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ABSTRACT: For materials used in high-temperature thermo-
electric power generation, the choices are still quite limited. Here

we demonstrate the design and synthesis of a new class of

complex Zintl compounds, Ca,_,RE,Ag,_,Sb (RE = La, Ce, Pr,
Nd, Sm) (P6ymc, No. 186, LiGaGe-type), which exhibit a high
figure of merit in the high-temperature region. Compared with the
parent structure that is based on CaAgSb (Pnma, No. 62, TiNiSi-
type), an interesting structural relationship is established which
suggests that important size and electronic effects govern the
formation of these multinary phases. According to theoretical
calculations, such a structural transformation from the ortho-
rhombic TiNiSi-type to the hexagonal LiGaGe-type also
corresponds to an obvious modification in the electronic band

CaAgSb (TiNiSi type)
Zl<i0:1

Ca,llpe‘AgHSb (LiGaGe type)
zZT~ 0.7, 1079 K

structure, which explains the observed significant enhancement of the related thermoelectric properties. For an optimized p-type
material, Cayg,Ce; 16Ag04,Sb, a figure of merit of ~0.7 can be achieved at 1079 K, which is comparable to that of Yb,,MnSb; at
the same temperature. In addition, due to the excellent thermal stability and high electrical conductivity, these materials are very
promising candidates for high-temperature thermoelectric power generation.

B INTRODUCTION

Thermoelectric materials play a key role in current energy-
saving efforts by converting waste heat into reusable
electricity.' ™ The application of such materials is limited
mainly by their low energy conversion efliciency, which is
evaluated through the dimensionless figure of merit zT = a*oT/
k, where a is the Seebeck coefficient, T is the temperature, o is
the electrical conductivity, and « is the thermal conductivity.
Ideally, a good thermoelectric material should possess a large
Seebeck coefficient, high electrical conductivity, and in the
meantime low thermal conductivity. However, the real situation
is that these variables are usually interrelated to each other via
carrier concentration and band structure, which makes the
maximization of zT a compromised result of these physical
properties.*"® On the basis of this knowledge, various strategies
have been introduced to design new thermoelectrics,”™® and
many state-of-the-art high-zT materials, especially for chalco-
genide-based compounds,” *° have been developed and
successfully used in the midtemperature range (S00—900 K)
during the past decade.”*

Despite the rapid progress mentioned above, in the case of
high-temperature (>900 K) thermoelectric power generation,
there is still a lack of suitable materials.””** For currently used
silicon—germanium alloys, the zT value is fairly low due to the
relatively high lattice thermal conductivity of the diamond
structure.”* For p-SiGe used by NASA, the material only
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reaches a maximum figure of merit of just over 0.5 at 1100 K.**
Very recently, with the discovery of a new high-temperature
thermoelectric material Yb,;,MnSb,,,”>** a breakthrough has
been made which also focused interest in the search for new
thermoelectrics based on Zintl compounds. For example, high
2T values of around 1.0 were frequently observed for optimized
bulk Yb,,MnSb,, materials.***® In addition, many other Zintl
systems such as Ca,AlSb,,*® Sr;GaSbs;,>” AT,Sb, (A = Ca, Yb,
Sr, Eu, Ba; T = Mn, Zn, Cd),*®** Ca,Al,Sb,,** YbHInSb936
have been carefully explored with much constructive and
insightful work reported.

Here we demonstrate the design and synthesis of a series of
new complex Zintl phases, Ca,_,RE,Ag,_,Sb (RE = La, Ce, Pr,
Nd, Sm), whose structure is derived from a simple ternary
system CaAgSb.”” The latter can be viewed as a Zintl
compound with nominal oxidation states assigned as
[Ca®] [Ag'] [Sb*]. An introduction of trivalent cations to
the calcium site will result in electron excess in the whole
system, which is thus compensated by creating defects on the
silver cation sites. Interestingly, such a delicate modification can
turn the orthorhombic TiNiSi-type parent structure into a new
hexagonal LiGaGe-type. Such structural changes also corre-
spond to significant enhancement of the related thermoelectric
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properties and are well understood in light of theoretical
calculations, which suggest important size and electronic effects.
The optimized p-type material Cayg,Ce,6Ag,s,Sb has a figure
of merit of about 0.7 at 1079 K, a value which is 6 times higher
than the maximum 2T value of CaAgSb and comparable as well
with that of Yb;,MnSb,; at the same temperature.”*** In
additional to high figure of merit, these materials also exhibit
excellent thermal stability, and unlike Yb,,MnSb,,, the crystals
are quite stable in air which makes them very easy to work with.
Another advantage lies in their metallic electrical conduction,
which is especially important in configuring thermoelectric
power generators with low internal resistance. The report of
current work will not only provide a rich source of promising
candidates for high temperature thermoelectric applications but
also present new ideas on the design of high zT state-of-art
materials in this field.

