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ABSTRACT

PbS-based thermoelectric materials have attracted extensive attention in recent years for the advantages of earth abundancy
and low cost, which is considered to be a substitute for traditional PbTe material. However, their high thermal conductivity
restricts its development. Hence, in order to improve their thermoelectric performance from reducing the thermal conductivity, a
kind of dendritic PbS with controlled crystal grain and morphology are obtained by solution synthesis. By adjusting the amount of
surfactant (CTAB), the specific formation process of dendrites is regulated. After sintering, the dendritic PbS nanoparticles are
easy to form porous structure due to the overlapping and staggered arrangement of dendritic branches. For comparison, we also
prepare a kind of regular octahedral PbS and a dense packing arrangement is formed because of the integrity of the octahedral
structure. DFT-based Boltzmann transport equation is used to prove the crucial role of porous structure in scattering phonon.
Finally, a maximum zT = 1.0 at 773 K in n-type PbS is obtained, which still keep a high-speed growth and is expected to get
higher zT value in a higher temperature region. Our work may shed light to other thermoelectric materials from the formation of

porous structure to reduce the thermal conductivity.
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1 Instruction

Thermoelectric (TE) devices can realize the mutual conversion of
heat energy and electric energy, which has become a hot research
field in recent years because they are miniaturized, portable and
noiseless [1-3]. However, the relatively low conversion efficiency
of thermoelectric materials limits their large-scale practical
application [4]. Generally, the performance of thermoelectric
material is determined by a dimensionless figure of merit (zT),
which can be defined as SoT/(k,+x,.), where o is the electrical
conductivity, S denotes Seebeck coefficient, T is the working
temperature in Kelvin, #,, is the lattice thermal conductivity and
kg is the electronic thermal conductivity, respectively. Therefore,
most of the current experimental studies are aimed at improving
the zT value of TE materials in order to improve their conversion
efficiency and provide references for practical industrial
applications. Meanwhile, improving portability of devices also
plays a significant role, but remains largely underexplored.
Toward this target, synthesizing nanocrystals with irregular shape
such as hollow [5], concave [6] and branched nanostructures
morphologies as precursors to realize imperfect stacking of
building blocks is an effective method. On the one hand, the
introduction of nanoporosity can lower the thermal conductivity
of the final bulk matrix. On the other hand, controlling porous

nanostructure also plays the dominant role in lowering mass
density to improve portability of devices [7, 8].

PbS thermoelectric materials are a traditional thermoelectric
material with cubic rock-salt structure, which have the advantages
of abundant sources and low price [9]. However, compared with
PbTe, their relatively high thermal conductivity restricts their
further applications. Hence, finding an efficient way to optimize
thermal transport of PbS is the key parameter to enhance their zT.
So far, various methods to reduce the thermal conductivity have
been reported. For examples, Zhao et al. reported that PbS-based
samples with selected second phases such as Bi,S; [10], CaS [11]
and ZnS [12] can reduce the thermal conductivity. Yang et al.
reported that multiscale structure just like point defect and grain
boundary can realize the reduction of thermal conductivity
through enhancing interfacial scattering [13]. Solid solution
method had also been tried to reduce the lattice thermal
conductivity by introducing different scattering mechanism, like
PbSe-PbS [14, 15] and PbTe-PbS [16, 17]. However, because the
commonly used top-down synthesis method such as melt
spinning or mechanical alloying cannot realize controllable
synthesis of nanoparticles with specific morphology, reducing the
lattice thermal conductivity of PbS nanoparticles by improving the
porous structure of building blocks is difficult. By contrast,
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solution synthesis, as a bottom-up synthesis strategy [18,19],
becomes a superior alternative due to its incomparable advantages
in precisely controlling nanoparticle size, shape and surface
chemistry [20-22]. Therefore, introduction of porous structure is
an effective tool to solve the above problem, which not only can
optimize the performance of thermoelectric materials by scattering
phonon through three-dimensional self-assembly porous structure
but can also improve their portability.

