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Zintl compounds are considered to be potential thermoelectric
materials due to their “phonon glass electron crystal” (PGEC) struc-
ture. A promising Zintl-phase thermoelectric material, 2-1-2-type
Eu,ZnSh, (P63/mmc), was prepared and investigated. The extremely
low lattice thermal conductivity is attributed to the external Eu
atomic layers inserted in the [Zn,Sb,]* network in the structure of
1-2-2-type EuZn,Sb, (P3m1), as well as the abundant inversion do-
main boundary. By regulating the Zn deficiency, the electrical prop-
erties are significantly enhanced, and the maximum ZT value
reaches ~1.0 at 823 K for EuyZng ggSh,. Our discovery provides a
class of Zintl thermoelectric materials applicable in the medium-
temperature range.
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hermoelectric (TE) materials have attracted considerable

interest during the past few decades due to their promising
capability of converting waste heat into electricity (1-3). The TE
conversion efficiency is governed by the dimensionless figure-of-
merit ZT = 65°T/k, where S is the Seebeck coefficient, o is the
electrical conductivity, K is the total thermal conductivity [K is the
sum of the lattice thermal conductivity (k), the charge-carrier
thermal conductivity (k.), and the bipolar thermal conductivity
(k)], and T is the absolute temperature (4, 5). The strong cou-
pling between S, o, and K. makes increasing Z7 difficult. A
straightforward way is to decrease the lattice thermal conductivity,
which is the only independent material property. Nanoengineering
and point-defect engineering have been demonstrated to be ef-
fective in enhancing the phonon scattering and decreasing the lattice
thermal conductivity (6, 7). In addition, searching for compounds
with intrinsic complex structure and low lattice thermal conductivity
has also been proved feasible for achieving high-performance TE
materials, such as SnSe (8-10), BiCuSeO (11, 12), clathrates (13),
skutterudites (7, 14, 15), AgoGaSes (16), CuySe (17), AgSbTe, (18),
Zintl compounds (19), etc.

The Zintl phase is a prototype of the phonon glass electron
crystal (PGEC) concept. Zintl anions provide the diverse electronic
structure as the “electron crystal” and Zintl cations play the role of
the “phonon scattering center” for an extremely low lattice thermal
conductivity. To date, Zintl phases with excellent TE properties
mainly include AB,X; (1-2-2-type) (20-22), A14BX;; (14-1-11-type)
(23-25), A9B45Xo (9-4.5-9-type) (26-28), and AsB»X; (5-2-6—type)
(29, 30), among others (A is an alkaline-earth or divalent rare-earth
element, B is a main-group element or transition metal, and X is Sb
or Bi). Among them, AB,X,—type Zintl compounds (EuZn,Sb,,
CaZn,Sb,, YbZn,Sb,, YbCd,Sb,, etc.) have been the most widely
investigated. A ZT ~0.8 at 723 K was obtained in EuZn,Sb, with
room-temperature lattice thermal conductivity of ~2.6 W m—"K™*
(31). Even lower lattice thermal conductivity and higher ZT values
have been achieved by isoelectronic alloying with Ca or Yb at the 4
site and Cd or Mn at the B site (31, 32). For example, the room-
temperature lattice thermal conductivity decreases from ~2.6 to
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~1.5 W m™ K™, and the higher-temperature (773 K) lattice
thermal conductivity decreases from ~1.1 to ~0.7 W m~-K~! when
alloying 50 at % CaZn,Sb, in EuZn,Sb, (31).

Here we found that an intrinsically ultralow lattice thermal
conductivity (~0.4 W m~".K™' from 300 to 623 K) could be
obtained by inserting external Eu atoms into the [Zn,Sb,]*
network in the structure of 1-2-2-type EuZn,Sb, (P3m1), which
then changed to Eu,ZnSb, [2-1-2-type structure (P63/mmc)].
Compared with the structure of EuZn,Sb,, Eu,ZnSb, contains
external Eu atomic layers as the phonon scattering center, which
is similar to the Rh honeycomb layers inserted in the PrRh;B,
blocks, leading to anomalous low total thermal conductivity (33).
Furthermore, Zn vacancies could be introduced to increase the
electrical conductivity and suppress the bipolar effect. Benefiting
from the enhanced power factor and its intrinsic low lattice
thermal conductivity, a ZT value of ~1.0 was achieved in
Eu,Zn 9sSb; at 823 K. The discovery of the 2-1-2-type Zintl TE
materials may provide a system with which to explore higher ZT.

