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1 | INTRODUCTION

Thermoelectric materials can directly convert heat to elec-
tricity by harvesting waste heat emitted in the environ-
ment, which provide a potential solution to relieve the

Abstract

The morphology and composition are two key factors to determine the thermoelectric
performance of aqueously synthesized tin selenide (SnSe) crystals; however, their
controlling is still under exploring. In this study, we report a high figure-of-merit
(ZT) of ~1.5 at 823 K in p-type polycrystalline Sn; _ ,Se resulted from a synergy of
morphology control and vacancy optimization, realized by carefully tuning the
sodium hydroxide (NaOH) concentration during solvothermal synthesis. After a
comprehensive investigation on various NaOH concentrations, it was found that an
optimized NaOH amount of 10 mL with a concentration of 10 mol L™" can simulta-
neously achieve a large average crystal size and a high Sn vacancy concentration of
~2.5%. The large microplate-like crystals lead to a considerable anisotropy in the
sintered pellets, and the high Sn vacancy level contributes to an optimum hole con-

centration to the level of ~2.3 x 10" ¢cm™

, and in turn a high power factor of
~74pW em™' K2 at 823 K, measured along the direction perpendicular to the
sintering pressure. In addition, a low thermal conductivity of ~0.41 W m™" K™ is
achieved by effective phonon scattering at localized crystal imperfections including
lattice distortions, grain boundaries, and vacancy domains, as observed by detailed
structural characterizations. Furthermore, a competitive compressive strength of
~52.1 MPa can be achieved along the direction of high thermoelectric performance,
indicating a mechanically robust feature. This study provides a new avenue in

achieving high thermoelectric performance in SnSe-based thermoelectric materials.
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stress of considerable energy shortage and environmental
issues derived from the depletion of fossil fuels.' The
dimensionless figure-of-merit ZT is defined to evaluate
the efficiency of energy conversion for thermoelectric
materials*®:
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where o is the electrical conductivity, S is the Seebeck coef-
ficient, S is the power factor, T is the absolute temperature,
and « is the thermal conductivity, which is composed of two
parts, namely electronic thermal conductivity k. and lattice
thermal conductivity «;, respectively.”® It is of significance
to achieve a high $%¢ as well as a low « to secure a high
ZT. For o, S, and k., there are> 11

o =nep, (2)
872k% . m\2/3
S= B'r(=) ", 3
3en (3n> 3)
ke=LoT, 4)

where n is the carrier concentration (n for electrons in n-type
semiconductor and p for holes in p-type semiconductor), e is
the electrical charge, p is the carrier mobility, kg is the
Boltzmann constant, 7 is the Planck constant, m* is the carrier
effective mass, and L is the Lorenz number, respectively. Con-
sidering that S, o, and « strongly couple with each other via
tuning n or p, it is a considerable challenge to achieve a high
ZT for thermoelectric materials.'>'> Historically, to achieve a
high electrical transport performance, strategies such as reso-
nant state doping,14 band convergence,15 and quantum
confinement,'® were investigated to tune appropriate 7 or p.'”
Meanwhile, to reduce x; which is mostly determined by struc-
ture, structural designs including nanostructuring,'® hierarchi-
cal architecturing,'®* and nanoprecipitate inducing,?' were
explored.

Among the up-to-date thermoelectric materials, tin sele-
nide (SnSe) has attracted much attention due to its high-per-
formance, low-toxic, and high-cost-effective features.>?>24
SnSe single crystals were reported to exhibit ultrahigh ZTs
of ~2.6 at 923 K in p-type crystals®® and ~2.8 at 773 K in
n-type crystals,”® owing to their noticeably low k along spec-
ified crystal directions (the b-axis).?>*® However, SnSe sin-
gle crystals are difficult to be employed in thermoelectric
devices due to their critical crystal growth techniques, pro-
spective high cost for fabrications, and undesirable mechani-
cal properties.”>*” To solve this issue, polycrystalline SnSe
becomes a good alternative.>**** Various methods have
been explored to fabricate polycrystalline SnSe, such as
melting (include arc melting),***? mechanical alloying,*
solid-state reaction,33 and hydrothennal34 or solvothermal
syntheses.®> Band engineering,>*°*® multiphase alloying,>
and texturing®?” are three main strategies to improve the ZT
of pristine SnSe, and significant progress has been made up
to this day (the ZT was improved from ~0.5 to ~2.5 before

873 K).30’37 However, it should be noticed that any hetero-
atoms by doping and/or secondary phases by alloying may
seriously harm the mechanical properties of pristine
SnSe,>**® which has been intentionally neglected in previ-
ous studies. In this situation, to achieve high ZTs in pure
SnSe with acceptable mechanical properties is much signifi-
cant and promising for applying to thermoelectric devices.*

