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The diverse structure and hierarchical bonding found within Zintl phases play a crucial role in decou-
pling the electrical and thermal transport properties, thus conferring them with the desired "phonon-
glass, electron-crystal” characteristics necessary for high thermoelectric performance. In the last twenty
years, a multitude of promising Zintl thermoelectrics have been explored and investigated, with signif-
icant systems such as the 1-2-2 phase, 3-1-3 phase, 5-2-6 phase, 9-4-9 phase, 10-1-9 phase, and
14-1-11 phase standing out. More recently, the emergence of 1-1-1 type Zintl phase compounds as po-
tential thermoelectric candidates have sparked considerable interest. In particular, the low lattice thermal
conductivity in these compounds offers great possibilities to achieve high thermoelectric figure of merit
zT. This review provides a summary of the crystal structures and thermoelectric performance of typi-
cal 1-1-1 type Zintl compounds ABSb (A stands for alkali, alkali-earth, or divalent rare-earth metals, B
stands for IA, IB or IIB metals). The focus is placed on elucidating the interesting mechanisms of low lat-
tice thermal conductivity in real-space (r-space) and reciprocal-space (k-space), such as huge fluctuation
in bonding strengths, larger atomic displacement parameters, rattling-like behavior of atomic vibration,
intrinsic vacancy structure, soft optical phonons, phonon softening strategy, avoided crossing effect. This
comprehensive review enhances the understanding of structure-property relationships and offers guid-

ance for further improving the thermoelectric performance of 1-1-1 type Zintl compounds.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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1. Introduction Currently, the primary focus of thermoelectric research is to

seek promising thermoelectric materials for constructing high-

With the rapid advancement of modern industrialization, con-
cepts like carbon neutrality, using carbon emissions as a metric,
have emerged to safeguard the ecological environment and drive
sustainable economic progress. In this context, thermoelectric ma-
terials [1-10], which can convert heat energy into electrical energy
and vice versa, have significantly enhanced energy utilization ef-
ficiency. Thermoelectric devices [11-16] built upon these materi-
als, including thermoelectric cooling devices [17-20] and thermo-
electric power generators [21-23], are well-aligned with current
energy trends. Hence, the advancement of thermoelectric devices
and materials is pivotal in advancing energy conservation, reduc-
ing emissions, and achieving carbon neutrality.
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E-mail addresses: ccmldn@gbu.edu.cn (C. Chen), kai.guo@gzhu.edu.cn (K. Guo).
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performance thermoelectric devices with high stability. This work
normally involves the property optimization of conventional ther-
moelectric systems, and the discovery of new promising thermo-
electric compounds [24-33]. The performance of thermoelectric
materials is typically quantified by the figure of merit zT = %;’KL
where S, o, ke, ki, and T stand for the Seebeck coefficient, elec-
trical conductivity, electronic thermal conductivity, lattice thermal
conductivity, and absolute temperature [34], respectively. The in-
tricate balance between electrical and thermal properties poses a
challenge in individually optimizing and enhancing the material’s
performance. Lattice thermal conductivity, i, as a relatively in-
dependent parameter, has been concentrated to obtain high zTs.
kL can be illustrated as x| = %C\,vgl, where Gy is the specific heat,
vg is phonon group velocity and [ is mean free path, respectively.
It's quite crucial to regulate several parameters through relevant
mechanisms. One approach to reduce k| is by introducing defects
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Fig. 1. Important factors of thermal conductivity in crystalline solids.

[35-40] or fostering strong anharmonic bonding [41-44] to scatter
phonons and decrease mean free path, which involves all-scale de-
fects and chemical bonding modification [45-47]. More related fac-
tors are illustrated in Fig. 1, which covers multiple aspects. Thus,
designing potential compounds for thermoelectric applications can
be realized by simply screening narrow-band-gap semiconductors
with inherently low x| [48].

Traditional thermoelectric materials began with narrow-band-
gap semiconductors containing heavy elements such as Bi,Te; [49-
52] PbTe [46,53,54] and GeTe [55,56]. These compounds exhib-
ited promising thermoelectric properties, good stability, and ex-
cellent mechanical properties, leading to important applications
for the past fifty years in medium-temperature power generation
and room-temperature cooling. In the 1990s, filled-skutterudites
[57,58] emerged in the field of thermoelectric research due to their
unique characteristics of “electron-crystal, phonon-glass” [59-61].
A multi-filled strategy with various elements at voids was devel-
oped to scatter phonons with different frequencies while maintain-
ing good electrical transport performance. Over the past decade,
single crystal SnSe [24,62-64] has gained recognition as a stand-
out material in the thermoelectric community for its exceptional
thermoelectric figure of merit zT. This material shows strong lat-
tice anharmonicity, and the thermoelectric figure of merit zT can
be largely enhanced by the regulation of carrier concentration, mo-
bility and oxidation [65].

