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High-entropy engineering is considered one of the most promising strategies in materials science,
including the field of thermoelectrics. However, the presence of multiple elements with different atomic
sizes and electronegativities in high-entropy materials often results in phase separation instead of the
formation of a single phase. Herein, we propose that the adaptable sublattice can effectively stabilize
single-phase high-entropy materials. Furthermore, the electrical and thermal transports can be
efficiently tuned for much enhanced thermoelectric performance. Taking Mg,_s(Si, Ge, Sn, Bi) as a case
study, the loosely bonded Mg sublattice is featured with large dynamic adaptability or flexibility, enabling
it to release the large lattice strains caused by the large atomic size mismatch among Si, Ge, Sn and Bi.
The resulting ultralow lattice thermal conductivity of 0.58 W m~ K~ at 800 K is not only approaching
the amorphous limit but also lower than that of all known Mg,X-based materials. Additionally, the

Received 23rd August 2023, interplay between the substitutional Bis, defects and self-compensational Mg vacancies leads to an
Accepted 24th October 2023 optimized carrier concentration and thereby high power factors. A maximum zT value of 1.3 is finally
DOI: 10.1039/d3ee02788k realized at 700 K in Mg,_sSio12Gep135n0.73Bio 02, Which is among the top values of all Mg,X-based

materials. This study highlights the role of an adaptable sublattice in stabilizing high-entropy materials
rsc.li/ees and offers a new pathway for exploring high-performance thermoelectric materials.

Broader context

Due to the countless combinations of compositions and processes, the world of high-entropy materials is brimming with opportunities, both in academic
research and practical applications, including the field of thermoelectrics. However, previous studies have mainly focused on the preparation, properties, and
applications of high-entropy materials, with little attention paid to their phase stability mechanisms. The presence of multiple elements with different atomic
sizes and electronegativities in high-entropy materials often results in phase separation. In this study, using Mg, s(Sn, Si, Ge, Bi) as a case study, we
demonstrate that single-phase high-entropy materials can be effectively stabilized with the presence of an adaptable sublattice. The loosely bonded Mg
sublattice in Mg,_s(Sn, Si, Ge, Bi) features large dynamic adaptability, which can effectively relieve the large stress caused by the large atomic size mismatch
among Si, Ge, Sn and Bi. The distorted crystal lattice effectively blocks the heat-carrying phonons, resulting in an extremely low lattice thermal conductivity xy,
that approaches the glass limit. Meanwhile, the interplay between the substitutional Big,, defects and self-compensational Mg vacancies leads to an optimized
carrier concentration and thereby high power factors. A maximum z7 value of 1.3 is finally realized at 700 K, which is among the highest values of all
Mg,X-based materials. This study offers a new avenue for exploring high-performance functional materials, including but not limited to high-entropy
thermoelectrics, superalloys, structural ceramics, and thermal barrier coating.
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Introduction

With the increasing severity of the energy crisis, the develop-
ment of green, sustainable, and reproducible energy has
become a common objective for humanity. Among the various
options available, thermoelectric (TE) materials, which enables
direct conversion of waste heat into electrical power, have
garnered growing attention due to their emission free, reliable,
and renewable nature. The energy conversion efficiency is
valued by the materials’ dimensionless figure of merit zT,
expressed as zT = S°0T/(x. + L), where S, g, K, kr and T are
the Seebeck coefficient, electrical conductivity, electronic ther-
mal conductivity, lattice thermal conductivity and absolute
temperature, respectively.’ An ideal TE material should pos-
sess a high electrical conductivity for efficient electron trans-
port, a large Seebeck coefficient for high output voltage, and a
low thermal conductivity for large temperature differences.
Over the past decades, numerous strategies have been
proposed to optimize and decouple the electrical and thermal
transports. Band engineering,®® electron critical behaviour,”'°
and disorder-induced electronic localization™" have been used
to improve the electrical transport, while the liquid-like or
disordered ions,**** hierarchical architecture,'®'” and struc-
tural modularization'® have been introduced to suppress the
lattice thermal conductivity.

