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The Yby;Sbyg Zintl phase has long been reported to be a negative secondary phase in the high performing
Yb14MSbyy (M = Mn, Mg, Zn) (14-1-11) thermoelectric material. However there have been discrepancies in
the literature regarding the effect of this Yb;3Sbip phase on the thermoelectric performance of 14-1-11
compounds. The recent discovery of Yb;oMnShg is used here to explain these inconsistencies. Yb;;Sbig
and Yb;oMnSbg are very close materials stoichiometrically and crystallographically. However, despite
these similarities, these materials exhibit very different transport properties and thus should have differing
impacts on the overall thermoelectric performance of 14-1-11. In this work, we consider how these two
phases affect the thermoelectric performance of Yb;j4uMnSby; when present as secondary phases both
through an experimental investigation and an effective medium theory model. Secondary phases in

thermoelectrics are often regarded as a consistently negative effect and yet here we show that while the
Received 3rd July 2024 f YbuSbio in YbuMnSby reduces the thermoelectric perf th f
Accepted 3rd September 2024 presence © 11Sb1o in 14MnSby; reduces the thermoelectric performance, the presence o
Yb1oMnSbg, even in large amounts does not dramatically reduce the thermoelectric performance and is

DOI: 10.1039/d4ta04606d shown here to even improve performance. This work provides a deeper understanding of previous works
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Introduction

Thermoelectric materials that allow for the interconversion
between heat and electricity," are useful for a variety of different
applications including distributed and localized cooling appli-
cations,> waste heat utilization,* and perhaps most important
historically, powering space missions.* For these extraterrestrial
applications such as providing electricity for the Mars rovers,
the thermoelectric materials used must reach high values of
efficiency at high operating temperatures.* The efficiency of
a thermoelectric material in converting heat to electricity is
dependent upon the thermoelectric figure of merit, zT. The zT of
2
a material is given by the equation 2T = % T, where « is the
Seebeck coefficient, ¢ is the electrical conductivity, and « is the
total thermal conductivity." The zT of any thermoelectric
material will peak at an ideal operating temperature. Efforts to
improve the zT of a material will often involve optimizing the
charge carrier concentration, n, which has an impact on all of
the terms in the equation for z7," and trying to improve material
properties independent of each other such as through intro-
ducing scattering sources to reduce the lattice thermal
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regarding 14-1-11 materials and Yo—Mn-Sb phases and paves the way towards practical application.

conductivity.>® Phase boundary mapping” and grain boundary
engineering® are two such strategies that have been utilized to
improve thermoelectric performance.

While there are a handful of material systems to date that
have exhibited zTs greater than 1 at these high operating
temperatures,”*> making them candidates for practical appli-
cations, the search for new thermoelectric materials with
promising properties is still on-going. The success of the high
performing 14-1-11 Zintl thermoelectric compounds including
Yb,,MnSb,4,"”* Yb;,MgSb,,,"* and more recently Yb,4,ZnSb;,,’
has lead to other discoveries of Zintl thermoelectrics with
similar compositions, namely Yb,;Mn,Sb,5 ** and Yb;,MnSb,.*®
Zintl phases are defined as being valence precise where the
electropositive cations donate electrons to polyanionic covalent
structures.'” Zintl phases are among some of the highest per-
forming thermoelectric materials due to their often intrinsically
low thermal conductivity from large complex unit cells and their
semiconducting nature that together simultaneously allow for
facile charge transport and impeded thermal transport.*>°

It can be seen that these Yb-Mn-Sb materials exist in a very
busy region of phase space with multiple stable ternary and Yb-
Sb binary compounds (Fig. 1), many of which can be described
through Zintl-Klemm formalism. In particular, the Yb;,Sbi,
phase has been reported as an undesirable secondary phase
that is often present, sometimes in large amounts, in 14-1-11
samples.” This secondary phase is expected to harm perfor-
mance as it has been reported to be a fairly metallic phase with

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic phase diagram showing the reported phases in the Yo—Mn-Sb phase space. Many of these phases are reported in compu-
tational databases like the Materials Project?®* and OQMD,??# while others are found from experimental reports.***51624-27 The rectangle on the
left is showing a zoomed-in region of the ternary diagram which is particularly busy around the high performing Yb;4MnSby; phase. The shaded
three-phase region with Yb;4MnSby1,"* Yb1g sMnSbg,*® and Yby;Sbig 28 is the primary focus of this work.

a low Seebeck coefficient, high electrical conductivity, and high
thermal conductivity.*® However, many reports indicate that
samples with 10% or more Yb,,Sb,, have transport properties
largely unaffected by this metallic phase.”*** This phase is also
seemingly present, even when samples are made in Mn excess.*
This would not be expected if the sample was synthesized in
thermodynamic equilibrium in a Mn-rich phase space given
what is understood about this ternary phase diagram shown in
Fig. 1. Additionally, in one particularly contrarian example in
the thesis of Hu (2017),** it was found that the presence of
Yb,,Sbyo in large amounts (~50%) in Bi-doped Yb,,MgSb,,
actually improved the thermoelectric properties through an
increase in the Seebeck coefficient and a decrease in the
thermal conductivity. This observation cannot be explained
solely by this Yb;;Sby, phase. It would not be expected this
phase with an incredibly low Seebeck coefficient would
contribute to increasing the Seebeck coefficient in 14-1-11
samples.

