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Thermoelectric materials necessitate both high power factors and ZT values in practical applications, as
they determine the output power and conversion efficiency, respectively. However, the average power
factor is often suppressed when structural defects are imported to pursue a high-ranged ZT value.
In this work, a high average power factor of 24.18 yW cm™* K=2 and an average ZT value of 1.01 at
300-773 K are simultaneously achieved for n-type Pb;,Se—0.2%Cu through dual interstitial doping,
which surpasses other low-cost Se/S-based n-type thermoelectric materials. Its exceptional
thermoelectric performance primarily stems from decoupled carrier and phonon transport properties
induced by Pb and Cu dual interstitials. Firstly, Pb and Cu dual interstitials in n-type Pb; 0,Se—0.2%Cu
can fully optimize temperature-dependent carrier density from 1.27 x 10*° cm™ at 300 K to 3.90 x
10 cm™3 at 773 K, thus maximizing the power factor to 32.83 pW cm™ K=2 and resulting in an average

Received 27th December 2023, power factor of 24.18 pW cm 1 K2 Additionally, Pb and Cu dual interstitials cause electron-dominated
Accepted 30th January 2024 hierarchical defects (cation interstitials, Se vacancies, dislocations and Pb precipitates), which can
DOI: 10.1039/d3ee04539k significantly reduce lattice thermal conductivity while preserving high electrical transport properties. As a

result of the optimized electrical and thermal transport properties, the thermoelectric performance of
rsc.li/ees n-type Pb;0,Se-0.2%Cu is largely enhanced over a wide range of temperatures.

Broader context

With environmental pollution and global warming being critical concerns, thermoelectric technology based on the Seebeck effect has demonstrated large
potential for directly converting thermal energy into electrical energy without any harmful emissions. Thermoelectric efficiency and output power are
respectively determined by the ZT values and power factors of thermoelectric materials. However, it is challenging to simultaneously achieve a high average
power factor and ZT value, especially when structural defects are imported to pursue a high-ranged ZT value, due to the interplay among thermoelectric
parameters. To improve the practical thermoelectric efficiency and output power, this work introduces a novel strategy of dual interstitial doping to enhance
both the average power factor and Z7 value of the PbSe thermoelectric material. As a result, both a high average power factor of 24.18 yW ecm ™" K2 and an
average ZT value of 1.01 at 300-773 K are achieved for n-type Pb, 0,Se-0.2%Cu through dual Pb and Cu interstitial doping, which benefits from the fully
optimized temperature-dependent carrier density and electron-dominated defect regions to decouple the phonon and carrier transport. This high-performance
Pb, 02Se-0.2%Cu thermoelectric material not only obviously exceeds previous single interstitial doped n-type PbSe samples, but also shows a strong competitive
advantage over other low-cost Se/S-based (Te free) n-type thermoelectric materials. This work proves the feasibility of dual interstitials in effectively decoupling
carrier and phonon transport and also could inspire more strategies of dual or multiple interstitial doping to be extended to other thermoelectric materials.

Introduction

Thermoelectric technology enables direct conversion between
heat and electricity based on the Seebeck effect and Peltier
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thermoelectric refrigeration."™ The energy conversion effi-
ciency of thermoelectric technology is mainly related to thermo-
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Kiae denote the Seebeck coefficient, electrical conductivity,
absolute temperature in kelvin, electronic thermal conductivity
and lattice thermal conductivity, respectively. As is widely
known, the strong coupling between electrical and thermal
transport properties poses a challenge in achieving a high zT
value. Indeed, practical thermoelectric materials must possess
both high power factors (S>¢) and ZT values, as they respectively
determine the output power and conversion efficiency.*”
In addition, the developed strategies still face difficulties in
achieving both a high power factor and ZT value, such as band
structure manipulation®'® and nanostructure engineering."* ™