In order to achieve high ZTs in pure polycrystalline SnSe,
a key point is to tune an appropriate n or p, which can opti-
mize the electrical transport properties™ as discussed above.
To achieve this goal, aqueous solution routes such as hydro-
thermal and solvothermal syntheses are good choices,’ owing
to their abilities to directly tune cation or anion vacancy con-
centrations under supercritical conditions, including high tem-
perature and high vapor pressure of solvents.” As a typical
case, a high ZT of ~1.36 was reported in p-type polycrystal-
line Sng ogSe at 823 K, achieved by inducing ~2% Sn vacan-
cies during solvothermal synthesis and in turn a high p of
~1.5x 10" cm™ and a high $°%¢ of 6.95 yW cm™' K2
At the same time, through controlling the synthesis time, large
Sng ogSe microplates with an average size of ~100 pm can be
achieved, which significantly strengthen the anisotropy of
sintered pellets and in turn secure a high electrical transport
performance along specific direction (perpendicular to the
sintering pressure).”’ However, it should be noted that synthe-
sis duration is not the only one controllable parameter during
synthesis, and whether the tuning of other synthesis condi-
tions, such as stoichiometric ratio and amount of precursors,
solvent type, and synthesis temperature, can achieve the same
goal or even better thermoelectric performance is still
unknown.>*>*®  Considering the increasing demand of
employing to thermoelectric device with both high thermo-
electric performance and robust mechanical feature, it is
urgent to exploring all potential factors to determine the
vacancy concentration and the morphology of synthesized
crystals (both size and type).

Acid or alkaline added into the aqueous synthesis plays
significant roles in adjusting the pH of solutions and acting as
precursors, both benefiting to the chemical reactions during
synthesis.28’29’36’40’41 However, there are still lack of compre-
hensive studies on the role of alkaline for aqueously synthe-
sized SnSe thermoelectric materials, such as their influence on
crystallization and composition. To fill this gap, we investi-
gated the morphology, structure, composition, and thermo-
electric performance of p-type SnSe crystals by carefully
tuning the sodium hydroxide (NaOH) concentration during
solvothermal synthesis, as illustrated in Figure 1A, and estab-
lish the interlinks between these features. After a systematic
study based on various NaOH concentrations, we confirmed
that an optimized NaOH amount of 10 mL with a high con-
centration of 10 mol L™ can simultaneously achieve a large
average crystal size and a high Sn vacancy concentration of
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FIGURE 1 [Tllustrations of fabrication, structure, and thermoelectric performance of polycrystalline Sn; _ ,Se. A, Schematic diagram of

fabrication process; B, crystal structures viewed along different directions (for a-SnSe); C, temperature-dependent Z7T; D, peak and average ZTs of

our polycrystalline Sn; _ ,Se along the direction perpendicular to the sintering pressure (L). Reported ZTs from pure polycrystalline SnSe fabricated

by different synthesis routes are also provided in both C and D for comparisons.
SPps 32394244

pressing; HT,* hydrothermal; M,*? melting; MA,* mechanical alloying;
solvothermal

~2.5%. The large crystals lead to a considerable anisotropy in
the sintered pellets, and the high Sn vacancy level contributes
to an optimum p of ~2.3 x 10'® cm™ and in turn a high $%c
of ~7.4 pW cm™" K2 at 823 K, measured along the direction
perpendicular to the sintering pressure. Simultaneously, a low
Kk of ~0.41 W m™" K" is achieved by effective phonon scat-
tering at localized crystal imperfections including lattice dis-
tortions, grain boundaries, and vacancies, as illustrated in
Figure 1B, and confirmed by detailed structural characteriza-
tions, leading to a high ZT of ~1.5 at 823 K. This value is
very competitive compared with previous studies focusing on
pure polycrystalline  SnSe different
techniques,>'*>**4** a5 shown in Figure 1C. Figure 1D
shows that the achieved average ZT of ~0.78 is also a record
for pure polycrystalline SnSe according to previous
results.®' #2294 * Furthermore, a competitive compressive
strength of ~52.1 MPa was also achieved along the direction
of high thermoelectric performance, indicating a mechanically

via fabrication

3 ) . .
31,32,39.42-44 p g 43 aqueous solution; C,*° combustion; HP,*"**? hot

sparkle plasma sintering; SSR,?! solid-state reaction; ST,

robust feature. This study provides a new avenue in achieving
high thermoelectric performance in SnSe-based thermoelectric
materials.

2 | RESULTS AND DISCUSSION

To investigate the impact of NaOH concentrations on the
synthesized products, X-ray diffraction (XRD) investigations
were performed. Figure 2A shows the XRD patterns taken
from synthesized products with different amounts of
10 mol L™" NaOH during syntheses (from 0 to 12 mL), in a
26 range from 20° to 70°. The peak intensities were normal-
ized for better comparison. As can be clearly seen, when no
NaOH was added into the synthesis (0 mL), all diffraction
peaks can be indexed as the hexagonal structured SnSe, with
lattice parameters of a = 0.381 and ¢ = 0.614 nm and a
space group of P 3 ml, according to the JCPDS 23-0602.
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FIGURE 2 XRD results of synthesized products via different amounts of NaOH. A, XRD patterns in a 26 range from 20° to 70°; B,
magnified XRD patterns in a 26 range from 30° to 31.5°. The peak intensities have been rescaled for better comparison. The concentrations of
NaOH solutions used in the syntheses were all 10 mol L™'. XRD, X-ray diffraction