In this work, a kind of dendritic PbS is designed and
synthesized by hydrothermal method. The dendritic branching
structure can be effectively controlled by adjusting the amount of
CTAB. As a comparison, octahedral PbS are prepared by flask
synthesis method. Relative density of bulk monolith built by
dendritic PbS reaches 92% of the arrangement of dense
accumulation of octahedral PbS under the same consolidation
condition. Moreover, the porous structure caused by the
branching morphology has a significant effect on reducing the
thermal conductivity of PbS materials. Eventually, the thermal
conductivity of dendritic PbS decreases by 30% at 773K with no
deteriorated electrical conductivity and the final zT value increases
by 230% compared with octahedral PbS. Theoretical simulation
proved that construction of porous structure has a positive
influence on enhancing phonon scattering, resulting in the
reduction of lattice thermal conductivity. As expected, the
maximum zT value of dendritic PbS reaches 1.0 at 773 K, which is
nearly 50% higher than that of the pristine PbS.

2 Experimental

2.1 Synthesis

Chemicals: lead acetate trihydrate (Pb(CH,COO),:3H,0, 99.99%),
thiourea (CH,N,S, 99%) and cetyl trimethyl ammonium bromide
(CTAB, 99%) were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Acetic acid (CH;COOH, 99%)
and thioacetamide (CH;CSNH,, 99%) were purchased from
Shanghai Macklin Biochemical Technology Co., Ltd. All chemicals
were used as received without further purification.

Synthesis of dendritic PbS mnanocrystals: 5 mmol of
Pb(CH;CO0),-3H,0 (1.8964 g), 15 mmol of thiourea (1.1418 g)
and CTAB (= 0, 0.1, 0.3 and 0.5 g, respectively) were successively
dissolved into 60 mL deionized water under magnetic stirring for
10 min. Then, the solution was transferred to an autoclave made
of stainless steel lined with Teflon. After that, the autoclave was
tightly sealed and kept at 120 °C for 24 h. After the reaction was
completed, the black products were isolated by centrifugation at
12,000 rpm for 1 min and washed with absolute ethanol and
deionized water for several times. Finally, the products were
vacuum dried in a 60 °C oven for 6 h.

Synthesis of octahedral PbS nanocrystals: 6.82 mmol of
Pb(CH;CO0),-3H,0 (1.8964 g), 6.82 mmol of thiocacetamide
(0.5124 g), 12.12 mmol of acetic acid (1.6214 g) and CTAB (0.6217
g) were weighed and then dissolved into 300 mL of deionized
water. This solution was kept at 80 °C under magnetic stirring and
heated for 24 h. The washing procedure was the same as above.

2.2 Spark plasma sintering (SPS) and thermoelectric
measurements

The sample powders were compacted into pellets (10 mm
diameter, 2 mm thickness) in a graphite die using a spark plasma
sintering system (LABOX-110, Sinter Land). The samples were
held at an axial pressure of 20 MPa and a temperature of 873 K for
5 min, then the pressure was quickly released and the pellet was
peeled off. Seebeck coefficient and electrical resistivity were
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obtained simultaneously in an LSR-3 LINSEIS system in the range
from 323 to 773 K under helium atmosphere. The total thermal
conductivity (x) was calculated by the formula, k=D-C,:p, where
the thermal diffusion coefficient (D) was measured under same
temperature range with a Netzsch LFA457 equipment, the specific
heat capacity (C,) was estimated using the method of Dulong-Petit
law with a value of 0.2085 J-g"K™ and the mass density (p) was
measured by the Archimedes’ method. The relative density was
calculated by p/p,, where p,, is single-crystal density of PbS and the
value is 7.5 g:cm. The porosity was calculated by (1- p/py).

2.3 Characterization

X-ray diffraction (XRD) was conducted in a Bruker D8 Advance
diffractometer, with Cu Ke radiation (A = 1.5418 A), at 40 kV and
40 mA. The morphology of nanoparticles was observed by
transmission electron microscope (TEM, FEI TECNAI G2 20
LaB6) and scanning electron microscope (SEM, JSM-IT500HR).
We also carried out energy dispersive X-ray spectroscopy (EDS,
JEOL JSM-6700F) to obtain elemental profiles. Thermal
gravimetric analysis (TGA) of the as-synthesized powders were
carried out on a TGA/SDTAS51E thermal analyzer from room
temperature to 600 °C with a heating rate of 10 °C-min™ in N,.
Hall coefficients (Ry;) were measured under a reversible magnetic
field (1.5 T) by the Van der Pauw method.