Recently, entropy engineering has been recognized as a
promising strategy to decouple the electrical and thermal
transport properties of TE materials."® In thermodynamics,
entropy is usually associated with a state of disorder, random-
ness, or uncertainty.”’>*" High configuration entropy can be
achieved by introducing different components by doping or
alloying exotic elements, which enables the formation of a
high-symmetry crystal structure, yielding a high band conver-
gence and thereby a large Seebeck coefficient."®** Besides, the
presence of multiple solute components at the same lattice
sites inevitably causes severe lattice distortion, which leads
to strong scattering for heat-carrying phonons and results in
low lattice thermal conductivity.>*>® A lot of high-entropy TE
materials, such as (Cu/Ag),(S/Se/Te),”” > (Pb/Sb/Sn)(S/Se/Te),**>>
and (Ag/Mn/Ge/Sb)Te,*>** have been discovered and demon-
strated superior TE performance. However, the application of
entropy engineering in thermoelectrics is still in its infancy.
The formation and stabilization mechanisms of high-entropy
materials have not been thoroughly explored. One major obsta-
cle in implementing an entropy engineering approach is the
issue of phase separation. While the high configuration entropy
is an essential driving force in stabilizing the structure, the
increased number of elements with varying atomic sizes and
electronegativities can often lead to a very large formation
enthalpy that exceeds the impact of entropy.*>*® Meanwhile,
multiple combinations among various elements can lead to the
generation of many possible phases with low formation
enthalpy.’” Previous studies have also shown that many high-
entropy alloys do not actually possess a stable single-phase
structure, but instead tend to form mixed phases through spino-
dal decomposition or the precipitation of second phases.**™*°
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It is crucial to explore novel approaches to stabilize the high-
entropy single-phase structure for high-performance thermo-
electrics.

Recently, Zhao et al. demonstrated that the presence of
highly diffusive cations can counterbalance the large atomic
size and electronegativity mismatches of anions, which helps to
escape phase separation and create a stable single phase.'"'®*
In detail, the highly diffusive cations move quickly to the appro-
priate positions, which changes the coordination environment
of the mismatched anions and thereby releases huge stress.
Meanwhile, the crystalline but mismatched anions drive the
cations into a disordered state, forming a unique meta-phase.
Broadly, such a concept can be extended to the creation and
stabilization of high-entropy materials. With the presence of an
adaptable or flexible cationic sublattice, the distorted and
disordered anionic sublattice with multiple solutes is expected
to be stabilized.

In this work, we present a case study in Mg,X (X = Si, Ge, Sn),
a promising TE material characterized by its low mass density,
environmental compatibility, and high TE performance.**™*®
The highly diffusive Mg ions in Mg,X*” make it a good material
template to implement high-entropy engineering and study the
pertinent effects on the TE properties. Through alloying Si, Ge,
Sn, and Bi at the X lattice sites, along with the generation of Mg
vacancies Vy, (Fig. 1a), we obtained a series of single-phase
high-entropy Mg,_sSip.12G€¢.135n¢.75_xBi, materials. It is found
that Mg exhibits a large atomic displacement, which effectively
relieves the large stress caused by the mismatch of atoms.
The distorted crystal lattice effectively blocks the heat-carrying
phonons to reduce the lattice thermal conductivity k. Mean-
while, the interplay between Bi doping and self-compensational
Mg vacancies leads to an increase in the carrier concentration
within the optimal range, yielding a high power factor exceed-
ing 43 yW cm ™' K> at 600 K. Consequently, an exceptional
maximum 27T of 1.3 is realized at 700 K in the Mg, ;Sip.1o-
Geg.135n¢,73Big.0p sample, comparable to the other state-of-
the-art Mg,X based materials (Fig. 1b).

Results and discussion

Considering the band convergence of Mg,Ge,,,Sny 75 and
Mg;,Sio 30SN0.70, ”***® the composition between these two com-
pounds is chosen as the matrix, and then Bi atoms and Mg
vacancies are further introduced to tune the carrier concen-
tration (see the quaternary phase diagram in Fig. S1, ESIt). The
as-fabricated Mg, ;Sip.12G€¢.135N¢ 75_,Biy samples exhibit a
single-phase antifluorite structure in the XRD patterns as x <
0.15, and only a tiny amount of secondary phase Mg;Bi, is
observed in the x = 0.20 sample (Fig. 2a). All the elements are
homogeneously distributed without obvious accumulation in
the pellets (see Fig. S2, ESIT). Despite the significant differences
in atomic radius and electronegativity, and even different
valence states among Si, Ge, Sn, and Bi (see Table S1, ESI}),
we obtain pure-phase high-entropy Mg, _sSio.12G€0.135N¢.75_xBiy
materials. Rietveld refinement was conducted based on the
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Fig. 1

