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Realizing z7 > 2 in Environment-Friendly Monoclinic Cu,S —
Tetragonal Cu, oS Nano-Phase Junctions for Thermoelectrics

Xiaokun Li', Yue Lou",* Kangpeng Jin, Liangwei Fu, Pengfei Xu, Zhan Shi, Tianli Feng,

and Biao Xu*

Abstract: Phase-junction nanocomposites, made of
nanograins with the same composition but different
phases, offer a platform to optimize the physiochemical
performance of materials. Herein, we demonstrate a
straightforward strategy to synthesize Cu,_S phase-
junction nanocomposites by retaining surface 1-dodeca-
nethiol (DDT) ligands, in contrast to the traditional
method that strips the ligands. As a result, phase
junctions between a conventional monoclinic (m) phase
and an unconventional metastable tetragonal (t) phase
are obtained. The significantly improved power factor is
obtained due to the doping of the t-phase. The phase-
junction interfaces reduce thermal conductivity. Finally,
surface regulation of phase junctions pushes the peak zT
to 2.1 at 932 K, being the highest reported for environ-
ment-friendly metal sulfides. This work provides a
paradigm to optimize thermoelectric performance by
controlling phase junctions through surface-ligand tun-
ing

\__ J

Introduction

Thermoelectric materials can convert waste heat to electric
energy without producing greenhouse gas emissions, thus
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attracting extensive interest over the past several decades.!"
The dimensionless figure of merit, zT=5%T/x,, is used to
describe the performance of thermoelectric materials, where
S is the Seebeck coefficient, o is electrical conductivity, 7 is
absolute working temperature, and x,, is the total thermal
conductivity. Generally, k,, is composed of two parts, i.e.,
Kot = Kele + Kiar» Where i, is the electronic thermal conductiv-
ity, and 1, is the lattice thermal conductivity.”! Although
there is a strong interdependence between the parameters S,
o, and K, the past years have witnessed continuous progress
in improving z7 through several rational design strategies
such as modulation doping, matrix/precipitate band align-
ment, nanostructuring with second phases, and constructing
all-scale hierarchical architectures.”! For example, in the
current state-of-the-art thermoelectric materials such as
Bi, Te;,™® GeTe, PbTe,® and SnSe,” " the peak z T values
higher than 2.0 have been widely reported. Unfortunately,
these materials usually contain expensive or toxic heavy
elements, such as Ge, Se, Sb, Te, and Pb, which are
undesirable for industrial applications. In contrast, eco-
friendly and low-cost metallic sulfide-based thermoelectric
materials have become great substitutes but have not yet
achieved a z7>2.

Recently, phase engineering of nanomaterials (PEN),
which assembles the conventional and unconventional phase
domains, has achieved great success in various fields,
including optics, electronics, photovoltaics, and catalysis,
due to its capability of tuning physical properties via
coupling and synergistic effects.’” PEN enables great
flexibility in modifying electronic and phononic structures
and thus can potentially be utilized in thermoelectrics.!"”
However, unconventional crystal polymorphism is rarely
reported due to the instability of metastable phases under
high working temperatures.

In this work, we utilize phase engineering in liquid-like
Cu,_,S-based thermoelectric materials, which have attracted
tremendous interest due to the high abundance of Cu and S,
low toxicity, tunable crystal polymorphs, and extraordinary
thermoelectric properties.”” We demonstrate a straightfor-
ward strategy to synthesize Cu, .S phase-junction nano-
composites by retaining the surface 1-dodecanethiol (DDT)
ligands, in contrast to the traditional method that strips the
ligands. The DDT ligands retained on Cu,S nanocrystal
precursors can simultaneously tune the stoichiometry and
the surface energy of Cu,_,S (0<x<1) nanocrystal solids.
As a result, novel phase junctions between a conventional
monoclinic phase and an unconventional metastable tetrag-
onal phase are obtained. This strategy is referred to as a

© 2022 Wiley-VCH GmbH

85U9017 SUOLLLUOD SAIER1D || [dde 3y} Ag pauenoh ae sajoile YO 88N J0 sa|nu oy Aelq 13Ul uO 8|1 UO (SUOIPUOI-PUR-SLLIBH WD AB | 1M ARe.q 1B [UO//SA]L) SUOIPUOD pUe SR L 3U1 335 *[2202/TT/yT] uo ARigiauliuo AB|im ‘Uein JO AisieAun Ag 588212202 31Ue/z00T OT/Iop/wod Ao | Aeiq1ouluo//sdny wWoly popeojumoq 'Sy ‘2e0e ‘€LLETZST


http://orcid.org/0000-0002-0342-594X
http://orcid.org/0000-0002-0364-6582
http://orcid.org/0000-0003-0290-4276
http://orcid.org/0000-0002-3827-4010
http://orcid.org/0000-0002-8323-0025
http://orcid.org/0000-0001-9717-1487
http://orcid.org/0000-0002-6645-3905
https://doi.org/10.1002/anie.202212885
https://doi.org/10.1002/ange.202212885
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202212885&domain=pdf&date_stamp=2022-10-07

GDCh
~~

ligand (decanethiol)-directed strategy. Density functional
theory (DFT) calculations support that the DDT ligands
retained on Cu,_. S nanocrystal precursors can effectively
tune the stoichiometry and surface energy of Cu,_,S. The t-
phase Cu, S with high crystallographic symmetry improves
the charge carrier effective mass (m*). The copper vacancies
(V) efficiently increase the carrier concentration (ny).
Moreover, the phase-junction interfaces induce a modula-
tion doping effect, enhancing the carrier mobility (uy) and
simultaneously increasing the phonon scattering and reduc-
ing K. As a result, the peak zT value of the phase-junction
nanomaterials reaches 2.1 at 932 K, which is record-high
among the Cu,_ .S family and other metal sulfide com-
pounds.