3 Result and discussion

The samples of dendrite PbS were prepared by facile
hydrothermal method with different amount of CTAB, in which
the PbS materials with the addition of 0 g CTAB, 0.1 g CTAB, 0.3
g CTAB and 0.5 g CTAB are denoted as 1#, 2#, 3# and 4#
respectively. The contrastive octahedral PbS sample synthesized by
a flask method is denoted as 5#. Figure 1(a) shows the XRD
patterns of dendritic PbS and octahedral PbS, the peak positions at
25.9%, 30.0°% 43.0° 50.9° 53.4° 62.5° and 68.9° correspond to the
(111), (200), (220), (311), (222), (400), and (331) crystal planes
respectively, which are all in accordance with the standard
diffraction pattern (PDF65-2935), indicating that these samples
are of pure phase. Compared with pristine PbS (1#), the intensity
of (200) of dendritic sample is increased, even higher than that of
(111), indicating that the surfactant, CTAB, plays a key role in
controlling the growth orientation of crystal in solution synthesis
[23].

Several techniques like SEM, TEM, high-resolution TEM
(HRTEM) and EDS mapping were performed to reveal the size,
morphology and composition of the as-synthesized dendrite PbS
(4#) powder. Figure 1(b) is a typical TEM image of the product,
which clearly shows a dendrite structure. Each individual dendrite
PbS has a three-dimensional (3D) structure with one trunk and
several branches. Figure 1(c) shows that the lattice fringe spacing is
measured as 0.341 nm which can be indexed to the (111) lattice
plane of dendrite PbS (4#), implying that the trunk of dendrite
PbS grow along the [111] crystal direction. Figure 1(d) shows that
the fringe spacing of the branch of dendrite PbS is determined to
be 0.296 nm, which is close to the (200) lattice spacing of the bulk
PbS, indicating that the crystal growth of the branch is preferential
in the [100] direction. Beside the complete lattice stripes, an array
of distortions can be seen in dendrite PbS from Fig. 1(d). These
lattice defects caused during synthesis process can enhance
phonon scattering and will play an important role in reducing
thermal conductivity. EDS mapping images (Fig. 1(e))
demonstrate that in addition to the Pb and S elements, Br element
derived from the surfactant (CTAB) also uniformly distribute in
the samples. This illustrates Br element participated in the reaction
process and was retained in the samples.
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Figure1 (a) The XRD patterns of samples 1#, 2#, 3#, 4# and 5# respectively. (b) The low-magnification TEM of the dendrite PbS (4#), which shows a
dendritic staggered arrangement structure. (c) The high-magnification TEM recorded from the trunk of the dendrite PbS of b. (d) HRTEM image
recorded from the branch of dendrite PbS of (b). (e) The EDS mapping images of dendrite PbS sample (4#). (f) -(i) SEM images of dendrite PbS
synthesized with 0 g (1#), 0.1 g (2#), 0.3 g (3#) and 0.5 g CTAB (4#), respectively.

As shown in Figs. 1(f)-1(i), the SEM images of dendrite PbS
synthesized with 0 g (1#), 0.1 g (2#), 0.3 g (3#) and 0.5 g CTAB
(4#) were performed to reveal the mechanism of the growth
process of dendrites. The surfactant of CTAB was used to regulate
morphology and control the length of dendritic branches. As has
been reported in many literatures [24], CTAB can adsorb onto the
surface of the small nuclei of crystal and influence crystal growth
orientation. The pristine PbS (1#) without CTAB is irregularly
shaped with the size of 4-5 pm. With the addition of CTAB, the
morphology of PbS has changed and the structure of dendrite PbS
is becoming more and obvious. Firstly, the trunk structure grows
and subsequently the nanorods of branching structure grows
perpendicular to the trunk. In the evolution process from 1# to 4#,
we can effectively see the difference of its branching structure. The
sample synthesized with 0.1 g CTAB (2#) has the shortest length
of branches. When the amount of CTAB increases to 0.3 g (3#),
the branches are more obvious as compared with the 2#. Figure
1(d) shows that the dendritic branch structure of 4# are perfectly
formed with its length of branches ranging from 100-600 nm.