The data from other studies are included for comparison.*®=>*

XRD patterns and the corresponding results are listed in the
ESIt (Fig. S3 and Tables S2, S3). The refined lattice parameter
shows no clear trend with an increase in the Bi content (see
Fig. S4, ESIt). Given the lattice expansion from the atomic
radius difference between the Bi (1.547 A) atom and Sn (1.450 A)
atom, the irregular variation of the lattice parameter should be
attributed to lattice shrink caused by the self-compensation Mg
vacancy. The semi-quantitative energy-dispersive X-ray spectro-
scopy (EDS) results also show that the relative Mg content is
gradually decreased with the increase of the Bi content (Fig. 2b),
confirming the formation of Mg vacancies. The value of ¢ is
largely influenced by the change in the Bi content x. When two
Sn are substituted by two Bi cations, the material becomes more
deficient of roughly one Mg vacancy, i.e., 6 ~ 0.5x. Such a self-
compensation effect has been also observed in other materials
like skutterudites,®® Mg, _sSn; _,Sb,>® and Cu,_;Tego_,1o1S,."***
The calculated configuration entropy AS for Mg, sSig.1o-
Geg 138N 55Big20 is as large as 9.74 J mol™' K™', which is
furtherly increased to 11.28 J mol~" K~ " when considering the
extra entropy introduced by the Mg vacancies.

The stabilization of single-phase high-entropy Mg, 5Sig.12-
Geo.135N0,.75_Biy is closely related to the adaptable and flexible
nature of the Mg sublattice. Fig. 2d shows the atomic displace-
ment parameter (ADP) of Mg and X (X = Si, Ge, Sn, Bi) refined
from the XRD results. The errors of ADP are very small, which is
indiscernible when added to the figures. Therefore, we list the
ADP values along with the errors for Mg and X in Table S4, ESL
Clearly, the ADP of Mg is more than two times larger than those
of X atoms, suggesting a large dynamic adaptability of the Mg
sublattice. Upon increasing the Bi alloying content, the ADPs of
both Mg and X are further increased. Overall, the anions X with
large atomic size mismatch form a disordered yet crystalline
sublattice that defines irregular interstitial sites, in which the
dynamic and mobile Mg migrate and bond with the nearby
anions Si, Ge, Sn, or Bi to release the large stress."' We also
try to investigate the local structure using synchrotron X-ray
atomic pair distribution function (PDF) analysis. The PDF
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(a) Structural diagram of Mg,_sSio.12Geg 135N0.75_«Bix. (b) Temperature dependence of zT of samples Mg,_sSip 12Ge0.135N0.75_xBix (x = 0, 0.02).

refinement details are listed in Table S5 (ESIt). The PDF data
of the x = 0.10 sample can be well fitted by the perfect
antifluorite structure (Fig. 2e), as well as the broken symmetry
model with Mg atoms deviating from the center of the X
tetrahedron (Fig. 2f). It seems the position of Mg has a weak
impact on the PDF results because Mg is a weak scatter. The
oscillation amplitude in the measured structure factor in the
high Q region is quite low (see Fig. S5, ESIt), and the available
Qmax (14 A™%) is not sufficiently high due to the use of a pinked
beam with an energy of 40 keV. Consequently, resolving
detailed structure information with the current data is difficult.
In principle, it is possible to distinguish the contribution of
different bonds down to a portion of around 5%, but it requires
extremely high data quality and extensive subsequent modeling.

To further understand the formation and stabilization
mechanism, we analyze the bonding character and formation
enthalpy using ab initio calculations. A 2 x 2 x 2 supercell was
constructed for Mge,Sn;, and Mge,Si,Ge,Sn,oBiy, followed by
the relaxation of the cell shape, cell volume and atomic posi-
tions. In pristine Mgg,Sns,, all Mg-Sn bonds have a uniform
bond length of 2.92 A. However, for Mg4Si,Ge,SnyoBiy, the
bond lengths change to 2.81 A for Mg-Si, 2.83 A for Mg-Ge,
2.93 A for Mg-Sn, and 3.04 A for Mg-Bi bonds. The significant
variation in bond length suggests the severe lattice distortion in
Mg,Si,Ge,SnyBiy, which can be attributed to the distinct
atomic and/or ionic radius of the anions (see Table S6, ESIf).
Fig. 3b shows the projected crystal orbital Hamilton popula-
tions (pCOHP) for Mg-X (X = Si, Ge, Sn, Bi) bonds. The pCOHP
patterns of Mg—X are distinct from each other. In particular,
large antibonding (destabilizing) states below the Fermi level
are observed for the Mg-Bi bond, in contrast to other three
bonds. The bonding energy calculated from the integral pPCOHP
(IpCOHP) is only —0.51 eV for the Mg-Bi bond, which is
increased to —0.65 eV for the Mg-Sn bond, —0.69 eV for the
Mg-Ge bond, and —0.72 eV for the Mg-Si bond. The weaker
bonding of Mg-Bi is partly attributed to its longer bond length.
Besides, the energy difference between the s orbital of Mg and