Results and Discussion

The critical challenges in the preparation of phase junctions
lie in the precise control over the reaction kinetics and the
underlying thermodynamics determined by multiple param-
eters, such as the stoichiometric ratio of Cu:S and the
amount of surface-ligand capping. We addressed these
challenges by tuning sulfur-containing ligands of colloidal
nanocrystal precursors and the subsequent sintering assem-
bly process, as illustrated in Figure 1 (details in the Methods
section in Supporting Information). The Cu,S nanoparticles
with DDT ligands (19+3 nm, Figure S2a) were first pre-
pared as powdered precursors. In the traditional solid-state
approach, the Cu:S ratio was controlled by the feed ratio of
elemental Cu and S.! This work innovatively prepared the
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Figure 1. a) Schematic diagram of the surface ligand (decanethiol)-
directed strategy for preparation of Cu,_,S nanomaterials with phase-
junction interfaces between monoclinic and tetragonal phases. b) Illus-
stration of the mechanism leading to the extraordinary thermoelectric
properties. c) Comparison of zT of samples in this work.
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monoclinic Cu,S accompanied by the second tetragonal
Cu; S phase by incorporating sulfur species from the
surface ligands into Cu,S, as illustrated by the following
formula: 1.96 Cu,S+0.04 C;,H,sSH—2 Cu, ¢S+ 0.04 C,,Hy.
This reaction took place simultaneously with the process of
powder consolidation during spark plasma sintering (SPS).
Inspired by the ability of heat-treatment to remove
ligands,"® the number of sulfur species from DDT ligands
that participated in the reaction is regulated by the
volatilization time of the samples under vacuum in a tube
furnace before the SPS, resulting in phase junctions with
different ratios of Cu,S and Cu, S (Figure 1a, lower panel).
In addition, the surface ligands bonding to the nanocrystals
can also tune the surface energy!” and grain size of
nanocrystals. Due to the protection of DDT and/or
inorganic carbon (Figure S1), a small grain size of 280+
45 nm is achieved (Figure S2¢). As a comparison, the grain
size is increased to 331+70 nm after the partial volatiliza-
tion of the DDT ligand (Figure S2b).

Figure 2a presents the X-ray diffraction (XRD) pattern
for copper sulfide with conventional monoclinic (JCPDS:
83-1462)!" and metastable tetragonal phases (JCPDS: 29-
0578)."! Furthermore, Rietveld refinement™ (Figure S4)
confirms that the Cu,S phase crystallizes in a monoclinic
structure with a space group of P2/c (a=15246 A, b=
11.884 A, c=13.494 A).'¥ In the monoclinic Cu,S, all copper
atoms are in triangular coordination with sulfur. Some Cu
atoms are regular in bonding, and others show a pretty
severe distortion in the triangle. The length of the Cu-S
bond varies from 2.21 to 2.89 A with an average of 2.33 A.?!
As for tetragonal Cu, S, its unit cell is a=b=3.996 A, c=
11.287 A, belonging to the space group of P4;2,2."") Herein,
Sulfur is located at the top of the triangular prism,
surrounded by 12 Sulfur atoms at 3.99 A and 6 Copper
atoms at 2.31 A. The significantly different bonding motifs
between m-Cu,S and t-Cu, ¢S determine their different bulk
and surface energies, as will be discussed afterward.?

Rietveld refinement revealed the molar ratio of m-Cu,S
to t-Cu, ¢S was 0.36:0.64 in the SPSed Cu,S nanocrystals
sample, which is thus labeled as M3 T4, standing for (m-
Cu,S)g36(t-Cu, 065 )o.64- The ratio of m-Cu,S and t-Cu, ¢S can
be regulated by the tube furnace treatment time of the Cu,S
nanoparticles. When the duration of vacuum treatment is
3 h, the ratio of m-Cu,S and t-Cu,S is 0.78:0.22 (Fig-
ure S4b). When the vacuum treatment is up to 12 h, the
Cu,S-rich sample (m-Cu,S),4(t-Cu,¢sS),; Was obtained,
labeled as MyTy ;. Apart from XRD analysis, the composi-
tion of our phase-junction samples can also be verified by
Wavelength Dispersion Spectroscopy (WDS, Figure S3, and
Table S1). They are determined to be 1.98+0.02 for
Mj36To6s and 2.00£0.01 for My,T;. To further verify the
successful regulation of phase junctions and the electronic
structure of these two samples, X-ray absorption near-edge
structure (XANES) and X-ray photoelectron spectroscopy
(XPS) were performed. The XPS (Figure S6) shows that the
binding energy of m-Cu,S- t-Cu,oS at the Cu 2p region
could be divided into two peaks. For M,,T,,, the peaks at
952.2 eV and 932.3 eV are associated with Cu 2p,,, and 2p;,,
respectively. My 3T 4 shows slightly higher Cu 2p,, and 2p;,
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Figure 2. Crystal structure and morphology characterizations of as-
obtained powder precursors and SPSed bulk samples. a) the X-ray
diffraction (XRD) patterns of Cu,S prepared by colloidal synthesis and
Cu,S—Cu, ¢S phase-junction solids, b) Cu L-edge soft X-ray absorption
near-edge spectroscopy (XANES) normalized spectra of M 3¢To¢, and
MosTo1, €) The Transmission Electron Microscopy (TEM) image of
Mo36To6s Sample with inserted the corresponding Fast Fourier Trans-
form (FFT) patterns of the yellow dashed circles, d) the HRTEM image
of t-Cuy 4S and m-Cu,S in My3¢Tos Sample with inserted the
corresponding FFT pattern (the green and yellow boxes mark m-Cu,S
and t-Cu, S and their related FFT patterns, respectively), ) local zoom
image of the white dotted box in (d), f) the corresponding IFFT pattern
of (e) of adjacent grains crossing the phase boundary, and g) the
geometric phase analysis (GPA) strain maps of €, that correspond to
the IFFT pattern of (e).

binding energy (952.4eV and 932.5¢V), which implies a
higher average valence state of Cu species in M 34T 4. This
positive shift suggests that when more formation of t-Cu, ¢S
occurs, more proportion of Cu**™ than Cu™ in the m-Cu,S- t-
Cu, S phase junctions is achieved. Direct experimental
evidence for the increased chemical valence of Cu was also
obtained from XANES®! (Figure 2b). The absorption peak
(931.2eV) of My, exhibits a higher integral area than
Mo Tos-

As shown in Figure 2c-g, the phase junctions of M 3¢ T4
are directly observed in TEM images. The t-Cu,4S phase
has a typical irregular morphology embedded inside the m-
Cu,S substrate (Figure 2¢). On the one hand, an interfacial
solid-phase reaction occurs between ~19nm Cu,S nano-
particles and DDT ligands linked to the surface of nano-
particles. The S atoms in DDT are embedded in the surface
of the Cu,S nanoparticles to form localized t-Cu, oS with
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smaller sizes (~20 nm). On the other hand, consolidation of
m-Cu,S nanoparticles under high temperature and pressure
leads to grain growth and a large grain of m-Cu,S. The
average sizes of m-Cu,S grains observed from SEM images
are ~280 nm (Figure S2c).