It was not until the early 215t century that scientists began to
recognize the huge potential of Zintl compounds [66-69] as ther-
moelectric candidates. G. J. Snyder and collaborators reported the
impressive thermoelectric properties of the Yb;.xCaZn,Sb, solid
solution, sparking heightened interest among thermoelectric re-
searchers in these intriguing compounds [70]. Unlike traditional
intermetallic compounds, Zintl phases possess both ionic and co-
valent bonding characteristics, resulting in structural complexity
and diversity driven by the need for precise electronic equilib-
rium states. This distinctive feature often results in moderate elec-
trical transport properties and inherently low thermal conductiv-
ity, aligning with the concept of "phonon-glass, electron-crystal". It
indicates that the electrical and thermal transport properties can
be relatively independently controlled by various building blocks,
offering a pathway to designing high-performance thermoelec-
tric materials through the strategic assembly of functional units.
Over recent years, an increasing number of new Zintl series have
been uncovered, revealing promising thermoelectric performance
(Fig. 2) [71-88]. For example, materials belonging to the 1-2-2
type compounds [89] like YbZn,Sb, [90,91], YbCd,Sb, [73,92] and
BaCu,Te, [93,94], as well as the 14-1-11 series [95-97] such as
Yb4MnSby; [98] and Ybi4MgSbq; [74], have demonstrated zT val-
ues exceeding 1.0. More recently, the 1-1-1 type Zintl phase ma-
terials have emerged as having exceptional thermoelectric proper-
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Fig. 2. zT values of typical high-performance Zintl phases. The purplish color repre-
sents n-type thermoelectric materials, and greenish and brownish colors represent
p-type thermoelectric materials [71-88].

Table 1
The research sequence of partial typical compounds.

Year 2018 2019 2020 2021 2022 2023 2024

P63/mmc Eu,ZnSb, SrAgSb BaAgSb BaCuSb
P63mc  CaZng4Ago.18Sb

Pnma SrLiSb  NaCdSb
P4/nmm
Fm-3m

KCdsb
LiCdSb

ties due to their interesting complexion in crystal structure and
chemical bonds. Members of the 1-1-1 series, such as Eu,ZnSb,
[99-101], SrAgSb [102], NaCdSb [103] and other antimony-based
compounds [104-108], have attracted significant attention for their
distinct structures, advantageous thermoelectric characteristics and
considerable stability. Although the 1-1-1 series compounds did
not achieve the optimal thermoelectric performance in the Zintl
domain, they still possess considerable potential, making it highly
valuable to summarize their structures and properties.

In the context of the progressive advancement of 1-1-1 series
compounds, a growing number of constituents have demonstrated
robust thermoelectric performance in this system. This review aims
to offer a thorough analysis by consolidating and investigating the
thermoelectric capabilities of specific 1-1-1 type members of Zintl
phase compounds that have exhibited promising outcomes in re-
cent years. Furthermore, it highlights the superiority of 1-1-1 type
materials by delving into the mechanisms behind their low ther-
mal conductivity, often below 1.0W m K, offering detailed in-
sights into internal processes such as optical-acoustic branch cou-
pling and unique disorder sublattice scattering that influence in-
trinsic thermal conductivity. Ultimately, this review seeks to ex-
pand the scope of understanding within the field of Zintl phase
materials.

2. Crystal structure and thermoelectric properties

1-1-1 type Zintl phase thermoelectric materials typically ex-
hibit intrinsically low thermal conductivities, with various mate-
rials demonstrating distinct mechanisms for achieving this kind of
physical properties. These differences largely arise from variations
in their structural characteristics and bonding. In this section, we
will explore these diverse mechanisms of low thermal conductiv-
ity with materials displayed in Table 1 and emphasize the unique
performance characteristics of typical materials in detail.
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Fig. 3. The crystal structure of NaCdSb. (a) The view along b-axis. (b) Cd-Sb irregu-
lar tetrahedron along a-axis.
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Fig. 4. The crystal structure of CaLiSb. (a) The view along a-axis. (b) Li-Sb tetrahe-
dron illustrative diagram.

2.1. Non-defective orthorhombic Zintl compounds

2.1.1. Variable length of Cd-Sb bonding in NaCdSb

In Zintl phases, the three acoustic branches primarily arising
from the vibrations of polyanionic frameworks, play a dominant
role in determining thermal transport properties. The variety of
bonding lengths and strengths of covalent bonds within anionic
groups significantly impedes phonon diffusion and induces sub-
stantial lattice anharmonicity, resulting in ultralow lattice thermal
conductivity. This case has been exemplified in 1-1-1 Zintl com-
pound NaCdSb [103]. This compound was reported to crystalline
into orthorhombic structure with space group of Pnma [109]. As il-
lustrated in Fig. 3, each Cd atom is bonded with four Sb atoms to
form an irregular tetrahedron with the bonding lengths of Cd-Sb
varying from 2.863 A to 2.976 A. These tetrahedrons are intercon-
nected through shared corners and edges. The fluctuation in the
bond length and strength indicates the variation of force constant,
following the formula 1/k=1/ky + 1/k; + 1/k3 + ..., where k repre-
sents the total force constant and k; (i=1, 2, 3...) are the individ-
ual force constants. In this case, phonon diffusion would be signif-
icantly slowed due to the reduction of k, as described by the equa-