It is reported that the strategy of interstitial doping in
thermoelectric materials can synergistically optimize electrical
and thermal transport properties and even decouple the carrier
and phonon transport due to their large different mean free
paths."**® In PbQ (Q = Te, Se and S) compounds, Zn,'*"”
Ni,"”™ cu'?" and Ag®* atoms can form interstitials in the
matrix lattice. These sub-nanoscale interstitials could intensify
the phonon scattering to decrease lattice thermal conductivity
due to the comparable size with the phonon mean free path,
while simultaneously maintaining carrier transport because of
a much larger carrier mean free path. Additionally, interstitials
play multiple roles in optimizing thermoelectric performance,
which have also been proved in other materials. Interstitial
doping elements, such as Yb,*® In,>* Ce®® and Br,?® can fill the
icosahedral voids in skutterudite to form rattling atoms, thus
blocking phonon transport and suppressing lattice thermal
conductivity. Ni or Cu interstitials in half-Heusler compounds
can regulate carrier density and simultaneously produce point
defects to scatter phonon transport.>’>° Besides, Cu interstitial
doping in half-Heusler compounds can induce wetting layers
between grains and form coherent grain boundaries to opti-
mize carrier transport properties.”® In Bi,Q; (Q = Te, Se and S)
compounds, Cu and Ag interstitial atoms can enter into the
layer gap and accelerate the electron transport across the layers,
thus enhancing the electrical transport properties.*** A simi-
lar carrier transport phenomenon has also been found in a
layered SnSe, compound with Cu or Ag interstitial doping.>*~’
Notably, different from using nanostructures to cause strong
carrier scattering, interstitials are promising to achieve both
high power factors and ZT values. Moreover, the significant role
of interstitials discussed above serves as an inspiration to
further investigate strategies involving dual interstitial or multi-
ple interstitial doping in thermoelectric materials.

This work reports a low-cost PbSe thermoelectric material to
demonstrate the feasibility of dual interstitial doping in decou-
pling thermoelectric parameters. Pb and Cu atoms are selected
as dual interstitial dopants to firstly compensate the intrinsic
Pb vacancies and subsequently produce massive interstitials in
the stoichiometric PbSe compound, which can dynamically
optimize the temperature-dependent carrier density. The
synergy of Pb and Cu interstitial doping in n-type Pb; o,Se-
0.2%Cu can tune the carrier density to an optimal range, from
1.27 x 10" em™ at 300 K to 3.90 x 10" cm™® at 773 K. The
dynamically optimized carrier density in n-type Pb; ¢,Se-
0.2%Cu with dual interstitial doping leads to a high average
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power factor of 24.18 uW cm™' K2 over a wide range of
temperatures (300-773 K), which is obviously larger than that
of the Pb or Cu single interstitial doped sample and even
surpasses those of other low-cost Se/S-based n-type thermo-
electric materials. Furthermore, the theoretical calculation
and microstructure observation unclose hierarchical defects
in Pb, ,Se-0.2%Cu, including sub-nanoscale Pb and Cu inter-
stitials, Se vacancies, dislocations and some nanoscale Pb
precipitates, and these electron-dominated defects can preserve
high electron transport but impede phonon propagation. As a
result, the ZT,,. value enhances from 0.46 in Pb, ¢,Se and 0.91
in PbSe—0.2%Cu to 1.01 in Pb, 4,Se-0.2%Cu at 300-773 K. The
remarkable average power factor and average ZT value observed
for Pb, ¢,Se-0.2%Cu highlight significant advancements com-
pared to other low-cost Se/S-based n-type thermoelectric
materials.