The locally magnified TEM image of t-Cu, S and m-
Cu,S in Figure2d and the corresponding Fast Fourier
Transform (FFT) images are displayed. The FFT images
clearly show the characteristic P2,/c [0 0 1] zone axis pattern
of m-Cu,S and characteristic P4;2,2 [1 0 1] of t-Cu,g,S,
respectively. The IFFT image (Figure2f) of the phase
boundary suggests that the phase interface contains many
dislocations. The strain tensors, ¢,,, of two vertical diffrac-
tion spots were selected for geometric phase analysis (GPA,
Figure 2g) to display the strain field of the phase boundary,
which agrees with the significant dislocations at the phase
interface.

Previous works have enhanced the thermoelectric prop-
erties of Cu,.S by changing its stoichiometric ratio, such as
Cu,S, Cu, oS, Cu, S, CuysS, etc.*?! However, the crystal
structure of the Cu,,S was still limited to the monoclinic
phase, leading to limited optimization in thermoelectric
performance. In this work, the monoclinic-tetragonal dual-
phase structure has been achieved and stabilized using our
ligand-assisted syntheses. To understand the underlying
mechanism of the growth of dual-phase crystals and the
formation of Cu vacancies, we have conducted DFT
simulations. We have found that the Cu vacancy formation
energies in various configurations of Cu,,S with different x
(Table S2) are relatively low and comparable to the room-
temperature thermal fluctuation energy (kg7'=0.026¢eV),
supporting that V, can be easily generated at room temper-
ature and that the as-obtained material is thermodynami-
cally stable. In addition, according to the expression of the
total energy of nanocrystals, G = {7R’G, + 47R%}, in
which G, is the volumetric bulk Gibbs free energy of
formation, ¥ is the particle-averaged surface energy, and R
is the particle size. The surface energy y can account for a
significant part of total energy when the grain size of
nanocrystals is small.”® Surface energies of different facets
of the monoclinic and tetragonal phases are calculated and
compared (Table S3). It is concluded that the bulk forma-
tion energy of the Cu vacancy-containing monoclinic phase
is slightly lower, while the tetragonal phase has lower
surface energy, which together forms a competitive mono-
clinic-tetragonal balance and finally establishes the mutual
growth of m-Cu,S and t-Cu, oS in our phase-junction
samples.

Thermoelectric properties of MyoT,; and Mg 35T from
323 to 923 K are shown in Figure 4. The electrical con-
ductivity (¢) of M,yT,, is lower than 1x10*Sm™!, which is
close to the reported value of Cu,S synthesized by the
melting-annealing method.” In contrast, My ;. Tye shows a
significantly higher o, which is ~34.7x10* Sm™" at 324 K and
increases to the maximum of ~62.2x10° Sm™ at 622 K and
then declines to ~29.5x10° Sm™" at 923 K. Both samples
exhibit p-type conduction (Figure 4e) with the hole concen-
trations ny measured as 1.94x10” and 48.9x10" cm~,
respectively, by using the Hall effect at room temperature
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(Figure 4b). This result indicates that the introduction of the
V,-containing t-phase plays a critical role in increasing the
carrier concentration. More importantly, as shown in Fig-
ure 4c, the carrier mobility uy lifted from 2.6 cm*V~'s™! for
MyoT,; to 4.5m*V~'s™ for MyTyes is a result of modu-
lation doping. To have a qualitative analysis of the charge
carrier redistribution between the t-Cu, oS phase and m-
Cu,S phase grains, a simplified model based on DFT
calculation results (Figure 3) is proposed (Figure S18). For
our p-type materials design, the t-Cu, S phase nanoparticles
have relatively higher valence band edges than the m-Cu,S
phase grains, forcing the carriers to flow into the
matrix.?**3 Holes can spill over from t-Cu, oS grains into
the m-Cu,S grains with much-reduced impurity scattering,
thereby increasing the hole mobility of M, 3¢T . Therefore,
besides the enhanced ny, the yy increases simultaneously,
leading to increased o, further proving the advantage of our
materials designing approach. At the same time, however,
the Seebeck coefficient (Figure 4e) decreased from
269 uyWWK™' to 62 uVK™' (at room temperature), probably

due to the increase of n; since S = % *T(%)z/ * where §
is inversely proportional to n,”’. Since S is proportional to
the effective mass (m*), we measured m* by the Pisarenko
plot,”? as shown in Figure 4d. m* slightly improved from

MoTy; (1.61 m,) to My3Tj64 (1.74 m,), where m, is the free

M ZDBT I AEZG VY,

(c)

.;: %7 N\

t-CliggSys (P4:2,2)

t-Cug;S,5 (P4;2,2)

rz R A Z

Figure 3. a) GGA+ U calculated the electronic band structure of a) V-
free m-Cu,S (m-CusgeS4s) With P2, /c space group, b) m-Cu,S with 2V,
(M-Cug,S4g), €) Veu-free t-Cu 665 (t-CugeS,g) With P4;2,2 space group,
and d) t-Cuy 46S with 2V, (t-Cug,S4s). (Broken red circles mark I' points)
The phonon dispersions of €) m-CugSsg and f) t-CuggSys.
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electron mass. Despite the reduction of S, the significantly
improved electrical conductivity still pushes the power factor
of Mys¢Toes to be much higher than M,,T,; (Figure 4f),
demonstrating the effectiveness of electrical transport mod-
ulation by the phase-junction nanocomposites.