However, we can reconcile these observations regarding
Yb,1Sby, in 14-1-11 samples by considering the newly reported
Yb;,MSby material (M = Mn,** Mg**). While the Yb,,Sb,, phase
has been known for decades,® this Yb,,MSby material was only
first reported in 2021,'® years after much of the foundational
work regarding Yb;;MSb;; (M = Mn, Mg, Zn). Due to the
incredibly similar crystal structures between Yb;;Sbi, and
Yb,oMSby, it is likely that some amount of Yb;,MSby could be
misidentified as Yb;;Sb;,."®

While our previous work has considered the thermoelectric
properties of this new 10-1-9 phase through transport
measurements,*?> electronic structure evaluation,*® and
doping studies,* this work aims to tackle a different issue.
Secondary phases have been frequently reported in these Yb-

This journal is © The Royal Society of Chemistry 2024

Mn-Sb Zintl phases and are difficult to control. Here we
consider how the likely presence of this 10-1-9 phase impacts
the thermoelectric performance of the Yb,,MnSb,; material
which has been of interest to the thermoelectric community for
years.

In this work we will consider the implications of both
Yb,:Sbyo and Yb,,MnSb, as key secondary phases in Ybi,-
MnSb,; through a combination of analytical and experimental
approaches. To analyze the effect of these secondary phases,
bulk polycrystalline Yb;,MnSb,; samples were synthesized with
purposeful addition of secondary phases Yb;;Sbyy and Yb;o-
MnSb,. The thermal and electronic transport of these samples
as well as the Xray diffraction (XRD) patterns were then
compared to the pristine Yb,;,MnSb,; sample. Complementary
computational techniques such as effective medium theory
were then utilized to further explore the impacts of these phases
on the thermoelectric performance of Yb;,MnSb;;. We show
that while the presence of Yb,;Sb;, alone is not sufficient to
explain experimental trends with secondary phases in Yb,,-
MnSb,,, the additional consideration of Yb;,MnSby as
a secondary phase allows us to fully explain previously observed
results. Additionally, the presence of Yb;o,MnSby in 14-1-11
samples is shown to even improve thermoelectric performance
across certain temperature regimes.

Results and discussion
The most likely secondary phases in 14-1-11

A major challenge in synthesizing and studying Yb;,MnSb,; is
that it exists in the very dense region of Yb-Mn-Sb phase space
with many crystallographically complex stable compounds.
Based on the phase diagram schematic in Fig. 1, it can be seen

J. Mater. Chem. A, 2024, 12, 26064-26075 | 26065
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that slight off stoichiometries resulting from synthesis could
result in Yb;,MnSb,; being in thermodynamic equilibrium with
a variety of potential secondary phases. In theory, this material
has the potential to exist in five different three-phase regions,
that include the secondary phases of Yb;;Sbio, Yb;oMnSby,
Yb,;Mn,Sb,s, YbsSb; and Yb,Sb;. While carefully designed
synthesis can allow for quite phase pure samples,*” reports of
issues with secondary phases can be found throughout the
literature. In general, Yb;1Sb, is the most frequently reported
and considered secondary phase which has been reported in
amounts up to 50%.>>** Large amounts of Yb,;Sb;, would
correspond to an overall sample that is deficient in both Mn and
Yb.

In order to consider the most likely secondary phases, we
must first consider the key sources of elemental loss in
synthesis and subsequent characterization. While it is possible
for various off stoichiometries and elemental loss to occur
during synthesis of Yb;,MnSb,; which is particularly likely for
Mn,* the largest source of elemental loss both in synthesis and
subsequent experimental measurements is expected to be
oxidation of Yb. Yb oxidizes quite readily, particularly at high
temperatures, and this is a major problem for this material. In
a study on the oxidation of 14-1-11 compounds, it was shown
that large amounts of Yb,O; form upon heating in air, partic-
ularly on the surface of the material.®® This results in a core
material that is Yb-deficient and reportedly contains large
amounts of the Yb,;Sb,, phase.*® While high temperature
thermoelectric synthesis and subsequent high temperature
transport measurements are generally conducted under argon
or high vacuum environments, any trace amounts of oxygen
result in some Yb oxidation which has been observed through
a discoloration of sample surfaces after measurement, even
under high vacuum.

If we consider a model sample that starts out with a perfect
14-1-11 stoichiometry and then oxidizes, we can consider the
expected resultant secondary phases. If this perfect composi-
tion sample only loses Yb through the formation of Yb,0;, we
would expect both Yb,,Sb;, and Yb,,MnSby, to be present as
secondary phases in thermodynamic equilibrium. The respec-
tive phase fractions of these secondary phases can be predicted
using simple ternary lever rule type approach, where the total
composition must equal the sums of the respective composi-
tions and concentrations of the constituent phases. This anal-
ysis is shown in Fig. 2. Here we can see that as Yb is removed
from the bulk of the sample through surface oxidation, the
phase fraction of Yb,,MnSb;; continuously decreases with
a corresponding rise in the amounts of Yb;oMnSb, and
Yb,1Sb,. This path in the three phase region is much closer to
the Yb;o,MnSby phase than the Yb,,Sb;, phase which can be
seen graphically in the top left inset of Fig. 2 which shows this
three phase region of interest with an arrow along the line of
decreasing Yb. This means that in cases where the dominant
source of elemental off-stoichiometry is Yb loss, the most
present secondary phase would be expected to be Yb;,MnSbg. In
order for there to be more Yb;,Sb,, than Yb;,MnSb, in a 14-1-11
sample, there would have to be substantial loss of Mn as well.
This is certainly possible, especially depending on the synthesis

26066 | J Mater. Chem. A, 2024, 12, 26064-26075

View Article Online

Paper

—_

Yby;Sbyo s

o
©
;

o
©
\

Yb,,MnSb,

©c o
o N
:

Yb,,MnSb,,

Phase Fraction
© o o ©
N w N o

0.1

% of total Yb that has been oxidized

Fig.2 Expected phase fractions (by moles) of Yb;4MnSb,4, Yb;oMnSby,
and Yby;Sbig as a result of Yb loss through oxidation calculated
through a ternary lever rule method. As more Yb is lost, the phase
fraction of Ybi4MnSb,, decreases whereas the amount of Yb;gMnSbg
and Yby;Sbyg increases. The dashed line depicts the total amount of
Yb1oMnSbg and Ybi;Sb;g secondary phases. The triangle in the top left
corner depicts this three phase region of interest from the phase
diagram in Fig. 1, with the arrow depicting the direction of Yb loss.

conditions. Mn makes up a very small percentage of 14-1-11 by
atomic ratio, which is even smaller by mass. Given that the
primary sources of elemental loss are considered to be Yb fol-
lowed by Mn, it is likely that most 14-1-11 samples are in this
three phase region between Yb,;MnSb,;, Yb;,MnSby, and
Yb,;Sby,.

Differentiation of secondary phases

In order to consider the thermoelectric implications for
samples in this three-phase region, we must first consider the
crystallography of these compounds. Yb;,MnSb;; is a part of the
greater 14-1-11 family of Zintl phases that have tetragonal unit
cells comprised of Sb trimers, MnSb, tetrahedral units, and
dispersed Yb cations for a total of 208 atoms per unit cell.*®
Similarly, Yb;,Sb;o and Yb;,MnSby also have large tetragonal
unit cells with 842 and ~80-82'%**%¢ atoms per unit cell
respectively. Note that the Yb;,MnSby phase is better described
by the stoichiometry Yb,osMnSbs, which has been discussed
previously'®** and is used throughout this work.

The key crystallographic similarities between Yb;,Sb;, and
Yb,,MnSb, are particularly apparent in the lattice parameters
and the presence of Sb dimers amongst dispersed Yb cations. In
the Yb;o,MnSby material there is also the presence of MnSb,
tetrahedron, similar to those seen in Yb;,MnSb,;. These crys-
tallographic similarities, along with general unit cell
complexity, complicates secondary phase identification.

Generally, when synthesizing thermoelectric samples, XRD
is an early step used to determine the presence of secondary
phases in the material. However, the more complicated the unit
cell, the more complicated the XRD patterns which makes
differentiation between these phases, particularly as secondary
phases, non-trivial.

This journal is © The Royal Society of Chemistry 2024
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In the original study identifying the Yb,;,MnSb, phase, Bar-
anets et al. warn that the similar crystal structures between
Yb,,MnSby and Yb,;Sb;, could result in misidentification.*®
Further studies since then on the 10-1-9 structure have
considered these structural similarities and differences.***
These structural analyses have concluded that distinguishing
between these two phases using XRD should use key differen-
tiating peaks in the 26°-29° 26 range (for Cu Ko radiation).
These peaks are shown in Fig. 3 and are indicated by the dia-
mond markers in the Yb,,MnSb, pattern.

However, while it is clear that we can use these peaks to
differentiate between Yb,,MnSb, and Yb,;Sb,,, as has been
done previously,® these marked peaks overlap with higher
intensity peaks in Yb;,MnSb,;. Thus, while XRD patterns of 14-
1-11 samples can tell us if a sample contains some amount of
Yb11Sb1o/Yb1oMnSb, it is incredibly difficult to determine if
those secondary phases are Yb;;Sb,o, Yb;oMnSbg or a combi-
nation of the two using XRD alone. Looking back at previous
reports of Yby;Sby, in Yb;,MnSb,,, it is quite plausible that at
least some of these samples contain Yb,,MnSby in addition to
or instead of Yb,;Sb;,. Since using XRD alone is not a straight-
forward way to differentiate between these materials in 14-1-11
samples, a further investigation of the transport properties is
beneficial in our understanding of these materials as secondary
phases.

In order to experimentally investigate the impacts of these
phases on Yb;,;MnSb,,, three different samples were synthe-
sized from the same batch of Yb;,MnSb,; ball-milled powder.
One sample was comprised of only this stoichiometric 14-1-11
powder, while the other two were synthesized with 20% by
weight of Yb,;Sb;, and Yb;,MnSby respectively (see the
methods section for more detail). This 20% secondary phases by
weight corresponds to 17% secondary phases by molar ratio.
This purposeful addition of secondary phases is reminiscent of
the phase boundary mapping approach.”

Here we should note, that while we have added powder made

View Article Online
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stoichiometric Yb;,MnSb,;, the complexity of the phase
diagram and XRD patterns makes it difficult to confidently
synthesize phase pure samples. If we consider the previous
discussion on the problem with elemental loss, it perhaps
might be likely that any of these three “pure” stoichiometries
contains some amount of the other two phases as secondary
phases. Here the goal is to consider how these secondary phases
are expected to impact performance and utilize purposeful
addition of secondary phases to probe this. We aim to point to
the complexity of the problem and show general trends with
changing stoichiometries of these samples. There is expected to
be some margin of error however on the amount of secondary
phases in these materials. For instance, while we added 20% by
weight of powder synthesized in the stoichiometry 10.5-1-9 to
powder synthesized with the stoichiometry 14-1-11, the final
material might not have exactly 20% by weight of the Ybg 5-
MnSb, phase. If the starting 14-1-11 material became slightly
Yb-deficient during synthesis, it might already have some
undetectable amounts of the 10.5-1-9 phase, meaning that the
final sample in this case could have more than 20% secondary
phases. However, regardless of precise amounts of secondary
phases, we will see in the following analysis that these two
phases are expected to impact thermal and electrical transport
when present in 14-1-11.