Results and discussion
Enhanced thermoelectric performance of Pb, (,Se-0.2%Cu

The strategy of dual interstitial doping is introduced in the
n-type PbSe thermoelectric material by selecting Pb and Cu,
which can firstly fill intrinsic Pb vacancies in stoichiometric
PbSe and then induce massive interstitials to optimize electri-
cal transport properties. Notably, Pb and Cu dual interstitial
doping in n-type Pby ¢,Se-0.2%Cu contributes to its superior
thermoelectric performance compared with those of other n-
type PbSe samples optimized by single interstitial doping, as
shown in Fig. 1. A maximum room-temperature PF value of
32.83 yW cm ™' K 2 can be obtained for n-type Pb, 4,Se-0.2%Cu,
which exceeds those of other n-type PbSe samples with single
interstitial doping, including 21.85 uW cm ' K> for PbSe-
4%Pb,*® 26.69 pW cm™* K2 for PbSeg.go6,>° 23.72 UW cm ™' K2
for PbCuy go1255€,2° and 19.91 pW cm ' K 2 for PbZngg;.55€,
as shown in Fig. 1(a). In this work, the room-temperature
PF value increases from 25.18 uW cm™' K2 for Pb, ,,Se and
28.14 pW cm ™! K2 for PbSe-0.2%Cu to 32.83 pW cm ™' K2 for
Pb,; 0,S€-0.2%Cu. Such a high room-temperature PF value of
Pb, 0,S€-0.2%Cu stems from its suitable carrier density tuned by
Pb and Cu dual interstitial doping, which finally contributes to
an enhanced room-temperature ZT value of 0.54, as shown in
Fig. 1(b).

Both the electrical conductivity (o) and Seebeck coefficient
(S) are closely related to carrier density. Therefore, the opti-
mized carrier density in Pb; 4,Se-0.2%Cu with Pb and Cu dual
interstitial doping can tune these two thermoelectric para-
meters (¢ and S) to an optimal range, thus resulting in a large
PF (PF = S°) value shown in Fig. 1(c). Moreover, the well
optimized electrical conductivity and Seebeck coefficient of
Pb, ,Se-0.2%Cu not only enhance the near-room-temperature
PF (PFgy) value, but also obviously boost the average PF (PF,y.)
value and average ZT' (ZTe.) value to 24.18 uW cm™ ' K2 and
1.01 at 300-773 K, as shown in Fig. S1 (ESIt). Compared with
other n-type PbSe materials with single interstitial doping,
Pb, ,Se-0.2%Cu presents much higher values of both PF,,. and
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Fig. 1 Comparison of thermoelectric performance as a function of carrier density in n-type PbSe thermoelectric materials with interstitial doping: (a) PF

value; (b) ZT value; (c) the room-temperature PF value as a function of S and

a; (d) comparison of the ZT,,. value and the PF,, value with those of other

n-type low-cost Se/S-based (Te free) thermoelectric materials, including crystals: SnSe (Br),*® SnSe (Pb/Br),** and PbSnS, (C)*? and polycrystals: PbSe
(Sn/S/Cu),® PbSe (Br/C),*® PbS (Se/Cu),** PbS (Ga/Sh),° SnSe (Pb/Br),*> SnSe (Mo/Cl),*® SnSe, (Br/Cu),*” SnSe, (C),*® SnS (Br),*° BiSe,*® Bi,Ses (Sb/I),**

BiSbSes (1),°2 Bi»S3 (Br),>® and TiS,.>*

ZT.e over a wide range of temperatures, indicating the great
advantages of the dual interstitial doping strategy. Furthermore,
compared with other low-cost Se/S-based (Te free) n-type thermo-
electric materials, Pb; 0,Se-0.2%Cu shows an obviously enhanced
PF,ye, even much higher than that of the n-type SnSe crystals,*>*'
and it can simultaneously maintain a comparably high ZT,.
value at 300-773 K, as shown in Fig. 1(d). The coexistence of
high PF,.. and ZT,,. values for low-cost Pb, ¢,Se-0.2%Cu can
enable simultaneous improvements in output power and con-
version efficiency, thus making it a competitive candidate for
practical thermoelectric power generation in the low to med-
ium temperature range.