Results and Discussion

The crystal structure of Eu,ZnSb, (2-1-2-type) can be viewed as
external Eu atomic layers inserted into the [Zn,Sb,]* network of
EuZn,Sb, (1-2-2-type) (Fig. 14). After that, the position of Zn
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Structure characterizations of the Eu,ZnSb; Zintl phase. Structural comparison of (A) EuZn,Sb, and (B) Eu,ZnSb,. The purple, blue, and orange spheres

represent the europium, antimony, and zinc, respectively. (C) Structure projection along the [100] direction of Eu,ZnSb,. (D) XRD patterns of EuZn;_,Sh, (x =
0, 0.01, 0.02, and 0.04). (E) SAED pattern taken along the [100] direction. (F) HADDF-STEM image along the [100] direction of EuyZng ¢gSb, matched with the

projection structure of Eu,ZnSb,.

changed slightly along the ¢ axis (Fig. 1 B and C). It is clear that
this [Eu®*], [Zn®*], [Sb>], system is charge-imbalanced, re-
quiring a 50% occupancy at the Zn site to balance the electronic
state (34). This structure of Eu,ZnSb, (P63/mmc) is similar to
that of the previously reported LiZnSb— and CaAgSb-type Zintl
compounds (P6smc) (35, 36). However, one additional plane of
symmetry exists in this Eu,ZnSb, structure. Fig. 1D shows the X-
ray diffraction (XRD) patterns of Eu,Zn; _,Sb, (x =0, 0.01, 0.02,
and 0.04) prepared directly by ball milling and hot pressing. A
trace of a secondary phase (mainly EuZn,Sb,) can be found in
the Eu,ZnSb, sample. Single-phase Eu,Zn;_,Sb, with a hexag-
onal structure was obtained by reducing the Zn content. The
selected area electron diffraction (SAED) pattern taken along
the [100] direction (shown in Fig. 1F) is consistent with the
hexagonal structure of the P6s/mmc space group. Fig. 1F shows
the C-corrected high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image of Eu,Zng 9sSb.
It is well known that HAADF-STEM offers a unique technique
to image the crystal structure correctly. Unlike that of con-
ventional TEM images, the contrast of HAADF-STEM images
is roughly proportional to Z'7, where Z is the atomic number.
Thus, the brightest atomic column in Fig. 1F is Eu (Z = 63) and
the next brightest is Sb (Z = 51), while Zn atoms, with a smaller
atomic number (Zn = 30), appear darker in the image. The
atomic sites match well with the [100] structure projection

(shown in Fig. 1C). We can clearly see that half sites (yellow
circles) are not occupied by Zn atoms, which indicates a 50%
occupancy of Zn in this crystal.

A state-of-the-art ZT ~1.0 at 823 K was achieved in
Eu,Zn 9gSb,, which is higher than that of EuZn,Sb, (dotted
lines in Fig. 24) (20, 37). This high ZT is attributed to the in-
trinsic low lattice thermal conductivity and the increased elec-
trical conductivity due to the Zn vacancy. As shown in Fig. 2B, in the
temperature range from 300 to 823 K, Eu,Zn¢sSb, outperforms the
current popular optimized p-type Zintl TE materials, including
the 3-1-3 (C32,97Nao,03AISb3) -, 11-6-12 (EU11Cd4'SZI1LSSb12)—, 1-2-
2 (Ca()_stb0_75Zn25b2) —, and 5-2-6 (Ca4475Na0,25A12$b(,)—types,
among others (24, 31, 37-40), suggesting that it is a promising
medium-temperature TE material.

The temperature-dependent electrical conductivity, Seebeck
coefficient, and power factor of Eu,Zn,;_,Sb, (x = 0, 0.01, 0.02,
and 0.04) are shown in Fig. 3. The electrical conductivity of all of
the samples decreases with increasing temperature, showing a
degenerate semiconductor behavior at lower temperature, and
increases at higher temperature because of the thermally acti-
vated carriers (Fig. 34). With increasing Zn deficiency, it is clear
that the electrical conductivity increases due to the increased
Hall carrier concentration (Fig. 4 A and B) and Hall mobility
(Fig. 4C). As shown in Fig. 3B, the Seebeck coefficient decreases,
and the peak value of each composition is gradually shifted to
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Fig. 2. Comparison of ZT values. (A) Temperature-dependent ZT values of Eu,Zn,_,Sb, (x =0, 0.01, 0.02, and 0.04). ZT values of EuZn,Sb, prepared by different
groups are included for comparison (20, 37). (B) Temperature-dependent ZT values of some state-of-the-art p-type Zintl-phase TE materials (24, 31, 37-40).
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Fig. 3. Temperature-dependent electrical transport properties for Eu,Zn;_,Sb,
(x =0, 0.01, 0.02, and 0.04). (A) Electrical conductivity, (B) Seebeck coefficient,
and (C) PF. (D) Hall carrier concentration-dependent PF of EuyZn;_Sb, (x = 0,
0.01, 0.02, and 0.04) at different temperatures [i.e., 300 K (filled symbols), 473 K
(half-filled symbols), and 573 K (open symbols)]. The solid lines are calculated by
the SPB model with the effective mass ~0.5 mq.