In addition, the contrastive octahedral PbS sample was also
characterized by several techniques like HRTEM, Fast Fourier
transform (FFT) and EDS. According to SEM and TEM images
(Figs. 2(a) and 2(b)), the as-synthesized crystals were approximate
octahedral shape with a mean diameter of 150 nm. As shown in
Fig. 2(c), HRTEM image of a representative PbS nanocrystal
confirms the high crystallinity of the as-synthesized nanocrystals
without detectable structural defects like dislocations and
distortions. And the fringe spacing of octahedral PbS is 0.341 nm,
corresponding to the lattice planes of (111), which agrees with the
crystal orientation of octahedral morphology. The elemental
mapping images of Pb, S, and Br elements using EDS analyzer are
shown in Fig. 2(d), which identifies the presence of Pb, S, Br. The
elements of Pb, S, and Br are uniformly distributed in the
octahedral PbS. The EDS energy spectrum of octahedral PbS (Fig.

S1(e) in the Electronic Supplementary Material (ESM)) shows a
tiny proportion of 1 atom% Br which is corresponding with the
doping amount of dendrite PbS (4#) sample and the doping
amount of 1#, 2# and 3# was 0%, 0.29%, 0.71%, respectively.

To explore thermoelectric performance of our PbS samples,
those samples were sintered by spark plasma sintering (SPS). The
crystal structure of all samples remained unchanged after sintering,
and the XRD pattern of the sintered samples can be seen in Fig. S3
in the ESM. As shown in Table 1, obvious differences in the
relative density are found among samples with different
morphologies. As we anticipated, the branching of dendritic
structure is the key factor for the introduction of porous structure.
While the branch structure become clearer from 1# to 4#, the
volume of pore of bulk matrix gradually increased which led to
monotonously reduced relative densities of PbS bulk matrix. The
SEM of fractography of bulk matrix (1#, 2#, 3#) are shown in the
Fig. S2 in the ESM. The monolith sintered from 1#, 2# and 3#
have finer grains, fewer pores and higher density. Due to the
random distribution of dendrites and the staggered arrangement
of branching structures in the sintering process, dendrite PbS (4#)
tends to form porous structure, resulting in the lowest relative
density of 92% and the highest porosity of 8%. In addition, Figs.
3(a) and 3(b) show the SEM morphology of the fractured surfaces
of dendrite PbS matrix (4#) and octahedral PbS matrix (5%), from
which the difference in porosity can be clearly seen. In the sintered
dendrites samples, the porous structure is obvious and the
distribution is uniform, which indicates that the shape-controlled
nanoparticles synthesized by solution is a key factor of the
formation of bulk matrix with porous structure. In contrast,
octahedral PbS is easy to form a dense packing mode owing to its
highly regular shape. A higher propensity of grain growth
occurred during the sintering process, which results in the
formation of large bulk structure with 6-7 pm grain size and the
high relative density.

In order to explore the effect of porous structure on the
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Figure2 (a) The SEM image of the octahedral PbS. (b) and (c) The low-magnification and high-magnification TEM of the octahedral PbS (5#), the inset shows
corresponding FFT pattern. (d) The EDS mapping images of octahedral PbS (sample 5#).

Table1 Comparison of relative density, porosity, carrier concentration #y;, and carrier mobility g at 323 K for all samples

Sample name Relative density Porosity ny (cm™) py (cm*V-'s™)
1# 99.6% 0.4% 7.6x10" 101.4
2# 98.3% 1.7% 5.7x10" 46
3# 96.4% 3.6% 7.0x10" 56
4# 92.3% 7.7% 8.0x10" 22
5# 98.1% 1.9% 8.1x10" 19

K

d(130) = 0:291nm

Figure3 (a) and (b) SEM images of fractured surfaces of bulk matrix 4# (from dendrite PbS) and 5# (from octahedral PbS) sample with schematic illustrations of the
possible packing inside. (c) TEM images of the sintered dendrite PbS sample shows some dark contrast. (d) HRTEM image depicting the lattice fringes of
nanoprecipitates corresponding to PbBr,. (e) FFT pattern of the nanoprecipitates, which shows the corresponding diffraction patterns of PbBr, along the [311] zone
axis. (f) The lattice distortion caused by overlapping and interlacing stacking structure of the dendritic branches.

thermoelectric performance, we first tested their electrical
properties in the temperature range from 323 to 773 K. In this
temperature range, the monolith structure remains stable, the
thermogravimetric analysis in this temperature interval is shown
in Fig. $4 in the ESM. As shown in Fig. 4(a), all samples show a
negative sign of Seebeck coefficients (S) that can be attributed to