Electrical transport properties

In this work, we firstly prepared n-type PbSe samples with
single Pb interstitial doping, Pb;.,Se (x = 0.005-0.03), and then
introduced the Cu interstitial dopant into the optimum
Pb; o,Se component to work as the dual interstitial dopant.
The powder X-ray diffraction (PXRD) patterns of Pbq.,Se

2020 | Energy Environ. Sci., 2024, 17, 2018-2027

(x = 0.005-0.03) and Pb, 4,Se-y%Cu (y = 0.0-1.0) are shown in
Fig. S2 (ESIf). The thermoelectric performances and sample
densities of Pby,,Se (x = 0.005-0.03) and Pby ,Se-y%Cu (y =
0.0-1.0) are presented in Fig. S3-S7 and Table S1 (ESI{), and the
optimal contents are picked out to make a comparison.
Although the extra Pb phase can be observed in the Pb inter-
stitial doped PbSe matrix, the expanded lattice parameter and
increased carrier density shown in Fig. S8 (ESIt) can prove that
part of the Pb and Cu atoms indeed successfully enter into
interstitial sites in the PbSe lattice, which can favorably tune
the electron transport properties of n-type PbSe thermoelectric
materials.

The temperature-dependent electrical transport properties
of n-type Pb, ¢,Se, PbSe-0.2%Cu and Pb, (,Se-0.2%Cu samples
are compared in Fig. 2. As shown in Fig. 2(a), Pb, ¢,Se-0.2%Cu
exhibits medium electrical conductivity in a low temperature
range (300-600 K), which exceeds the values of Pb; ¢,Se and
PbSe-0.2%Cu at high temperatures (600-773 K), obviously
showing dynamically tuned electrical transport properties.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Temperature-dependent electrical transport properties of Pb; g,Se, PbSe—-0.2%Cu and Pb, g,Se—0.2%Cu: (a) electrical conductivity; (b) Seebeck
coefficient; (c) carrier density; (d) carrier mobility; (e) PF value, and (f) experimentally and theoretically calculated PF values as a function of carrier density.

In addition, the temperature-dependent Seebeck coefficient in
Fig. 2(b) shows the same tendency as electrical conductivity.
To unveil these special electrical transport properties of Pb and
Cu interstitial-doped PbSe samples, temperature-dependent
carrier density and carrier mobility are measured. Both Pb, ,Se
and PbSe-0.2%Cu samples with single interstitial doping pre-
sent dynamic carrier density optimization such that the carrier

This journal is © The Royal Society of Chemistry 2024

density continuously increases with rising temperature, as
shown in Fig. 2(c). This dynamic optimization of carrier density
arises from the increasing solubility of the Cu or Pb interstitial
in the PbSe matrix when temperature rises, and the Cu or Pb
interstitial will release extra free electrons into the matrix to
amplify the carrier density.”>*>* It is shown that Pb, 4,Se has
a smaller carrier density than PbSe-0.2%Cu in the whole

Energy Environ. Sci., 2024,17, 2018-2027 | 2021
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temperature range, indicating a lower interstitial solubility of
Pb in the PbSe matrix, which is caused by the larger atomic
radius of the Pb atom (1.75 A) than the Cu atom (1.28 A).
Obviously, the Pb interstitial in the PbSe matrix can cause
strong lattice distortion and reversely suppress the Cu solubi-
lity, thus lowering the carrier density in Pb, ,Se-0.2%Cu at
300-523 K compared with PbSe-0.2%Cu. As the temperature
increases, the lattice of the PbSe matrix undergoes continuous
expansion, thus leading to an increase in the solubility of both
Pb and Cu interstitials. As a result, the carrier density at high
temperature (above 523 K) can be largely improved in dual Pb
and Cu interstitial doped Pb; ¢,Se-0.2%Cu. In addition, the
carrier density in n-type Pb, 4,Se-0.2%Cu is fully optimized in a
large range from 1.27 x 10" em ™ at 300 K to 3.90 x 10" ecm™*
at 773 K due to interplay effects of Pb and Cu interstitials.
Fig. 2(d) shows the temperature-dependent carrier mobility,
and all the interstitial doped PbSe materials can preserve high
carrier mobility, thus leading to excellent electrical transport
properties.