This journal is © The Royal Society of Chemistry 2023
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(a) Room temperature XRD patterns of Mg,_sSio.12Gep 135N0.75_«Bix. (b) Relative Mg content measured by energy-dispersive X-ray spectroscopy

(EDS). (c) Configuration entropy AS and (d) atomic displacement parameter U, as a function of the Bi content x. The dashed lines are a guide to the eye.
(e) Fit of the crystallographic Fm3m model (red line) to 300 K PDF data (blue rings) of sample x = 0.10 and their difference (green line, offset for clarity).
(f) Fit of the broken symmetry model (red line) to 300 K PDF data (blue symbols) of sample x = 0.10 and their difference (green line, offset for clarity). The

corresponding crystal structure is included for reference.

the p orbital of Bi is much larger than that between Mg and Si/
Ge/Sn (see Table S6, ESIT), which also contributes to the weaker
nature of the Mg-Bi bond compared to other bonds. Notably,
the bonding energies of all Mg-X bonds are quite low, indica-
tive of a weak covalent interaction. This is further supported by
our deformation charge density results (see Fig. 3d). The low
charge density between Mg and X points to weak covalent

This journal is © The Royal Society of Chemistry 2023

bonds, which, in turn, endows Mg with high adaptability and
flexibility. Additionally, the charge density of Bi atoms sur-
passes that of Si, Ge and Sn, implying a higher electronegativity
for Bi compared to Si, Ge, and Sn.

Molecular dynamics (MD) simulations provide further
details of the adaptability and flexibility of the Mg sublattice.
As shown in Fig. 4, the results of MD calculations clearly show
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Mge4SiaGesSnaoBis. (d) Deformation charge density at the (101) plane.

that the Mg atoms vibrate in a larger space relative to the
X atoms at 300 K. With the temperature increasing from 300 K
to 800 K, the trajectory of Mg tends to be more dispersive (see
Fig. 4a and Fig. S6, ESIT), suggesting that the Mg atoms tend to
be movable with an increase in temperature. In particular, the
Mg atoms are delocalized to a level very fluid-like at high
temperatures (e.g. 800 K), indicating that Mg atoms are loosely
bonded to the neighboring X atoms, and display highly diffu-
sive characteristics. This is also reflected in the atomic mean
square displacement (MSD) of Mg derived from MD simula-
tions. As shown in Fig. 4b, the MSD of Mg is obviously larger
than those of Si, Ge, Sn and Bi in the whole temperature range,
which is well consistent with the experimental ADP results.
The large MSD and ADP of Mg are reminiscent of its high
adaptability to the coordination environment. We examined
three types of 2 x 2 x 2 supercells (termed S1, S2 and S3) and
one 3 x 3 x 2 supercell (termed S4), as shown in Fig. S7 (ESIT).
The change in total energy over simulation time exhibits
relatively stable trends after just a few picoseconds, indicating
that the four configurations quickly reach their equilibrium
states in MD simulations (Fig. S8, ESIt). The calculated bond
length (Fig. S9, ESI{), IpCOHP (Fig. S10, ESIt), and MSD
(Fig. S11a, ESIY) of the 3 x 3 x 2 supercell are very close to

6050 | Energy Environ. Sci., 2023, 16, 6046-6057

those of 2 x 2 x 2 supercells. Therefore, we believe that
96 atoms in 2 x 2 x 2 supercells are sufficient to capture the
correlated disorder type effects. The three different 2 x 2 x 2
supercells also exhibit similar trends and values, demonstrat-
ing that different configurations have little impact on the
results.

Further calculation of the mixing enthalpy is carried out to
confirm the high adaptability of Mg for releasing the large
stress. First, we relax the cell volume with all the atomic
positions fixed within the cubic lattice. The resulting mixing
enthalpy (AH) is very large, indicating such an atomic configu-
ration is energetically unfavourable given the large atomic size
mismatch among Si, Ge, Sn, and Bi. When we fully relax the cell
shape, cell volume and atomic positions in the atomic struc-
ture, the mixing enthalpy dramatically drops down by nearly
three times (see Fig. 4c and Fig. S11b, ESIf). Based on the
calculated mixing enthalpy AH and configuration entropy AS,
we calculate the free energy, AG = AH — TAS, for Mge,Sis
Ge,Sny, ,Bi, at 300 K. As shown in Fig. 4c, the calculated AG is
close to zero when all the atomic positions are fixed, suggesting
that high entropy alloys are metastable at this temperature.
Moreover, it should be noted that the contribution of atomic
vibration to the enthalpy is neglected here and the actual AG