The XRD patterns for these three synthesized samples are
shown in Fig. 4. In general, all three samples have peak patterns
that match well to the theoretical pattern for Yb,,MnSb,; shown
in black. We can then consider if XRD can indicate to us that
these samples contain the expected secondary phases of
Yb41Sb1o and Yb;oMnSby respectively. As discussed previously
and shown in Fig. 3, the best way to differentiate between
Yb,oMnSb, and Yb,4Sb, is to consider lower intensity low angle
peaks in the pattern which we do here in Fig. 4b. It is clear that
the samples containing the added secondary phases exhibit
additional short peaks around 26 values of 25.7° and 27.6°
(indicated by stars in Fig. 4b). However both the sample with

with  stoichiometric ~ Yb;;Sby, and  Yb;osMnSbg, to added Yb;;Sb;, and the sample with added Yb;,MnSby exhibit
a) b) 6
¥ Yb.;Sb
51YD419D1g
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X 2l 11 RO Y P N TYTRTTRTINOn Tl IRl Vv o
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Fig. 3 Comparison of expected XRD patterns (from CIF files generated from literature single crystal data) for Yb;1Sb10,2® YbioMnShbg,*¢ and
Yb14MnSby, *° with a Cu Ka radiation source in both a larger 26 range (a), and a shorter 26 range (b). While Yby1Sb;g and Yb;gMnSbg share most of
the same peaks, there are a few key differentiating peaks at low angles which are present for Yb;oMnSbg but not Yby;Sbig which are indicated by
the black diamond-shaped markers.**4° However these indicated peaks overlap with higher intensity Yb;4MnSb,, peaks, meaning that while we
can differentiate between Yb,Sbig and YbioMnSbg, that task becomes more difficult when they are secondary phases in 14-1-11.
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(a) XRD patterns for the three experimental Yb;4MnSby; samples (Yb14MnSbyy, Ybi4MnSby, with 20 wt% Yb,1Sbig, and Ybi4MnSby; with

20 wt% Yb1oMnSbg respectively), and the theoretical pattern for Yb;4MnSby; shown in black. (b) Zoomed-in section of the XRD patterns, the black
stars are indicative of both Yby1Sbig and Yb;oMnSbg. Here it can be seen that while the samples containing extra phases exhibit additional low
angle peaks, the key distinguishing peaks from Fig. 3 are not readily observed due to the overlap with 14-1-11 peaks.

these additional peaks and thus it is difficult to visually detect
differences between the two diffraction patterns. This can be
attributed to the fact that the key peaks that are different
between Yb,;Sb,, and Yb;,MnSby overlap with higher intensity
14-1-11 peaks as discussed with Fig. 3.

We then considered if Rietveld refinement*' could be utilized
to differentiate between these samples. Here it was found that
for the samples with purposeful addition of secondary phases,
the refinement was improved when the secondary phases of
Yb,;Sb,, and Yb;,MnSb, were included in the refinement.
However, differences in the final R,, values were not significantly
different if the refinement considered just Yb;;,Sb;o and Yb,-
MnSby, versus just Yb;oMnSby, and Yb;;MnSb;; for both
samples. Thus, while Rietveld refinement and XRD as a whole
are useful tools for determining if 14-1-11 samples have some
Yb,oMnSby/Yb;1Sb;, phases, it cannot concretely differentiate
between these two secondary phases in small amounts, espe-
cially in these bulk polycrystalline samples of Yb;,;MnSb;;.
Additionally due to the nature of Rietveld refinement, it is
always possible that in adding phases to the refinement, the
improvements in fit are coming from the additional fitting
parameters in a non-meaningful way. Perhaps higher resolution
XRD on larger crystal samples could allow for better differen-
tiation. However, much of the literature on 14-1-11 materials for
thermoelectric  applications use similar polycrystalline
synthesis and XRD methods. Other common methods of
secondary phase identification such as electron microscopy
(SEM) and energy dispersive spectroscopy (EDS) that rely on
compositional contrast are also difficult for this system due to
the incredibly similar stoichiometries and thus minimal
compositional contrast between phases.

Effects of secondary phases on thermoelectric transport

Despite the obstacles with phase identification, since Yb;,Sb,,
and Yb;,MnSby exhibit very different electronic and thermal
properties, one would expect that they would have different
effects on the transport of Yb,;;MnSb,; when present in

26068 | J Mater. Chem. A, 2024, 12, 26064-26075

substantial amounts as secondary phases. While Yb,;,MnSby
has been shown to be a decent thermoelectric with a moderate
zT,”** Yb;,Sbyo is a poor metal with a very low z7.*° Experi-
mentally measured thermal and electrical transport of Yb,-
MnSb,4, Yb11Sbyo, and Yb;oMnSby are shown in Fig. 5. Here it
can be seen that Yb,,MnSby and Yb,,Sb,, exhibit very different
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Fig. 5 Transport properties for single phase Yb;4MnSby4, Yb11Sbyo and
Yb1oMnSbg (a) electrical conductivity, g, (b) total thermal conductivity,
k, and (c) Seebeck coefficient, a.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Transport for various samples of Yb14MnSb,; including phase pure samples, and samples with 20% by weight Yby;Sbig and Yb;oMnSbg
respectively (corresponding to 17% by moles). The shown transport includes the (a) electrical resistivity (b) Seebeck coefficient (c) thermal
conductivity and (d) zT. The solid lines in (a) and (b) correspond to higher temperature data obtained with a different set of samples synthesized
with the same process and measured at NASA's Jet Propulsion Laboratory (JPL) which show decent agreement with overall trends.

transport, with the properties of Yb,,;MnSb,; intermediary
between the two. Thus if we consider the Seebeck coefficient for
example, we would expect large amounts of Yb;,MnSby in
Yb,,MnSb;; to increase the Seebeck coefficient, whereas large
amounts of Yb,;Sby, in Yb;,MnSb,; should decrease the See-
beck coefficient.

