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ABSTRACT: Thermoelectric materials, which enable the direct
conversion of heat into electricity and vice versa, are critical for
sustainable energy solutions. Recently, the Zintl-phase compound
NaCdSb was discovered to have a zT value of 1.3 at 673 K in its
pristine form. Subsequently, its zT value was increased to 1.41
through carrier concentration tuning, but optimization remains
limited due to experimental constraints. In this study, we employ ‘

first-principles calculations to systematically investigate the thermo- O k@:
electric properties of NaCdSb-based materials. By optimizing carrier ~ Na

concentration, the predicted power factor of NaCdSb can be optimize n

significantly enhanced. Furthermore, isovalent substitution with Li decouple 04 1019T>1021
and K decouples the interdependence of thermoelectric parameters. 0- «=——— S A

K alloying improves band convergence, boosting the Seebeck

coeflicient and enhancing the power factor across a large carrier concentration range. Considering the impact of heavy-element
alloying on lattice thermal conductivity and given that the electronic thermal conductivity of KNCS remains almost unchanged, the
zT of KNCS is also expected to increase. Our work demonstrates that K alloying can be an effective strategy to enhance the
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thermoelectric performance of NaCdSb-based materials, making them potential candidates for high-efficiency TE applications.
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B INTRODUCTION

Thermoelectric (TE) materials, a type of semiconductor,
enable the direct conversion of heat into electricity and vice
versa, providing sustainable solutions for waste heat recovery,
temperature control, and other applications.'~* The perform-
ance of TE materials is quantified by the thermoelectric figure
of merit zT, which is calculated using the formula zT = oS*T/
(k. + k1). Here, S represents the Seebeck coefficient, ¢ denotes
electrical conductivity, k. is the electronic thermal conductivity,
and k; is the lattice thermal conductivity. The term 6S* is
known as the power factor (PF), a key parameter for evaluating
electrical transport properties. Generally, optimal TE perform-
ance requires a high power factor and low thermal
conductivity. However, due to the complex and often inversely
related interdependencies among the various transport proper-
ties, the development of efficient TE materials remains
challenging.*°

Recently, Guo et al. proposed a new 1—1-1 type Zintl
compound, NaCdSb, which achieved a high zT value of 1.3 at
673 K without any optimization.” Liu et al. improved the
carrier concentration through sodium deficiency and silver
doping, optimizing the thermoelectric performance and
achieving a zT value of 1.41 at 673 K.” As a Zintl phase,
NaCdSb is a unique polar intermetallic compound exhibiting
both ionic and covalent bonding.”'’ Due to this dual bonding
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nature, Zhang et al. demonstrated that Na® ions exhibit
rattling-like dissipation properties at high temperatures from
first-principles calculations, contributing to its low lattice
thermal conductivity.'' This aligns with the “phonon-glass,
electron-crystal” (PGEC) concept, making NaCdSb-based
materials promising for thermoelectric applications.'”"?
Further research and optimization in NaCdSb-based materials
are therefore highly warranted.

To further optimize the thermoelectric properties of Zintl
phases, various strategies have been employed over the past
decade, including band engineering,”'_18 defect engineer-

. 19-21 . . 2
ng, entropy engineering,

123

and structural manipula-
tion.”* Among these, isovalent substitution emerges as a
potentially effective method. This approach can mitigate the
interdependence of thermoelectric properties by promoting
band convergence, thus enabling the independent optimization

of these properties.”*°
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Figure 1. Crystal structure of (a,b) NaCdSb, (c,d) Liy,sNa,,CdSb and (e,f) K;,sNa,,sCdSb.

In this article, we systematically investigate the thermo-
electric properties of the Zintl-phase compound NaCdSb and
its Li/K-alloyed derivatives. Through computational simula-
tion, we explore the effects of isovalent substitution on the
electronic structure and transport properties of these materials.
Our results reveal that optimizing carrier concentration and
introducing heavier elements like potassium can significantly
enhance the power factor and decouple the interdependence of
thermoelectric parameters, thereby improving overall perform-
ance. This study provides valuable insights into the potential of
NaCdSb-based alloys as high-performance thermoelectric
materials.