When 2 mL. NaOH was added into the synthesis, the diffrac-
tion peaks can be both indexed as hexagonal structured
SnSe, (indexed by dark yellow arrows in Figure 2A), and
orthorhombic-structured SnSe with lattice parameters of
a=1.137, b = 0419, and ¢ = 0.444nm and a space group
of Pnma, indicating the co-existence of SnSe and SnSe,
phases. When 4 mL. NaOH was added into the synthesis, all
diffraction peaks can be indexed as orthorhombic structured
SnSe. These results confirm that to secure pure SnSe phase,
appropriate NaOH concentration is needed during syntheses
(>4 mL in this case, which should be adjusted when other
synthesis parameters are changed such as precursor amount
and solvent type).? As the 400* diffraction peak is the stron-
gest peak, synthesized SnSe products must contain signifi-
cant {100} surfaces, thus making the other peaks weak
(such as 111%* pf:aks),zg’41 showing similar feature of
reported SnSe single crystals.?>*>4¢

To understand the reason why different phases are during
a typical solvothermal synthesis, we note the following
potential chemical reactions in the solution under high tem-

. 28,2 40,41
perature and high vapor pressure”®=%-36-4041.

SnCly - 2H,0 5% $n?* 42C17 +2H,0, (5)
Na,SeO; 2% 2Na* +Se02", (6)
Se03™ +CyHO, — Se +CoH,0, + H,O+20H™.  (7)

Based on above reactions, when sufficient NaOH is
added into the solution, a high concentration of OH™ ions
can benefit the ion reaction®:

3Se+60H™ — 2Se’~ +Se0%™ +3H,0, (8)

Sn’* +Se*~ — SnSe. 9)

However, where NaOH is insufficient, Sn”* can be oxi-
dized by remained Se due to the fact that Se is more oxidative
than Sp2+3435-

Se+Sn’>* — Se?” +Sn**, (10)
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Sn** +2Se*~ — SnSe,. (11)

Figure 2B shows the detailed XRD patterns in a 26 range
from 30° to 31.5°, in which, with increasing the NaOH
amount from 4 to 10 mL, the peak intensities of 111%*
become weaker, indicating that the {100} surfaces of syn-
thesized products become more significant,>>** implying a
larger crystal size.***! This is because SnSe has a typical
layered structure,” the adjacent SnSe layers are mainly
bound to each other along the a-axis with a combination of
van der Waals forces,*” making the crystals be difficult to
grow along the a-axis due to the high surface energy,” thus
the {100} surface is the most naked surface for the synthe-
sized crystals. At the same time, with increasing the NaOH
amount from 4 to 10 mL, the 400* peaks slightly shift
toward right from standard 26 = 31.081°, indicating a
slightly reduced lattice parameter @,”°~° and in turn a
shrunken unit cell caused by the Sn vacancies in SnSe.*
Furthermore, for the synthesized products via 12 mL. NaOH,
the position of the 400* peak has the same peak position of
the products via 10 mL NaOH, indicating that both synthe-
sized products have the same Sn vacancy level. On the other
hand, the 111* peak intensity become much stronger in the
products made by 12 mL. NaOH, indicating a reduction in
dimension of synthesized crystals. These results indicate that
there is an upper limit for Sn vacancy concentration and an
optimal crystal size when tuning the amount of NaOH,
which can be explained by the situation that excessive ion
concentration (both Na* and OH™) may seriously inhibit the
crystal growth of SnSe, which has also been found in other
material systems.*®*’

To verify the influence of different NaOH concentrations
on the morphology and composition variations of synthe-
sized products, comprehensive scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and
energy dispersive spectroscopy (EDS) investigations were
performed. For the synthesized pure SnSe, without NaOH
addition, Figure 3A shows the typical optical image, from
which dark yellow powders can be observed. Figure 3B
shows corresponding SEM image with the inset of magni-
fied SEM image, in which SnSe, powders with typical hex-
agonal morphologies can be These powders
occasionally agglomerate to form large-sized particles.
Figure 3C shows a TEM image of a typical SnSe, micro-
plate with the insets showing the corresponding selected area
electron diffraction (SAED) pattern (top right) and high-
resolution TEM (HRTEM) image (bottom right), both
viewed along the [001] direction. These results confirm the
crystal nature of hexagonal structured SnSe,. EDS results
including spots and maps also confirm the nature of SnSe,,
as shown in Figure S1. In comparison, for the synthesized
products with both SnSe and SnSe, phases via 2 mL NaOH,

seen.

WILEY_L_*

Figure 3D shows the typical optical image, from which the
color of powders becomes gray. Figure 3E shows the
corresponding SEM image, from which both microrods and
microplates can be found. Figure 3F shows a magnified
SEM image taken from Figure 3E, in which coexistence of
microrod-shaped SnSe and microplate-shaped SnSe, can be
witnessed. For the synthesized pure SnSe made by adding
4 mL NaOH, Figure 3G also shows the typical optical
image, from which metallic silver-colored powders can be
observed. Figure 3H shows the corresponding SEM image,
from which SnSe powders possess two typical morphol-
ogies, namely microrods and microplates. Our intensive
EDS results on these different powders indicate that SnSe
microrods are close to perfect crystals with a stoichiometric
ratio of Sn:Se = 1:1, while SnSe microplates exhibit a slight
off-stoichiometric ratio of Sn:Se = ~0.985:1, as shown in
Figure S2. We anticipate that the Sn vacancy can result in
crystal growth along specific directions.? Figure 31 shows a
TEM image of one typical SnSe microplate with insets of
corresponding SAED pattern (top right) and HRTEM image
(bottom right), both viewed along the [100] direction. These
results confirm the crystal nature of orthorhombic structured
SnSe. Since {100} surface is the most significant surface in
SnSe microplates, the TEM results explain why the 400*
diffraction peaks are the strongest in XRD results.

