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The introduction of point defects by extrinsic doping is an effective way to optimize the carrier

concentration. Here, we show theoretically and experimentally that Pr is a more effective dopant than Te

in Mg3Sb2. Using first-principles defect calculations, the predicted highest carrier concentration with Pr

doping at 725 K can be up to �9.3 � 1019 cm�3, consistent with our experimental measurements. In

addition, the point defects introduced by Pr substitution on the Mg sites lead the lattice thermal

conductivity to be reduced to as low as 0.429 W m�1 K�1. By optimizing the Pr doping concentration,

Mg3.2Pr0.02Sb1.5Bi0.5 exhibits a peak zT value of 1.70 at 725 K.
1. Introduction

Thermoelectric devices, which can enable the direct conversion
of heat energy into electrical energy, exhibit excellent devel-
opment potential for applications in waste heat recovery and
power generation.1–3 The widespread use of these promising
devices requires high-performance thermoelectric materials.
The performance of a thermoelectric material is determined by
the dimensionless gure of merit zT ¼ S2sT/k, in which S, s, T
and k are the Seebeck coefficient, electrical conductivity,
absolute temperature and thermal conductivity, respectively.4–6

The total thermal conductivity k comprises two main parts:
electronic thermal conductivity kele and lattice thermal
conductivity klat.7,8 Accordingly, the enhancement of the ther-
moelectric conversion efficiency can be realized by a combina-
tion of an excellent power factor (S2s) and a poor thermal
conductivity.

Mg3Sb2-based Zintl compounds are a class of earth-
abundant, non-toxic and low-cost thermoelectric materials
for mid-temperature applications, and have attracted consid-
erable attention as promising candidates for improving the
thermoelectric conversion efficiency.9–11 In the past few
decades, Mg3Sb2-based thermoelectric materials have been
almost exclusively synthesized as a p-type semiconductor with
a poor electrical transport property, which limits the overall
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thermoelectric efficiency despite the relatively low thermal
conductivity.12–15 Recently, an n-type Mg3Sb2-based compound
with a peak zT of 1.51 at 716 K was synthesized by Tamaki
et al.16 by introducing extra Mg and Te doping, this was fol-
lowed by reports of similar results from multiple groups.17–21

Under Mg-rich growth conditions, p-type Mg3Sb2 can be con-
verted into the n-type with a relatively low intrinsic carrier
concentration (�1018 cm�3), and extrinsic doping with Te can
li the Fermi level up to the conduction band, resulting in
a signicant enhancement of the electron concentration
(�1019 cm�3).22

As the thermoelectric parameters (S, s and k) are heavily
interdependent on the carrier concentration, the maximum
thermoelectric performance can be obtained by the optimiza-
tion of the carrier concentration.23 The predicted optimal carrier
concentration is �1020 cm�3 for the Mg3Sb2-based Zintl
compounds.24–26 Given that the electron (hole) ow, phonon
ow and their intercoupling are closely related to the defects in
a material, doping can be used to improve the carrier concen-
tration in thermoelectrics. Therefore, a detailed assessment of
the doping behavior of extrinsic dopants is necessary for the
screening of effective dopants to increase the carrier concen-
tration and enhance the thermoelectric performance.

Herein, we demonstrate theoretically and experimentally
that praseodymium acts as a stronger electron donor in Mg3Sb2-
based materials. Using rst-principles defect calculations, the
maximal achievable free carrier concentration of Pr doping
from 300 to 725 K under Mg-rich conditions is located in the
range of 1019 to 1020 cm�3, which coincides with the order of
magnitude in our experimental measurements. By optimizing
the Pr doping concentration, a peak zT value of 1.70 at 725 K can
be obtained in Mg3.2Pr0.02Sb1.5Bi0.5, suggesting Pr-doped
Mg3.2Sb1.5Bi0.5 as a potential thermoelectric candidate.
J. Mater. Chem. A
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2. Methods
2.1 Sample synthesis