UNIVERSITY PRESS

Br-doping, indicating all samples are n-type semiconductors and
the major carriers are electrons. It is easily found that the absolute
Seebeck coefficient (S) of all samples increases monotonously as
temperature ascends. This characteristic trend implies a behavior
of a degenerate semiconductor [10]. The Seebeck coefficient (S) of
pristine PbS (1#) changes range from —196 to —340 pV-K™ and the
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S of other samples slight changes between —50 and -200 pV-K™.
Apart from this, Seebeck coefficient also decreased slightly when
the samples change from 1# to 4#, indicating the increase of
carrier concentration caused by the increase of Br doping. This is
also confirmed by the Hall test results, where the carrier
concentration gradually increases as the sample changes from
1#-4# (Fig. 4(d)). The Pisarenko plots of a function of Seebeck
coefficients and carrier concentration at 323 K are shown in Fig.
4(f), data points of experimental Seebeck coefficients distribute
above the Pisarenko line with an effective charge carrier mass m’ =
0.5m,, indicating that a parabolic band and an acoustic phonon
scattering mechanism matches the experimental values very well.
The increase of CTAB effectively increases the amount of doping
of Br atoms and carrier concentration.

The electrical conductivity (o) is plotted in Fig. 4(b). For the
pristine PbS sample (1#), the ¢ increase first and then decrease
with increasing temperature. The electrical conductivity (o) of
CTAB-added samples is obviously improved in the temperature
range of 323-773 K and the 3# sample exhibits the highest
conductivity, reaching 630 S-cm™ at 323 K and 460 S-cm™ at 773
K. Compared to the 2# sample, the highest conductivity can be
attributed to the increased carrier concentration which greatly
optimizes the electrical transport process. Actually, the electrical
conductivity (0) was calculated by o = nyepy, ny is carrier
concentration and py is carrier mobility, where t4; not only
reflects the internal mobility of electrons, but also is a temperature-
dependent parameter that reflects the effect of the scattering
mechanism on the relaxation time at different temperature bands,
roughly following the power law (u4; o= T%), when d = -1.5 denote
the electron-phonon scattering and d = 1.5 denote electron-
ionized impurity scattering [25,26]. Figure 4(e) shows the

corresponding T-dependent carrier mobility gy, in the low
temperature region, the y4; is decreased and follows the trend of
pi o< T, suggesting that the electron-phonon dominate the
scattering mechanism [27] and also still mixes with
electron-ionized impurity scattering, as will be confirmed below.
At high temperature, p; increases roughly following yy; o< T', but
this does not mean that impurity scattering dominates this region,
the main effect of impurity scattering goes to the low temperature
region [28,29], which means that there may be other scattering
mechanisms, possibly the effect of nanopore scattering. p; for the
other samples are shown in Fig. S5 in the ESM which do not show
similar trends. As the result of the porous structure, 4# sample
exhibits a relatively low electrical conductivity owing to the
impaired py;, which lead to an obstruction of electrical transport
process. At the same time, we propose that low ¢ of 5# sample can
be ascribed to the difference of carrier mobility along different
crystal directions since the high symmetry integrity of octahedral
samples all grow along the [111] crystal plane.

The power factor (PF) which is calculated by S’o can be seen
from Fig. 4(c). Samples of 2# and 3# have the highest PF in view of
the Seebeck coefficient (S) and high electrical conductivity (o)
which are greater than 1.5 mV-m™K? at 773 K, while 4# sample
exhibits a PF of 1.36 mV-m™K™at 773 K due to the low o.

Figure 5(a) displays the temperature-dependent « of all samples
(1#-5#) for comparison. Thermal conductivity decreases gradually
from low temperature to high temperature because of the
enhanced lattice vibration scattering [30, 31]. The increased carrier
concentration caused by dopant will lead to an increase in
electrical conductivity (o) and carrier thermal conductivity ().
Hence, the pristine PbS sample (1#) shows the lowest thermal
conductivity compared with other samples, which is similar to the
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previous reports [13, 32, 33]. Moreover, it is found that with the
obvious of dendritic branching structure, the relative density
decreases and the porosity increases (2#-4#), which is significant
in reducing thermal conductivity. At room temperature, the x
decreased from 3.45 W-m™K™ for the 2# sample to 3.18 W-m™-K"
for the 4# sample. x decreased from 1.45 W-m™K" for the 2#
sample to 1.05 W-m™-K™" at 773 K for the 4# sample, representing
a decrease of about 10% at room temperature and about 30% at
773 K.