tion v = ,/%. As a result, ultralow lattice thermal conductivity

kp =104W m 1K1 at 320K and «; =0.42W m1K! at 673K have
been obtained in pristine NaCdSb. The lattice thermal conductivity
at high temperature approaches the glassy limit, which is advanta-
geous for achieving high zT values. At 673K, a maximum zT of 1.3
has been achieved without any doping optimization or structural
modification. Very recently, Zhang’group boosted the thermoelec-
tric properties of NaCdSb using a trace of Ag dopant, achieving a zT
value of 1.41 at 673K, with an average zT of 0.81 over the tempera-
ture range of 300-673 K. The power-generation device constructed
by NaCdSb shows respectable conversion efficiency of ~7 % at a dif-
ference of 373K for a single leg [110].

2.1.2. Rattling-like behavior of Li atoms in ALiSb

The ALiSb (A=Ca, Sr, Eu, Yb) series belong to TiNiSi phase with
space group Pnma [111]. As shown in Fig. 4a, the anionic network
of CaLiSb consists of main group atoms, and forms variable cova-
lent bonding between Li and Sb atoms. The cations A are filled
in the eight-membered rings and provide electrons to ensure the
charge balance in Fig. 4b.
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Fig. 5. View of CaLiSb, and Li atoms are located in the distorted tetrahedral formed
by Sb atoms. Reproduced with permission [107]. Copyright 2022, Elsevier.
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Fig. 6. (a) Temperature dependence of the ADP values for CaLiSb single crystal. (b)
Lattice thermal conductivity k| as a function of temperature for CaLiSb. The brown
line represents the function of « -T-!. Reproduced with permission [107]. Copyright
2022, Elsevier.

In 2022, Liu et al. [107] elucidated the mechanism behind the
low lattice thermal conductivity observed in ALiSb. The Li atoms
within the disordered tetrahedral structure of Sb exhibit signifi-
cant thermal motion along the a-axis, likely due to the weak Li-
Sb bonding in this orientation (Fig. 5). The Li-Sb distance has ex-
panded to 2.953 A, exceeding the other Li-Sb distances, resulting in
the ALiSb anion layer behaving akin to folded [LiSb] layers. Con-
sequently, the vibrational state of Li atoms within the “pseudo”
polyanionic layer could influence phonon scattering.

The atomic displacement parameters (ADPs) of Li atoms are no-
tably larger than those of Ca and Sb atoms, as demonstrated in Fig.
6a [112]. These abnormally large ADP values may lead to intense
phonon scattering, ultimately driving the lattice thermal conduc-
tivity lower than the corresponding 1/T curve (Fig. 6b).

The presence of a rattling-like behavior has been demonstrated
in certain univalent-element-containing compounds lacking a cage-
like structure [113,114], such as CsAgsTes [115], CuBi3Ss [116] and
AgBi3Ss [117]. Consequently, the ultra-low x| in ALiSb compounds
ranges only from 0.3W m~! K-1 to 0.6 W m~! K-'. Notably, when
compared to the typical TiNiSi-phase, ALiSb exhibited more favor-
able thermoelectric performance with a maximum zT of about 0.7
at 823K and high zT value of 1.2 was realized in SrggEug,LiSb
[118], challenging the previous notion that TiNiSi-type Zintl phases
typically display poor thermoelectric properties [119,120].

2.1.3. Interaction of weak bonding and heavier components in CaAgSb

The archetypal CaAgSb compound also belongs to the TiNiSi-
type phase, adopting the Pnma space group (Fig. 7). In compari-
son to the ZrBeSi structure, this slightly distorted TiNiSi-structure
yields covalent interactions between anion layers. Nonetheless,
CaAgSb has demonstrated a close relationship between the three
typical crystal structures of ABX compounds. The intriguing struc-
tural transition phenomenon between the TiNiSi-type and LiGaGe-
type structures, which occurs when trivalent cations are intro-
duced to the calcium site or Zn®* replaces Ag* in the Ag site, has
attracted significant attention [104,121,122]. However, the instinct
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Fig. 7. The crystal structure: (a) The view along a-axis. (b) The view along b-axis of
CaAgShb.