B COMPUTATIONAL DETAILS

The calculations are performed in the framework of Density
Functional Theory (DFT) as implemented in the Vienna ab
initio Simulation Package (VASP).””*® The revised PBE for
solids (PBEsol) in Generalized Gradient Approximation
(GGA) was set to describe the exchange—correlation energy.29
The plane-wave cutoft was chosen to be 500 eV. A I'-centered
k-point grid with a k-spacing of 0.0S 27/A was used for
structural relaxations, the convergence criteria for the total
energy and ionic forces were set to 10™° eV and 0.01 eV/A,
respectively. In the self-consistent field (SCF) calculations, as
well as in the computations of band structures and density of
states (DOS), we reduce the k-spacing to 0.03 27/A, and use
107 eV for the convergence criterion. Given that the PBE
series functional tends to underestimate band gaps, which
significantly influence electrical transport properties, we have
opted for the modified Becke-Johnson (mBJ]) potential to
obtain more precise band gap values.”® To cross-validate the
reliability of the mBJ method, the Heyd—Scuseria—Ernzerhof
(HSE06) hybrid functional was also employed.”’ Based on
first-principles data, we utilized the ab initio scattering and
transport (AMSET) package to compute electrical transport
properties from acoustic deformation potential (ADP), ionized
impurity scattering (IMP), and polar optical phonon (POP)

32,33
scattering.

B RESULTS

NaCdSb-Based Alloys. Savelsberg and Schifer first
determined the crystal structure of NaCdSb (NCS),
characterized by an orthorhombic structure with the Pnma
space group.”* Recently, Guo et al. successfully synthesized
NaCdSb, with a minor impurity phase of Na,O, present.

Without any doping optimization or structural modification,
NaCdSb achieved a high power factor of 11.56 4W cm™' K
and a maximum zT of 1.3 at 673 K, indicating significant
potential for performance enhancement.” Furthermore, Liu et
al. synthesized Nagg9Cdgg9sAg000sSb by Ag doping and
introducing a small amount of Na deficiency. This approach
improved the power factor while maintaining a low lattice
thermal conductivity, resulting in a higher zT of 1.41 at 673 K.
Additionally, it enhanced the performance at lower temper-
atures, achieving an average zT value of 0.81 over the
temperature range of 300—673 K.*

As a Zintl phase material, NCS comprises Na* cations and
an anionic framework formed by Cd and Sb atoms. As shown
in Figure lab, the Cd and Sb atoms form puckered
pseudohexagonal two-dimensional layers interconnected by
zigzag ladders and four-membered rings. Each cage-like
structure created by the Cd—Sb framework houses two Na*
cations at its center. As Na* cations do not form stable covalent
bonds with the Cd—Sb framework, they exhibit rattling-like
dissipation at high temperatures, contributing to the low lattice
thermal conductivity.'' Meanwhile, NaCdSb demonstrates
good electrical conductivity”® due to the covalent bond
network formed by Cd—Sb. These characteristics align
NaCdSb-based materials with the PGEC concept.'”'* The
coexistence of ionic and covalent bonds within its structure
aligns with the PGEC concept, positioning it as a promising
candidate for thermoelectric applications.'”"?

Although experimental and theoretical studies have identi-
fied NCS as a promising thermoelectric material, further
systematic research is essential for optimizing its perform-
ance.”®*® Tsovalent substitution, which involves replacing a
host atom with an impurity atom of the same valence, was
shown to decouple the interdependence of thermoelectric
properties, by promoting band convergence, thus enabling the
independent optimization of these properties.”>*° For
instance, replacing Te with Se in Bi,Te; based materials via
isovalent substitution decreases electrical conductivity while
simultaneously enhancing the Seebeck coeflicient and power
factor.”*"** Consequently, we employ isovalent substitution
with Li and K for Na. As shown in Figure lc—f, we introduce
either Li or K to replace one Na in the primitive cell, which
contains four Na atoms, yielding the alloys Liy,sNay,sCdSb
(LNCS) and Kg,5Nay;5CdSb (KNCS).