High-purity powders of magnesium (Mg, 99.5%, Aladdin Co.,
Ltd.), antimony (Sb, 99.5%, Aladdin Co., Ltd.), bismuth (Bi,
99.9%, Aladdin Co., Ltd.), praseodymium (Pr, 99.9%, Aladdin
Co., Ltd.) and tellurium (Te, 99.99%, Aladdin Co., Ltd.) were
weighed according to the compositions of Mg3.2PrxSb1.5Bi0.5 (x
¼ 0.01, 0.02, 0.03 and 0.04) andMg3.2Sb1.48Bi0.48Te0.04. All of the
weighed powders were loaded into a zirconia ball milling jar
and then sealed inside a glove box with an oxygen level below
0.5 ppm. The starting materials were ball milled in a planetary
ball mill BM40 (Beijing Grinder Instrument Co., Ltd.) with
a rotational speed of 360 rpm for 4.5 hours by repeating
a sequence of 15 min milling followed by a 5 min pause. The
direction of rotation changed aer each pause. The ball milled
powders were loaded into a graphite die in a glove box and then
sintered using spark plasma sintering (SPS, SPS-211LX, Fuji
Electronic Industrial Co., Ltd.). The sintering was conducted in
a vacuum at 650 �C for 5 min under a pressure of 50 MPa.
2.2 Structural characterization

The phase purity of all SPS-pressed pellets was examined using
X-ray diffraction (XRD) with Cu Ka (l ¼ 1.5406 Å) radiation on
a Bruker D8 diffractometer at room temperature and the lattice
parameters were obtained using Jade soware. The micro-
structural and composition analyses of the high-performance
sample with x ¼ 0.02 were characterized using a scanning
electron microscope (SEM, FEI Quanta 200F) equipped with an
energy dispersive spectroscope.
2.3 Thermoelectric transport property measurements

The 4-point probe van der Pauw technique with a magnetic eld
of 1.5 T was used for measurement of both the resistivity (r) and
the Hall coefficient (RH). The Hall carrier concentration (nH) was
calculated using 1/eRH and the Hall carrier mobility (mH) was
estimated using RH/r. For comparison, the electrical transport
properties, including the electrical resistivity and the Seebeck
coefficient, were also measured for high thermoelectric perfor-
mance samples using a ZEM-3 (Ulvac Riko, Inc.) under a helium
atmosphere from 300 to 725 K. Thermal conductivity was
calculated using k ¼ dDCp, in which d, D, and Cp are the density
of the sample, thermal diffusivity and heat capacity, respec-
tively. The thermal diffusivity (D) was measured using a laser
ash method with a Netzsch LFA-457 instrument under
a nitrogen atmosphere. The heat capacity (Cp) from 300 to 725 K
was obtained from a study previously published by Agne et al.
(see the Table S1† for Cp data).27 The sample density (d) was
measured using the Archimedes method.
2.4 Density functional theory calculations

All rst-principles calculations based on the density functional
theory (DFT) were carried out using the projector augmentedwave
(PAW) method as implemented in the Vienna ab initio simulation
package (VASP).28,29 Using the optimized crystal structure
J. Mater. Chem. A
parameters from our previous work,25 the electronic structure of
Mg3Sb2 was calculated using the Heyd–Scuseria–Ernzerhof
(HSE06) hybrid functional.30 To correctly predict the energy of the
point defect, the defect calculations were conducted in a 2 � 2 �
2 supercell with 40 atoms using the HSE06 functional. A 2� 2� 1
G-centered k mesh was used for the total energy calculation. A
plane-wave cutoff energy of 400 eV along with an energy conver-
gence criterion of 10�4 eV was employed. For the optimization of
the defect structure, the lattice parameters were xed at the
optimized values of the perfect supercell, while the atomic posi-
tions were fully relaxed into their equilibrium positions.