This journal is © The Royal Society of Chemistry 2023
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should be positive. After fully relaxing the cell volume, shape
and atomic positions, the calculated AG of all compositions
become far below zero, indicating that the structure has been
stabilized. During the process of relaxation, the anionic sub-
lattice practically retains its coherence despite a large atomic
size mismatch; by contrast, Mg atoms undergo relocation
depending on what specific X atom is nearby (see Fig. S12,
ESIt). The Mg atomic relocation releases the otherwise large
strain of the anionic sublattice.

The most thrilling effect of high-entropy engineering is its
ability to suppress thermal transport. Fig. 5a shows the total
thermal conductivity xk of Mg, 5Sig12G€0.135N0.75_xBiy. The k
value for the Bi-free sample slightly decreases at low tempera-
tures (<500 K) and starts to rise above 500 K, which is an
indication of the bipolar effect. Upon increasing the alloying
content of Bi, the bipolar effect is strongly suppressed, consistent
with electrical transport results. The lattice thermal conductivity
K, was extracted by subtracting the carrier contribution x. and

This journal is © The Royal Society of Chemistry 2023

bipolar contribution xpipoar from the total x (see calculation
details in the ESIt). As shown in Fig. 5b, the x;, roughly follows
a T~ ' dependency in the samples with a low Bi content (x < 0.03),
suggesting that phonon-phonon scattering is the dominant scat-
tering mechanism. However, the temperature dependence of i,
clearly deviates from the T * relationship upon further increasing
the Bi alloying content, indicating strong phonon scattering from
the point defects. Furthermore, with an increase in entropy
induced by a random distribution of Si, Ge, Sn, and Bi in the
anionic sites, as well as Mg and vacancies in the cationic sites, the
Ky, value is gradually decreased (see Fig. 5c). The minimum
value of the x = 0.15 phase-pure sample is merely 0.61 Wm™ ' K™,
which is close to the amorphous limit estimated by the Cahill’s
model and lower than that of all known Mg,X based materials
(see Fig. 5d). It is worth noting that the room temperature x;, of
Mg, _5Sip.12G€0.135N0 55Big 20 is slightly lower than the theoretical
value predicted by the Callaway model (see Fig. S13, ESIt),
suggesting that the secondary phase in this material can also
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suppress the thermal transport at low temperatures. Overall, the
reduction in thermal conductivity contains the contributions from
both high entropy engineering and secondary phases, but the
former seems more obvious, attesting to the efficacy of entropy
engineering.

The interplay between the adaptable Mg sublattice and the
distorted anion X sublattice also has a profound effect on the
electrical transport properties. Fig. 6 presents the temperature
dependent electrical properties of our Mg, Sig12G€0.13SN0.75—x
Bi, samples from 300 K to 800 K. The electrical conductivity ¢
of Bi-free Mg,Sij 1,Gey.135N0 75 remains almost unchanged before
500 K and then gradually increases with temperature due
to intrinsic thermal excitation. After doping Bi in Mg,Sig 1,-
Gey 135n¢.75, the o value is significantly improved while thermal
excitation is suppressed. For the samples with a low Bi content
(x < 0.05), the temperature dependent ¢ follows a trend of
T~ %, implying that electrical transport is dominated by acous-
tic phonon scattering. For the samples with a high Bi content
(x > 0.08), the ¢ value remains nearly constant in the whole
temperature range, indicating that ionized impurity scattering
caused by Big,, substitutional defects and Mg vacancies plays an

6052 | Energy Environ. Sci., 2023, 16, 6046-6057

important role in these samples. The Seebeck coefficient S of
the Bi-free Mg,Sip.12G€0.135n¢.75 sample exhibits a peak value
of —335 uvV K~ at 450 K, pointing to the intrinsic excitation of
carriers. The S values of all Bi-doped samples, regardless of
the doping content, show the same temperature dependency,
unlike the variation in o.