B EXPERIMENTAL SECTION

Synthesis. All synthesis processes were conducted in an argon-
filled glovebox or under vacuum. Starting materials were commercial
grade and used as received: Ca (Alfa, shot, 99.5%, metals basis), Ag
(Alfa, shot, 99.99%, metals basis), Sb (Alfa, shot, 99.999%, metals
basis), Pb (Alfa, granules, 99.99%, metals basis), La (Alfa, rod, 99.9%,
metals basis), Ce (Alfa, ingot, 99.8%), Pr (Alfa, ingot, 99.9%), Nd
(Alfa, ingot, 99.9%), Sm (Alfa, ingot, 99.9%).

Pb-flux reactions were utilized to explore possible phases related to
the Ca,_,RE,Ag,_,Sb system. The first compound obtained was the
La-containing antimonide Cag go(1)Lag11(1)Ag0.92(2)Sb, in a loading ratio
of Ca:La:Ag:Sb:Pb = 1:1:1:1:10 with synthesis procedure as follows:
the reactants were loaded in an alumina crucible which was
subsequently sealed in an evacuated, fused, silica jacket. The container
was then moved into a programmable furnace. The reaction mixture
was first heated to 900 °C at a rate of 200 °C/h and then
homogenized at this temperature for 24 h; after the dwelling
procedure, it was slowly cooled down to 600 °C at a rate of S °C/
h; at this temperature, the excess molten Pb-flux was immediately
decanted by centrifuge, and the product was a mixture of the title
compound and the orthorhombic CaAgSb®” phase. After the structure
and composition were determined by single-crystal X-ray diffraction
and EDS analysis, a stoichiometric ratio of Ca:La:Ag:Sb:Pb
0.9:0.1:0.9:1:10 was then applied to repeat the reaction, and the title
compound was reproduced in a state of high purity. For extending this
system to contain other possible rare-earth metals, Ce, Pr, Nd and Sm
were successfully incorporated to form new phases isotypic to the title
compound. However, for the rest of the rare-earth elements, such as
Tb, Dy, Ho, Er, Tm, and Lu, the main products are still the
orthorhombic CaAgSb phase,®” and no target compounds were found
in those reactions.

Powder X-ray Diffraction. For phase identification, powder X-ray
diffraction patterns were recorded at room temperature on a Bruker
AXS X-ray powder diffractometer using Cu Ka radiation. The data
were recorded in the 20 mode with a step size of 0.02°, and the
counting time was set to 10 s.

Single-Crystal X-ray Diffraction. Crystals with suitable size were
selected and cut under the microscope. Since all title compounds are
stable in air, the data collection was done without any inert gas
protection at room temperature with a Bruker SMART APEX-II CCD
area detector on a D8 goniometer using graphite-monochromated Mo
Ka radiation (4 = 0.71073 A). Data reduction and integration,
together with global unit cell refinements were done by the
INTEGRATE program of the APEX2 software.*® Semi-empirical
absorption corrections were applied using the SCALE program for
area detector.®® The structures were solved by direct methods and
refined by the full matrix least-squares methods on F* using SHELX.*
In the last refinement cycles, the atomic positions for the compounds
were standardized using the program Structure TIDY.***' All
structures were refined to convergence with anisotropic displacement
parameters. Other details on structure solving and refinement are
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provided in the Supporting Information. Further information in the
form of CIF files has been deposited with Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax: (49)
7247-808-666; e-mail: crysdata@fiz-karlsruhe.de); depository CSD-
number 426016 for Caggo(1)Lag 11(1)Ag0.92(2)Sb, 426017 for
Ca0,84(l)CeOJG(l)AgOSO(Z)Sb! 426018 for CaOA87(1)Pr0414(1)AgOA86(1)Sb!
426019 for Cao'sé(1>Nd0.14<1>Ag0'87(1)Sb, and 426020 for
Cay g3(1)SMo 17(1)Agos8(2)Sb, respectively.

Elemental Analysis. Energy dispersive X-ray spectroscopy (EDS)
was taken on selected single crystals with a Hitachi FESEM-4800 field
emission microscope equipped with a Horiba EX-450 EDS. For
detection of the different compositions in Ca;_,Ce,Ag;_,Sb materials,
Rigaku/Fully Automated Sequential X-ray Fluorescence Spectrometer
System (Primus II) was used.

Magnetic Susceptibility Measurements. Field-cooled DC
magnetization measurements on a polycrystalline sample of
Cagg4(1)Ceo161)A8090(2)Sb (mass: 23.3 mg) were performed in a
Quantum Design PPMS SQUID magnetometer. The applied magnetic
field was 5000 Oe with the temperature ranging from S to 300 K. The
raw data were corrected for the diamagnetic contribution of the holder
and converted to molar susceptibility.