From M,,T,; to M 3T accompanied by the increase
of power factor, the thermal conductivity is also increased—
from about 0.5Wm 'K to 0.7Wm 'K™!, as shown in
Figure 4g. This increase is mainly contributed by electrons
since the latter has a much higher electrical conductivity.
According to the Wiedemann-Franz law, the electronic
thermal conductivity x.,.=LoT is proportional to o, where
L=(1.5+exp(—|S|/116))x107®) is the Lorenz number.’
By subtracting .. from r,, we estimated «,,, (Figure 4h). It
is found that, despite the increase in total thermal con-
ductivity, the lattice contribution is decreased significantly.
For example, at 923K, kxj,, of MysTys 1is about
0.17 Wm'K!, which is much lower than the 0.52 Wm 'K
of M,T,;. The decreased «k;,, with increasing content of the
t-phase might be the increased density of grain boundaries
and phase interfaces (Figure S2b, c).”! In addition, the
presence of point defects (V(,) and mesoscale carbon-
inorganic interface could also scatter phonons with different
frequencies and decrease the lattice thermal conductivity.
The phenomenon that the «x;,,, does not decrease with
increasing temperature for both samples in the high-temper-
ature region might be because of two reasons. First, the
phonon mean free path can gradually approach its minimum
value due to high-temperature anharmonic phonon scatter-
ing, phonon-defect, and phonon-grain boundary scattering
(Figure 2c). Therefore, in the high-temperature region, the
thermal conductivity does not decrease significantly with
increasing temperature. Second, the anharmonic force
constants and the phonon scattering cross-section might be
softened at high temperatures, which can slow down or even
flip the decreasing trend of thermal conductivity with
temperature.’**! After the second phase-transition point
(720 to 930 K), the monoclinic (M,,T,;) phase shows an
increased i, when increasing temperature. This is possibly
induced by bipolar thermal conductivity.P"!

Combining the power factor and thermal conductivity,
the zT values of My,T); to MysTs are calculated and
shown in Figure 4 i. The latter increases significantly with
temperature and reaches the maximum of 2.0 at the
maximum temperature of 923 K. In contrast, M, T, with
little phase-junction interface, shows a substantially lower
zT of <0.2 throughout the temperature range. This result
demonstrates the effectiveness of phase-junction interface
engineering in developing new thermoelectric materials.
Additionally, results obtained from M,;;T¢ showed good
repeatability across various samples (Figure 4i), where the
error bar data were obtained from three different exper-
imental batches. In addition, we measured the thermo-
electric properties of M35 in two perpendicular direc-
tions (Figure S12) and found no obvious anisotropy.

To better understand the electrical transport properties
of MyTy; and M ;T4 We calculated the band structures
and density of states (DOS) of m-CugS,s, m-CugsS,g, m-
CugsSyg, t-CuggSys, t-CugsSys, and t-Cug,S,s by DFT, as shown
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in Figure 3 and Figure S8. Generalized gradient approxima-
tion (GGA) with a Hubbard UP™* is used. All six
simulations show direct band gaps with the conduction band
minimum (CBM) and valence band maximum (VBM)
located at the T’ point (broken red circles in Figure 3a—d).
The simulations with Cu vacancies show Fermi levels inside
the valence bands, indicating degenerate p-type semiconduc-
tors with large carrier concentrations. This explains why
increasing t-phase content can significantly increase the hole
concentration and electrical conductivity. Based on the band
structures, the m-phase and t-phase can be viewed as
undoped and highly-doped semiconductors. Their phase-
junction structure can possibly form band offsets. Thus, the
experimentally observed hole mobility increase of M ssT 64
compared to MyyT,; might be because of modulation
doping. Since the heterostructure is hard to construct and
may contain an amorphous intermediate layer, as shown in
the TEM image in Figure 2e, it exceeds the DFT simulation
capability. In addition, we have also calculated the density-
of-states effective mass (m4*), and t-Cu, ¢S is found to be
higher than m-Cu,S (Table S4), which also agrees with the
experimental trend.

To better understand phonon and thermal properties, we
calculated the phonon dispersion relations of monoclinic
and tetragonal phases using density functional perturbation

Angew. Chem. Int. Ed. 2022, 61, €202212885 (5 of 9)

theory (DFPT), as shown in Figure 3e, f. The phonon
dispersion of the tetragonal phase does not show any
imaginary frequencies, indicating that the structure is locally
stable. According to the kinetic theory, the lattice thermal
conductivity is i, = 903 (v, - 2)%¢;1;, where Z s the
transport direction, 1 is the shorthand of phonon mode (k,
v) with k representing the phonon wave vector and v
labeling the phonon dispersion branch, V' is the volume of a
primitive cell, N is the number of k points, and the
summation is done over all phonon modes. The specific heat
per mode is ¢; = hw;0n} /0T = kgx’e*/(e" — 1)?, where nj is
phonon occupation number of the Bose-Einstein distribu-
tion n) = (¢ — 1)™', x is the shorthand of A, /k; T, and ky is
Boltzmann constant,** %!

Overall, the phonon group velocity, v, of the tetragonal
phase is larger than that of the monoclinic phase, and the
phonon heat capacities of the two phases are similar (Fig-
ure S13). Based on the comparison of experimental k,, and
calculated x, = ﬁzl (v; -2)%¢;T; (Table S5, 6), we conclude
that the relaxation time of the tetragonal phase should be
much lower than that of the monoclinic phase in the
experimental samples. This is supported by the TEM of
My 36T 64 (Figure 2c), where the tetragonal phase is dispersed
in the monoclinic phase with much smaller grains on the
nanoscale. As a result, the material with more tetragonal

© 2022 Wiley-VCH GmbH
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phase nanograins (MyssToes) exhibits lower thermal con-
ductivity due to abundant grain boundaries and tetragonal
nanograins scattering on phonon.