The formation energy of a point defect D in a charge state q
can be calculated as follows:31

EfðDqÞ ¼ EtotðDqÞ � EtotðMg3Sb2Þ �
X
i

nimi þ qðEV þ EFÞ þ Ecor

(1)

in which Etot(D
q) and Etot(Mg3Sb2) are the total energy derived

from a supercell calculation with a defect D in a charged state q
and the total energy of the perfect Mg3Sb2 supercell, respectively.
ni indicates the number of atoms of a species i that have been
added to (ni > 0) or removed from (ni < 0) the perfect supercell to
form the defect, and mi represents the corresponding chemical
potential of the constituent i. EV, EF and Ecor are the valence band
maximum (VBM) values of the perfect Mg3Sb2 supercell, the
Fermi level measured from the energy of the VBM and a correc-
tion term to align the reference potential of the defect supercell
with that of the perfect supercell, respectively.

The elemental chemical potential mi depends on the refer-
ence elemental phase and can be expressed as mi ¼ m0i + Dmi, in
which m0i is the reference chemical potential of the constituent i
in the standard elemental condition and Dmi is the deviation
from the reference chemical potential. Dmi ¼ 0 represents the i-
rich condition. Under equilibrium growth conditions, the
chemical potential must maintain a stable Mg3Sb2 compound:

3DmMg + 2DmSb ¼ DHf(Mg3Sb2) (2)

with DmMg # 0 and DmSb # 0 to avoid precipitation of the
elements, in which DHf(Mg3Sb2) is the formation energy of
Mg3Sb2. To avoid the precipitation of secondary phases between
the dopant A (A ¼ Pr and Te) and the host elements B (B ¼ Mg
and Sb), the chemical potentials are further limited by:

mDmA + nDmB # DHf(AmBn) (3)

with DmA # 0 to avoid precipitation of the dopant, and in which
DHf(AmBn) is the formation energy of AmBn.

The concentration of a defect D in the charge state q can be
calculated as follows:32

cðDqÞ ¼ Nsite exp

�
� EfðDqÞ

kBT

�
(4)

in which Nsite, kB and T are the concentration of the possible defect
sites, the Boltzmann constant and the absolute temperature,
respectively. The free carrier concentrations of the electrons (n) and
holes (p) are obtained from the Fermi–Dirac distribution as:32
This journal is © The Royal Society of Chemistry 2019
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n ¼
ðþN

EC

gðEÞf ðE;EF;TÞdE (5)

p ¼
ðEV

�N
gðEÞ½1� f ðE;EF;TÞ�dE (6)

in which EV is the valence band maximum, EC is the conduction
bandminimum, g(E) is the density of states of the ideal host cell
and f(E;EF,T) is the Fermi–Dirac distribution given by:

f ðE;EF;TÞ ¼ 1

exp

�
E � EF

kBT

�
þ 1

(7)

The defect and carrier concentrations must satisfy the
charge neutrality:32 X

i

qiciðDqÞ þ p� n ¼ 0 (8)

in which the index i corresponds to the charged defect.
The lower limit of the lattice thermal conductivity was

calculated from Cahill's expression:33

kmin ¼ 1

2

��p
6

�1=3
�
kBðVÞ�2=3ð2nt þ nlÞ (9)

in which V is the average volume per atom, and nt nl are the
traverse and longitudinal elastic wave velocity, respectively. The
input parameters for this calculation are shown in Table S2.† In
this calculation, the generalized gradient approximations (GGA)
of Perdew, Burke, and Ernzerhof (PBE) were used for the
exchange functional.34

3. Results and discussion

The Zintl compound Mg3Sb2, crystallized in an inverse a-La2O3-
type (space group: P�3m1) crystal structure, has two Mg Wyckoff
sites denoted by Mg1 and Mg2, and one Sb Wyckoff site. A
favorable interstitial position is at (0, 0, 0.5) marked by the
dotted circles shown in Fig. 1a. The simulated electronic
structures of Mg3Sb2 using the HSE06 functional are presented
in Fig. 1b and S1,† and the calculated band gap of 0.51654 eV is
comparable to the previously reported values calculated using
the TB-mBJ potential.25,26
Fig. 1 (a) Crystal structure and (b) band structure of Mg3Sb2.