Thermal Analysis. Thermogravimetric (TG) and differential
scanning calorimetry (DSC) analyses were taken on a Mettler-Toledo
TGA/DSC/1600HT instrument. The measurements were done under
the protection of high-purity argon gas flow from 300 to 1373 K, and
the rate of temperature increase was 10 K/min.

SPS Experiments. The Ca,_,RE Ag,_,Sb polycrystalline samples
(mass: ~2.5g) were carefully ground into a fine powder in the
glovebox and then sintered at 1273 K through spark plasma sintering
(SPS 1050: Sumitomo Coal Mining Co, Ltd.) for S min with a uniaxial
pressure of 40 MPa to form pellets of about () 12.5 mm X 2.5 mm.
The density of all the pellets was >95% of the theoretical value. All
pellets were polished in the glovebox to avoid possible surface
contamination. The sample purity after SPS was checked by powder X-
ray diffraction, and the patterns were in good agreement with the
positions of the theoretical Bragg reflections.

Thermal Conductivity. Thermal conductivity was measured on
disk samples (@ 12.5 mm) of Ca,_,RE,Ag,_,Sb in an argon
atmosphere by using a NETZSCH LFA457 instrument. The
measurements were performed in a temperature range from 323 to
1079 K and a standard sample of pyroceram 9606 (P 12.7 mm X 1.98
mm) was used as the reference for measuring the heat capacity. The
thermal conductivity was calculated from: x = D X p X C, (D: thermal
diffusivity; p: density; C,: heat capacity).

Seebeck Coefficient and Resistivity. After the thermal
conductivity measurements were completed, the sample pellet was
cut into bars of suitable size to perform the Seebeck coefficient and
electrical conductivity measurements. These two physical properties
were measured simultaneously over the temperature range of 300 to
1079 K with a Linseis LSR-3/1100 instrument system in helium
atmosphere.

Computational Details. To better understand the unusual
structure and properties related to these new phases, density functional
calculations were performed on a hypothetical hexagonal CaAgSb
structure, constructed from Caggo(1)Lag11(1)A80.92(2)Sb, by assuming a
rigid band structure model. The original orthorhombic CaAgSb
structure was analyzed as well for comparison. The full potential
linearized augmented plane wave method (FP-LAPW)**** was applied
with the aid of Wien2k code.** In this method, the unit cell is divided
into nonoverlapping muffin-tin (MT) spheres and an interstitial
region. The wave functions in the interstitial regions are expanded in
plane waves up to Ryr X K., = 7, where Ryy is the smallest radius of
all MT spheres, and K, is the plane wave cutoff. The valence wave
functions inside the MT spheres are expanded up to I, = 10 while the
charge density was Fourier expanded up to Gy, = 12 (au)™". The MT
radii were chosen to be 2.3 b for both Ca and Ag, and 2.5 b for Sb. The
exchange correlation potential was calculated using the Perdew—
Burke—Ernzerhof generalized gradient approximation (PBE-GGA).*
Self-consistency was achieved using 1000 k-points in the irreducible
Brillouin zone (IBZ). The BZ integration was performed using the
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Table 1. Selected Crystal Data and Structure Refinement Parameters for Ca,_,RE,Ag,;_,Sb (RE = La, Ce, Pr, Nd, Sm)

formula
fiw/g-mol™! 27145 27492
T/K

radiation, wavelength

space group

z
unit cell dimensions
a/A 4.7029(8) 4.7023(6)
c/A 7.7921(18) 7.7951(11)
V/A® 149.25(5) 149.27(3)
Peac/grem™ 6.040 6.117
Hnto ka/ ™ 177.50 184.41
final R indices® R, = 0.0256 R, = 0.0194
(1> 20()] wR, = 0.0607 WR, = 0.0492
final R indices” R, = 0.0287 R, = 0.0207
[all data] wR, = 0.0624 WR, = 0.0499

Cao.s9(1)Lao,n(l)Ago.92(z)Sb C30A84(I)CeOAlé(l)AgOSO(Z)Sb CaO.87(l)Pr0414(1)Ag0A86(1)Sb Ca(),sé(l)NdO.H(l)Ag0,87(1)5b Cao,s3(1)sm0.17(1)Ago.88(2)3b

267.67 269.72 275.50
293(2)
Mo Ka, 0.71073 A
P6ymc (No. 186)

2

4.7057(5) 4.6931(12) 4.7008(9)
7.7880(17) 7.753(2) 7.759(3)
149.35(4) 147.89(7) 148.49(7)
5952 6.057 6.162

179.61 184.25 192.98

R, = 0.0227 R, = 0.0234 R, = 0.0267
wR, = 0.0545 wR, = 0.0441 wR, = 0.0621
R, = 0.0253 R, = 0.0297 R, = 0.0325
wR, = 0.0553 wR, = 0.0464 wR, = 0.0598

“R, = Y|IF| = IF|l/XIF,l; wR, = [X[w(F.2 — F2)*1/ X [w(F, 2?11V and w = 1/[6*F,> + (A-P)* + B-P], P = (F,2 + 2F.*)/3; A and B are weight

coefficients.

tetrahedron method, and the self-consistent calculations are
considered to have converged if the total energy and the charge of
the system are stable within 10™* Ry and 107 e, respectively.