Fig. 6¢c shows the temperature dependent power factor PF
calculated from the measured ¢ and S. A maximum PF of
43 pW cm™ ' K2 is achieved at 600 K for the x = 0.02 sample,
which is approximately triple that of the Bi-free sample. Thanks
to the strongly suppressed k;, and optimized electrical proper-
ties, a maximum zT of 1.3 is finally achieved at 700 K for the
x = 0.02 sample, which corresponds to an improvement of
330% over that of the Bi-free sample (27p,ax = 0.3). We have also
studied the operational stability of our samples (x = 0.02, 0.20)
by measuring the thermoelectric performance and elemental
distribution after being subjected to extended times at elevated
temperatures. As shown in Fig. S14-S17 (ESIt), the thermo-
electric properties remain relatively unchanged after three
thermoelectric measurement cycles (300-800 K) or after quench-
ing from 800 K. Besides, all the elements are homogeneously

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ee02788k

Open Access Article. Published on 26 October 2023. Downloaded on 7/20/2025 6:55:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

—O—x=0 x=0.08

——x=0.01 —€—x=0.10

——x=0.02 —p—x=0.15

—h—x=0.03 —@— x=0.20
x=0.05

300 400 500 600

T (K)

700 800

View Article Online

Energy & Environmental Science

(b)

=350

-300

T

-250

-200

S (v K")

-150

T

-100

500 600 700 800

T (K)

300 400

(d) 14

1.2}
1.0}
0.8}
™ 0.6}

0.4}

0.0

300 400 500 600

T (K)

700 800

Fig. 6 Temperature dependence of (a) electrical conductivity o, (b) Seebeck coefficient S, (c) power factor PF and (d) zT of samples

Mga_5Si0.12G€0.135N0.75 Bix.

distributed after heat treatments, and no obvious phase separa-
tion and spinodal decomposition are observed.

To further elucidate the effects of Bi alloying on the elec-
trical transport properties of samples Mg, 5Sip.12G€¢.135N¢.75_x
Bi,, we carried out Hall measurements and defect calculations
to investigate the carrier concentration (n) for all samples.
For the Bi-free sample, the Hall concentration is very low, only
4 x 10*® em 3, which is increased to 2 x 10*° cm 3 for x = 0.10
owing to the donor effect of Bi doping. Upon further increasing
x to 0.20, the change in the carrier concentration flattens out,
which can be related to the segregation of the Mg;Bi, impurity
phase. The experimental value of n is lower than the predicted
value assuming that all the Big,, defects are fully ionized. This
can be attributed to the self-compensation effect of Vi, which
acts as an acceptor to offset part of the electrons. To examine
this self-compensation effect, we performed first-principles
calculations of the formation energy of Vi, in both Mgs,Sn;;Bi
and Mge,Sn;,. For simplicity, the role of Si and Ge is not taken
into account in calculations. Fig. 7b shows the formation
energy of Vi, as a function of the distance (d) between Vy,
and Bi atom. As the distance d changes from the 4th nearest
neighbour (8.90 A) to the 1st nearest neighbour (2.76 A), the
formation energy of Vy, decreases from 0.62 eV to 0.38 eV.
Moreover, the formation energy of Vy, is much lower in
Mge,SnzBi compared to that in Mge,Snz,. These results

This journal is © The Royal Society of Chemistry 2023

suggest that Bi is conducive to the formation of Mg vacancy
due to its stronger ability to expand the lattice and disrupt the
charge balance.>®® Based on the experimental carrier concen-
tration n, we calculated the Mg content by assuming that each
Big, introduces one electron and each Vy, introduces two holes
(refer to the calculation details in the ESIf). As shown in
Fig. S18 (ESIf), the calculated Mg content is gradually
decreased with an increase in the Bi content, which is in
accordance with the experimental EDS results.

The relationship between the Seebeck coefficient S and the
carrier concentration n can be understood using the well-
established Pisarenko plot by considering different carrier
scattering mechanisms. Fig. 7d exhibits the experimental S
and n data, in comparison with the theoretical Pisarenko plots
with the same effective mass m* but different scatter factors A.
For the samples with a low Bi content (x < 0.03), the carrier
transports are dominated by acoustic phonon scattering, and the
experimental data align closely with the Pisarenko plot with an
m* value of 1.3 m. and a A value of 0. As the Bi content increases,
the strength of ionization scattering from Vy;, and Big, defects
gradually increases, leading to an increase in the scattering factor
/. Consequently, the Seebeck coefficient due to ionization scatter-
ing is noticeably higher compared to acoustic phonon scattering.