Stimulated by the promising thermoelectric performance
of My36T64, We further increase the phase-junction content
of the t-phase via surface engineering. Two strategies are
explored. The first strategy is to expose the as-obtained
Cu,S to ambient air for five days, and the second strategy is
to mix the as-synthesized Cu,S with oleylamine (OAm) for
60 minutes and then expose it to ambient air for five days.
In the first strategy, copper vacancies are formed in
stoichiometric Cu,S via surface oxidation by the ambient air,
resulting in copper-deficient Cu,_,S phases, which are
mainly djurleite (Cu,46S): ™! Cu,S+ 0,—Cu, S + Cu,0.
Therefore, we intentionally exposed as-obtained Cu,S to
ambient air for five days to obtain a higher fraction of
Cu, S in the dual-phase nanocomposite. In the second
strategy, the surface ligands can further affect the surface
reaction and tune the stoichiometry of Cu: S. Therefore, we
mixed the as-obtained Cu,S and OAm followed by stirring
at 50°C. During this reaction process, the Cu* ions in Cu,S
are dissolved in OAm, resulting in the Cu*-OAm complex,
which may be further oxidized as Cu**-OAm by the air.[*
The characteristic blue color observed in the reaction
solution supports the desolvation of Cu. This way, more Cu*
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could be removed from Cu,S, and more Cu, ¢S can be
produced.

Rietveld refinement of the XRD spectra shows that the
ratio of the m to t-phases is 0.34:0.66 and 0.31:0.69 for the
two treatments, respectively. Thus, the two samples are
labeled M3, Ty¢ and M5, Ty, respectively (Figure S4d, e).
As expected, both post-treatment methods can increase the
content of the t-phase. In addition, the surface oxidation and
ligand extraction of Cu* could lead to more t-Cu, oS and
further increase the valence state of Cu, which is proved by
the XPS spectrum of samples (Figure S6). M3, T¢ and
M3 Ty show the chemical state of Cu 2p,, with higher
binding energy (952.5eV and 952.6 eV, respectively) than
that of My3sToe (952.3 V), demonstrating that the average
valence state of Cu species is increased. In addition, the
appearance of the O spectrum (Figure S7) and the absence
of the Cu*" satellite peak at 961.9 eV imply that the oxide of
copper exists in the form of Cu,O. By calculating the peak
areas of the different elements in the XPS of M3, ¢ and
M3, To60, the proportion of Cu,O is identified as 0.40 wt %
in My Ty and 0.53 wt% in M5 Tyg, respectively (Fig-
ure S17).

Subsequently, thermoelectric performances were meas-
ured. The temperature-dependent electrical conductivity is
shown in Figure 5a. Interestingly, it is found that o is
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Figure 5. Thermoelectric properties of the My ;36To64 Mo34To66 and Mg 3, Toe samples: T-dependent a) o, b) ny, and c) py, d) S as a function of

experimental ny, €) S, f) PF, g) Ky, h) Ky, and i) zT.
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decreased when the t-phase content is further increased. For
example, the room temperature o values are 3.4, 3.1, and
2.7x10*Sm™" for Mys6To64 MozsTo66 and Mys Ty g0, TESPEC-
tively. This could be attributed to the introduction of Cu,O
and V, in the latter two samples. Although the increase of
V¢, slightly increases the carrier concentrations (Figure 5b),
the Cu,O by air oxidation can provide scattering to charge
carriers and reduce carrier mobility uy (Figure 5¢), thus
decreasing 0. Accompanied by the decrease of o, S increases
(Figure 5e). The improved S (Figure Se) of the M3, T ¢ and
M3 Tyso samples may be caused by the high potential
barrier (Eg,) value originating from the grain boundaries.
We infer that Cu,O at the grain boundaries may increase
Eg, at the boundaries and selectively scatter low-energy
carriers, increasing S.**! The decreased ¢ and slightly
enhanced S of the M3, Tys and M3 Ty slightly reduce
their PF (Figure 5f).

The thermal conductivity is also reduced (Figure 5g)
with increasing content of the t-phase. For example,
M 3¢To6s and M5 Ty show lower x, (0.58 Wm'K™" and
051 Wm'K™") at room temperature and minima
(052Wm'K™" and 048 Wm'K™) at ~923 K. We have
also extracted «;, (Figure Sh), which shows a slight decrease
with increasing content of the t-phase as well. The three
samples have the same trends of k. -T throughout the
temperature range. The M, 5, T has the minimum x,,, value
of 0.14 Wm 'K at 923 K. Because of the relatively small
grain size of the t-phase (Figure 2¢), its increased content
results in an increase in the phase-junction interface density,
which effectively scatters phonons. Introducing Cu,O will
also enhance phonons scattering, reducing the k. In
addition, the increased point defects (V(,) can also help
reduce iy,

Due to the slightly reduced PF and much-reduced x,, a
record high zT,,, of 2.1 (at 932 K) is achieved for M3, T4
(Figure 5i), where the error bar data are deduced from three
batches of pellets. Figure 6 compares the z7 values achieved
in this work with the state-of-the-art peak z7 in Cu,_,S-
based compounds and other metal sulfide families, indicat-
ing that the thermoelectric performance of this work is
record-high.

We note that thermal and electrical stabilities are critical
issues in copper-chalcogenide thermoelectric materials. As
evidenced by TGA (Figure S9), the as-synthesized Cu,_,S-

(a) (b)
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Figure 6. a) zT of Cu,_,S-base thermoelectric materials">?>?%?4=2 gand
b) the comparison with other metal sulfide compounds taken from the
literature. >0
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based phase-junction materials exhibit good thermal stability
up to 923 K. Moreover, XRD patterns of samples after the
cycling test (Figure S10) demonstrated the structural stabil-
ity of metastable tetragonal phase and m-Cu,S-t-Cu, ¢S
phase junctions, which did not show any degradation or
precipitation of copper. At the same time, the statistical
analysis of particle size (Figure S2e, f) showed no significant
change in grain size after three cyclic tests. Furthermore, the
Seebeck coefficient, the electrical resistivity, and the power
factor remained almost unchanged after the cycling test
(Figure S11). This thermal stability is attributed to the
surface ligands of DDT and OAm used in the solution
synthesis. During the SPS process, these ligands were
carbonized into carbon and coated on the grain of Cu,_,S
(Figure S1). Meanwhile, the interface energy barrier be-
tween m- and t- phases may hinder the diffusion of Cu*
ions, leading to the high stability of our samples.