As shown in Figure 2, even though the synthesized prod-
ucts were all pure SnSe when the amount of NaOH was
>4 mL, these products are still different from either their
peak intensities or peak shifts, indicating their morphological
and compositional differences among these products. To
clarify these, comprehensive SEM and EDS investigations
were performed. Figure 4A—C shows SEM images of syn-
thesized products when 6, 8, and 10 mL NaOH were added
into the solutions, the corresponding optical images are also
shown in the insets. Combined with Figure 3G,H, it is
clearly seen that with increasing the NaOH amount from
4 to 10 mL, the crystal size of synthesized microplates is
enlarged. Extensive EDS results indicate that the average
off-stoichiometric ratios of Sn:Se were ~0.983:1, ~0.98:1,
and ~0.975:1 for 6, 8, and 10 mL NaOH, respectively, as
shown in Figure S3A,C, indicating that the higher the Sn
vacancy concentration, the larger the crystal dimension. In
addition, the amount of microrod is gradually decreased and
finally disappear when the amount of NaOH reaches to
10 mL, indicating that OH™ ions in the solutions can benefit
the crystal growth of SnSe toward a high off-stoichiometric
ratio (Sn; _ ,Se) with the morphology of crystals transferring
from microrods to microplates.

Nevertheless, it should be noted that excessive NaOH
may prohibit the crystal growth of SnSe microplates, owing
to the excessive ion concentration in the solution during syn-
thesis. Figure 4D shows the SEM image with inset of optical



SHI ET AL.

~0.3 nm

\\ -~ ~0.3 nm

FIGURE 3 Morphological and structural characterizations of synthesized products via different amounts of NaOH. A, Optical image of

synthesized products (pure SnSe,) when no NaOH was added into the solution; B, corresponding SEM image with inset of magnified SEM

image; C, corresponding TEM image with inset of SAED pattern (top right) and HRTEM image (bottom right) viewed along the [001] direction; D,

optical image of synthesized products (SnSe and SnSe;) when 2 mL NaOH was added into the solution, corresponding, E, low-magnification and, F,

high-magnification SEM images; G, optical image of synthesized products (pure SnSe) when 4 mL NaOH was added into the solution; H,

corresponding SEM image; I, corresponding TEM image with inset of SAED pattern (top right) and HRTEM image (bottom right) viewed along the
[100] direction. The concentrations of NaOH solutions used in the syntheses were all 10 mol L. HRTEM, high-resolution TEM; TEM,
transmission electron microscopy; SAED, selected area electron diffraction; SEM, scanning electron microscopy

image of synthesized products made from 12 mL NaOH.
Compared with Figure 4C, the crystal size becomes much
smaller, even though the measured off-stoichiometric ratios
of Sn:Se was ~0.975:1, same to the results from crystals via
10 mL NaOH as shown in Figure S3D, indicating that there
is an upper limit for the Sn vacancy level when tuning the
amount of NaOH, but excessive ion concentration should
restrict the crystal growth.*®* Magnified SEM images of
the microplates with much smaller size by 12 mL. NaOH can
be seen in Figure S3E,F. These dimension-reduced crystals
also explain why the 111* peak of synthesized products via
12 mL NaOH becomes more significant than that of synthe-
sized products via 10 mL NaOH.

To determine the thermoelectric performance of our syn-
thesized SnSe crystals prepared with different NaOH con-
centrations, we sintered these crystals into polycrystalline
pellets, cut these pellets long different directions, and fine-
polished these samples for property measurements, as illus-
trated in Figure 1A. Before the measurements, detailed struc-
tural and compositional characterizations were performed on
these pellets. Figure SA shows the XRD patterns of pellets
sintered from the synthesized SnSe crystals via both 10 and
12 mL NaOH, respectively, and the characterizations were
taken along both the directions perpendicular (1) and paral-
lel (/) to the sintering pressure. As can be seen, all diffrac-
tion peaks can be indexed as orthorhombic-structured SnSe,
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FIGURE 4 Morphological characterizations of synthesized products via different amounts of NaOH. SEM images with inset of optical images
and average EDS results of synthesized products (pure SnSe) when, A, 6 mL NaOH, B, 8 mL NaOH, C, 10 mL NaOH, and, D, 12 mL NaOH were
added into the solutions. The concentrations of NaOH solutions used in the syntheses were all 10 mol L™". EDS, energy dispersive spectroscopy;

SEM, scanning electron microscopy

confirming the structural features maintained after the
sintering.”®3¢ Besides, for all samples, 400%* peaks are the
most significant along the L directions, while 111* peaks
are strongest along the // directions, indicating considerable
anisotropy in the pellets. Meanwhile, SnSe via 12 mL NaOH
has a slightly stronger 111* peak than that via 10 mL NaOH
along the L directions, indicating more significant anisot-
ropy in pellets via 10 mL NaOH,*® derived from their much
larger grain sizes, agreeing with the XRD results of synthe-
sized microplates shown in Figure 2. Figure 5B magnifies
the 111* and 400* diffraction peaks to reveal the peak devi-
ations, from which the same peak deviations of SnSe via
10 and 12 mL NaOH indicate same compositions, agreeing
with the EDS results.