Fig. 2(e) shows the PF value of Pb, o,Se, PbSe-0.2%Cu and
Pb, ¢,Se-0.2%Cu samples. It is seen that Pb; o,Se-0.2%Cu with
dual interstitial doping has an obviously higher PF value
compared with Pb, o,Se and PbSe-0.2%Cu with single inter-
stitial doping. To further unclose the relationship between
carrier density and the PF value, theoretical calculations are
presented based on the single Kane band (SKB) model and the
electrical transport coefficients can be written as follows:

Hall carrier density

(2 kg T)3/20F3/2

= Ry~ 1
nH H 27.[713 0 ( )

Hall factor

3K(K +2) "F2 R

H = (2)
K17 (L)
Hall carrier mobility
2ni*eC) 30F1,
pu = Ru 7 (3)
mi (2mikn T Eger? OF,
Seebeck coefficient
kg ('F!,
S = ~ (@ —& (4)

Fermi integral

K= J: (f%) &' (e+ ae?)" [(1 + 2as)2+2] k/zda (5)

Power factor

ONVIKgCl 1 ('FL, N\,
PF:TEE—defsz @76 Fo (©)

where kg, 7 and e represent the Boltzmann constant, reduced
Planck constant and unit charge, respectively. The density of

states effective mass m* = m;;(Ny)*/?, band effective mass

my = (m? +m;)', parameter K = m‘*‘/mj, reduced band

2022 | Energy Environ. Sci., 2024, 17, 2018-2027

View Article Online

Paper

gap o = kpT/Eg, Fermi-Dirac distribution function f = 1/[1 +
exp(e — &)], and reduced Fermi level & = Ex/kgT, where Ey is the
Fermi level. For the PbSe thermoelectric material, the variable
constants band degeneracy Ny = 4, longitudinal effective mass
mj 7 0.7me, transverse effective mass m’ ~ 0.4m,,>° average

longitudinal elastic modulus C; ~ 9.1 x 10" Pa,”” band gap
E; ~ 0.29 eV and deformation potential coefficient Eger =
25 eV.”® The calculation results in Fig. 2(f) show that the
theoretical maximum power factor of n-type PbSe requires an
optimal dynamic optimization of carrier density in the whole
temperature range. Owing to the fully optimized temperature-
dependent carrier density in Pb and Cu dual interstitial doped
Pb;, ¢,Se-0.2%Cu, its experimental PF value can well match the
theoretical value, thus leading to a high PF,. value over a wide
range of temperatures.

Theoretical charge density

Theoretical charge density and local electron density are
employed to investigate the bonding environment that has a
close relationship with electrical transport properties. Accord-
ing to the defect formation calculation results in Fig. S9 (ESIt),
the Cu interstitial (Cu;), the Pb interstitial (Pb;) and Se vacan-
cies (Vse) have low formation energies in the Pb, ¢,Se-0.2%Cu
sample under Pb-rich conditions. Thus, the density functional
theory (DFT) calculation is implemented with these defects in
this work to analyse the effect of Pb and Cu dual interstitial
doping on the carrier transport properties of Pb; o,Se-0.2%Cu.