higher temperature as x increases. This small fraction of Zn
vacancy dramatically improves the electrical properties, leading
to a 100% enhancement in power factor (PF = Szcg (Fig. 30).
The maximum power factor is ~6.2 pW cm™ K™ at 673 K
for Eu,Zng¢sSby, comparable to the optimal CagZnysSbg
(~6.6 tW cm K> at 710 K) (41) and CasAlSbg (~5.4 pW cm ™K
at 750 K) (40). Fig. 3D presents the relationship between the PF and
the Hall carrier concentration at different temperatures, to-
gether with the theoretical prediction by the single parabolic
band (SPB) model (effective mass m™ = 0.5 my, as shown in S/
Appendix, Fig. S1). A more accurate prediction would be expected
from using the two-band Kane model (or the multiband model)
with a detailed band structure. The increased carrier concentra-
tion contributes to the notable PF, which is close to the maximum
values at different temperatures.

To further clarify the transport mechanism, we measured the
Hall coefficient from room temperature to 773 K, as shown in
Fig. 44. A bipolar effect clearly occurs in Eu,ZnSb, at temper-
atures higher than 500 K. The bipolar effect of Eu,ZnSb, might
be related to the low-room-temperature Hall carrier concentra-
tion (~4.5 x 10'® cm™) and the narrow band gap (~0.17 eV,
plotted in Fig. 4D), which are lower and narrower than those of
EuZn,Sb, (~3.5 x 10" cm™ and ~0.5 eV), respectively (20).
After the introduction of Zn vacancies, the Hall carrier con-
centration of Eu,Zn;_.Sb, increases from ~4.5 x 10'® cm™ to
~2.5 % 10" em™ at 300 K, close to the vacancy doping limit (Fig.
4B), and the estimated optical band gap increases to larger than
0.2 eV. As a result, both the increased band gap and Hall carrier
concentration postpone the bipolar effect to higher tempera-
tures. The room-temperature Hall mobility (pg) of Eu,ZnSb; is
~49 cm® V~'.s7! which is lower than those of other samples
(~60-70 cm* V~'.s7") due to the obvious secondary phase for the
electron scattering existing in this undoped sample. The Zn de-
ficiency can help to avoid this impurity, leading to a higher Hall
mobility. The py appears to have a py « 7> relationship
(shown in Fig. 4C), indicating that acoustic phonon scattering
dominates at high temperature for all of the samples.

The temperature-dependent total thermal conductivity (k) was
calculated and is plotted in Fig. 54. We used the measured
specific heat for the calculation, which is higher than the esti-
mated value by Dulong Petit law (Fig. 54, Inset). The room-
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temperature total thermal conductivity of Eu,ZnSb, is as low
as ~0.4 W m "K', which is lower than most of the high-
performance TE materials (42, 43). With increasing Zn de-
ficiency, the total thermal conductivity increases due to the
carrier contribution, but remains lower than 0.6 W m™'-K™! over
the whole measured temperature range. The carrier contribution
(xc) can be estimated by k. = LoT, where L is the Lorenz
number. Here, we used the SPB model under the assumption of
acoustic phonon scattering to estimate the Lorenz number as for
other reported Zintl TE materials (as shown in SI Appendix, Fig.
S2). We subtracted x. from k and display the lattice thermal
conductivity in Fig. 5B. The dashed line indicates the estimated
amorphous limit for the lattice thermal conductivity (kgass) cal-
culated from Cahill’s method assuming that the phonon mean-
free path is a half of the phonon wavelength according to the
following expression (41):

1/ 1/3
Kglass = > (%) ksV'=23 (21 +vp), [1]

where kg is the Boltzmann constant and V' is the average volume
per atom. Room-temperature transverse (vt) and longitudinal
(v1) components of the sound velocity are ~1,900 and ~3,170 m s
respectively. As shown in Fig. 5B, the lattice thermal conductivity
displays a near-k; o T~ relationship at lower temperature, indicating
the existence of Umklapp scattering (44). When the temperature is
higher than 650 K, the lattice thermal conductivity increases slightly
due to the onset of bipolar conduction. With increasing Zn deficiency,
kr. is reduced due to the increased point-defect scattering, and the
bipolar thermal conductivity is clearly depressed by the higher number
of majority carriers. It should be noted that extremely low lattice
thermal conductivities (lower than kg.s) have also been previously
observed in some other Zintl compounds (28, 41, 44, 45). This prob-
lem might be related to the calculation of the Lorenz number. Com-
plex band structures make the SPB model inaccurate, and the
relationship between L and the Seebeck coefficient becomes more
complicated (41, 46).