The expected and observed effects of these secondary phases
on transport can be considering through a dual approach
utilizing both experimental data (Fig. 6) and effective medium
theory (Fig. 7).

Experimental transport trends. Plots of the electrical resis-
tivity, Seebeck coefficient, thermal conductivity and zT for these
samples are shown in Fig. 6. The solid lines in Fig. 6a and b,
correspond to a second set of samples with identical synthesis
that were measured up to higher temperatures at NASA's Jet
Propulsion Laboratory (JPL). There is good agreement in the
overall trends of these two sets of samples with identical
synthesis but slightly different measurement apparatuses.
Considering first the electrical resistivity in Fig. 6a, it can be
seen that both samples containing additional Yb,;Sb;, and
Yb,oMnSby show an increased resistivity with respect to the

This journal is © The Royal Society of Chemistry 2024

pure compound. This resistivity increase is greater for samples
with added Yb,;Sb,, than for those with added Yb,,MnSb,. This
generally agrees with previous studies, where more resistive
samples were attributed to the greater presence of secondary
phases.?*?*

We can next consider the impact of secondary phases on the
Seebeck coefficient. Here in Fig. 6b, it can be seen that the
presence of Yb;,MnSby slightly increases the Seebeck coeffi-
cient (until very high temperatures where Yb;,MnSb, exhibits
bipolar conduction before Yb;,;MnSb;). Conversely, the pres-
ence of Yb,;Sb;, reduces the Seebeck coefficient as one might
expect from the addition of a more metallic phase. We can
consider the Seebeck coefficient to be a direct reflection of the
carrier concentration of a material due to the relationship
between o and Fermi level. Thus, we would expect a more
metallic sample with a lower Seebeck coefficient (the one with
additional Yb;;Sb;,) to have a higher carrier concentration,
whereas a more insulating sample with a higher Seebeck coef-
ficient should have a lower carrier concentration (the sample
with the additional Yb;,MnSby). However, the differences in
Seebeck coefficient and thus overall carrier concentration
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Fig.7 Effective medium theory predictions of transport for Yb;4MnSb;; samples containing some amount of Yb;gMnSbg and/or Yby;Sbyo. In each
plot the black line corresponds to experimental data for phase pure Yb;4MnSby, (a) the predicted effective electrical resistivity for samples of
Yb14MnSb,; containing 17%, 25%, and 50% (mole%) of YbioMnSbg and Yby;Sbig respectively. Note that this does not match experimental trends
for the sample containing Yb,1Sbyg, pointing to the possibility of interfacial effects. (b) The predicted effective Seebeck coefficients for samples of
Yb14MnSby; containing 17%, 25%, and 50% (mole%) of Yb;oMnSbg and Yb;;Sb;g respectively. (c) Predicted Seebeck coefficient curves for samples
that are Yb deficient and have secondary phase fractions as predicted from Fig. 2. Here samples that range between 100% Yb;4MnSby; and 50%

Yb14MnSby; have very minimal differences in the Seebeck curve.

between the samples synthesized here are relatively small, due
to the fact that these samples with additional secondary phases
are still primarily 14-1-11 which has a relatively high undoped
carrier concentration. Hall effect measurements of the samples
measured at NASA JPL are provided in the ESI, Fig. S1.f All
samples have a carrier concentration around 1 x 10*' em™®
with the noise in the measurement greater than the differences
between samples.

Note that in this work no dopants are used because
Yb;4,MSby; (M = Mn, Mg, Zn) achieves a maximum 27 > 1
without the use of any dopants. This occurs because the
compound has a valence imbalance leading to 1 hole per
formula unit. The other semiconducting phase, 10-1-9 is also
intrinsically doped, meaning that there are intrinsic defects,
typically cation vacancies, that lead to excess holes. The three
phase equilibrium between 14-1-11, 11-10 and 10-1-9 ensures
that the intrinsic defect concentration is the same for any
compositional mixture of the three phases.”

In this study we also report the trends in total thermal
conductivity (Fig. 6¢c) and 2T (Fig. 6d) with temperature and
these secondary phases. It can be seen that the presence of
either secondary phase reduces the thermal conductivity as
expected from the corresponding increase in electrical resis-
tivity. Calculating the z7T using the measured transport data,
shows that the presence of Yb;,MnSbg increases the zT slightly
across this temperature range, whereas the presence of Yb;;Sb;,
decreases the zT slightly. However it should be noted that at
higher temperatures where Yb;,MnSb;; is of most interest, we
would expect the zT of pure Yb;,MnSb,, to be greater than that
of Yb,;,MnSb;; with Yb;,MnSby due to the earlier bend over in
the Seebeck coefficient with Yb;,MnSbs.