Fig. 3(a) and (b) shows the 2D iso-surface representation
of the calculated charge density within the (10—1) plane in
undoped PbSe and Pb, (,Se-0.2%Cu. The charge density ana-
lysis shows the transfer of electrons among Pb, Se, and Cu
atoms, where the red and blue colors mean the large accumula-
tion and depletion regions of charge, respectively. As shown in
Fig. 3(b), both the Pb interstitial and the Cu interstitial can
produce overlapping electron clouds with the matrix to form
broad charge channels, which significantly facilitate the charge
transfer and could benefit high carrier transport properties.
Moreover, a larger range of overlapping electron clouds
induced by the Cu interstitial than that by the Pb interstitial
can be clearly observed in the 3D iso-surface charge density,
shown in Fig. 3(c) and (d), which result in the superior electrical
conductivity of PbSe-0.2%Cu compared to that of Pb, ,Se. Se
vacancies in Fig. 3(e) cause deficiency of charge density, but
it can theoretically provide two free electrons to the PbSe
matrix. Therefore, all these Cu;, Pb; and Vg, are intrinsic
electron-dominated defects, and they could play favorable roles
in electron transport in n-type Pby ¢,Se-0.2%Cu. Additionally,
the electron localization function (ELF) provides a yardstick for
the degree of electron localization.” Fig. S10 (ESIt) shows the
ELF map of the Pb interstitial, the Cu interstitial and Se
vacancy, and the value lies between 0 and 1. ELF = 1 indicates
that the electrons are perfectly localized, while ELF = 0.5
suggests homogeneous electron gas.®”®' An ELF value of 0.2
around the Cu interstitial is very low, which signifies that the
electrons around the Cu interstitial are easily delocalized.

This journal is © The Royal Society of Chemistry 2024
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0.01

Se vacancy

Fig. 3 Theoretical charge densities (in units of e bohr~>) of PbSe and Pb; ¢.Se—0.2%Cu: (a) 2D charge density of undoped PbSe without defects; (b) 2D
charge density of Pby ,Se—0.2%Cu with defects of the Pb interstitial, the Cu interstitial and Se vacancy. 3D iso-surface charge density around (c) the Pb

interstitial, (d) the Cu interstitial and (e) Se vacancy.

The Pb interstitial has an ELF value of above 0.5 with high
electron localization, but the electrons around the Pb inter-
stitial can also be partly delocalized to participate in carrier
transport. As a result, both theoretical charge density and the
electron localization function confirm that Pb and Cu dual
interstitials can benefit the high carrier transport properties of
n-type Pb; ¢,Se-0.2%Cu.

Microstructure observations

The microstructure of Pb and Cu dual interstitial doped
Pb, (,Se-0.2%Cu is observed by Cs-corrected transmission elec-
tron microscopy and also compared with those of undoped
PbSe sample. Fig. 4(a) shows the annular bright field (ABF)-
STEM morphological image of Pb, 4,Se-0.2%Cu, revealing the
presence of some ellipsoidal nanoprecipitates and dislocation
lines. In order to identify the composition, the EDS analysis
is conducted and the results are depicted in Fig. 4(b1-4).
Fig. 4(b1) is a magnified image of the nanoprecipitate captured
in Fig. 4(a). It can be observed that the Pb element is enriched
in the precipitate area, and the precipitate size is approximately
several hundred nanometers. Fig. 4(c) displays an enlarged
ABF-STEM image of the other regions shown in Fig. 4(a), and
numerous dislocations can be evidently observed, while the
stoichiometric PbSe sample has scarce dislocation lines, but a
large number of Pb vacancies, as shown in Fig. S11 (ESIY).
Thus, it can be concluded that the Pb interstitial doping can
effectively fill the Pb vacancies and the dislocations in Pb; o,Se—
0.2%Cu mainly arise from Pb and Cu dual interstitial doping.

Fig. 4(d) shows the high angle annular dark field (HAADF)-
STEM image at the atomic level, where it is clear that some
interstitial atoms are present in the middle part of the image.