In Fig. 5C, we compared the k. of Eu,Zn ¢sSb, with that of
the well-known 1-2-2-type Zintl compounds. CaZn,Sb,, EuZn,Sb,,
and EuMg,Bi, possess relatively high lattice thermal conductivities
(red region) (31, 47). With binary and even ternary alloying, the
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Fig. 4. Temperature-dependent Hall measurements and room-temperature
band-gap measurements. (A) Temperature-dependent Hall coefficient, (B)
relationship between the room-temperature Hall carrier concentration and
the composition, (C) temperature-dependent Hall mobility, and (D) nor-
malized optical absorption versus photon energy for Eu,Zn,_,Sb, (x = 0,
0.01, 0.02, and 0.04).
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Fig. 5. Temperature-dependent thermal transport properties for Eu,Zn,_,Sb,
(x = 0, 0.01, 0.02, and 0.04). (A) Total thermal conductivity and (B) lattice
thermal conductivity. Specific heat as a function of temperature is shown in
A (Inset). The calculated minimum lattice thermal conductivity is plotted in
B (dashed line). (C) Lattice thermal conductivity as a function of temperature
for EuyZn,_,Sb, (x = 0, 0.01, 0.02, and 0.04). Temperature-dependent lattice
thermal conductivity values of 1-2-2-type Zintl compounds are included
for comparison. (D) Room-temperature Hall mobility versus lattice ther-
mal conductivity of representative Zintl phases (24, 31, 38-41, 44, 47).

lattice thermal conductivity is reduced significantly to near or lower
than 1.0 W m™K™' (blue region). Clearly, the lattice thermal
conductivity of Eu,Zn;_,Sb, is much lower, which can possibly be
attributed to more cations like Eu atomic layers inserted into the
[Zn,Sb,]*~ network serving as phonon-scattering centers and to the
complex microstructure (discussed below). Moreover, defect sites of
Zn make the crystal structure more asymmetric than 1-2-2-type
Zintl compounds, and effectively cause phonon scattering (46).
To exclude the effect of nanostructure, we also prepared another

Y T RN NS

Eu,ZnSb, sample by melting, hand milling, and hot pressing. The
lattice thermal conductivity of this sample is presented in SI Appendix,
Fig. S3E, which is also much lower than that of EuZn,Sb,, confirming
the effect of the intrinsic crystal structure of Eu,ZnSb,. The further
decreased lattice thermal conductivity in the ball-milled sample
is due to the nanostructure. In Fig. 5D, the Hall mobility versus
lattice thermal conductivity of different p-type Zintl materials is
displayed (24, 31, 38-41, 44, 47). Normally, a dimensionless
material parameter B has proven to be useful in evaluating a
material’s TE performance (48):

¥ 3/2
B=5.745x 10-6’% T2, 2]

where m*, my, p, kr, and T are the carrier effective mass, elec-
tron mass, carrier mobility, lattice thermal conductivity, and ab-
solute temperature, respectively. It is noteworthy that high carrier
mobility (1) and low lattice thermal conductivity (k) will lead to a
large B value. The Eu,ZnSb, compounds exhibit «; as low as that of
ngMD4'zsb9 (44) but p as hlgh as that of Ell]]Cd4.5ZIl1,5Sb12 (38)
These properties point to the promising TE performance of
EuZZnsz.