B RESULTS AND DISCUSSION

Structure Description. All Ca,_ RE,Ag;_,Sb (RE = La, Ce,
Pr, Nd, Sm) compounds crystallize in the same structure type,
and details of the data collection and structure refinement are
listed in Table 1. For clarity, only Caggo(1)Lag11(1)Ag0.92(2)Sb is
discussed for structure description here, and its positional and
equivalent isotropic displacement parameters and important
bond distances are tabulated in Tables 2 and 3, respectively.
Data on the other crystals are provided in Tables S1 and S2

(Supporting Information).

Table 2. Refined Atomic Coordinates and Isotropic
Displacement Parameters for Cag gy (1)Lag,11(1)A80.92(2)Sb

atoms Wyckoff  « y z U.,* (A%)  occupancy
Ca 2a 0 0 —00027(4) 0.0211(11)  089(1)
La 2a 0 0 —0.0027(4)  0.0211(11) 0.11(1)
Ag b 1/3 2/3  07030(3)  00351(11)  0.92(2)
Sb 2b 13 2/3  027260(5)  0.0153(4) 1

“U,q is defined as one-third of the trace of the orthogonalized Ul
tensor.

Table 3. Important Interatomic Distances (A) in
Cao.89(1)Lao.11(1)Ago.92(2)sb

atom pairs distances (A) atom pairs distances (A)
Ca/La — Sb X 3 3231(2) Ag— Sb X 3 2.7688(7)
Sb x 3 3.460(2) Sb 3.354(3)
Ag X 3 3.153(2)
Ag X3 3.554(3)

Cagso(1yLag11(1yAg092()Sb adopts the hexagonal system with
space group P6;mce, which is isotypic to the LiGaGe structure
type.***” The structure can be concisely described as stacked
with a series of puckered [AgSb] layers, which are sandwiched
by the Ca**/La*" cations, as shown in Figure 1. These layers are
further connected through Ag—Sb bonds along the direction of
c-axis, and such interactions, with a long interatomic distance of

b
\—- a

Figure 1. (a) Ball-and-stick representation of the crystal structure of
Caggo(1Lag 11(1YA8092(2)Sb viewed along the b-axis with [AgSb] layer
emphasized in shadow area. Bonded Ag and Sb atoms are shown as
magenta and green spheres, respectively, and mixed Ca/La sites are
drawn in dark purple. (b) Schematic view of [AgSb] net with structure
plotted in stick mode for better illustration.

3.354(3) A, should be very weak if compared with the intralayer
interactions for which a much shorter interatomic distance
2.7688(7) A is observed. Another interesting aspect of this
structure lies in the almost coplanar [AgSb] layer, which highly
resembles honeycomb slabs of graphite with an in-plane
Sb—Ag—Sb angle of 116.3°. The defects on the Ag sites can be
understood by using the Zintl concepts: for undoped CaAgSb,
it can be rewritten as a charge-balanced compound
[Ca®*][Ag"][Sb*"], which means doping trivalent rare-earth
metals on the cation sites will result in an electron excess, and
this can be compensated by introducing additional silver
defects. Actually, a simple electron counting on the above La-
doped compound also results in an electron-precise system
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CaAgSb (Pnma)

Cay,La,Ag,Sb (P6,mc)

CaCuSb (Péymmc)

Figure 2. Side-by-side comparison of polyanion structures based on several closely related antimonide compounds. Graph indicates interesting
structural evolution from orthorhombic TiNiSi-type CaAgSb to hexagonal graphitic CaCuSb with the intermediate structure of LiGaGe-type

Ca,_,La,Ag,Sb. Different interlayer Ag—Sb distances are also compared.

[Ca®*]go[La’ ]y AgsSb, Whose composition is further evi-
denced by the theoretical calculations below and the EDS
measurements (Supporting Information).

A side-by-side comparison of the polyanion structures of
Ca,_,La,Ag,_,Sb and other closely related phases CaMSb (M=
Ag or Cu)>”** are also provided in Figure 2. For better
illustration, all cations are removed, and the polyanion
framework is drawn in stick mode with the interlayer M—Sb
pairs connected by dashed lines. The picture demonstrates an
interesting structural evolution from the orthorhombic
puckered framework to a hexagonal graphitic layer. For
CaAgSb, a short interlayer Ag—Sb distance 2.99 A is observed,
and although it is a little longer compared to the intralayer
distance (2.836 A), strong covalent bonding can still be
expected between these [AgSb] slabs. While for CaCuSb, the
graphite-like [CuSb] layers are well separated where the
corresponding Cu and Sb atoms are found a distance of 4.07 A
away from each other. Thus, the structure of Ca,_,La,Ag,_,Sb,
which bears less puckered and not significantly separated
[AgSb] layers, actually represents an intermediate state between
the structures of CaAgSb and CaCuSb.