Due to the transition from acoustic phonon scattering to
mixed scattering, the carrier mobility x4 gradually decreases

Energy Environ. Sci., 2023, 16, 6046-6057 | 6053
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(a) Experimental carrier concentration (red symbols) as a function of the Bi content x. The dashed blue line denotes the theoretical carrier

concentration, assuming complete ionization of all Bis,, defects and the absence of any Mg vacancies. (b) Calculated formation energy of Vg at different
sites for MgesSnz;Bi. The formation energy of Vg in Mge4Sns; is plotted for comparison (red dashed line). (c) lllustration of the different Vg sites in the
Mdge4Shs, supercell. (d) Seebeck coefficient S as a function of the carrier concentration n. The Pisarenko lines (scattering parameter 4 = 0, 1.0, 2.0) are
plotted based on the single parabolic model (SPB). (e) Carrier mobility x4 as a function of the Bi content x. (f) Electrical conductivity ¢ and Seebeck

coefficient S as a function of the Bi content x.

with the increase of the Bi content x. The degraded u is also a
common consequence of high-entropy engineering. Specifi-
cally, the room temperature p for x = 0 sample is around
155 cm? V' s, which is lowered to 45 cm® V™ s* for sample
x =0.10. The sightly increase of u for x = 0.20 sample is ascribed
to the appearance of the Mg;Bi, impurity phase. As both ¢ and
S are governed by the carrier concentration and the carrier
scattering mechanism, the Bi content dependent ¢ shows a
downward ballistic curve, while S shows an upward ballistic
curve (see Fig. 7f).

6054 | Energy Environ. Sci., 2023, 16, 6046-6057

Conclusions

We successfully synthesized a series of phase pure high-entropy
Mg, 5(Si, Ge, Sn, and Bi) materials, with the help of an
adaptable Mg sublattice. The Mg sublattice, due to its loosely
bonded nature, exhibits a large atomic displacement parameter,
which endows it with high adaptability to release the large lattice
stress. This is further confirmed by our dynamic simulations and
formation enthalpy calculations. The severely distorted lattice
provides strong scattering for heat-carrying phonons, giving rise
to an extremely low x value of 0.58 W m ' K" at 800 K, which is

This journal is © The Royal Society of Chemistry 2023
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lower than that of all known Mg,X-based TE materials. Mean-
while, the self-compensational Mg vacancies counterbalance part
of the electrons provided by the substitutional Big, defects,
yielding an optimized carrier concentration and high power
factors. As a collective consequence, a peak zT of 1.3 was obtained
at 700 K for the x = 0.02 sample. We believe that the stabilization
mechanism through the use of adaptable sublattices can also be
applied to other material systems, such as Cu/Ag-based liquid-like
materials, argyrodites, and the Mg;Sb,-like Zintl phase.

Experimental section

Sample preparation

A series of Mg, Si.12Ge€0.135N¢.75_xBix (x = 0, 0.01, 0.02, 0.03,
0.05, 0.08, 0.10, 0.15, and 0.20) samples were successfully
synthesized through the high-energy ball milling technique.
High purity magnesium (99.5%, Aladdin), silicon (99.99%,
Aladdin), germanium (99.99%, Aladdin), tin (99.99%, Aladdin),
and bismuth (99.99%, Aladdin) powders were weighed out
according to the stoichiometry of Mg, ;Sip1,Ge€g.135N0.75_+Biy-
It is noted that 8 mol% excess magnesium powder was added to
compensate for the loss of magnesium during the synthesis.
The raw powders were loaded into stainless-steel ball milling
jars in a glove box. Subsequently, the powders were mixed
up for 30 min using an MSK-SFM-3-1 high energy ball milling
machine with a rotational speed of 400 rpm, followed by ball-
milling for 20-40 h in a MSK-SFM-3-1 high energy ball milling
machine with a rotational speed of 1200 rpm. The obtained
powders were then loaded into a graphite die with an inner
diameter of 10 mm and pressed into bulk samples by spark
plasma sintering (SPS) at 900 K for 15 min under a pressure of
80 MPa. The relative densities of the final pellet samples were
larger than 98%.

Characterization

Room temperature X-ray diffraction (XRD) was conducted on an
X-ray diffractometer (Malvern Panalytical) with Cu K, radiation
(4 =1.5406 A) which was operated at 40 kV and 40 mA. Rietveld
refinements were carried out using the program jana2006. Pair
distribution function (PDF) measurements were performed at
the BL13HB beamline of the Shanghai Synchrotron Radiation
Facility (SSRF). Finely grounded powder of Mg, ;Sij1,Geg 13-
SnyesBip10 Was sealed in 0.5 mm (outer diameter) quartz
capillary. PDF measurements involved the use of a monochro-
matic X-ray beam with an energy of 40.00 keV (1 = 0.3066 A).
The chemical composition was analyzed using a field emission
scanning electron microscope (FESEM, Tescan RISE-MAGNA,
Czech Republic) equipped with an energy dispersive X-ray
spectrometer (EDS, Oxford, UK). The electrical conductivity
(0) and the Seebeck coefficient (S) were measured using a
ZEM-3 (ULVAC Co. Ltd) under a helium atmosphere. Thermal
diffusivity (D) was measured under an argon atmosphere using
the laser flash method (LFA 457, Netzsch Co Ltd). The density p
was measured based on Archimedes’ principle and the heat
capacity Cp was estimated using the Dulong-Petit law. The total