Table 2
Current research on ZrBeSi-type ABSb compounds.
Ca Sr Ba Eu
Cu CaCuSb SrCuSb BaCuSb EuCuSb
Ag SrAgSb BaAgSb EuAgSb
Au SrAuSb* BaAuSb* EuAuSb*

* indicates that the thermoelectric properties of this compound have not been stud-
ied.

thermoelectric performance of CaAgSb was primarily limited by its
high hole concentration. In 2013, Wang et al. [122] successfully
synthesized CaAgSb sample through the Pb-flux reactions method,
and the prototype sample exhibited poor performance with a peak
zT value below 0.2 within the temperature range of 300-800K.
In 2024, Shawon et al. [123] employed the ball-milling method
to prepare the sample and managed to improve the zT value of
CaAgSb to 0.47, which was accompanied by an ultra-low lattice
conductivity of 0.44W m 1K1 at 620K. This remarkably low value
can be primarily attributed to the weak bonding interactions be-
tween Ca atoms and their neighboring atoms, which originates
from a distinctive electronic structure analogous to that of MgAgSb
[124], resulting in significantly reduced sound velocity. Addition-
ally, the pronounced thermal motion of Ag atoms combined with
the relatively high average atomic mass collectively contribute to
the unique thermal transport properties. While these mechanisms
provide initial insights, the detailed underlying physics remains
to be fully elucidated through further investigation. Furthermore,
isostructural TiNiSi-type compounds, such as YbAgSb, exhibit sim-
ilar characteristics and represent promising candidates for future
systematic studies in this field.

2.2. Non-defective ZrBeSi-type compounds

The crystal structure of ZrBeSi-series compounds is commonly
hexagonal, belonging to space group P6s/mmc [125]. This struc-
ture incorporates additional cation layers between the anion lay-
ers, giving rise to a layered-like behavior. The extensive and well-
ordered anion layers guarantee excellent electrical transport prop-
erties, while akin layered structure results in low lattice thermal
conductivity due to low sound velocity and large lattice anhar-
monicity caused from weak bond connection and relatively iso-
lated feature of cation sites. As a result, ZrBeSi-type phases often
exhibit favorable thermoelectric performance. So far, research on
antimony-based ZrBeSi-type compounds has mainly concentrated
on two categories of compounds: AAgSb and ACuSb, as shown in
Table 2.

2.2.1. Weak interlayered interactions of Cu-Sb in BaCuSh

XCuSb (X=Ca, Sr, Ba) has long been recognized as an integral
member of the ZiBeSi-type compounds. In 2022, Zheng et al. re-
ported the physical properties of XCuSb series through a combina-
tion of systematic experimental investigations and theoretical cal-
culations [108]. As a typical ZiBeSi-type compound, XCuSb features
a unique crystal structure that consists of loosely packed mono-
hexagonal layers containing ionically bonded X atoms, along with
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Fig. 8. The crystal structure of BaCuSb. (a) The view of intralayer direction. (b) The
view of interlayer direction.

honeycomb layers of covalently bonded CuSb (Fig. 8). This dis-
tinctive crystal arrangement often results in weak interlayer in-
teractions, which can lead to pronounced lattice vibrational an-
harmonicity. All three compounds demonstrated low lattice ther-
mal conductivities at elevated temperatures of 1010K, with Ba-
CuSb achieving promising x (Fig. 9a) with the lowest x| value
of 0.54W m™ 1K1 in Fig. 9b. Two key factors contribute to this low
conductivity: A low group velocity and a high phonon scattering
rate.

The highest occupied frequency along the high-symmetry lines
approaches 5 THz, while the highest acoustic branch reaches only
2.0 THz in the phonon dispersion (Fig. 9d), indicating that BaCuSb
exhibits a low phonon group velocity, ascribed to the weak con-
nection both intralayer and interlayer directions of Ba cation layer.
Experimental results further support this conclusion, revealing that
the longitudinal (v;), transverse (vt), and mean (vs) sound veloci-
ties of BaCuSb are 3808, 2278, and 2521 m/s, is lower than SrCuSb
which exhibited v; of 4255m/s and v; of 2360 m/s. In particular,
the ADPs of Ba are isotropic and relatively high, which confirms
the weak bond features.

Moreover, the ADPs shown in Fig. 9f indicate stronger lattice vi-
brational anharmonicity along the z-axis of the Cu and Sb atoms,
which likely contributes to the increased phonon scattering rate.
This suggests that the weak bonds between the Cu-Sb rings and
Ba atoms can lead to significant interlayer lattice vibration, per-
haps attributable to the relatively isolated state of Ba, effectively
scattering phonons. Consequently, BaCuSb achieves a high phonon
scattering rate with an average value of approximately 0.28 ps—!
(Fig. 9e), indicating a short phonon lifetime (7).

Both the low vp;, and the short 7 significantly reduce the mean
free path (MFP) of phonons (I=vp,7), resulting in intrinsically low
lattice thermal conductivity. According to the gas-dynamic thermal
conductivity model (ki = 3G, vppl = %vaghr, where C, is the heat
capacity at constant volume), the combination of a small phonon
group velocity and a strong phonon scattering rate leads to this
low intrinsic thermal lattice conductivity. Thus, as shown in Fig.
9¢, BaCuSb has achieved the highest zT of 0.48 at 1010K in XCuSb
series, demonstrating competitive thermoelectric properties com-
pared with other Zintl phases.

2.2.2. Anharmonicity of soft optical phonons in SrAgSb

SrAgSb, which belongs to the space group of P6s/mmc, shares
structural similarities with BaCuSb. In this compound, the honey-
comb Ag-Sb layer alternates with layers of alkaline-earth metal Sr
(Fig. 10).