To clearly reveal the atomic-scale microstructural features of
the nanostructured Eu,Zng9gSb,, TEM and HAADF-STEM in-
vestigations were carried out. Fig. 6 4 and B is low-magnification
TEM images of the Eu,Zn, ¢sSb, sample, which display the clear
grain boundaries with grain sizes between 200 and 500 nm. This
small size should contribute to the effective phonon scattering for
the lower lattice thermal conductivity. Some string contrasts can
be observed as indicated by arrows in Fig. 6 A and B, and are
ubiquitous throughout the Eu,Zn ¢gSb, sample. The cause of the
string contrasts will be analyzed at the atomic level in the following
discussion. The adjacent crystal grains possessing [100] and [310]
orientation with the sharp grain boundary (GB) marked by the dashed
line in Fig. 6C show the highly crystallized nature of nanostructured
Eu,Zn 9sSb,. A high-magnification [100] HAADF-STEM image
is shown in Fig. 6D. The widely distributed planar defect of the
inversion domain boundary (IDB) is considered to be the main
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Fig. 6. Typical microstructures for Eu,Zng 9gSb,. (A and B) Low-magnification TEM images of Eu,Zng ggSb,. The string contrasts indicated by arrows are caused
by the IDB. (C) HADDF-STEM image of the adjacent crystal grains with [100] and [301] orientation, with the sharp GB marked by the dashed line. (D) [100]
HADDEF-STEM image for IDB with the extra atomic layers indicated by arrows. (E) Magnified view of the yellow boxed region in D. (F) Atomic configuration of
the IDB along the [100] direction. Two domains are related by inversion at the Sb position. The purple, blue, and orange spheres represent the europium,

antimony, and zinc, respectively.
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factor that reduces lattice thermal conductivity in the Eu,Zn 9gSb,
sample. The extra atomic layers marked by the arrows indicate that
the planar defects exist in the Eu,Zng 9gSb; crystal, and correspond
to the string contrasts in the low-magnification TEM images in Fig.
6 A and B. The rectangular region in Fig. 6D is enlarged in Fig. 6,
where the extra atomic layer (yellow region) can be clearly seen.
Based on Fig. 6E, the proposed atomic configuration of the IDB
along the [100] direction is shown in Fig. 6F. The two domains are
related by inversion at the Sb position at the boundary.

Conclusion

In summary, we investigated the structure and thermoelectric
properties of the Eu,ZnSb, Zintl phase. The intrinsic crystal
structure and the widely distributed plane defects contribute to
its ultralow thermal conductivity. The Zn deficiency clearly im-
proves the electrical properties by introducing holes to the
compounds. As a result, a ZT value ~1.0 at 823 K is achieved for
Eu,Zn 9gSb,. This study provides us a promising thermoelectric
material for medium-temperature applications. Further optimi-
zation by doping or alloying is expected to lead to even higher
thermoelectric performance.

Experimental Methods

Sample Preparation. Europium (Eu, 99.9%, chunk), zinc (Zn, 99.999%, pow-
der), and antimony (Sb, 99.999%, shot) were weighed according to the
stoichiometry of Eu,Zn,_,Sb, (x = 0, 0.01, 0.02, and 0.04). The raw materials
were loaded into a stainless-steel jar with stainless-steel balls in an argon-
filled glove box, and then ball milled by a high-energy ball mill (SPEX 8000M)
for 10 h. The obtained powder was loaded into a graphite die with an inner
diameter of 12.7 mm and consolidated at 853 K for 2 min by a direct-
current-induced hot pressing under an axial pressure of 50 MPa.
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Sample Characterization. The crystal structures were examined by XRD
(Rigaku D/max 2500 PC). The microstructures were investigated by a spherical
aberration-corrected (Cs-corrected) electron microscope (JEM-ARM200F). The
Seebeck coefficient (S) and electrical conductivity (c) were simultaneously
measured using a commercial apparatus (ZEM-3, Advance-Riko). The thermal
conductivity (k) was calculated by x = DaC,,, where D is the volumetric density
determined by the Archimedes method, « is the thermal diffusivity mea-
sured using a laser flash apparatus (Netzsch LFA 457), and C,, is the specific
heat obtained using a differential scanning calorimetry thermal analyzer
(Netzsch DSC 404 F3). The temperature-dependent Hall coefficients (Ry)
were measured using the van der Pauw technique under a reversible mag-
netic field of 1.5 T. The Hall carrier concentration ny and Hall mobility py
were calculated using ny = 1/(eRy) and py = oRy, respectively. Room-
temperature optical diffuse reflectance spectra of the powders were de-
tected using a FTIR system (Thermo Fisher Nicolet iS50). The longitudinal (v,)
and transverse (vy) components of the sound velocity were measured using
an ultrasonic pulse receiver (Olympus) equipped with an oscilloscope (Tek-
tronix). The uncertainty for the electrical conductivity is 3%, the Seebeck
coefficient, 5%, and the thermal conductivity, 7% (comprising uncertainties
of 4% for the thermal diffusivity and 3% for the density). As a result, the
combined uncertainty for the PFis 10% and that for ZT value is 12%.
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