Conclusion

A surface ligand (decanethiol)-directed strategy is devel-
oped to synthesize controlled monoclinic Cu,S-tetragonal
Cu, ¢S phase-junction nanocomposites, whose phase compo-
sition can be tuned by surface oxidation and cation
exchange. The increased content of the tetragonal phase
significantly increases the carrier concentrations and elec-
trical transport. At the same time, it increases the density of
phase-junction interfaces and the phonon scattering, result-
ing in largely decreased thermal conductivity. As a result, a
record-high zT value of 2.11 is achieved at ~923 K in the
(m-Cu,S)5(t-Cuy 06S)gs0 samples. Our work demonstrates
that phase-junction engineering can be an effective strategy
for developing high-performance thermoelectric materials.
The charge redistribution at the phase junctions and the
suppressed thermal transport may also shed light on many
other research communities, as exemplified by electronic
devices and thermal management.
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Experimental Procedures

Synthesis of the Cu2S with ligand (DDT) (Synthesis of nanocrystal precursors): Cu (CH3COO), (6 g) was added to the mixed
solution of 1-dodecanethiol (225 mL) and 1-dodecanol (75 mL) in a three-neck round-bottom flask. The mixture was heated to 230 C
and kept at this temperature for 60 min under N, protection and stirring. Finally, the solution was cooled down to ~ 70 ‘C naturally,
isolated by centrifugation at 11000 rpm for 5 minutes, and washed with a mixture of 180 ml cyclohexane and 90 ml absolute ethanol.
Finally, the samples were dried in a vacuum oven at 60 °C for 24 hours.

Spark plasma sintering (SPS) process: The powders were compacted into tablets (10 mm diameter; ~3 mm thickness). Then, the
die was loaded into the Sinterland LabBox-110, and the temperature was increased to 200 ‘C with a heating rate of 100 C min"' and
then increased to 450 °C in 15 minutes. Once the sample reached the designated temperature, the pressure was rapidly increased up
to 50 MPa. The pellet was held under these conditions for 15 minutes and then cooled down naturally.

Synthesis of the Mo.sTo.1: The dried precursor powders were heated to 723 K for 12 hours under a vacuum in a tube furnace and
cooled down naturally. The final powders are sintered by the SPS process.

Synthesis of the Mo.7sTo.22: The synthesis procedure is the same as that of Mg gTo 1, except that the dried powders were heated to 723
K for 3 hours under a vacuum in a tube furnace and then subjected to SPS.

Synthesis of the Mo.3sTo.64: The dried precursor powders were sintered by the SPS process without treatment by the tube furnace.
Synthesis of the Mo.34aTo.s6: The dried precursor powders were exposed to air for five days and then sintered by the SPS process.

Synthesis of the Mo.31To.s9: The washed precursor powders were re-dispersed in a three-neck round-bottom flask with 200 mL of
cyclohexane and 200 ml of oleylamine for post-processing. The reaction temperature was set at 50 ‘C, and the mixture was maintained
for 60 min in an oil bath under N, protection and stirring. Subsequently, the solution was isolated by centrifugation at 11000 rpm for 5
minutes and washed with the mixture of 180 ml cyclohexane and 90 ml absolute ethanol. The samples were dried in a vacuum oven
at 60 °C for 24 h. The dried powders are exposed to air for five days and then sintered by the SPS process.

Material Characterization. We performed electrical and thermal property measurements on the copper sulfide compounds parallel to
the pressing direction. The cylindrical tablets were sectioned into bars of 9.50 mm x 3.00 mmx 3.00 mm for simultaneous measurements
of the Seebeck coefficient (S) and electrical conductivity (o) over 300-923 K using a Cryoall CTA-3 instrument. In addition, the samples
were also sintered into tablets with a diameter of 10.00 mm and then coated with a thin layer of graphite for the thermal diffusivity (D)
measurement over the same temperature range using a TA DXF-900 instrument. The thermal conductivity (ki) was calculated using
Kot = D x Cp x p, where the heat capacity (Cp) was measured on a NETZSCH STA449F3 differential scanning calorimetry (DSC)
thermal analyzer from 300 to 923 K, and the sample density (p) was calculated from the mass and dimensions of the tablets. The zT
values were obtained via zT = S?0T/ki. Hall effects were performed on an HMS-7000 hall instrument under a reversible magnetic field
of +1 T using a Hall bar geometry. The chemical compositions of the Cu..,S polished sintered tablets were characterized on a JXA-
8530F Plus Hyper Probe electron probe microanalysis (EPMA) at 15 kV. Selected area electron diffraction (SAED) patterns and
transmission electron microscopy (TEM) images were collected using a Thermo Fisher Scientific Talos F200S G2 microscope
(acceleration voltage 200 kV) to characterize the structural features of the Cu..,S. Preparation of the TEM samples: the copper sulfide
powders were dispersed in ethanol, and then several drops of the prepared suspension were dropped onto a holey C-coated Ni TEM
grid. The thermogravimetric analysis (TGA) of powder samples was performed on a NETZSCH STA449F 3 thermogravimetric analyzer
from 323 K to 923 K with a heating rate of 10 K/min. The composition and chemical states of the samples were analyzed by X-ray
Photoelectron Spectroscopy (XPS) on a Thermo Field Company’s Thermo Scientific K-alpha instrument that uses Al-Ka micro-focusing
monochromatic X-ray source (1486.6 eV). C 1s peak (284.8 eV) was used to calibrate peak positions. The Cu L-edge XANES spectra
were measured at the BL12B-a beamline of the National Synchrotron Radiation Laboratory (NSRL) in China using total electron yield
(TEY) mode. X-ray diffraction (XRD) patterns of sintered tablets were determined on a Bruker D8 Advance X-ray powder diffractometer
with Cu Ka radiation (A = 1.5418 A) to record their crystal structures and component phases. Rietveld refinement was performed against
the XRD patterns using the GSAS and EXPGUI software packages with the formerly reported Cu,S and Cujs ¢S structures as bases.
The lattice parameters and weight fraction of each phase can be obtained.