In 2020, Zhang et al. [102] analyzed the band structures and
thermoelectric properties of XAgSb (where X=Sr, Eu). Notably,
SrAgSb exhibited an anomalously low thermal conductivity of ap-
proximately 1.78W m K! at 300K, which is significantly lower
than that of the related compound BaAgSb, generating considerable
interest in the thermoelectric community. In 2023, Yao et al. [126]
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Fig. 9. (a) Total thermal conductivity. (b) Lattice thermal conductivity. (c) zT values of XCuSb. (d) Phonon dispersions. (e) Scattering rates. (f) ADPs for BaCuSb. Reproduced
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Fig. 10. The crystal structure of SrAgSb. (a) The view along b-axis. (b) The view
along c-axis.
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Fig. 11. Calculated phonon spectra of (a) SrAgSb, (b) BaAgSb. Reproduced with per-
mission [126]. Copyright 2023, American Physical Society.

revealed that the unusually low thermal conductivity of SrAgSb
arises from an enhanced strength of anharmonicity compared to
others.

This is evidenced by the lowest-lying optical (LLO) branch ex-
hibiting a negative and larger Griineisen parameter [127], which is
similar to the “ZO mode” in graphene (Fig. 11). By employing the
ab initio phonon Boltzmann transport equation, the broader zone
shows noticeably lower lattice thermal conductivity compared to
other compounds indicates that the dominant contribution region
to k. in SrAgSb is subject to stronger suppression from 0.4-2.7
THz, which ultimately leads to its low x| (Fig. 12).

This low « can further be attributed to the unique phonons
feature. The mode-dependent anharmonic scattering rate are plot-
ted in Fig. 13. There are double prominent peaks in SrAgSb, differ-
ent from BaAgSb, which could be further resolved into the emis-
sion and absorption process in 3-phonon scattering in Fig. 13c.

The absorption process is responsible for a large enhance-
ment of the scattering rate around 1.3 THz, which stay inside the
strongly inhibited region from 0.6-1.6 THz. Note that the front
peak of scattering distribution is also consistent with the mean

(a) : : . ; .

Akyeumutative(©) J

00 L2 L L PR soope
0 1 2 3 4

Fig. 12. The frequency cumulative (solid line) and derivative (dashed line) lattice
thermal conductivity from PBTE results. (a) SrAgSb, (b) BaAgSb. Reproduced with
permission [126]. Copyright 2023, American Physical Society.

location of the soft and anharmonic LLO branch. Hence, the en-
hanced scattering rate of 3 phonons is from the absorption pro-
cess around 1.3 THz, and the strong anharmonicity contributed to
the low thermal conductivity of SrAgSb.

Fig. 14 presents the anharmonic scattering-rate contour of the
absorption process correlated to two initial phonons with w; and
;. A sparse g-mesh is utilized to simplify the Umklapp process,
which primarily affects heat conduction. The peak values, indicated
by the pink and red zones, as shown in Fig. 14a, suggest that the
phonon with w,’ is likely to interact with the soft and anharmonic
LLO branch corresponding to w;, and vice versa. Both interactions
lead to a scattering-rate peak in the absorption process of SrAgSh.
Although the optical phonon behaves flat and has a much slower
group velocity, the anharmonic LLO branch can significantly scat-
ter high group-velocity phonons in the range of 0.6-1.6 THz, con-
tributing to the unusually low thermal conductivity.

2.2.3. Native lattice vibrational characteristic in BaAgSh
BaAgSb belongs to space group P6s/mmc as shown in Fig.
15. Notice that the weak interlayer interactions between anionic
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Fig. 15. The crystal structure of BaAgSb. (a) The view of intralayer direction. (b) The
view of interlayer direction.

[AgSb]%~ layers and cationic Ba%* layers have made BaAgSb behav-
ior like a quasi-two-dimensional semiconductor, which showcases
remarkable carrier mobility and outstanding thermoelectric perfor-
mance. Zheng et al. carried out an in-depth exploration of the
(approximately 0.4W m™ 1K' at 1012K) by integrating computa-
tional and experimental studies [128]. The low thermal conduc-
tivity of BaAgSb primarily mainly stems from the intense anhar-
monic scattering induced by the relatively isolated Ba atoms and
the small phonon group velocity owing to the weak Ag-Sb bonds.
As depicted in the phonon spectra of BaAgSb (Fig. 16), the cut-
off frequencies of the three acoustic branches that significantly af-
fect phonon transport are as low as 1.5 THz, highlighting the ma-
terial’s inherently low phonon group velocity. The calculated trans-
verse modes (v; of TA; and TA;) and longitudinal mode (v, of LA)
are 1998 and 3730 m/s, respectively, which align closely with the
experimental results (v =2080m/s and v;=3845m/s).
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Fig. 16. (a) Calculated phonon dispersions projected by sound velocity. (b) Partial
phonon density of states (PDOS) and accumulative lattice thermal conductivity as
a function of frequency for BaAgSb. Reproduced with permission [128]. Copyright
2023, Wiley

Additionally, low-frequency phonons, which dominate thermal
transport in BaAgSb, are mainly associated with Ag and Sb atoms
(Fig. 16b). This correlation links the material’s small sound velocity
to the weak covalent bonds between Ag and Sb atoms. Moreover,
the low-frequency optical phonons, primarily arising from the vi-
brations of Ba atoms, exhibit a strong coupling with the acoustic
branches, resulting in significant anharmonic scattering. This be-
havior underscores the rattling characteristics of the relatively iso-
lated Ba atoms.