This journal is © The Royal Society of Chemistry 2019
Fig. 2a plots the defect formation energies for an n-type
doping of Mg3Sb2 with Te and Pr under Mg-rich condition, as
a function of the Fermi level. The slope of the curve corresponds
to the charge state of each defect. The positive and negative
slopes represent the donor and acceptor defects, respectively.
Te is an effective n-type dopant in Mg3Sb2.16,22 The lower defect
formation energies observed for the substitutional donor defect
PrMg1 compared to TeSb suggest that Pr doping is more stable
and easier to form, therefore, Pr is a stronger electron donor in
Mg3Sb2. The important low-energy defects, including Mg
vacancies on both Mg sites (VMg1 and VMg2), Mg interstitials
(MgI) and Pr substitution on the Mg sites (PrMg1), determine the
Fermi level of the Pr-doped Mg3Sb2. As the donor defect PrMg1

possesses a lower defect formation energy compared to the
acceptor defects VMg1 and VMg2, the Fermi level is pinned inside
the conduction band (see Fig. 2a and S2†), which indicates the
n-type conduction of Pr-doped Mg3Sb2. In addition, the higher
defect concentration of PrMg1 demonstrates that the n-type
carriers of Pr-doped Mg3Sb2 are predominantly contributed by
the point defect introduced by Pr substitution on the Mg sites as
shown in Fig. 2b.

The predicted n-type carrier concentrations from 300 to 725
K under Mg-rich conditions are in the range of 1019 to 1020

cm�3, which coincides with the order of magnitude in the
experimental measurements of Pr-doping (Fig. 3a). The pre-
dicted carriers of Pr-doping at 725 K are�9.3� 1019 cm�3, more
than three times higher than the value of �2.8 � 1019 cm�3 for
Te-doping (see Fig. S3b†). When comparing samples with the
same nominal concentration of dopant, the carrier concentra-
tions of Mg3.2Pr0.04Sb1.5Bi0.5 and Mg3.2Sb1.48Bi0.48Te0.04 at 691 K
are measured to be �9.39 � 1019 cm�3 and �4.2 � 1019 cm�3

respectively. These results clearly indicate that Pr is a more
effective n-type dopant leading to better thermoelectric prop-
erties in the Mg3Sb2-based materials.

Fig. 3b presents the temperature-dependent Hall mobility of
the n-type Mg3.2PrxSb1.5Bi0.5 samples. As the temperature
increases, the mobility shows an increasing trend at lower
temperatures and a decreasing trend at higher temperatures,
therefore, the mobility can be divided into two different regions,
that is, the ionization scattering dominated region (below 450
K) and the acoustic phonon scattering dominated region (above
550 K). Below 450 K, m f Tp (1.7 # p # 4.3) shows ionized
J. Mater. Chem. A
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Fig. 3 (a) The Hall carrier concentration and (b) themobility of n-typeMg3.2PrxSb1.5Bi0.5 samples as a function of temperature. The bold black line
represents the predictions of the maximal achievable carrier concentration of n-type Pr-doped Mg3Sb2 under Mg-rich conditions by DFT
calculations. The olive squares, orange circles, blue diamonds and magenta triangles are the experimental values of Mg3.2PrxSb1.5Bi0.5 (x ¼ 0.01,
0.02, 0.03 and 0.04) samples from this work.

Fig. 2 (a) Calculated defect formation energies of charged point defects as a function of the Fermi level in Mg3Sb2 for n-type doping under Mg-
rich conditions. Doping with Te (dark yellow line) and Pr (orange lines), the native defects contain the Mg1 vacancy (magenta line), the Mg2
vacancy (olive line) and the Mg interstitial (blue line). The green vertical line represents the Fermi level at 300 K with Pr doping. The solid and
dashed lines represent the Mg1 substitution and Mg2 substitution, respectively. (b) Temperature dependence of the defect concentration for n-
type Pr-doped Mg3Sb2 under Mg-rich conditions.