To achieve a more precise calculation of the lattice constants
in alignment with experimental values, we utilized the PBEsol
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functional to describe the exchange—correlation energy.”” As
presented in Table 1, the calculated lattice constants for

Table 1. Crystallographic Data of NaCdSb and Its Alloies
Calculated Using Different Functionals”
functional a (A) b (A) c(A) V(A

NaCdSb (Guo et al.”)  experiment 473 799 847  319.59

NaCdSb PBE 484 806 861 33613

PBEsol 478 793 840 31854
LigsNag ,sCdSb PBEsol 471 778 843  309.00
Ko.,5Nag,sCdSb PBEsol 485 809 838 32879

“The lattice constants obtained by Guo et al. from experiments are
also included fro comparison.

NaCdSb are in agreement with experimental data. Following
alloying, the smaller size Li results in a reduction of the unit
cell volume, while the larger size K leads to an increase in the
unit cell volume. Additionally, both structures exhibit more
pronounced changes in the a and b axes.

Electronic Structures. The commonly employed PBE
functional in DFT calculations tends to underestimate the
band gap.’” Previous studies have utilized the Heyd—
Scuseria—Ernzerhof (HSE06) hybrid functional for the
calculations, yielding a band gap of approximately 0.5
eV.”*>* However, the computational demand of HSE06 is
considerably high, which prompts the exploration of alternative
methods. In this work, we have employed mBJ potential, which
has been reliably applied in other thermoelectric materials, to
correct the band gaps.”® As shown in Table 2, the band gap

Table 2. Band Gap E, of NaCdSb and Its Alloies Calculated
from Different Functionals

functional E, (eV)
NaCdSb’ PBE + HSE06 0.50
NaCdsSb"' PBE + HSE06 0.45
NaCdSb PBE + HSE06 0.44
PBEsol + HSE06 0.61
PBEsol + mBJ 0.75
Lig,sNay;5CdSb PBEsol + mBJ 0.64
Ko2sNagy-sCdSb PBEsol + mB] 0.82

obtained from PBEsol + HSEOQ6 is slightly larger than that from
PBE + HSEO06, and the result from PBEsol + mBJ is even
larger. This indicates that PBEsol tends to increase the band
gap, as does mBJ compared to HSEO06. Figure S1 in the
Supporting Information compares the band structures
obtained from mBJ and HSEO06, revealing their overall
similarity.

In Figure 2, the valence band maximum (VBM) is set to
zero for a clearer comparison of the band structures among the
three different systems. It is observed that in NCS, both VBM
and the conduction band minimum (CBM) exhibit band
convergence, a feature that has been eloquently described in
previous works, indicating a highly favorable band structure of
thermoelectric.”>° The higher degeneracy of VBM, with three
bands in close proximity, is also reflected in the density of
states (DOS), suggesting potentially superior Seebeck
coefficients for the p-type systems. Although CBM has a
lower band degeneracy, their lighter shape implies that the
electrical conductivity for the n-type systems may be higher
than that for the p-type.

As shown in Figure 2b—d, the band structures and DOS of
LNCS and KNCS are similar to those of NCS. Therefore,
similar to the analysis of NCS, the electrical conductivity of n-
type systems is expected to be superior to that of p-type, while
the Seebeck coeflicient of p-type systems would be superior to
that of n-type. Comparing the band structures, LNCS shows
valence band convergence close to that of NCS, while the
conduction band of NCS is more converged. In contrast,
KNCS exhibits the most pronounced band convergence in
both the conduction and valence bands. As shown in Figure
2d, this characteristic results in a higher DOS around the VBM
for KNCS compared to the other two systems. This suggests
that p-type KINCS may possess a larger Seebeck coefficient.

Transport Properties. Given that the carrier concen-
tration may increase due to intrinsic excitation of electrons, the
carrier concentration n we use in calculation is consistent with
experimental data,” as indicated by the red line in Figure 3a.
While calculating mobility using the constant relaxation time
approximation is convenient, this approach requires arbitrarily
selecting a value for the relaxation time and does not reflect the
impact of energy and temperature on the relaxation time. By
employing ADP, IMP and POP, as shown in Figure 3b, the
relaxation time varies with the carrier concentration and
temperature, which enhances the accuracy of the computa-
tional results.””