As illustrated in Fig. 16b, these phonons generate flat curves
and do not contribute to heat conduction. Consequently, Ba atoms
enhance anharmonic scattering, which suppresses thermal trans-
port in the Ag-Sb layers, thus ensuring the inherently low lattice
thermal conductivity of BaAgSb. The phonon scattering curvature
plot reveals that the scattering rate of Umklapp processes is com-
parable to, or even exceeds, that of normal processes, confirming
the strong lattice anharmonicity of BaAgSb (Fig. 17a).

Notably, the normal scattering rate of acoustic phonons be-
low 1 THz is significantly lower, while the anharmonic Umk-
lapp processes still maintain a high scattering rate. Calculating the
Griineisen mode parameters at the corresponding frequencies (Fig.
17b) reveals that the highest y among the three phonon modes
can reach 5, with an average Griineisen parameter () ave) of 2.2,
providing direct evidence of strong lattice anharmonicity. Further-
more, the estimated ygae for the TA;, TA,, and LA branches are
1.8, 2.3, and 2.0, respectively. The higher y . for TA, and LA is at-
tributed to their strong hybridization with the low-frequency op-
tical phonons induced by Ba atom vibrations. ADPs further clarify
this point. For Ag and Sb atoms, the ADP vector forms an angle of
approximately 53° with the a-b plane, indicating stronger anhar-
monicity of lattice vibrations along the c-direction (Fig. 17¢).

This phenomenon results from the weak interlayer interactions
with Ba atoms, which act as rattling ions, exhibiting consistent vi-
bration amplitudes in both in-plane and out-of-plane directions.
This behavior triggers strong interlayer vibrational anharmonicity
in the Ag-Sb layers, leading to a substantial phonon scattering rate.

2.3. Defective 1-1-1 type Zintl compounds

2.3.1. EuyZnSb, with intrinsic vacancies

Zintl phase Eu,ZnSb, [99,101] is based on the hexagonal crystal
structure with space group of P63/mmc (Fig. 18), the same as Eu-
AgSb. In the case of Eu,ZnSb,, there are 50% vacancies on the Zn
site. This can be understood in terms of the Zintl concept as pro-
viding electronic charge balance as monovalent Ag™ is replaced by
divalent Zn?*. In 2019, Chen et al. successfully prepared Eu,ZnSb,
samples and achieved a maximum zT value reaches ~1.0 at 823K
for EuyZngggSb, by further regulating the Zn deficiency. The fol-
lowing year, they enhanced the zT value of Eu,ZnSb,, by adjusting
Zn content and the carrier concentration, result in a peak zT value
of ~1.1 at 823K for EuyZng g5Agg0sSb,. As isomorphic compounds,
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Fig. 17. (a) Frequency dependent pH-pH scattering rate at 300K. (b) Calculated mode Griineisen parameters of BaAgSb at 300K. (c) Room-temperature atomic displacement

parameters. Reproduced with permission [128]. Copyright 2023, Wiley.
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the lattice thermal conductivity of Eu,ZnSb, is significantly lower
than that of EuAgSb. Compared to EuAgSb (Fig. 19a), this difference
can be attributed to the larger scattering phase in Eu,ZnSb, within
the frequency range of approximately 0.8 THz to 3.5 THz (Fig. 19b).

Additionally, the hybridization between the soft vibrations of Zn
and the "host" lattice modes of Eu-Sb leads to higher anharmonic
scattering rates compared to EuAgSb (Fig. 19c). This is evident in
the two-peak structure observed below 2 THz in the phonon den-
sity of states (PDOS) related to Zn contributions, which features a
sharp peak followed by a much broader peak at higher frequencies
(Fig. 20), extending to approximately 3.5 THz (Fig. 19d). This be-
havior is reminiscent of filled skutterudites, where a similar two-
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Frequency (THz)
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0
OF Xs ¥Yr Z UR TZ ¥ T U X5 R PDOS F XS YFZ UR TZ YT UXSR PDOS

Fig. 20. Calculated phonon dispersion relations and phonon density of states for
(a) EupZnSb, (zig-zag structure) and (b) EuAgSb. Reproduced with permission [101].
Copyright 2025, Springer Nature.