The above discussion also suggests interesting size and
electronic effects on the structural formation of these new
phases. As indicated by the synthesis experiments, only large
rare-earth cations, specifically from La®* to Sm®*, could be
doped into the Ca** sites to form the Ca,_,RE,Ag,_,Sb
compounds. However, for those cations with sizes smaller than
that of Ca** such as Tb**, Dy**, Ho’, Er’*, Tm*, and
Lu*", ¥ the orthorhombic CaAgSb remained the major
product, and no new hexagonal phases were identified. These
results can be easily understood from the fact that the puckered
[AgSb] layers in Ca,_,RE,Ag,_,Sb have larger separation
distances than those of undoped CaAgSb, in which case large
cations should favor the structural transformation after doping.
Such separation distances are obviously dominated by the size
of the doping cations, which can be evaluated using the c-axis
cell parameter. Taking Caggo1)Lag 11(1)Ag0.92(2)Sb and
Ca g3(1)Smg 17(1)Ago.s3(2)Sb as examples, the former has a
much larger c-parameter value of 7.7921(18) A compared to
7.759(3) A for the latter. Certainly, the doping concentration
should also play an important role; Caggy(1)Ceg 16(1yAg090(2)SP
,which has a smaller doping cation than
Caggo(1)Lag 11(1)A80.92(2)Sb, exhibits an actually larger c-param-
eter due to the obviously higher doping concentration. The
electronic effect related to the orthorhombic TiNiSi-type has
been broadly discussed in the literature. This system represents
a very electronically flexible family, accommodating from 15 to
18 electrons per formula.*”**> A structural transformation

may take place with more electrons introduced, ie., LaNiSn>*
and CelrAI®® where both change from the orthorhombic
TiNiSi-type to a hexagonal graphitic layer structure with the
addition of hydrogen/deuterium into their lattices. In the
current case of Ca;_,RE,Ag,_,Sb, the electronic effect is
obviously different since the whole system retains 18 electrons.
The extensive lattice defects and bond distortions, which are
closely related to the structural formation, apparently cannot be
explained by simple electron counting. Thus, more in-depth
theoretical studies are necessary, and the results are provided
below.

Theoretical Calculations. To better understand the
electronic effects related to these interesting new phases,
electronic band structure calculations were performed on two
different structures, the orthorhombic TiNiSi-type CaAgSb and
the hexagonal LiGaGe-type Ca,_,La,AgSb. A side-by-side
comparison illustrated in Figure 3 shows that the related

3.0 E T '/. ‘\_\_n_.\ \,_/\ ]
RN

Energy (eV)

£
K7

TiNiSi Type

LiGaGe Type

Figure 3. Electronic band structures calculated for orthorhombic
TiNiSi-type CaAgSb (left) and hypothetical hexagonal LiGaGe-type
Ca,_.La,Ag,Sb (right).

electronic band structures are significantly different despite
identical valence electron concentration: the TiNiSi-type
CaAgSb is metallic conducting with the conduction bands
and the valence bands obviously overlapped at the Fermi level;
while for the LiGaGe-type Ca,_,La,AgSb, a small band gap
appears instead, and the compound turns out to be an indirect
semiconductor. In addition, the bands in the vicinity of Fermi
level also have very different dispersions. For the TiNiSi-type
CaAgSb, the bands below the Fermi level are fairy dispersive,
and it becomes much narrower in the LiGaGe-type
Ca,_,La,Ag,Sb. Combined with the calculated total and
projected density of states presented in Figure 4, the bands
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Figure 4. Total and projected density of states (DOS) for

orthorhombic TiNiSi-type CaAgSb (left) and hypothetical hexagonal
LiGaGe-type Ca,_,La,Ag,Sb (right).

right below the Fermi level are predominantly contributed by
the Ag and Sb atoms, more specifically the bonding states
related to the [AgSb] networks. With this analysis, it is expected
that the intralayer Ag—Sb bonds in the LiGaGe-type
Ca,_La,Ag,Sb are much stronger than those of the TiNiSi-
type CaAgSb. These results are also well supported by the
crystallographic data, i.e., for CaAgSb the corresponding Ag—Sb
bond length is about 2.836 A, whereas it shortens to 2.7688(7)
Ain Caggo(1)L20.11(1YAZ0.92(2)Sb-