This journal is © The Royal Society of Chemistry 2023
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thermal conductivity (k) was calculated through the formula
Kk = pCpD. The carrier concentration () and mobility (1) were
calculated through the formulas n = 1/eRy and p = oRy,
respectively. The Hall coefficient was measured using the van
der Pauw method (M91, Lake Shore Cryotronics Inc, USA) with
a magnetic field of 790 mT at 300 K.

Pair distribution function data processing and analysis

The software Dioptas®” was employed to integrate the raw data
and convert it to intensity versus 26. Subsequently, the inte-
grated data were passed to the program PDFgetX3, where
standard corrections and background subtraction were per-
formed to derive the PDF data. The Lorch function was used
to eliminate the influence of Fourier effects. The refinement of
the material structure was carried out using the PDFgui®®
program. Through iterative adjustments of various parameters,
including lattice parameters, atomic positions, and displace-
ment parameters, and by continuously comparing the theore-
tical PDF with the experimental PDF, satisfactory R, values can
be achieved.

First-principles calculations

All first-principles calculations, based on density functional
theory (DFT), were carried out with the Vienna ab initio Simula-
tion Package (VASP) code by utilizing the projector augmented
wave (PAW) method.’>®® The Perdew-Burke-Ernzerhof (PBE)
functional within Generalized Gradient Approximation (GGA)
was employed for the electronic exchange and correlation
potential.* The plane wave energy cutoff was set to 400 eV
for all DFT calculations. The primitive cell of cubic Mg,Sn
obtained from experimental data was fully relaxed until the
total energy and force convergence criteria reached 10~ ° eV and
0.01 eV A~ respectively. A series of 2 x 2 x 2 supercells of
Mg;4Si,Ge,Sn,, ,Bi, (=0, 1, 2, 4, 6) containing 96 atoms were
randomly constructed by utilizing the VASPKIT code®” for the
mixing enthalpy calculations. Two types of alloy systems were
considered for mixing enthalpy calculations: one with fully
relaxed supercells, and the other with only volume-optimized
supercells. Additionally, to validate the reliability of the
2 x 2 x 2 supercell for bonding analysis and disorder proper-
ties, we examined three types of 2 x 2 x 2 supercells (termed
S1, S2 and S3) and one 3 x 3 x 2 supercell (termed S4) for the
Mg,Si,Ge,Sn,Bi, alloy. Considering the difficulty in relaxing
the volume-optimized systems, only the total energy conver-
gence criterion was selected for supercell relaxations. Bonding
analyses, including the deformation charge density and the
projected crystal orbital Hamilton population (pCOHP), were
applied to the Mg,Si,Ge,Sn,4Bi, alloy. The deformation charge
density was obtained by subtracting the atomic charge density
from the total charge density, and the pCOHP was calculated
via the LOBSTER®? code based on a ground state self-consistent
DFT calculation. The Brillouin zone was sampled using a
5 x 5 x 5 k-mesh for structural relaxation of the primitive cell
and a 2 x 2 x 2 I'-centered k-mesh for supercells. Machine
learning-accelerated ab initio molecular dynamics (AIMD) simu-
lations were performed using the canonical (NVT) ensemble with
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the Nose-Hoover thermostat within a time step of 1.25 fs for a
duration of 25 ps. The structures from the final 20 ps were
analyzed to observe the dynamical effects on the Mgg,Sis-
Ge,SnyoBi, alloy through mean square displacement (MSD)
analysis. Only one I' point in the Brillouin zone was used for
AIMD simulations. A range of temperatures from room tem-
perature to 800 K with intervals of 100 K were used for AIMD
simulations. To investigate the impact of Bi doping on the
electrical properties of the Mg,Sn host system, the formation
energies of Mg vacancies with zero charge were calculated for
both pristine Mgs,Sn;, and the Mge,Sn;;Bi alloy. All potential
Mg vacancy sites at varying distances from the Bi atom were
taken into account in the Mgq,Sn;,Bi alloy.
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