peak feature is also observed in neutron scattering experiments.
However, unlike the low lattice thermal conductivity mechanism at
high temperatures, disorder at the Zn sites results in a constrained
mean free path I, which is a key mechanism for thermal conduc-
tivity reduction at reduced temperatures. The Callaway model was
applied to estimate the mean free path | with the longitudinal
and two transverse acoustic modes being 3190 and 1900 m/s, re-
spectively. For temperatures above room temperature, the lattice
thermal conductivity k| can be expressed as x| =(Cy vl + Crvil)/3,
where v; and v; are the longitudinal and transverse sound veloc-
ities, respectively. The specific heat capacities were approximated
using the classical harmonic values of R per mole for each phonon
branch (one longitudinal and two transverse branches), while the
factor of 1/3 accounts for directional averaging. Based on this
model, a mean free path (I) of approximately 150 A was estimated
to achieve a lattice thermal conductivity of k =0.4W m™1K1.
This behavior, akin to that of artificial nanostructures, sup-
presses the phonon mean free path, resulting in a low x| of ap-
proximately 0.4W m™ K in Eu,ZnSb,, even at elevated tempera-
tures. Similarly, the isomorphic compound Sr,ZnSb, [129,130], like
Eu,ZnSb,, demonstrates tailored lattice anharmonicity due to in-
trinsic vacancies, combining the soft optical phonons and strong
anharmonicity, has also achieved the x| of ~0.4W m™'K! from
300K to 500K. Both of them highlight the complex role of va-
cancies in these compounds. Therefore, exploring materials with
unique properties is of considerable importance for advancing the
thermoelectric field, underscoring the potential for novel material
discoveries and enhancements in thermoelectric technology.

2.3.2. Transition phase CaZng 4Ago18Sb with full-scale defects

The LiGaGe-type Zintl phase thermoelectric materials in the
CaZn;_xAg;.ySb series (0<x<1; O0<y<1) [104] can be formed
through the transformation of CaAgSb. In 2018, Zhu et al. re-
ported the successful strategy of replacing Ag with Zn, transition-
ing CaAgSb from a TiNiSi-type structure (Pnma) to a LiGaGe-type
structure CaZng 4Agg,Sb (P63mc) (Fig. 21). In CaZng4Agy,Sb, one
Zn atom replaces two Ag atoms, leaving 40 % of the sites originally
occupied by Ag atoms vacant. This substitution and resulting va-
cancies aim to ensure a precise balance of electronic states within
the Zintl phase.
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c-axis. (b) Structure along a-axis.

In 2021, Chen et al. conducted a detailed study on the mecha-
nisms behind the low thermal conductivity of CaZng 4Agg,Sb [105],
revealing a comprehensive structure for scattering phonons across
a broad frequency range. In addition to point defects, this structure
includes numerous CaAgSb nanoprecipitates, abundant edge dislo-
cations around the precipitates, and twin boundaries (Fig. 22).

The disordered distribution of Zn/Ag defects leads to lattice
distortions that effectively scatter high-frequency phonons, cru-
cial for reducing the lattice thermal conductivity. Vacancies dis-
rupt the phonon pathways, decreasing the mean free path and
thus lowering thermal conductivity. Furthermore, grain boundaries
and twin boundaries effectively scatter long-wavelength phonons,
while nanoprecipitates and stress relief-induced dislocations also
serve as phonon scattering centers. These structural characteris-
tics collectively contribute to the lattice thermal conductivity
(~0.5W m~! K-1) observed across the entire temperature range.
Interestingly, the incorporation of trivalent rare earth elements
(RE=1a, Ce, Pr, Nd, or Sm) at the Ca site in CaAgSb can induce this
structural transformation as well [122]. Moreover, compounds of
Caq.xCexAgy-xSb (x=0.20, 0.40, 0.60) series has also demonstrated
that structures with more defects and disorders tend to have lower
lattice thermal conductivity «j, and the introduction of heavier
Ce atoms will favor stronger phonon scattering as well. This phe-
nomenon related to material structures symbolizes the flexibility
in structural and performance tuning [121], underscoring the im-
portance of researching and further exploring novel materials that
involve structural transitions for the thermoelectric field.

2.4. Zintl compounds with alternative structure

2.4.1. Ratting scattering and migration behavior of Li in LiCdSb
LiCdSb [131] features a high-symmetry crystal structure with
the space group Fm3_m, which is isostructural to half-Heusler
compounds like NbFeSb [132-134] and ZrNiSn [135,136], as illus-
trated in Fig. 23. Following the Zintl-Klemm rule, [CdSby,] tetra-
hedrons function as Zintl anions while Li* is regarded as Zintl
cations. The high lattice symmetry ensures that LiCdSb exhibits
a significantly large power factor compared to other Zintl phases.
Moreover, within the context of the three acoustic branches pri-
marily influenced by the vibration of Cd and Sb, the polyanionic
framework also plays a crucial role in thermal transport. It has
been noted that heavy atoms and weak interactions are advanta-
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Fig. 23. The crystal structure of LiCdSb. (a) The view along planar direction. (b) The
view along diagonal direction.
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Fig. 24. (a) The phono dispersion of LiCdSb. (b) The atom displacement of LiCdSb.
Reproduced with permission [131]. Copyright 2025, Wiley.

geous for reducing lattice thermal conductivity in ABX materials.
Theoretical calculations indicate that the integrated crystal orbital
overlap population (ICOOP) value of Cd-Sb bonds is 0.05, indicating
weak chemical bonding between Cd and Sb. Additionally, Li pro-
cesses larger ADPs compared to Cd and Sb, displaying rattling-like
scattering behavior (Fig. 24).