Effective medium theory model. Effective medium theory
models allow for the calculation of effective or overall bulk
properties as a result of contributions from multiple compo-
nents within a material and has been used in various studies on
thermoelectric materials.**** Effective medium theory can be
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used to consider a variety of transport properties including the
electrical conductivity*®"” and Seebeck coefficient.**>°

A commonly used formulation of the electrical conductivity
using effective medium theory is as follows:*®

T; — Oeff

ZX[ 0 + 20 =0

i

(1)

Here, x; represents the phase fraction of the specific phase with
electrical conductivity, ¢; and the o.¢ term is the overall effective
conductivity of the sample. This equation has been applied to
two phase samples of Yb,;Sb;o, and Yb,,MnSby, where the
theory matched experimental observations well.*

We can use this equation to consider what trends we might
expect in the resistivity (p = %) when Yb,,Sb;, and Yb;,MnSbg
are present in Yb;,MnSb,;. This is shown in Fig. 7a, where there
is experimental data for Yb,;;MnSb,;, and then predicted
effective medium theory resistivities for Yb,,MnSb,; with 50%
(mole percent) Yb;oMnSbg, 25% Yb;,MnSby, 17% Yb;oMnSb,
17% Yb44Sbyig, 20% Yby;Sb;o, and 50% Yb;,Sb,,. Because
Yb,;Sby, is metallic with a very low electrical resistivity (see
Fig. 5), we would expect the presence of Yb,;Sb;, to decrease the
resistivity in Yb;,MnSb,,. Conversely, Yb;,MnSb, is much more
electrical resistive and would be expected to increase the resis-
tivity of Yb;,MnSb,;. However in comparing this result to the
experimental result of Fig. 6 it can be seen that it was observed
that both the presence of Yb;,Sb;q and Yb,,MnSby increased
the overall sample resistivity. Thus while this formulation for
effective medium theory conductivity held well for Yb;;Sb;o—
Yb,,MnSby composites,® this doesn't hold for these samples.
This could be due to a number of reasons. To start, this effective
medium theory formulation is quite simple and assumes
spherical and isotropic phases. It also assumes that there is no
effect from the interfaces between phases. In real materials, we
know that grain boundaries can have significant impact on
transport, which could be occurring here. Additionally, these
samples synthesized by

were hotpressing powders of
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Yb;,MnSb,; and crushed secondary phases pellets which could
further exacerbate this interfacial effect. Thus, here using the
dual approach of effective medium theory and experimental
results, we can conclude that there are likely interfacial effects
that are impacting the electrical resistivity. While uncovering
the exact role of these interfaces would be difficult experimen-
tally due to differing synthesis routes and difficulties in imaging
the microstructure of these materials, we believe this would be
a fascinating area of potential future work.

As was done with the electrical resistivity, we can consider
the expected impact on the Seebeck coefficient through an
effective medium theory approach. While the electrical
conductivity can be largely affected by grain boundaries and
interfacial effects, the Seebeck coefficient is expected to be
relatively unaffected. We can use the following expression,*
where x; is the phase fraction of the specific phase, i, o; is the
electrical conductivity of the phase, and «; is the Seebeck coef-
ficient of the phase. The terms o.¢ and a.g represent the overall
expected effective values.

in Ui/Oéf - Ueff/aeff -
" 01/ + 200 [ dery

(2)

In this work we utilize this expression because it can be more
easily extended to a three-phase system unlike other expres-
sions that are only considered for the simplest two-phase
system.*”® Once again, this simple formulation of effective
medium theory assumes that all secondary phase regions can
be approximated to be spherical and isotropic. This formulation
has been also shown to be most accurate for systems involving
degenerate semiconductors and metals.”” Additionally, it
should be noted that this equation requires inputs of not only
the Seebeck coefficients for the constituent phases but also the
electrical conductivities of constituent phases and the overall
effective conductivity. Here we utilize the effective conductivity
equation (eqn (1)), although we have already shown that while
this seems to describe the effect of Yb;,MnSb, well, it doesn't
well describe the effect of Yb;,Sb;o, perhaps due to additional
electrical interface resistance between Yb,;,MnSb;; and
Yb1,Sbs. Thus while the overall trends (increasing/decreasing)
can be considered via this simple model, the predicted values
may not be as accurate, particularly for the case of Yb;1Sby,.

Considering now the predicted Seebeck curves in Fig. 7b, we
can see that the Seebeck is expected to increase with the addi-
tion of Yb;,MnSby and decrease with the addition of Yb,,Sby,
which qualitatively agrees well with experimental results in
Fig. 6b. It should also be noted that while the sample labeled
Yb,,MnSb;; was synthesized using a pure stoichiometric ratio
without any purposeful addition of secondary phases, based on
this analysis we believe it is plausible if not likely that there are
still trace amounts of secondary phases formed such as through
Yb loss from oxidation. If this were the case, there could be
additional Yb;,MnSby in all three samples beyond what was
purposefully added, meaning that we might expect there to
experimentally be a larger increase in Seebeck for the sample

This journal is © The Royal Society of Chemistry 2024
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with added Yb;,MnSby and a smaller decrease in Seebeck for
the sample with added Yb,,Sb;, which is seen here.

We can also use the phase fraction curves in Fig. 2 to model
the expected Seebeck coefficients upon Yb loss through oxida-
tion which is modeled in Fig. 7c. Here we show the experimental
Seebeck curve for Yb;,MnSb;4, as well as curves for modeled
samples with 90%, 80%, and 50% Yb;,;MnSb,;, with the
remaining 10-50% secondary phases that are a combination of
Yb;oMnSby and Yb;,Sb;, as predicted from Fig. 2.

Here it can be seen that three-phase samples with 0-50%
secondary phases, exhibit very little differences in the overall
Seebeck curve. These differences are on the order of magnitude
of potential error you might expect from a Seebeck experimental
measurement. In contrast to the results in Fig. 7b which show
that samples with 50% Yb,,MnSb, should demonstrate a more
significant increase in Seebeck coefficient, and samples with
50% Yb;:Sby, should demonstrate an even more dramatic
decrease in Seebeck coefficient, samples with 50% secondary
phases containing a mixture of Yb;,MnSby and Yb,,Sb,, only
change the overall Seebeck coefficient slightly.