To clarify the anisotropy, composition, and structural fea-
tures in sintered pellets, comprehensive SEM, EDS, electron
probe microanalyzer (EPMA), and TEM investigations were
performed. Figure 5C shows a SEM image with inset of
optical image of cut and fine-polished pellets via 10 mL
NaOH, from which a smooth surface without any obvious

defect can be observed, indicating a good sintering quality.
The measured densities p of these pellets were ~6.103,
~6.124, ~6.135, ~6.147, and ~6.122 g cm™> for pellets by
4,6, 8, 10, and 12 mL NaOH, respectively, indicating highly
compact structures. Such high densities come from the large
crystals (grains) composing the pellets, which is very close
to the values of single crystals with a standard density of
6.179 g cm™>.* Meanwhile, with increasing the NaOH con-
centration from 4 to 10 mL, the density is increased, mainly
due to the larger size of synthesized microplates that lead to
lower grain boundary density in the sintered pellets.
Figure 5D,E shows SEM images of pellets via 10 mL
NaOH, fractured from the 1 and the // directions, respec-
tively. Highly textured structures can be observed, indicating
a considerable anisotropy in the pellets, agreeing with the
XRD results shown in Figure 5A,B. EPMA results indicate
that the real stoichiometric ratios of Sn:Se in the sintered
pellets were ~0.988:1, ~0.985:1, ~0.981:1, ~0.975:1, and
~0.975:1 for 4, 6, 8, 10, and 12 mL NaOH, respectively, as
shown in Section 4 of Data S1. Figure 5F shows a HRTEM
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FIGURE 5 Morphological and structural characterizations of sintered pellets. A, XRD patterns of pellets via both 10 and 12 mL NaOH in a 26
range from 20° to 70°, measured along different directions; B, magnified XRD patterns in a 26 range from 30° to 31.75°; C, SEM image with inset
of optical image of cut and fine-polished pellets (via 10 mL NaOH), SEM images of pellets fractured from, D, the L direction and, E, the //
directions; F, HRTEM image with inset of FFT pattern viewed along the [001] direction to show local lattice variation®****%; G, HRTEM image
with inset of FFT pattern viewed along the [011] direction to show a typical grain boundary®®; H, high-resolution Cs-STEM HAADF image with

inset of FFT pattern (top right) viewed along the [011] direction to show a vacancy domain revealed by the inset of line profile (bottom right).

40,44

The concentrations of NaOH solutions used in the syntheses were all 10 mol L FFT, fast Fourier transform; HRTEM, high-resolution TEM; SEM,

scanning electron microscopy; XRD, X-ray diffraction

image taken from a pellet prepared with 10 mL. NaOH with
inset of fast Fourier transform (FFT) pattern viewed along
the [001] direction. The results confirm the crystal nature of
SnSe and show contrast variation, possibly due to inhomo-
geneous distrusted Sn vacancies.”®***° Figure 5G shows a
HRTEM image with inset of FFT pattern viewed along the
[011] direction to show a typical grain boundary,*® and
Figure 5H shows a high-resolution Cs-STEM high-angle
annular dark-field (HAADF) image viewed along the [011]
direction to show a typical contrast variation, possibly due to
the vacancies.**** These results confirm the coexistence of
various lattice imperfections in sintered pellets.

We measured thermoelectric properties from 300 to
823 K for SnSe pellets sintered from the crystals synthesized
with different NaOH amounts from 4 to 12 mL (no the
SnSe, phase), and the results are shown in Figure 6. High
repeatability was confirmed by measuring the fluctuations
being 10%, 2%, and 5% for o, S, and «, respectively, as
shown in Figure S5. Besides, considering the anisotropy

6,>>2° the L direction was chosen as the

shown in Figure S
main direction for the property measurements.*' Figure 6A
shows the T-dependent o of the pellets prepared from differ-
ent amounts of NaOH. With increasing the NaOH amount

from 4 to 10 mL, ¢ is gradually increased, benefitted from
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FIGURE 6 Plots of T-dependent properties from the pellets via different amounts of NaOH. A, ¢; B, S; C, $%0; D, p; E, u; F, k; G, k; with
inset of 1000/7-dependent «;; H, ZT; I, a comparison of achieved ZTs with calculated predicted ZTs at 823 K. 36404150 The concentrations of NaOH

solutions used in the syntheses were all 10 mol L™

both the strengthened anisotropy and enhanced Sn vacancy
concentration, which contributes to higher p. Compared with
these pellets, ¢ of the pellet prepared from 12 mL NaOH
drops, mainly derived from the reduction of anisotropy, as
shown in Figure 5A,B. Figure 6B shows the 7-dependent
S of the pellets prepared from different amounts of NaOH.
Oppositely, with increasing the NaOH amount from 4 to
10 mL, S decreases slightly, resulted from the enhanced Sn
vacancy concentration. It is of interest to note that S of the
pellets prepared from both 10 and 12 mL. NaOH are almost
the same, indicating that anisotropy has little influence on