The above results suggest a very interesting electronic effect
in the Ca,_,RE.Ag;_Sb series. By doping with the RE3*
cations, the original overlapped conduction bands and valence
bands in undoped CaAgSb are now well separated with more
bonding states contributing to the [AgSb] layers. Since the total
electron number remains unchanged, such an enhancement of
intralayer Ag—Sb interactions occurs at the cost of reducing the
bonding electrons from the interlayer Ag—Sb bonds, which in
turn substantially weakens the corresponding interactions. The
electronic effect also leads to a large slope of the density of
states below the Fermi level in the Ca,_,RE,Ag,_,Sb structure.
For the TiNiSi-type CaAgSb the states below the Fermi level
are very dispersive; however, they form a broad sharp peak with
much higher intensity for the LiGaGe-type Ca,_,LaAg,Sb.
Such a characteristic shall favor hggh figure of merit according
to recent theoretical studies.'>*"*

On the basis of the above discussion, the Ca,_,RE,Ag,_,Sb
series appears to be a perfect candidate for designing state-of-
the-art thermoelectric materials. Their crystal and electronic
structures are delicately governed by size and electronic effects
that originate with the doping cations. Through varying the
type and concentration of the doping cations, both interlayer
and intralayer Ag—Sb interactions can be easily adjusted, which
significantly affects the electronic band structure and the related
thermoelectric properties. Moreover, the electron tuning of
Ca,_,RE,Ag,_,Sb is very flexible—one can choose either the
calcium site or the silver site for optimizing the carrier
concentration. With such a highly disordered structure, low
lattice thermal conductivity can be expected, and thus the
advantages of these new phases as new thermoelectric materials
are obvious.

Thermal Stability. It is not surprising to observe excellent
thermal stability in the Ca,_,RE,Ag,_,Sb series. Many related

complex antimonide Zintl phases, such as Yb;,MnSb,;;,>
A,LaCdSb, (A = Ca, Yb),*” Yb,, TrSby (Tr = Ga, In),*® have
already been reported to be thermally stable up to very high
temperature. The typical TG-DSC behavior, represented by
Cags4(1)Ce0.16(1)A80.90(2)Sb, is shown in Figure 5 and compared

100 100
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= i
w80 §
% 104 =
= 2
oI i] s
e a
+4-0.6
60
50 0.8
100 1o
90
- R
gj 80 : %
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& 73]
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60 (b) Cay aa1C€.16(1AG 50250
14
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Figure 5. TG-DSC measurements on undoped CaAgSb and Ce-doped
Capg4(1)Cey,16(1)A80.90(2)Sb, conducted in inert argon atmosphere over
the temperature range of 300—1373 K.

side-by-side with that of the undoped CaAgSb compound. The
TG curves indicate negligible weight loss in the measured
temperature range (300—1373 K), and no melting or phase
transition processes can be identified from the corresponding
DSC data.

Preparation of Ca;_,Ce,Ag;_,Sb materials. The
Ca;_,Ce,Ag;_,Sb series were chosen for systematic thermo-
electric property studies since these materials can be easily
purified, probably because Ce has the lowest melting point
compared to the other rare-earth metals. In this work, materials
with different Ag concentration, Cajg,Cey;5Ag;—,Sb (0.10 <y
< 0.15), were synthesized, and their thermoelectric properties
were probed. For higher or lower level of silver composition,
the products tend to have a considerable number of impurities,
as suggested by the powder X-ray diffraction patterns (Figure
6). The undoped TiNiSi-type CaAgSb was also synthesized for
property comparison. In order to strictly control the
compositions of various materials, the weighting errors of
each element were limited to be less than 0.1%, and X-ray
fluorescence (XRF) technique was applied to characterize the
different Ag levels.

Materials for thermoelectric property studies were all
prepared from the Nb-tube reactions. In order to obtain
samples with high purity and eliminate the orthorhombic
CaAgSb impurity, a two-step synthesis method was utilized and
proved to be very successful in synthesizing the Ce-doped
compounds. The procedure can be described as follows: the
metal elements were first loaded in a Nb tube with the
stoichiometric ratio; then the Nb tube was enclosed by arc-
welding in the glovebox and subsequently sealed in an
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Figure 6. Powder XRD patterns for various Ca,_,Ce,Ag,_,Sb phases
obtained from on-stoichiometric reactions in Nb tubes. Calculated
patterns for undoped TiNiSi-type CaAgSb and Ce-doped LiGaGe-type
Ca,_,Ce,Ag;_,Sb are shown for reference as well.