Figure 3c,d display a comparison between our calculated
electrical conductivity and Seebeck coefficient with the
experimental results. Observing the orange line, which denotes
the experimental results, we note that the electrical
conductivity exhibits a decrease before an increase at 373 K.
The initial decline in electrical conductivity is due to the weak
intrinsic excitation of carriers at low temperatures, along with a
reduction in carrier mobility as the temperature rises. Above
373 K, the carrier concentration increases sharply because of
stronger intrinsic excitation, which in turn causes the electrical
conductivity to rise. The Seebeck coeflicient shows an inverse
relationship with temperature, peaking at 423 K before it starts
to decrease. The trends of the calculated electrical conductivity
and Seebeck coefficient are in good agreement with the
experimental data, although there is a difference in their
absolute values.

The discrepancy between the calculated results and
experimental data stems from several factors. First, our method
is based on the rigid band assumption, which does not account
for the effects of temperature and doping on the band
structure.*’ Second, the core state level method used in the
AMSET package is sensitive to volume deformations. This
sensitivity can lead to an overestimation of the deformation
potential constant, resulting in an underestimation of
relaxation times and electrical conductivity-related quanti-
ties.”>**~* Third, our analysis considers only the primary
scattering mechanisms, whereas other scattering mechanisms
may be at play during charge transport. Despite these
discrepancies, the overall trends of the parameters align well
with experimental values. Given that our study focuses on
comparing the performance changes among the three systems,
we believe the conclusions drawn from the current method-
ology are qualitatively reliable.

To facilitate a more in-depth and systematic analysis, we
calculated the impact of various carrier concentration and
temperatures, as well as different types of carriers on
performance. As shown in Figure 4, the color code represents
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Figure 2. Band structures and projected DOS of (a) NaCdSb, (b) Liy,sNay,5sCdSb and (c) K,,5Na,;5CdSb. (d) Total DOS of the three systems.
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the magnitude of the power factor, with the deepest red
indicating the highest power factor.

An increase in carrier concentration leads to a higher
electrical conductivity but a decrease in the Seebeck
coeflicient, thus there exists an optimal carrier concentration
for maximizing the PF. As depicted in Figure 4a—c, the trends
of PF variation with temperature and carrier concentration for
these three p-type NCS-based alloys are similar, with the
maximum PF occurring near a carrier concentration of 3 X

11744

10*° cm™. Clearly, the maximum PF of KNCS is significantly
higher than those of the other two systems. Figure 4d—f
display the PF variation for the three systems in their n-type
systems. Similar to what was observed in the p-type, the
performance of n-type KNCS is significantly higher than that
of n-type LNCS and NCS. The best performance is observed
at a carrier concentration near 3 X 10Y cm™, which is
relatively low compared to the p-type. Given that the
performance of the three systems in their p-type configuration

https://doi.org/10.1021/acsaem.5c01933
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300 and 650 K.

is superior to their n-type, and considering that the
experimental samples of NCS are also natively p-type, it is
expected that p-type doping holds greater potential for NCS-
based alloys. We also find that the introduction of K
significantly enhances the PF, and thus we will conduct a
more detailed analysis to discuss how K influences the
performance.

11745

Figure S illustrates the variation of PF with carrier
concentration, which allows for a more intuitive comparison
of the performance among these three systems. Experimental
results confirm that NCS remains stable up to 673 K.”*
Therefore, we have selected 300 and 650 K to represent the
performance at low and high temperatures, respectively.

https://doi.org/10.1021/acsaem.5c01933
ACS Appl. Energy Mater. 2025, 8, 1174111748


https://pubs.acs.org/doi/10.1021/acsaem.5c01933?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c01933?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c01933?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c01933?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c01933?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c01933?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c01933?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c01933?fig=fig5&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c01933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

In Figure Sa, it is evident that the maximum PF for each
system at high temperatures is greater than that at low
temperatures for the p-type materials. Consequently, we will
focus on the performance changes of each system at high
temperatures within the p-type context. As observed in Figure
4, the PF increases with the rise in carrier concentration, but
the intrinsic carrier concentration in experiments at high
temperatures is only 3 X 10" cm™. By optimizing the carrier
concentration, the PF of NCS may be improved significantly.
NCS, LNCS, and KNCS reach their peak PFs at a carrier
concentration of about 2 X 10*° cm™. Notably, KNCS
significantly outperforms the other two systems at both high
and low temperatures across all carrier concentrations. To
explore the properties of single crystal, in Figure Sb—d, we
compare the variations in PF across different directions. A
common feature among the three systems is that performance
is highest along the c-axis. Furthermore, the optimal PF along
the b-axis is associated with the lowest carrier concentration.
This may be attributed to the differences in carrier effective
mass along various directions, a factor that will be analyzed in
greater detail later.