Density functional theory calculation. The density functional theory was performed using Vienna ab initial simulation pack code
(VASP) " via the projected plane waves method (PAW). @ The tetragonal crystal structure (chemical formula: CusSs4, space group:
P432,2) and monoclinic (chemical formula: CugsSass, space group: P2:/c) phase Cu,S were obtained from the Materials Project. (!
Considering the low concentration of Cu vacancy as experimental measured (Cu1¢7S), a 2 x 2 x 3 supercell for tetragonal phase Cu,S
was established to simulate the change of electronic structure with the increase of Cu vacancies. At the same time, the conventional
cell of monoclinic phase Cu;S is large enough (containing 144 atoms) to simulate the experimental concentration of Cu vacancy. The
exchange-correlation energy was calculated using generalized gradient approximation (GGA) functional reported by Perdew, Burke,
and Ernzerhof (PBE). [ The Hubbard Coulomb energy term (U = 7 eV) was introduced to improve the localization characteristic of the
3d electrons of copper. ¥ After cell optimization, the Hellmann-Feynman force of all the ions is less than 0.01 eV/A. The kinetic energy
cutoff is set as 400 eV, and the convergence of the energy of adjacent iteration is 107 eV in calculations of the density of states (DOS)
and band structure. The Monk Horst-Pack €] method was used to sample the reciprocal space. 8 x 8 x 2 and 4 x 6 x 4 k-meshes are
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used in self-consistent field iteration sampling for tetragonal and monoclinic Cu,S supercells, respectively. The paths of high symmetry
points for band structure calculating in reciprocal space are '-X-M-I'-Z-R-A-Z (tetragonal) and -Z-D-B-I"-A-E-Z-C-Y2-I" (monoclinic).
For easy observation, the Fermi level is set to 0 eV. DOS and band structure data were extracted via VASPKIT code "],

The formation energy of systems with Cu-vacancies is calculated by the following equation ®: E¢ [Cuge.xS4s] = Eotal [CUgs-xSas]-Etotal
[CugsSa4s, bulk]-ncu ey +2 (Ef + Evem), Where Eia is the total energy of the calculated system at 0 K, n is the number of defect atoms,
U is the chemical potential of corresponding particles, and E; is the Fermi level. The chemical potential of Cu is -1.498 eV from DFT
calculation with the same Hubbard parameter U.

All surfaces are modeled as being symmetric up and down, but this results in the chemical formula deviating from Cu,S. We fixed the
intermediate bulk part and relaxed the upper and lower surfaces of the Slab model, with the thickness of the surface exceeding 5 A.
The thickness of vacuum layers was set to 15 A to avoid interference between the upper and lower surfaces. The surface energy was
calculated from the formula below, y = (Esiab - N % Epui - ni % i) / (2a), where the y is the surface energy of a certain (h k I) crystal plane,
a is the area of that crystal plane, Eqpp is the energy of the relaxed surface, Epyi is the total energy of bulk sample, N is a coefficient to
make the atom numbers of Epyk less than or equal to Egap, ni is the number of excess Cu or S atoms after subtraction, and y; is its
relative chemical potential. The calculated chemical possibilities of Cu and S are -1.498 eV and -4.127 eV, respectively.

The phonon dispersion relations were calculated using the Phonopy package ¥ with VASP through density functional perturbation
theory (DFPT) "%, The convergency of Hellmann-Feynman forces is 10 eV/A and 10 eV/A for each atom in the tetragonal and
monoclinic conventional cell, respectively. To eliminate negative frequency, a 3 x 3 x 2 supercell of tetragonal Cu2S (containing 216
atoms) was established. The '-centered k-meshes used in calculations were 2 x 2 x 1 and 2 x 2 x 2 for tetragonal and monoclinic
phases, respectively. The path of the Brillouin region of the phonon spectrum is the same as that of the electronic band structure. The
8 x 8 x 8 and 25 x 25 x 9 sampling g-meshes are used to calculate the density of states, group velocity, and other thermal properties
for tetragonal and monoclinic phases, respectively.

Results and Discussion

(a)

200 nm ; : 20 nm
1

Figure S1. The DDT ligands were carbonized into carbon and coated on the grain of Mo.ssTo.64.



WILEY-VCH

anoparticles+ (b) Mool
00 S A9% § nm AH=E33 18+ 7ORmim

s

/

»20 251 150 300, 450 600

'Grain size(nm) . Grain size'\(nm)

Moo cupl((cl) MioEalioce
di=12808=4'50nim © =209 "5z S M

2 K I} 100 200 300 400

100" 200 300 40)0 500 600 M

Grain size (Nm

Mgl con(f) Wor5 Mo conafiteithe xS CIPA te'sit
dh= 2 79F+8d inim diF =F272 416 Inim

N

100~ 200 ~ 300 400 500 100 200 300 400

Grain size (nm) H Grain'size (nm)
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Figure S3. (a) the Mo.gTo.1, (b) the Mo.3sTo.e4, (C) the Mo.asToes, and (d) the Mos1Tose bulk materials tested by WDS in EPMA.

Table S1. Element content based on WDS

Cu/S atomic ratios

Sample
Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9 Point 10
Mo.sTo.1 2.018 1.994 1.999 1.991 1.998 2.032 2.008 1.990 1.978 2.001
MossToes 1.974 2.065 1.971 1.973 1.972 1.983 1.974 1.985 1.974 1.982
Mo.34To.e6 1.975 1.969 2.062 1.973 1.969 1.968 1.887 1.969 1.974 1.976
Mo.31To.6e 1.953 1.968 1.970 1.972 1.985 1.950 1.962 1.952 1.967 1.966
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Figure S4. Rietveld refinement with XRD pattern of (a) the Mo.sTo.1, (b) the Mo.7sTo.22, (C) the MossTo.s4, (d) the Mo.34To.es, and (d) the Mo31To.6o.
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Figure S5. The differential scanning calorimetry (DSC) curve of the Mo.ssTo.64.
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Figure S$6. The XPS peak areas of Cu 2p1,2 and 2pa2 of the Mo.gTo.1, Mo.3sTo.64, Mo.34To.6s, and Mo.a1To.6o.
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Figure S8. GGA+ U calculated the electronic band structure of (a) m-CugsSas (Vcu-free m-CuzS) with P21/c structure, (b) m-CussSas (M-Cu2S with 2Veu) with P21/c
structure, (c) t-CugsSas (Vcu-free t-Cur.06S) with P43242 structure, and (d) t-CugaSas (t-Cu1.96S with 2Vcy) with P43212 structure. (e) and (f) Electronic band structure
and DOS of m-CugsSas (m-Cu2S with 1Vcu) with P24/c structure. (g) and (h) Electronic band structure and DOS of t-CugsSas (t-Cu1.96S with 1Vcu) with P43242 structure.
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Table S2. Comparison of calculated total (Ewtal) and formation energies (AEr) of monoclinic Cu2S and tetragonal Cu1.06S with different content of Vcu.