Implications of these results for 14-1-11 data

These findings from experiment and effective medium theory
can help explain experimental data from previous studies. For
example, in the work of Grebenkemper et al.,> they show See-
beck curves for a variety of Yb;,MnSb,; samples (some con-
taining excess Mn) with reported amounts of Yb,,;Sb,, ranging
from 0-39%. Despite the claim that some of these samples
contain large amounts of the metallic Yb,;Sb,, phase, the See-
beck curves are relatively the same for all samples. While we
would expect large amounts of Yb,,Sb,, without any Yb;,MnSb,
in Yb;,MnSb,, to drastically reduce the Seebeck coefficient
(Fig. 7b), if these samples instead had a mixture of Yb;,MnSbg
and Yb;,Sb,, the Seebeck coefficient should remain relatively
constant even with large amounts of impurity as suggested by
the model in Fig. 7c. Since Yb;;Sb;, and Yb;,MnSby have
essentially identical effects on the XRD pattern of Yb;,MnSb,,
and since Yb;,MnSby was previously unreported at the time of
this study, we can conclude that some portion of the reported
“Yb4,Sb1o” phase is Yb;oMnSb, instead. Because of this report
of the effect of large amounts of “Yb;,Sb;,”, it was concluded in
this study and others that the effect of Yb;,Sb;, is minimal on
these materials.>*** While it is true that there is a minimal effect
of these secondary phases on the Seebeck coefficient and
transport, this is likely due to the coexistence of both Yb;o-
MnSb, and Yb,,Sb,, with expected opposite effects on trans-
port. Additionally they report that as these samples are cycled
through high temperature measurements this amount of
secondary phase continues to increase. This can easily be
explained by the oxidation of Yb resulting in larger fractions of
these Yb-deficient secondary phases as modeled in Fig. 2. If the
main elemental loss was Mn instead of Yb, we would expect the
formation of substantial Yb,Sb; in addition to Yby,Sb;, which is
not reported.

If we consider a different study in the thesis of Hu (2017),%* it
was reported that samples of Bi-doped Yb,;,MgSb,; with 50% of
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“Yb;1Sb,o” exhibited the highest zT, due to an increase in the
Seebeck coefficient, increase in the electrical resistivity and
decrease in the thermal conductivity compared to samples with
less (but still present) secondary phases. This trend cannot be
explained by the presence of Yb,,Sb,,, however it falls perfectly
in alignment with what would be expected for a sample with
substantial 10-1-9 phase that has been misidentified as
Yb,1Sb4,. Note that in this study they were considering the Mg-
analog of 14-1-11, Yb,,MgSb;;. However both Yb;,MnSb,; and
Yb,,MgSb;; have incredibly similar transport® and so do Yb,,-
MnSb, and Yb,,MgSb,.** Thus we would expect the trends of 10-
1-9 in 14-1-11 to be roughly the same for the Mg case as is
studied here for the Mn case. In consideration of this study, we
show that the presence of Yb,,MgSb, as a secondary phase can
explain previously contradictory results.

In addition to using this analysis to explain past results, we
can use these results to predict the potential evolution of
performance of a sample with time. A key consideration in
designing thermoelectrics for practical applications is the
stability of the material and how it evolves on timescales of
utilization. In the case of Yb;,;MnSb,,, the key evolution we
might expect with time would be oxidation, with higher oxida-
tion rates expected under conditions with higher oxygen envi-
ronments and higher temperatures. If Yb from the sample is
loss through oxidation, we would expect the breakdown of
constituent phases to follow the trend discussed previously in
Fig. 2. This means that with time we would expect the sample to
continually decrease the amount of Yby;MnSb;; while
substantially increasing the amount of Yb;,MnSb, and slightly
increasing the amount of Yb;1Sb;,. This would correspondingly
result in an observed shift in the XRD patterns indicating large
amounts of these secondary phases. However, as we've shown
here, Yb;,MnSby is not expected to substantially harm the
thermoelectric performance as we would expect Yb,,Sb,, to do,
and it has the potential to even improve performance. Thus,
despite expected and observed changes in the phase purity with
cycling, the thermoelectric performance is not expected to be
dramatically harmed and thus this evolution is not as important
of an issue as previously suspected for long term performance.

Conclusion

In this work we considered the impact of Yb,,Sb;, and Yb,,-
MnSby as the expected primary secondary phases in Ybi,-
MnSb;; through an analysis of the phase diagram and XRD
patterns, experimental synthesis and transport, as well as
effective medium theory calculations. Since Yb loss through
oxidation is expected to be the primary source of elemental loss,
we expect Yb;oMnSb, to be the dominant secondary phase fol-
lowed by Yb;1Sbi,. Since the XRD patterns of these two mate-
rials are virtually indistinguishable in Yb;,MnSb;;, it very likely
that some amount of secondary phase previously identified in
the literature as Yb;;Sby, was actually Yb;oMnSb,. In general
large amounts of Yb,,MnSb, are expected to increase the See-
beck coefficient of Yb,,MnSb,,, whereas Yb,;Sb,, is metallic
and expected to decrease the Seebeck coefficient, which we
showed here both through experiment and effective medium
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theory calculations. However, both Yb;,MnSby and Yb,,Sb, are
found experimentally to increase the electrical resistivity. The
origins of the increase in electrical resistivity from the addition
of Yby;Sbyo is not expected from a simple effective medium
theory approach and thus features like the microstructure could
be considered in future work to understand this effect. In the
room temperature to mid temperature regime, the presence of
Yb;oMnSb, actually improves the overall thermoelectric
performance. This is significant in that generally we consider
the effects of secondary phases on these materials to be only
negative. But here we can see that the presence of the Yb;o-
MnSb,, can allow the material to have a somewhat constant if
not greater zT. Additionally, here we show that the expected
phase fractions of secondary phases resulting from loss of Yb
such as through oxidation, give Seebeck coefficient curves that
are relatively constant, even with secondary phases on the order
of 50%. This allows us to explain previous studies where large
amounts of seemingly Yb,;Sb,, have relatively no effect on the
thermopower. The presence of Yb,,Sb;, alone as a secondary
phase would not explain this trend. This work also allows us to
consider the changes a sample may experience through oxida-
tion, and despite the changing secondary phase fractions with
oxidation, the performance is expected to be relatively unhin-
dered allowing 14-1-11 materials to be viable options for long-
term space applications. While 14-1-11 has been studied as
a thermoelectric material for years, it is still yet to be utilized in
practical applications in part due to issues with secondary
phase formation. This work allows us to understand and
anticipate the impacts of these secondary phases on perfor-
mance and indicates that while Yb,,MnSbg is likely to be
present, it will not change the fact that Yb;,MnSb;; is an
excellent thermoelectric material worthy of use in high
temperature applications.