Consequently, the weak bonding within the polyanions, com-
bined with the resonance vibration modes of Li*, contributes to
the low lattice thermal conductivity of pure LiCdSb, as low as
32W m'K?! at 303K and 0.85W mK! at 573K. Ag doping
can effectively enhance the electronic quality factor to improve
the thermoelectric properties of LiCdSb. As a result, a peak zT of
0.79 at 633K has been achieved, demonstrating the potential of
the ternary compound LiCdSb as a promising thermoelectric par-
ent material.

2.4.2. In-plane overdamping and out-plane localized vibration in
KCdSb

Very recently, Guo and co-works [134] reported the crystal
structure and thermoelectric properties of Zintl phase KCdSb for
the first time. Different from LiCdSb and NaCdSb, this compound
adopts a tetragonal crystal structure with the space group of
P4[nmm (Fig. 25). In this structure, [CdSby,]" tetrahedrons are con-
nected by sharing corners and edges to form the Zintl anionic lay-
ers. Meanwhile, K* ions are intercalated into the interlayered sites
with the zigzag structure, which provide the electron to Zintl an-
ionic layers for satisfying the charge balance.
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Fig. 22. Illustration of (a) defects frequently occurring in thermoelectric materials. (b) Schematic view of microstructure in CaAgg,Zng4Sb. Reproduced with permission [105].

Copyright 2021, Wiley.
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Fig. 25. (a) The crystal structure of KCdSb with space group P4/nmm. (b) Thermal
conductivity. (c) Lattice thermal conductivity. (d) zT value of KCdSb and LiCdSb.

KCdSb shows the ultralow lattice thermal conductivity x; 0.8 W
m 1K1, which approaches the limit observed in glasses at high
temperatures (k;_capii =0.3W m™1 K1), Through the first-principle
calculations, the acoustic phonon modes with frequencies <2.0
THz contribute 56.5%, 58.6%, and 61.7%, respectively, to the to-
tal thermal conductivity. Based on the phonon density of states of
KCdSb, three acoustic branches arise from the vibrations of Cd and
Sb. Thus, CdSb layers have a vital effect on the phonon transport.
Weak interactions between Cd and Sb due to the small electroneg-
ativity would lead to low phonon velocity and a small mean free
path, favoring low k. In addition, one can also notice the low-lying
optical phonon modes with frequencies of 2.4-4.0 THz contribute
the rest part of cumulative lattice thermal conductivity. Weakly
bound Zintl cation K exhibits localized vibration behaviors, result-
ing in strong coupling between the high-lying acoustic branch and
the low-lying optical branch, further impeding phonon diffusion.
This research offers a straightforward approach to developing high-
performance Zintl thermoelectric materials with low lattice ther-
mal conductivity, achieved by leveraging weak and variable in-
teractions within the polyanionic framework alongside heavy and
weakly bound Zintl cations.

3. Conclusions

In this review, we present a comprehensive summary and com-
parison of the thermoelectric performances of selected members
of 1-1-1 type Zintl phase with ABSb classify, and provided de-
tailed explanations of the mechanisms behind the low lattice ther-
mal conductivity observed in various crystal structures. Specifically,
the variable bond lengths in NaCdSb directly contribute to its ul-
tralow lattice thermal. We also included the exploration of intrin-
sic vacancy ordering, local atomic vibrations, and full-scale defects
in defective compounds such as Eu,ZnSb, and CaZng4Agg,Sb. In
addition, we examined several intricate mechanisms, such as heav-
ier components, rattling behavior, weak interactions, which are pri-
marily responsible for the suppressed lattice thermal conductivity
in both TiNiSi-type and ZrBeSi-type compounds. While 1-1-1 se-
ries compounds generally exhibit promising thermoelectric perfor-
mance, their practical application faces significant challenges due
to inherent stability limitations, which impose stringent require-
ments on device operating conditions. Overcoming these limita-
tions to enhance the applicability of 1-1-1 series compounds re-
mains a substantial challenge in the field. A viable strategy involves

Chinese Chemical Letters 37 (2026) 111229

property optimization through modification of relatively stable ma-
trix materials emerges as a particularly crucial aspect. Notably, the
k1 modulation strategies summarized in this work extend beyond
1-1-1 series compounds, demonstrating broad applicability to var-
ious material systems. This universality significantly enhances the
relevance of our findings for advancing materials with intrinsically
low thermal conductivity, potentially impacting a wide range of
thermoelectric applications.
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