evacuated fused silica jacket; the reaction mixture was heated to
1100 °C at a rate of 200 °C/h and then left to dwell for 96 h,
followed by a slow cooling process to 800 °C at a rate of 3 °C/
h, and finally annealed at this temperature for 2 days; the
furnace was turned off, and the vessel was opened in the
glovebox; the products were ground into fine powder and
resealed into a new Nb tube to repeat the above synthesis steps.
With such a procedure, the resulting product was a pure phase
of the target compound, which was confirmed by powder X-ray
diffraction pattern and the magnetic susceptibility measure-
ments (Supporting Information). In order to better study the
thermoelectric properties, the possible phase width related to
the Ag defects was probed, and the results indicated a fairly
narrow homogeneity range for Cagg4Ceg16Ag;-,Sb (0.10<y <
0.15). The compositions of these materials were further
characterized by using XRF, and a trend of the reducing Ag
concentration was clear (Supporting Information).
Thermoelectric Properties. Temperature-dependent re-
sistivity data are provided in Figure 7. It is not surprising to
observe similar conduction behavior for all the related phases;
with increasing temperature, the resistivity first increases and,
after reaching a peak, starts to decrease slowly. It should be
noted that the electrical properties of LiGaGe-type
Ca;_,Ce,Ag,_,Sb seem to be very sensitive to Ag defects, i.e,
a few more silver defects than in CajgsCey 6Ago0oSb will
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Figure 7. Resistivity measurements performed on various
Ca;_,Ce,Ag,_,Sb phases over temperature range of 323—1079 K
under helium atmosphere.

significantly reduce the corresponding resistivity. However,
such resistivity variations are not linearly dependent on the Ag-
defect levels, which is probably due to the complicated crystal
and electronic structures of these phases. Compared with
Yb,,MnSb,,,** a highly efficient thermoelectric material with a
resistivity of 2—54 mQ.cm from 300 to 1200 K, the
Ca;_,Ce,Ag,_,Sb series has better electrical conduction. The
resistivity of Cajg,Ce16A8090Sh is only 1.83 mQ-cm at 335 K,
and especially for materials with a higher Ag-defect level, the
value is generally smaller than 1.0 mQ-cm. The TiNiSi-type
CaAgSb has an even smaller resistivity (~0.25 mQ-cm at 335
K), which can be understood from its metallic conducting
electronic band structure.

All Ca;_,Ce,Ag,_,Sb phases are p-type materials, as
suggested by their positive Seebeck coeflicient plotted in
Figure 8. The TiNiSi-type CaAgSb possesses a very low
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Figure 8. Seebeck coeflicient data obtained for various
Ca;_,Ce,Ag,_,Sb phases over temperature range of 323—1079 K
under helium atmosphere.

Seebeck coefficient, and only reaches a maximum value of 50
uV-K™! at 718 K. When incorporated with Ce®*, the materials
show substantially enhanced Seebeck coefficient. For the
specific composition Cagg,Ceg6Ag000Sb, a value of 120
UV-K™' has been achieved at 832 K. The higher Seebeck
coefficient that is observed in Ca,_,Ce,Ag,_,Sb is also
supported by its electronic band structure, which indicates a
good separation between the conduction bands and valence
bands with a small band gap appearing at the Fermi level. Using
the equation E; ~ 260 Tax 8 as an estimate, a thermal
activation band gap of 0.2 eV is obtained for
Cagg4Ce 16Ag00oSb. With the Ag-defect level increased, the
corresponding Seebeck coefficient of Ca,_,Ce,Ag;_,Sb changes
behavior and the peak shifts to a higher temperature region that
is not covered in the current measurement range.

The measured thermal conductivity for LiGaGe-type
Ca;_,Ce,Ag,_,Sb is very low, consistent with the highly
disordered crystal structure. As presented in Figure 9, the
thermal conductivity of Cayg,Ce sAgo0oSb is only 0.603
W-m™ K™ at 335 K and reaches 1.40 W-m™".K™" at 1076 K.
Similar to the resistivity and Seebeck coeflicient data, the
thermal conductivity of the Ca,_,Ce,Ag,_,Sb series is also
obviously affected by the silver defect level. Taking
Cagg4Ce 1AL ssSb as an example, the corresponding values
range from 4.3 to 2.5 W-m "K™' from 33S to 1076 K. More
interestingly, there exist two different types of thermal
conduction behavior, represented by cases with compositions
of y = 0.10 and 0.11 < y < 0.15. In the former, the thermal
conductivity increases slowly with increasing temperature.
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Figure 9. Measured thermal conductivity for various Ca,_,Ce,Ag;_,Sb
phases over temperature range of 323—1079 K under argon
atmosphere.