§.22%4 Figure 6C shows the determined T-dependent S° of
the pellets, in which a high $’c of ~7.4 pyW cm™' K2

823 K was achieved in the pellets prepared from 10 mL
NaOH, benefited from both their considerable anisotropy
and high Sn vacancy concentration. To determine p caused
by the Sn vacancies, Figure 6D shows measured 7-
dependent p. With increasing the NaOH amount from 4 to
10 mL, p increases gradually, mainly coming from the extra
holes provided by the enhanced Sn vacancy concentration.
Figure 6E shows measured T-dependent p. Different from o,
with increasing the NaOH amount from 4 to 10 mL, u
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decreases gradually, mainly owning to the enhanced vacancy
concentration, which should cause lattice distortion, and in
turn cause scatter the carriers during transportation. Note that
u of all pellets roughly follow the relationship of yoc T ~'?
in a wide temperature range from 350 to 750 K,* indicating
that the scattering mechanism should still be dominated by
acoustic phonon scattering.*

For the evaluation of thermal transport performance,
Figure 6F shows the T-dependent x of the pellets prepared
from different amounts of NaOH. To determine x using
K= DpCp,zg’3 % the measured D is shown in Figure S7A, and
the specific heat capacity C, was referred from our previous
studies.””***! With increasing the NaOH amount from
4 to 10 mL, «x increases gradually, resulted from both the
strengthened anisotropy and enhanced Sn vacancy concen-
tration, which contributes to higher x. derived from higher o
according to Equations (4). Compared with the pellet pre-
pared from 10 mL NaOH, « of the pellet prepared from
12 mL NaOH was reduced, mainly derived from the anisot-
ropy reduction, similar to 6. However, it should be noted that
the higher Sn vacancy level should result in a strengthening
of phonon scattering due to that Sn vacancies can be consid-
ered as point defects in the matrix, which can effectively
scatter the phonons from mainly high frequencies.” Conse-
quently, the understanding of both x. and x; is needed. To
determine «. by Equation (4) and x| by k; = k — k., the calcu-
lated L is shown in Figure S7B by a classical single parabolic
band (SPB) model, and the determined 7-dependent k. is
also shown in Figure S7C, which has similar trend of ¢ but
much smaller values compared with k. Figure 6G shows the
T-dependent k. Similar to k, with increasing the NaOH
amount from 4 to 10 mL, «x; increases gradually, resulted
from both the strengthened anisotropy and Sn vacancy con-
centration (strengthened point defects and local lattice distor-
tions to effectively scatter the phonons). Compared with the
pellet prepared from 10 mL NaOH, «; of the pellet prepared
from 12 mL NaOH was also reduced, mainly derived from
the anisotropy reduction, indicating that anisotropy also
plays a significant role in determining the thermal transport
properties in polycrystalline SnSe. The inset of Figure 6G
shows determined 1000/7-dependent k;, which roughly fol-
lowing a linear relationship, showing that Umklapp phonon
scattering dominates the phonon scattering mechanism in
SnSe.*> A low k; of only ~0.31 Wm™ K™ at 823 K was
achieved from the pellet prepared from 10 mL NaOH, which
was close to the calculated theoretical value of minimum x;
(k1 min) Via a classical Debye-Cahill model,”! from which the
calculated xj i, were 0.26, 0.36, and 0.33 W m ! K! along
the a-axis, b-axis, and c—axis,25 respectively. In fact, because
this calculation is based on intrinsic SnSe single crystals with
no defect and an ideal relative density of 100%, our achieved
K are reasonable lower than the calculated x; ;5. Such low

are mainly derived from the anisotropy and crystal imperfec-
tions including Sn vacancy caused point defects/lattice dis-
tortions and grain boundaries (refer to Figure 5). These
crystal imperfections can scatter phonons with different
wavelengths, contributing to a low ;. Besides, the calculated
T-dependent ky/k ratio is shown in Figure S7D, from which
more than ~70% of k were derived from the phonon trans-
port (k) when T < 823 K, indicating « is dominated by pho-
non transport.

Figure 6H shows the determined 7-dependent ZT. Sur-
prisingly, a competitive ZT of ~1.5 at 823 K was achieved
from the pellets prepared from 10 mL NaOH, indicating that
an appropriate NaOH amount in the synthesis can success-
fully realize a synergy of anisotropy strengthening by mor-
phology controlling and carrier concentration improving.
Figure 61 shows a comparison of experimental ZTs with
predicted values by calculations based on the SPB model at
823 K, in which our measured p value of ~2.3 x 10" cm™
is very close to the predicted value (~4 x 10" cm™) that
corresponds a peak ZT of ~1.6 for pure polycrystalline
SnSe. Considering that our achieved Sn; _ ,Se has a maxi-
mum Sn vacancy concentration of ~2.5%, tuning the
vacancy concentration to an even higher level is a potential
way to achieve higher p and ZT, and an appropriate design
of synthesis route can achieve this goal, such as solvent and
vapor pressure control. The density functional theory calcu-
lations of the electronic band structures of SnSe and Sn; _ ,Se
in our previous studies confirmed that the Fermi level moves
into the valence band with the presence of Sn vacancy in the
supercell, indicating that the Sn vacancy changes SnSe into a
degenerate  p-type significantly
increased p.*° More discussions about the fundamental

semiconductor  with

reasons of Sn vacancy concentration influencing on the elec-
trical transport performance of SnSe can be referred to
Figure S8. Except further improving the Sn vacancy level,
there are several routes to further improve the p value to
achieve even higher ZT. Considering that our achieved
results are based on pure SnSe, doping with other elements
such as Na and Ag which exhibit 14+ valence state can pro-
vide more holes in the system,*>**° leading to higher p and
ZT. Furthermore, alloying with other thermoelectric systems
which have higher intrinsic p values such as Cu,Se and SnTe
is also a good choice.*”*°