Fig. 4 XRD patterns of the Mg3.2PrxSb1.5Bi0.5 (x ¼ 0.01, 0.02, 0.03 and
0.04) samples.
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impurity scattering in the Mg3.2PrxSb1.5Bi0.5 samples. Above 550
K, m f T�1.3 indicates that the acoustic phonon scattering
mechanism is dominant in the electronic transportation.

The XRD patterns of the SPS-pressed Mg3.2PrxSb1.5Bi0.5 (x ¼
0.01–0.04) pellets are displayed in Fig. 4. All diffraction peaks of
the samples are well indexed to the a-Mg3Sb2 with a space group
of P�3m1 (Standard Identication Card, JCPDS 65-9363). Owing
to the very small amount of the Pr dopant, the change in the
lattice parameters is negligible with Pr doping (Fig. S4†). All
samples show a relative density larger than 95% (Table S3†).
The SEM image of the fractured cross section of the Mg3.2-
Pr0.02Sb1.5Bi0.5 sample (Fig. 5a) demonstrates that the sample is
dense with no obvious cracks or holes, which is in accordance
with the density measurements. To further conrm the phase
compositions, the EDS elemental mapping images of the frac-
tured cross section of the Mg3.2Pr0.02Sb1.5Bi0.5 sample were
conducted and are presented in Fig. 5b–f. It is clear that all of
J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) SEM image and (b)–(f) SEM–EDS elemental mapping images
of a fractured cross section of the Mg3.2Pr0.02Sb1.5Bi0.5 sample.
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the elements (Mg, Sb, Bi and Pr) are present and distributed
almost uniformly throughout the sample.

The electrical resistivity of all Pr-doped samples as a func-
tion of the temperature are shown in Fig. 6a. It is clear that the
electrical resistivity decreases with the increasing Pr content.
This phenomenon is mainly due to the increase of the carrier
concentration as displayed in Fig. 3a. Fig. 6b presents the
Fig. 6 (a) The electrical resistivity and (b) the Seebeck coefficient of n-
Pisarenko plot at room temperature. (d) The temperature dependence o
blue line represents the prediction of the n-type Mg3Sb2 using the full DF
represents the result from a three band model (TBM).26 The olive squ
experimental values for the Pr-doped Mg3.2Sb1.5Bi0.5 samples from this w

This journal is © The Royal Society of Chemistry 2019
temperature-dependent Seebeck coefficient for all samples.
As the Seebeck coefficient is negatively correlated with the
carrier concentration, an obvious decrease in the absolute
values of the Seebeck coefficient with increasing Pr content is
observed. The Seebeck coefficient is related not only to the
carrier concentration, but also the density of states effective
mass. To study whether Pr doping at the Mg sites has an
inuence on the conduction band, a Pisarenko plot at room
temperature is shown in Fig. 6c in which all of the Pr-doped
samples agree well with the simulations. This result indi-
cates that at least at room temperature, the conduction band
of Mg3Sb2 is not signicantly affected by Pr doping.
Combining the electrical resistivity and Seebeck coefficient,
Fig. 6d shows the power factor of all of the Mg3.2PrxSb1.5Bi0.5
samples. The power factor increases with the increasing Pr
concentration and Mg3.2Pr0.04Sb1.5Bi0.5 with a carrier
concentration of �9.4 � 1019 cm�3 at 725 K exhibits a high
power factor of 18.6 mW cm�1 K�2, which can be explained by
the fact that an optimal carrier concentration of �1020 cm�3

was obtained for the electronic transport properties of the
Mg3Sb2-based Zintl compounds.

Fig. 7 presents the thermal transport properties as a function
of the temperature for the n-type Mg3.2PrxSb1.5Bi0.5 samples.
Fig. 7a shows a decrease in the total thermal conductivity with
type Mg3.2PrxSb1.5Bi0.5 samples as a function of the temperature. (c) A
f the power factor of the n-type Mg3.2PrxSb1.5Bi0.5 samples. In (c), the
T band structure calculation from our previous work25 and the pink line
ares, orange circles, blue diamonds and magenta triangles are the
ork.