In order to clearly reveal the effect of porous structure, a single
variable on the lattice thermal conductivity by maintaining other
effect factors constant was analyzed based on first principles
density functional theory (DFT)-based phonon Boltzmann
transport equation (BTE).

1 1 1 1 1
~ = — + — + — + .
T (@) T (@) T (@) Tar (@) T (4:7)
+— (1)
Tpore (4:)

We are using the relaxation time approximation by treating
lattice thermal conductivity as arising from perfect-crystal
phonons that undergo scattering by other phonons isotopes,
defects, grain boundaries and pores. Where Ty, Ty Tio s Taer >
7y and T,,." represent the total phonon relaxation time,
anharmonic  phonon-scattering, ~phonon-isotope  scattering,
phonon-defect scattering, phonon-grain boundary scattering and
phonon-pore scattering, respectively. Details of the calculation
formula of lattice thermal conductivity and the equation of
corresponding relaxation times are given in the ESM. The
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contribution of porosity is plotted in Fig. 5(b), the nanoporosity
can lead to the enhanced phonon scattering at the surfaces of
pores as well as the thermal radiation within pores [34]. Fine
porosity from 0% to 7.7% can not only significantly suppress the
lattice thermal conductivity by about 11%, but also maintain the
stability of material structure. Moreover, as the porosity caused by
the difference of dendritic branch structure increases in turn, it is
accompanied by the obvious change of grain size and grain
boundary after sintering. The mechanism of grain boundaries
(GB) and point defects (PD) should also be considered, Figs. 4(c)
and 4(d) shows the contribution of each mechanism.

In addition, compared with the dense packing arrangement of
octahedron morphology, the reduction of entirety thermal
conductivity is huge from 4.6 W-m™"-K" for 5# sample to 3.18
W-m™ K" for 4# sample at room temperature. In general, in the
low temperature region the thermal conductivity mainly depends
on the scattering mechanism of long wavelength phonons [35, 36],
which mainly stem from grain boundaries and nanoprecipitates
[37]. According to reported theoretical calculation work [38] that
70% of the xy, at 300 K is contributed by the mean free path
shorter than 10 nm phonons. While the samples show grain
boundary with a size greater than 1 um after sintering, the
contribution of GB is very trivial, which is consistent with theory
calculation depicted in Figs. 4(d) and 4(e). Hence, the main reason
for low x maybe the existence of nanoprecipitates. The sintered
matrix of 4# sample was tested by TEM, structures similar to
nanoprecipitates in several different areas were observed in Fig.
3(c). The HRTEM image (Fig. 3(d)) shows significantly different
lattice fringes of 0.291 nm which is consistent with PbBr,
nanocrystals (Pnam). The electron diffraction pattern (Fig. 3(e))
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transformed by FFT shows the same result. Figure 3(e) shows the
corresponding diffraction patterns of PbBr, nanoprecipitates along
[311] zone axis. These nano precipitates with sizes between 5 and
10 nm are capable of scattering phonons of different frequency [39,
40], which can cover most of the frequency range where phonons
make a major contribution to thermal conductivity.

At the same time, because the octahedron sample has less
defects, while the dendritic structure has many lattice distortions
(Fig. 1(d)) caused in the synthesis and the overlapping and
interlacing stacking structure of the dendritic branches can also
contain lattice distortion (Fig. 3(f)). These lattice defects can scatter
short-wave and medium-wave phonons [35,41,42], effectively
enhancing the scattering of phonon transmission processes, which
also explains why the thermal conductivity of dendritic structures
is much lower than that of octahedron-derived sample. The
calculated lattice thermal conductivities (x,) of these samples are
compared to the experimentally measured data in Fig. 5(f). Finally,
the dendritic PbS sample (4#) showed the lowest thermal
conductivity under the synergistic mechanism of several
scatterings. The way in which these multiple scattering
mechanisms act is shown schematically in Fig. 6(a).