For the practical applications of our SnSe crystals, it is crit-
ical important to evaluate their mechanical properties. For this
reason, we investigated the mechanical property for the SnSe
pellet prepared from 10 mL NaOH using an Instron 5584 EM
Frame machine, as shown in Figure 7A. The sintered pellets
were cut into rectangular chips with 3.5 mm in width and
thickness, and 7 mm in height. The entire surfaces of the spec-
imens were finely polished to remove the scratches by cutting.
Figure 7B shows the compressive strength values derived
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from the extension-stress curves for the pellet (at a strain rate
of 2.5 x 10™* s71), from which competitive strength of ~52.1
and ~77.0 MPa can be achieved along the both L and //
directions, respectively, both of which are very competitive
with reported values of 74.4 MPa with a peak ZT of ~0.5 at
773 K.*° This value is also comparable to the other commer-
cial thermoelectric materials, such as PbTe and Bi,Te;.>”">®
Such an outstanding mechanical performance are mainly
derived from the Sn vacancy-induced dispersion hardening
for the grains,”®®! which is similar to the strengthening mech-
anism of traditional metals and alloys.sg'61 Nevertheless, it
should be noted that the compressive strength measured along
the L direction is lower than that measured along the // direc-
tion, due to the fact that, along the L direction, the pellet is
easier to crack along the textured grains due to the most sig-
nificant {100} surfaces of SnSe crystals, as shown in the
SEM image in Figure 7C; at the same time, the grains may
also be easier to crack due to the weak van der Waals forces
between adjacent SnSe layers,*’ as shown in the SEM image
in Figure 7D. Eventually, the ZT of ~1.03 at 823 K was

(B)

Stress (MPa)

/) Sn, Se
120 |+ 1-x
1 10 ml NaOH
77.0 MPa
80 - <
52.1 MPa o
ol I
Slight
Crack
0 N 1 . : 1 " 1 A i 1

achieved along the // direction, as shown in Figure S6E, that
is, competitive for thermoelectric devices. Note that along the
/I direction, the “slight crack” indicates that there was a slight
crack happened in the sample during the compression test, but
the sample kept almost stable and has not cracked into pieces,
this is why the compression curve can continue to rise after
the “slight crack” until the entire pellet cracked. Such a slight
crack should be derived from the layered structure in the
sintered pellets. In fact, according to the famous Hall-Petch
relationship (6 = &y + kg ~'*
polycrystalline materials, d is the yield strength of a single

, where 6 is the yield strength of

crystal, g is the average grain size, and K is a constant),®* a
higher mechanical property may be further achieved when
reducing the grain size of SnSe pellets. However, such a grain
refinement may reduce the anisotropy and in turn harm the
thermoelectric performance of polycrystalline SnSe along spe-
cific directions. Therefore, a balance of thermoelectric and
mechanical properties is need for securing a practical
candidate.

0.0 0.5 1.0 15 20
Extension (um)

FIGURE 7 Mechanical properties with different measured directions for Sn; _ ,Se pellets via 10 mL NaOH: A, illustration of measurement; B,
extension-dependent stress curves. The measured direction perpendicular to the sintering pressure is labelled as “L” and the measured direction

parallel to the sintering pressure is labeled as *//’; C, SEM image of cracked samples to show the detached grains; D, SEM image of microcracks in

the grains. SEM, scanning electron microscopy
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In this study, we demonstrate a synergy of morphology control-
ling and vacancy engineering to realize a high ZT of ~1.5 at
823 K and a competitive compressive strengthen of
~52.1 MPa in p-type polycrystalline Sn; _ ,Se, achieved by
carefully tuning the NaOH concentration during solvothermal
synthesis. At the optimized NaOH amount of 10 mL with a
high concentration of 10 mol L™ can simultaneously enhance
crystal dimensions and improve Sn vacancy concentration to
~2.5%, contributing to an optimum hole concentration of
~23%x10”cm™ and in tun a high power factor of
~74uW em™ K2 at 823 K, measured along the direction
perpendicular to the sintering pressure. Simultaneously, a low
thermal conductivity of ~0.41 Wm™ K™ is achieved by
effective phonon scattering at localized crystal imperfections,
securing a high ZT at this temperature. This study provides a
new avenue in achieving high thermoelectric performance in
SnSe-based thermoelectric materials.