Methods

Sample synthesis

Bulk polycrystalline pellet samples were synthesized using
a high energy ball milling and hot pressing approach. All of
these samples contain Yb that was shaved from a bulk piece
using a steel rasp in an argon glovebox, Mn that was purified by
heating in a quartz tube to 1000 °C to remove surface oxide, and
Sb shot (99.999%, 5N Plus).

First the Mn was pre-reacted with Sb forming a binary
precursor MnSb as has been done in other 14-1-11 studies to
mitigate the formation of undesirable Yb-Sb binaries.”*®*” This
was done by combining Mn and Sb in a 1:1 molar ratio and
sealing in a quartz tube under vacuum. This tube was then
heated to 950 °C in a furnace at a rate of 100 °C per hour and
held at temperature for 2 hours. Then the temperature was
decreased to 675 °C and held there for 48 hours before an air
quench by removing the tube from the furnace. The complete
reaction was confirmed using powder XRD on a STOE STADI P
instrument using Cu Ko radiation.

In order to synthesize the Yb,;Sb;, and Yb;,s;MnSby
samples, the Yb, Sb and MnSb (in the case of Yb;,MnSb,) were
measured in their respective atomic ratios totalling 7 grams

This journal is © The Royal Society of Chemistry 2024
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each. These components were loaded into a stainless steel ball
mill jar containing stainless steel balls in an argon glovebox and
sealed with an O-ring. These mixtures were then mechanically
alloyed through high energy ball-milling in a SPEX high energy
ball mill. This was done for three 90 minute intervals, with the
sides of the jar being scraped with steel tools in between each
cycle to aid in the reaction.

This ball-milled powder was then hot-pressed into individual
1/2 inch diameter pellets using a home-built induction hot
press®* and graphite dies with graphoil and graphite spacers.
These samples were pressed using ~2.3 g of powder each and
pressed at 800 °C for 45 min at an average pressure ~45 MPa.
XRD data for these as synthesized stoichiometric Yb,,Sb,, and
Yb,.sMnSby pellets are supplied in the ESI, Fig. S2.}

For the 14-1-11 samples, a single batch of powder with
a synthesis composition of Yb,;,MnSb;; was made by combining
Yb, MnSb, and Sb and ball-milling as described for the samples
above totalling 10 grams. From this single batch of powder,
three different samples were synthesized. The first sample
contained only this Yb;,MnSb,; powder totalling approximately
2.5 g. The second sample contained 2 g of this Yb,;,;MnSb,;
powder and 0.5 g of crushed Yb,;Sb,, pellet (20% by weight)
that was crushed using a mortar and pestle. Similarly, the last
sample contained 2 g of Yb;,MnSb;; and 0.5 g of crushed
Yb,.sMnSby pellet. All three pellets were then hotpressed using
the same methods as discussed for the previous series of
samples. A second set of identical samples were then made and
used for the XRD and high temperature transport measure-
ments conducted at NASA Jet Propulsion Laboratory (JPL).

Measurements

Electrical transport measurements were conducted using home-
built instruments. The temperature dependent electrical
resistivity/conductivity was measured using the van der Pauw
method with a four-point resistance probe in a home-built Hall
effect instrument.”® The Seebeck coefficients were measured
using a home-built two point probe instrument with Nb-
chromel thermocouples.” Both sets of measurements were
conducted under dynamic vacuum up to 600 °C.

Higher temperature electrical transport measurements as
shown by the solid lines in Fig. 6a and b, were measured at the
NASA Jet Propulsion Laboratory using similar instruments up to
1000 °C.

Thermal transport was considered by measuring the thermal
diffusivity using a Netzsch LFA 457 MicroFlash instrument. This
measured thermal diffusivity was then converted to a thermal
conductivity using the Dulong-Petit heat capacity and sample
density measured using the Archemides method in isopropyl
alcohol.

The electrical resistivity and thermal conductivity measure-
ments done here (indicated by the markers in Fig. 6a and c)
were measured and reported for heating curves. The Seebeck
measurements done here (markers in Fig. 6b) as well as the
Seebeck and resistivity curves measured at JPL (solid lines in
Fig. 6a and b) were conducted in both heating and cooling
conditions and the data points shown here are averages between
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the two curves rather than explicitly measured data points. The
full data set is supplied in the ESL{ While there was some
hysteresis, it was considered to be minimal and does not change
the conclusions of this work.

X-ray diffraction measurements were conducted on bulk
polycrystalline pellets in reflection mode on a STOE STADI MP
instrument using Cu Ko radiation. Rietveld refinement was
conducted using the GSAS-II software.**
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