(a) (b),,
1.0
h 08s 28 222
7‘/P/honons : = < oe 0.68 01*4 i ?:

Z g |z s
//ﬂ;f/: oaf 8 2] |2 % ~
Lattice distortion - g 5

W Pores 02| & ] 2 S i

2| 3| &l |= = |2

Figure 6 (a) Schematic illustration of the effect of multiscale defects on
phonons, including grain boundary, point defects, lattice distortion, nano
precipitates and pores. (b) The zZT comparison of our 4# sample with previously
reported PbS samples [10, 13, 16, 43, 44], all values were measured at 773 K.

The temperature dependence of zT comparison is shown in
Fig. 5(f). Owing to low thermal conductivity and high-power
factor, the 4# dendrite PbS sample shows a peak zT of 1.0 at 773
K. Compared with the existing literatures in Fig. 6(b), we find that
the strategy by building porous structure has strong advantages.
Moreover, the hydrothermal method avoids the pollution of toxic
high vapor pressure of Pb and S [45].

4 Conclusion

PbS nanocrystals with branch structure are synthesized by solvent
method. Compared with the dense packing of octahedral PbS,
dendrite PbS with controlled morphonology can realize the
formation of porous structure of bulk matrix. The obtained PbS
monolith with porous structure has incomparable advantages of
decreasing relative density and reducing its thermal conductivity,
subsequently resulting excellent zT of 1.0 at 773 K. Theoretical
calculation reveals that the enhanced scattering of phonons by the
porous structure leads to low thermal conductivity. When the
melting and alloying are the commonly used methods to construct
thermoelectric ~ devices, reemphasizing the importance of
regulation by solution synthesis has certain guiding significance.
Our finding revealed that bottom-up solution synthesis is an
effective mean to prepare final matrix with porous structure,
which can simultaneously enhance thermoelectric performance
and improve portability of the thermoelectric device.
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1.Characterization Results
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Figure S1 (a-e) The EDS of samples 1#, 2#, 3#, 4# and 5# respectively. The calculated elemental ratios are shown in Table S1.
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Figure S2 (a-c) The SEM image of the fractured surfaces of samples1#, 2# and 3# respectively.
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Figure S3 The XRD patterns of the sintered samples.
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Figure S4 TG analysis of all samples, implying that all samples were stable between room temperature and 600 °C.
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Figure S5 Temperature dependence of Carrier mobility ux: (a) 1# Pristine PbS, (b) 2# 0.1 g CTAB, (C) 3# 0.3 g CTAB.
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2. Theory calculation Details

2.1 Details of the calculation formula of lattice thermal conductivity

—C =)

R ———
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In this formula, / represents the Plank constant, kz represents the Boltzmann constant, T is temperature in Kelvin, o(q, j) is
the perfect crystal phonon angular frequency, q is the phonon wavevector, j is the phonon branch, V. is the phonon group
velocity component in direction x, N is the number of q points sampled uniformly throughout the first Brillouin zone, and V. is
the volume of a primitive unit cell. The summation is taken over all the phonon modes (q, j). The effect of nano pores is studied
beyond the effective medium approximation by considering the phonon-pore scattering. P is the porosity and the factor (1- P)
considers the loss of material.

2.2 The equation of corresponding relaxation times

The isotope, defect, and grain boundary scattering rates[ 1-4] are calculated by

Where giso and gaer are the mass disorders induced by the natural Pb/S isotopes and the Br defects in the samples given by

C.)

(—)?, where # is the concentration of isotopes (defects), and AM is the mass difference between isotopes (defects) and the

pristine Pb/S atoms. DOS(w) is the normalized density of states of the pristine PbS. Dy, is the average grain diameter.
The phonon-pore scattering[5] is determined by

where Dyore is the average pore diameter.
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Figure S6 (a) DFT-calculated xi, of 2# by considering the phonon scattering mechanisms of PD, GB and Pore. (b) DFT-calculated xi: of 3# by
considering the phonon scattering mechanisms of PD, GB and Pore. (c) The lattice thermal conductivity accumulations as a function of phonon frequency
for acoustic and optical phonons.

Table S1 The data used in the thermal conductivity calculation

Sample Relative Br doping concentration Grain size (um) Average grain Porosity Pore diameter(pm)
No. density (atom %) Size (um)

1# 99.6% 0.4 1 0 0

24 98.3% 0.29 0.5-1 1 1.7% 0.39

3# 96.4% 0.71 1.5-2 2 3.6% 0.8

4# 92.3% 1.00 2-3 2.5 7.7% 0.55

S# 98.1% 1.00 6-7 6.5 1.9% 0.5
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