This journal is © The Royal Society of Chemistry 2024

Additionally, Fig. 4(e) displays an enlarged image of Fig. 4(d)
with the observed direction along the [110] axis. As the contrast
of the HAADF image is proportional to the atomic number, it
enables a clear distinction between brighter Pb (atomic number
82) and darker Se (atomic number 34) atoms. The presence of
Pb interstitial atoms is confirmed by the line profile along the
red dashed line in the inset of Fig. 4(e), because clear inter-
stitial atoms have the same intensity as Pb atoms. A typical
atomic image of the dislocation region is displayed in Fig. 4(f),
while Fig. 4(i) shows an inverse fast Fourier transform (IFFT)
image that provides a clearer depiction of the dislocation lines.
Fig. 4(g) and (h) and Fig. S12 (ESIT) demonstrate the HAADF-
STEM image of the interstitial Cu atom region. The presence
of interstitial atoms in the marked lattice site (labeled with
a white box) is indicated in Fig. 4(h). Due to the principle of
Z-contrast and the atomic number of Cu being 29, its contrast is
expected to be close to that of Se atoms, but much darker than
the Pb atoms. Additionally, the smaller atomic size of Cu
enables it to be clearly distinguished from the interstitial Pb
atoms observed in Fig. 4(e). Consequently, it can be determined
that the interstitial atoms indicated by the red arrows in
Fig. 4(h) represent the Cu interstitial in the PbSe matrix. Thus,
the introduction of additional Pb and Cu results in a large
number of Pb nanoprecipitates, dislocations, and interstitial
Pb and Cu atoms in the Pb; 4,Se-0.2%Cu sample. In addition,
these hierarchical defects can block the phonon transport, thus
largely decreasing the lattice thermal conductivity.

Thermal transport properties and ZT values

Fig. 5(a) shows the temperature-dependent total thermal con-
ductivities of Pb, y,Se, PbSe-0.2%Cu and Pb; (,Se-0.2%Cu,
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(b1)

Pb nanoprecipitates
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(b2)

Fig. 4 The electron microscopic analysis of Pb;g,Se—0.2%Cu: (a) the low magnification microscopic morphological ABF-STEM image; (bl)-(b4) a
typical Pb nanoprecipitate and its corresponding elemental analysis; (c) the medium magnification ADF-STEM image showing many dislocations in the
matrix as well as some tiny contrast belonging to the interstitial atoms; (d) atomic-scale HAADF-STEM image in the [110] axis, where some Pb interstitial
atoms exist apparently; (e) the enlarged atomic image of (d) and the line profile in the inset image marked by the green dashed line; (f) a typical
dislocation; (g) massive interstitial Cu atoms distributed in the PbSe matrix (marked by the white dashed box); (h) the magnified image of (g) shows a large
number of obvious Cu interstitial atoms (marked by the white boxes); and (i) the corresponding FFT image of (f).

among which Pb, o,Se and Pb; (,Se-0.2%Cu have parallel lower
values. The low total thermal conductivity of Pb; o,Se originates
from the low electronic thermal conductivity shown in
Fig. S13(d) (ESIt), but the relatively low total thermal conduc-
tivity of Pb; ,Se-0.2%Cu stems from the inferior lattice ther-
mal conductivity shown in Fig. 5(b). The lattice thermal
conductivity can be obtained by subtracting the electronic
thermal conductivity from the total thermal conductivity,
Klat = Kot — Kele, IN Which ke = LoT based on the Wiedemann-
Franz law, and the Lorenz number L is calculated from the
experimental Seebeck coefficient according to the Single Parabolic
Band (SPB) model, presented in Fig. S13(c) (ESIt). The compara-
tively lower lattice thermal conductivity of PbSe-0.2%Cu than that
of Pb, o,Se indicates that Cu interstitials can more easily enter
interstitial sites than Pb interstitials, which is consistent with the
results of defect formation energy calculation in Fig. S9 (ESI{).'®
The further reduced lattice thermal conductivity of Pby g,Se-
0.2%Cu compared with that of PbSe-0.2%Cu at high temperature

2024 | Energy Environ. Sci., 2024,17, 2018-2027

could arise from the dynamic effect of Pb and Cu dual interstitial
doping to promote phonon scattering.