J. Mater. Chem. A
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Fig. 7 The temperature dependence of the (a) total thermal conductivity, (b) Lorenz number, (c) electronic thermal conductivity and (d) lattice
thermal conductivity of the n-type Mg3.2PrxSb1.5Bi0.5 samples.

Fig. 8 The dimensionless figure of merit as a function of temperature
for n-type Mg3.2PrxSb1.5Bi0.5 samples.
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temperature. Increasing the Pr doping concentration is detri-
mental to the total thermal conductivity. The electronic thermal
conductivity can be obtained using the Wiedemann–Franz
relationship given by ke ¼ LT/r, in which L, r and T are the
Lorenz number, electrical resistivity and temperature, respec-
tively.35 Based on a single parabolic band (SPB) model with
acoustic phonon scattering, L can be given as:36

L ¼
�
kB

e

�2
3F0ðhÞF2ðhÞ � 4F1

2ðhÞ
F0

2ðhÞ (10)

in which FnðhÞ ¼
ðN
0

xndx
1þ expðx� hÞ are the Fermi integrals and

h is the reduced chemical potential. h can be derived from the
Seebeck coefficient:

S ¼ kB

e

�
2F1ðhÞ
F0ðhÞ � h

�
(11)

The electronic thermal conductivity increases with the
amount of doping, which can be ascribed to the enhanced
Lorenz number and the reduced electrical resistivity. By sub-
tracting the electronic thermal conductivity from the total
thermal conductivity, the temperature dependence of the lattice
thermal conductivity data of all Mg3.2PrxSb1.5Bi0.5 samples can
be obtained and is shown in Fig. 7d. Clearly, the introduction of
the point defect by Pr/Mg substitutions leads to a signicant
decrease in the lattice thermal conductivity. The slightly higher
J. Mater. Chem. A
lattice thermal conductivity of the sample with Pr content x ¼
0.04 may be attributed to the existence of an impurity phase
which was not found in the XRD results as the nominal amount
of Pr is too small to detect. The reduced lattice thermal
conductivity of 0.429 W m�1 K�1 for the x ¼ 0.03 sample was
consistent with Cahill's minimum lattice thermal conductivity.
Additionally, the lower minimum lattice thermal conductivity
This journal is © The Royal Society of Chemistry 2019
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for Pr-doped Mg3Sb1.5Bi0.5 (0.451 W m�1 K�1) compared to
Mg3Sb1.5Bi0.5 (0.491 W m�1 K�1) further demonstrates that Pr
doping is benecial to the lattice thermal conductivity in
Mg3Sb2-based materials (Table S2†).

The dimensionless gure of merit as a function of the
temperature for all Mg3.2PrxSb1.5Bi0.5 samples is shown in
Fig. 8. The introduction of a point defect by Pr substitution on
the Mg sites contributes to the high thermoelectric gure of
merit ranging from 1.37 to 1.70 at 725 K. Through the optimi-
zation of the Pr doping concentration, the Mg3.2Pr0.02Sb1.5Bi0.5
sample exhibits the best thermoelectric performance with a zT
value of 1.70 at 725 K.
4. Conclusions

In this work, we computationally and experimentally investi-
gated the doping behavior of a Pr dopant in Mg3Sb2-based
materials. By using rst-principles defect calculations, we found
that the Pr element is an effective electron donor to increase the
carrier concentration and enhance the thermoelectric perfor-
mance. The maximal achievable free carrier concentration of Pr
doping at 725 K under Mg-rich conditions is close to 1020 cm�3.
Then, we veried this theoretical prediction through experi-
ments. Mg3.2Pr0.04Sb1.5Bi0.5 with a carrier concentration of �9.4
� 1019 cm�3 at 725 K exhibits a high power factor of 18.6
mW cm�1 K�2. Furthermore, Mg3.2Pr0.02Sb1.5Bi0.5 exhibits the
best thermoelectric performance, with a zT value of 1.70 at 725
K.
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