”'® This suggests that substitution on the Ba site is o
unlikely to significantly alter bonding near the VBM, and 300 350 400 450 500

changing mobility effective masses are likely a result of band
anisotropy or the presence of additional light bands just below
the Fermi level. As Eu content decreases, the Fermi level moves
toward the valence band, and the two light bands are accessed
while dispersion in the anisotropic heavier bands increases,
resulting in a lighter effective mass with greater mobility.>"*

High charge carrier mobility that improves with doping makes
this system promising for further optimization, and a high zT is
predicted for Ba,ZnSb, if the carrier concentration can be
increased to ~10%” h*/cm?. For x = 0.2 and 0.3, mobility exhibits
negative temperature dependence, indicating that acoustic
phonon scattering is the dominant mechanism, while x = 0.4
shows positive temperature dependence at low temperatures
(<425 K). This suggests activated mobility, which may be
caused by grain boundary resistance, and could be an indication
that the solubility limit of Eu has been reached for x = 0.4,
leaving a small amount of unreacted Eu present at the grain
boundaries.”~""** This drop in low-temperature mobility
explains the higher electrical resistivity for x = 0.4 compared
to x = 0.2 and 0.3, as well as a sharper decrease from 300 to 425
K.
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Temperature (K)

Figure 6. Polynomial fits of (a) Seebeck coefficients as a function of
temperature; (b) electrical resistivities; and (c) Hall mobilities for
Ba,_,Eu,ZnSb, (x = 0.2, 0.3, and 0.4).

Table 2. Hall Carrier Concentration at 300 K for
Ba, ,Eu,ZnSb,

i carrier concentration (cm™), 300 K
0.2 141 x 10"
03 1.02 x 108
0.4 6.5 x 10"

4. THERMAL TRANSPORT

Thermal conductivity calculated from thermal diffusivity and
heat capacity (Dulong—Petit law) is shown in Figure 7. The
Lorenz number was calculated from the Seebeck coefficient
using the method described in ref 35 and the electronic
component of the thermal conductivity determined via the
Wiedemann—Franz relationship was negligible (<0.007 W/m
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Figure 7. Polynomial fit of total thermal conductivity as a function of
temperature for Ba, ,Eu,ZnSb, [x = 0.2 (black-filled squares), 0.3
(gray-filled triangles), and 0.4 (blue-filled circles)].

K) due to the high electrical resistivity and low carrier
concentration. Thus, the total thermal conductivity and the
lattice component are virtually the same, and only the total
thermal conductivity is shown. Thermal conductivity is low and
comparable to the structurally similar Zintl phases Ca;M,Sbg
(M = Al, Ga, and In), Ca;AlSb,, and Sr;GaSb;, ranging from ~1
to 0.55 W/m K. The drop in thermal conductivity with Eu
incorporation can be attributed to alloy scattering due to the size
difference between Ba and Eu, which is an effective method of
reducing lattice thermal conductivity in other Zintl phases.”*®
4.1. Thermoelectric Figure of Merit (zT). Calculated zTs
as a function of temperature for Ba,_ Eu,ZnSb, (x =0.2,0.3, and
0.4) are given in Figure 8. A maximum zT of 0.11 is obtained at

0.20
*x=04
x=0.3
0.15 1 =x=0.2
N 0.10 -
0.05 -
0.00 + T T T
300 350 400 450 500
Temperature (K)

Figure 8. Temperature-dependent zT’s for Ba,_,Eu,ZnSb, [x = 0.2
(black-filled squares), 0.3 (gray-filled triangles), and 0.4 (blue-filled

circles)].

500 K for x = 0.2, the sample with the highest carrier
concentration. This value is lower than the predicted maximum
2T ~ 0.8 at 600 K with 10%° carriers/cm? for Ba,ZnSb, because
of the low carrier concentration in the synthesized samples, as
well as the higher lattice thermal conductivity, 0.65 W/m K
compared to the theoretically predicted values of K, = 0.41 and
0.11 W/m K."®*° It may be possible to obtain an experimental
2T closer to the predicted value if carrier concentrations can be
increased. This may be possible via K-doping on the Ba site.
Incorporating less air-sensitive elements may also improve zT by
increasing the maximum operating temperature.
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5. CONCLUSIONS

We have investigated thermoelectric properties for
Ba,_,Eu,ZnSb, (x = 0.2, 0.3, and 0.4), a Zintl phase with
isolated infinite 1D chains of edge-shared [ZnSb,,,]*"
tetrahedra that give rise to anisotropic charge transport. A
high zT was predicted for Ba,ZnSb, due to the presence of four
degenerate bands (two heavy and two light) just below the
Fermi level. Experimental data confirm a high Seebeck
coefficient and charge carrier mobility, as well as low lattice
thermal conductivity. Predicted zTs are higher than exper-
imental values due to low carrier concentrations in synthesized
samples but could likely be improved by aliovalent substitution
as the carrier concentrations are quite low for these
Ba,_,Eu,ZnSb, compounds. The air sensitivity of the samples
limited the measurement temperature range, and further
improvements to zT could likely be made by substituting with
more air-stable elements to allow measurement to higher
temperatures. Since the solubility range of Eu is limited, another
potential route for optimization is substituting Na'* for some
Eu?" in this Ba/Eu solid solution or combining both La** and K*
for Ba to synthesize LaKZnSb,, a hypothetical charge-balanced
compound that may be expected to retain the same structure
type due to the similar average size of La/K and Ba and is
expected to be less air-sensitive than Ba,ZnSb, due to the greater
electronegativity of La compared to Ba. Substituting Cu for Zn
or Sn for Sb in Ba, ,Eu,ZnSb, is another possible route for
optimization.
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