However, for the rest compositions, the data possess decreasing
thermal conductivity with increasing temperature. Although the
trend of the thermal conductivity varied with different Ag
concentration is not clear, the results collaborate well with the
corresponding electrical properties: materials with high Seebeck
coefficient and electrical resistivity will always lead to low
thermal conductivity, and thus such behavior should be closely
related to the thermal activation of the electrons. The lack of
trend in physical properties with the varied compositions is very
difficult to explain, however, the complicated electronic band
structure of this system, especially when doped with Ce3+ ions,
should play an important role. The lack of trend in physical
properties has also been observed in some complex thermo-
electric systems, such as BiCu;_,SeO.”” For TiNiSi-type
CaAgSb, the thermal conductivity indicates a clear transition
from 600 to 1000 K, which has not been reported before.
According the DSC data, this process is not related to the
structural change and is certainly worth further study. The
thermal conductivity of the Ca,_,Ce,Ag,_,Sb series is a little
higher than some of the typical Zintl compound-based
thermoelectric materials, such as Yb;;MnSb,; (0.7 W-m™*.K™*
at 1100 K),”* Sr;GaSb, (0.6 W-m™'K™! at 1000 K)*’
CasAlLSbs (0.8 W-m~'-K~! at 850 K),** Zn,Sb; (0.6
W-m™LK™! at 650 K).5¢!

The figure of merit calculated for various Ca,_,Ce,Ag;_,Sb
materials is plotted in Figure 10. As suggested by the theoretical
calculations, the hexagonal LiGaGe-type Ca,_,Ce,Ag;_,Sb
exhibits a much enhanced thermoelectric performance than
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Figure 10. Figure of merit estimated for various Ca,_,Ce,Ag,_,Sb
materials. For optimized composition Cagg,Ce 6Ag,13Sb, the zT
keeps increasing rapidly with increasing temperature and reaches a
value of about 0.7 at 1079 K.

the orthorhombic TiNiSi-type CaAgSb. For a low Ag-defect
level, a maximum zT of only 0.5 is observed at 832 K; however,
for the optimized composition of Cajg,Ce16Ago5,Sb, the zT
increases rapidly with increasing temperature and reaches a
value of about 0.7 at 1079 K, which is comparable with that of
Yb,,MnSb,; at the same temperature.”>** It can be expected
that at higher temperatures these materials would exhibit even
higher figure of merit. Unfortunately, such measurements are
limited by currently used instruments, and the data cannot be
provided. As a new class of thermoelectric materials,
Ca;_,Ce,Ag;_,Sb is a very promising candidate for high-
temperature thermoelectric power generation due to the
following advantages. First, these materials have excellent
thermal stability and are very easy to handle since they are not
sensitive to air. (Please note that the air stability only applies to
near-room temperature conditions, whereas the advantageous
thermoelectric properties show mainly at high temperatures for
which air protection is still mandatory.) Second, unlike Si—Ge
alloys, their mechanical properties are similar to those of metals,
which makes them very flexible for manufacturing various
shapes of devices; Third, their resistivity, ie, 1.0 mQ-cm at
1079 K for Cayg,Ceq 16Ag) 5,Sb, is much lower compared to the
values of 5.5 mQ-cm and 5.0 mQ-cm for SiGe and Yb,,MnSb,,
at 1100 K, respectively. This advantage is very competitive for
configuring thermoelectric power generators.

In addition, the thermoelectric properties of this series of
materials can be further improved by applying the following
strategy: (1) Improving the power factor through chemical
doping. The power factor of these materials still has great
potential to increase due to their relatively low Seebeck
coefficient. This strategy has been demonstrated in various
antimonide-based thermoelectric materials such as
Yb,,Mn,_,ALSb,,,>* Cas_,Na Al,Sbs>> and Sr;GaSbs;>” and
can lead to significant property improvement. (2) Band
structure engineering. Band structure engineering has been
proven to be very successful in tuning the thermoelectric
properties of PbTe-based alloys as well as other chalcopyrite-
related materials.'>®* The special size and electronic effects
existing with the Ca,_,Re,Ag;_,Sb structure will also provide
many opportunities for designing materials with good thermo-
electric properties. (3) Reducing the thermal conductivity. The
thermal conductivity of this series of compounds is relatively
high compared to that of other complex Zintl phases. The
substitution of Ca by heavier cations such as Yb may provide a
solution, which has been proven very efliciently in
Ca;_,Yb,Zn,Sb,*® and Yb,,_,Ca,MnSb;.*> Besides alloy
scattering, nanostructuring may also be an efficient way of
obtaining a lower thermal conductivity.

Bl CONCLUSIONS

In conclusion, we demonstrate the design and synthesis of a
new class of Zintl phase-based thermoelectric materials
Ca,_,RE Ag,_,Sb (RE = La, Ce, Pr, Nd, Sm). A structural
transformation from the orthorhombic TiNiSi-type to the
hexagonal LiGaGe-type has been observed, which originates
from interesting size and electronic effects. These materials
exhibit excellent high-temperature thermoelectric properties,
which are understood by incorporation of the theoretical
calculations. The results suggest well-separated conduction
bands and valence bands as well as a large density of states
slope below the Fermi level. With obvious advantages, such as
excellent stability, good electrical conduction, and high figure of
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merit, these materials may find very promising applications in
high-temperature thermoelectric power generation.
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