Figure Se shows the results for n-type NCS, LNCS, and
KNCS. It is seen that the optimal carrier concentration
corresponding to the maximum PF is 3 X 10" cm™, which is
lower than that for the p-type. Additionally, the peak PF values
are lower compared to the p-type systems.

Furthermore, when examining the performance across the
three principal axes in Figure S5f-h, it is evident that the
performance along the b-axis is lower than that along the a and
c-axis. The PF of the n-type along the b-axis is significantly
lower than that along the a and c-axis, demonstrating strong
anisotropy. This may be attributed to the differences in carrier
effective mass across various directions. Taking the band
structure of NaCdSb as an example, the directions Y, —» I, "
— Z, and ' —» B correspond to the a, b, and c-axis,
respectively. As shown in Figure 2a, the CBM along the b-axis
is a heavier band, indicating a larger carrier effective mass
compared to the other two directions. This leads to the average
PF of the n-type being less favorable than that of the p-type.
Additionally, KNCS exhibits a higher PF along the a-axis
compared to the c-axis, while the differences between the a-axis
and c-axis are less pronounced for NCS and LNCS. Despite the
average PF of the n-type being lower than that of the p-type,
the n-type PF along the g-axis is the most superior.

Next, we conduct a more detailed analysis combining band
structure, electrical conductivity, Seebeck coeflicient, and
electronic thermal conductivity to understand how the
introduction of K enhances the performance of NCS and the
origins of performance differences between the n-type and p-
type. From Figures S2 and S3 in the Supporting Information,
we observe that the differences in electrical conductivity
between KNCS and NCS are minor. Furthermore, isovalent
substitution increases the band degeneracy in KNCS. This
enhances the DOS while maintaining the carrier effective mass,
thereby decoupling the interdependence of these parameters.
As a result, the power factors in both n-type and p-type
materials are improved by increasing the Seebeck coefficients
while preserving electrical conductivities. Comparing to the
conduction bands, the valence bands are heavier. Hence, the
lower scattering rates and higher mobility of the n-type carriers
result in a higher electrical conductivity. On the other hand,
due to the large electronic DOS near the VBM, the p-type
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Seebeck coefficient is superior to the n-type, resulting in a
higher p-type power factor.

The thermoelectric efficiency of a material, quantified by the
figure of merit zT, depends critically on its thermal
conductivity. The total thermal conductivity consists of lattice
thermal conductivity and electronic thermal conductivity, k =
KL + K. In pristine NCS, the lattice thermal conductivity
dominates the total thermal conductivity due to its intrinsically
low carrier concentration, as shown in Figure 3f. When heavier
K atoms are doped into the NCS-based materials, the phonon
dispersion undergoes significant modification. This alteration
enhances phonon scattering rates, leading to a reduction in
lattice thermal conductivity for KNCS compared to NCS.**
Figures S4 and SS in the Supporting Information show that
KNCS has similar electronic thermal conductivity to NCS,
thus the total thermal conductivity of KNCS is expected to be
lower than that of NCS suggesting that KNCS is also likely to
achieve a higher zT.

B CONCLUSION

In summary, we have systematically investigated the thermo-
electric behavior of the Zintl-phase NaCdSb and its Li/K-
alloyed derivatives. Our results demonstrate that optimizing
carrier concentration significantly enhances the power factor of
NCS and its alloys, with p-type systems outperforming the n-
type counterparts. Introducing K elevates the PF, achieving
significantly improvements for the p-type and n-type systems at
650 K, respectively. Through analysis of the band structure and
related thermoelectric parameters, we demonstrate that
substituting heavier K atoms for Na enhances band
degeneracy. This improves the Seebeck coefficient and power
factor, while electrical conductivity remains less affected.
Additionally, KNCS is expected to have a lower thermal
conductivity than NCS, suggesting KNCS is likely to achieve a
higher zT. This mechanism effectively decouples the
interdependence of thermoelectric parameters, highlighting
the unique advantages of K alloying.
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