To compare results of single Pb interstitial doping, single Cu
interstitial doping and dual interstitial doping at 300-773 K,
the temperature-dependent ratios of weighted carrier mobility
to lattice thermal conductivity (uw/xia) are calculated in
Fig. 5(c). Obviously, the pwy/Kia value of Pby ¢,Se-0.2%Cu sur-
passes those of Pb, y,Se and PbSe-0.2%Cu at 300-773 K, which
demonstrates that Pb and Cu dual interstitial doping in PbSe is
a valid method to simultaneously boost electrical and thermal
transport properties over a wide range of temperatures. More
detailed thermoelectric transport properties of Pb, o,Se, PbSe-
0.2%Cu and Pb, (,Se-0.2%Cu can be found in Fig. S13 (ESIT).
Finally, the temperature-dependent ZT values are further
enhanced for Pb, ,Se-0.2%Cu compared to those of single
Pb or Cu interstitial doped PbSe samples, and the ZTxy value
enhances from 0.40 for Pb, y,Se and 0.37 for PbSe-0.2%Cu to
0.54 for Pb, ¢,Se-0.2%Cu, as shown in Fig. 5(d). Such distinct

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Temperature-dependent thermal transport properties and ZT values of Pbjg,Se, PbSe-0.2%Cu and Pb;g,Se-0.2%Cu: (a) total thermal
conductivity; (b) lattice thermal conductivity; (c) ratio of weighted carrier mobility to lattice thermal conductivity and (d) ZT values. Comparison of
temperature-dependent thermoelectric properties of n-type PbSe with interstitial doping: (e) PF values and (f) ZT values.

enhancement of the ZT value at 300-773 K mainly benefits from
the increased PF value. Compared with other single interstitial
doped PbSe samples, such as PbSeg.oes,>° PbCug.go1255€,>°
PbSe-4%Pb*® and PbZn,q,5Se,'® Pb; ,Se-0.2%Cu presents
an optimal temperature-dependent PF value, as shown
in Fig. 5(e), which contributes to a largely enhanced ZT value

This journal is © The Royal Society of Chemistry 2024

at 300-773 K presented in Fig. 5(f). The PF,. value of
24.18 pW ecm™ ' K2 and ZT,. value of 1.01 at 300-773 K can
be achieved for Pb, ¢,Se-0.2%Cu, as shown in Fig. S14 (ESIT).
Furthermore, the reproducible values further demonstrate the
good thermoelectric reproducibility of Pb, ,Se-0.2%Cu, and
the cycle tests are provided to validate the long-term reliability
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and practical feasibility of the dual interstitial doping stra-
tegy in practical applications, as shown in Fig. S15 and S16
(ESIt), respectively. The superior thermoelectric properties of
Pb, (,Se-0.2%Cu demonstrate that dual interstitial doping is a
viable strategy to enhance the thermoelectric performance of
lead chalcogenide thermoelectric materials over a wide range of
temperatures.

Conclusions

In summaty, both a high PF,. of 24.18 yW cm ™ * K 2 and a
ZTaye of 1.01 are achieved for a low-cost n-type Pb; (,Se-0.2%Cu
thermoelectric material at 300-773 K through Pb and Cu dual
interstitial doping, which can simultaneously contribute to
high output power and conversion efficiency. In addition, the
high thermoelectric performance of n-type Pb,,Se-0.2%Cu
not only surpasses those of other single interstitial doped PbSe
thermoelectric materials, but also shows a strong competitive
advantage over other cheap Se/S-based (Te free) n-type thermo-
electric materials. Indeed, this work has proved the remarkable
roles of the dual interstitial doping strategy in decoupling the
carrier and phonon transport properties of thermoelectric
materials, including (1) dynamically tuned carrier density to
maximize the power factor over a wide range of temperatures
and (2) electron-dominated defect regions to maintain carrier
transport and simultaneously impede phonon propagation to
largely reduce the lattice thermal conductivity. This work
proves the feasibility of dual interstitials in effectively decou-
pling carrier and phonon transport, and more strategies of dual
or multiple interstitial doping are worthy of being explored as
universal methods to be extended to other thermoelectric
materials.
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