4 | EXPERIMENTAL SECTION

4.1 | Synthesis

In this study, polycrystalline SnSe pellets were fabricated by a
combination of solvothermal synthesis and sparkle plasma
sintering (SPS) technique. For solvothermal synthesis, the Sn
source was SnCl,-2H,O (99.99%), the Se source was
Na,SeO3; (99.99%), the solvent was ethylene glycol
(EG) anhydrous (C,HgO,, 99.8%), and the alkaline was
NaOH (99.99%). All chemicals were purchased from Sigma-
Aldrich Co. LLC. To study the influence of NaOH concentra-
tions on the morphology, structure, composition, and thermo-
electric performance of synthesized SnSe, various NaOH
amounts were investigated. In typical syntheses, for each
autoclave, 0.01 mol Na,SeO5 and 0.01 mol SnCl,-2H,O were
dissolved in EG (45 mL), and then added NaOH (10 mol L")
of 0, 2,4, 6, 8, 10, and 12 mL for each autoclave, kept stirring
for 15 minutes at room temperature. The solutions were then
sealed in 125 mL polytetrafluoroethylene-lined stainless-steel
autoclaves. These autoclaves were heated in an oven at 230°C
for 48 hours, followed by naturally cooled to room tempera-
ture. The synthesized products were collected by centrifuga-
tion and washed by ethanol and deionized water for several
times before drying in the oven at 60°C for 24 hours, as
shown in Figure 1A. It should be noticed that to achieve a
sintered pellet with an enough thickness for studying the
anisotropy of properties, each pellet needs >6.0 g synthesized
products (equal to four autoclaves) to achieve a thickness 4 of
>7.0 mm. The dried products were sintered by SPS (SPS-
211Lx, Fuji Electronic Co., Ltd) at 573°C for 5 minutes with
a pressure of 70 MPa to form pellets with a dimension of

® = 12.6 mm and & > 7.0 mm. The densities p of the sintered
pellets were measured by the Archimedes method.”® The
sintered pellets were cut and fine-polished for measurements
of thermoelectric performance, as shown in Figure 1A.

4.2 | Property

For measurements of thermoelectric properties, ¢ and S were
simultaneously measured using an electric resistivity/
Seebeck coefficient measuring system (ZEM-3, ULVAC
Technologies, Inc.) in the temperature range between
300 and 823 K. The thermal diffusivity D was measured
using the laser flash diffusivity method (LFA
457, NETZSCH Group). The « was calculated as follows?>:

k=DpCp, (12)

where C, is the specific heat capacity obtained by differential
scanning calorimetry (DSC 404 C; NETZSCH Group), and the
p was measured using the van der Pauw technique under a
reversible magnetic field of 1.5 T. To ensure the repeatability
thermoelectric properties, each pellet was measured for at least
three times. For measurements of mechanical properties, the
sintered pellets were cut into cuboidal chips of 3.5 mm in width
and thickness, and 7 mm in length by diamond saw. All sur-
faces of the specimens were finely polished with 7000 mesh
sandpapers to remove the scratches by cutting. Compressive
strength measurements were carried out at a strain rate of
2.5 % 107 57! at room temperature (~25°C). A minimum of
three specimens of each pellet were tested using an Instron
5584 EM Frame machine.

4.3 | Characterization

The XRD (Bruker-D8) was used to determine the crystal struc-
tures of both synthesized crystals and sintered pellets; the SEM
JISM-6610, JEOL Ltd.) with EDS, installed in JSM-6610 was
used to study the morphology and composition of both synthe-
sized crystals and sintered pellets; the TEM (TECNAI-F20)
with installed EDS was used to study the morphology, struc-
ture, and composition of both synthesized crystals and sintered
pellets; the Cs-STEM (Titan-G2) was used to study the struc-
ture of sintered pellets, the TEM specimens of sintered pellets
were prepared by slicing the samples using focused ion beam
technique (FEI Scios Dual-beam System); the EPMA (JEOL
JXA-8200) was used to determine their compositions, the
instrumental error of EMPA is 0.1%. There were 15 test areas
for each sample.

4.4 | Calculation

A classical SPB model was used to calculate the L and p-

dependent ZT for polycrystalline SnSe at a fixed temperature

of 823 K. Calculation details are as follows>*4041-.
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_ ks, (r+(5/2))oF 1 3/2)(n) B
St == (r+(3/2))F 1 (12 (n) gk

(13)

1 (2m*-kBT)3/2 (”+(3/2))2'F3+(1/2)<’7) (14)
P= eeRu 3n2h? (2r+3)eFa s 12(n) ~

erxh* C (2r+(3/2))eF2r4(12)(n)
V2(ksT)*? Eqe® (") | (r+(3/2))2F 11 (172 (n)
(15)

)

L= (@)2. (r+(7/2))oF s (s12)(n)
e (r+(B/2))eF,1/2)(n)  L(r+(3/2))eF s (1/2)(n)

(16)

where 7 is the reduced Fermi level, kg is the Boltzmann con-

stant, r is the carrier scattering factor (r = —1/2 for acoustic

phonon scattering), Ry is the Hall coefficient, C; is the elas-

tic constant for longitudinal vibrations, and E4 is the defor-
mation potential coefficient, respectively. There is>®4*41-3
_.2

Ci=vip, (17)

where v, is the longitudinal sound velocity and taken as

2730 ms~! in this study.63 Fi(n) is the Fermi integral,
expressed as follows>©4041:30;

(18)
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