Situation Etotal (€V) AE;(eV) AE¢(eV/atom)
m-CugeSas (Vcu-free m-CuzS) -385.53 _ e
m-CugsS4s (M-Cu2S with 1Veu) -383.80 -3.227 -0.023
m-CugsSas (M-Cu2S with 2Vcy) -381.80 -6.721 -0.047
t-CugsSas (Veu-free t-Cu1.96S) -385.01 e B
t-CugsSas (t-Cu1.96S with 1Vcu) -382.87 -3.641 -0.025
t-CugaSas (t-Cu1.96S with 2Vcu) -380.85 -7.162 -0.050

Table S3. The calculated surface energies (y) of different crystallographic facets and particle-averaged surface energy (y) of monoclinic Cu2S and tetragonal

Cu1.96S.
Situation Surface (h k1) y (J/m2) Y (J/m2)

(100) 0.413
(010) 0.330

m-CugsSas (Vcu-free m-CuzS) 001) 0.441 0.389
(1-10) 0.431
(-10-1) 0.329
(100) 0.265
001) 0.349

t-CugsSas (Vcu-free t-Cui.sS) (101) 0.257 0.329
(104) 0.283
(111 0.557

Table S4. The density of state (DOS) effective mass (mq¢*) of m-Cuz2S and t-Cu1.96S.

Situation Direction mi or my mq*
r->z 1.75 me

m-Cu2S F>H 1.99 me 0.76 me
r->Y2 0.13 me
r>z 0.20 me

t-Cu1.96S 1.34 me
r-Xx 3.45 me

Note: In the k«-ky-k. coordinate system of the Brillouin zone, kx, ky, and k; are perpendicular to each other. In m-CuzS, k; is
taken as the ' = Z direction of the monoclinic Brillouin zone, kx as the I' > H direction, and ky as the I' - Y2 direction; in t-
Cu1.06S, k: is taken as the [ = Z direction of the tetragonal Brillouin zone, kx as the I' > X direction, and ky as the [ > X
direction; the effective mass in the k. direction is mi, and the effective mass in the kx and ky directions is my; ma* = (mi-m¢)'=.
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Table S5. Thermal conductivity simulation from the phonon dispersion relation of m-CuzS and t-Cu gsSE!.

Situation Kiatx(W-m™-K™) Kiaty(W-m™"-K) Kiatz(W-m-K")
m-CuzS 0.150 0.131 0.142
t-Cu1.96S 0.467 0.467 0.385
[a] Assuming that the grain size is small, the mean free path (MFP) of phonons should be the same as the
grain size.

Table S6. Thermal conductivity simulation from the phonon dispersion relation of m-CuzS and t-Cu.gsS®!.

Situation Kiatx(W-m™-K") Kiaty(W-m™-K") Kiatz(W-m™-K™")
m-CuzS 0.38 0.45 0.36
t-Cu1.96S 4.05 4.05 1.99

[b] Assuming a large and pure crystal, the phonon lifetime is Constant-w2.
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Figure S9. Thermogravimetric analysis (TGA) of Mo.oTo.1 and the MossTo.s4. The weight losses of both samples are less than 1%.
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Figure S11. Temperature-dependent thermoelectric properties in the cyclic test of Mo.31Tos9: (a) Electric conductivity, (b) Seebeck coefficient, (c) Power factor, (d)
Thermal conductivity, and (e) zT values.
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Figure S12. Temperature-dependent thermoelectric properties in the anisotropic test of MossTo.e4: (@) Electric conductivity, (b) Seebeck coefficient, (c) Power factor,
(d) Thermal conductivity, and (e) zT values.
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Figure S13. (a) the phonon heat capacity (c) comparison, and (b) the phonon group velocity comparison(v) between m-Cu.S and t-Cu1.¢6S.
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Figure S14. (a, c) The TEM images of the Mo gTo.1 sample, (b, d) the corresponding selected area electron diffraction (SAED) patterns of red dotted boxes in (a, c),
respectively, and (e, f) the TEM images of Mo.oTo.1 sample.
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Nanocrystal Cu,S with oxidation treatment for different days and nanocrystal Cu,S treated with oleylamine and then oxidized for
different days are explored. Experimental results are shown in Figures S15 and S16, and the samples are labeled “air-day n” and
“OAm-air-day n,” respectively. The material Mo 36To64 discussed in our manuscript, which was neither exposed to air nor reacted with
OAm, corresponds to “air-day 0”. The material Mo 34T0.6s, Which has not reacted with OAm but was exposed to air for 5 days, corresponds
to “air-day 5”. The material Mo 31To69, Which was not only reacted with OAm but also exposed to air for 5 days, corresponds to “OAm-
air-day 5”.

As shown in Figures S15 and S16, the thermoelectric properties of samples exhibit the same trend with the increase of days of oxidation.
In the first five days, Seebeck increases with increasing oxidation days while the conductivity decreases, which leads to a decrease in
final PF. At the same time, the total thermal conductivity decreases at a greater rate, which causes the zT to increase every day for the
first five days of oxidation until a maximum value is reached. After the sixth day of oxidation, the electrical conductivity is still deteriorating
while the thermal conductivity is no longer decreasing, which causes the zT to fall back on the sixth day of oxidation. The electrical
conductivity decreases because the Cu,O produced through air oxidation can provide scattering for the charge carriers, reducing the
carrier mobility uy and thus the electrical conductivity. For thermal conductivity, the decrease in conductivity leads to a decrease in
electronic thermal conductivity. The Cu,O generated by constant oxidation continuously enhances the scattering of phonons, thus
reducing the lattice thermal conductivity. Although the Cu,O negatively affects electronic carrier mobility slightly, a higher proportion of
the corresponding reduction in thermal conductivity compensates and leads to the optimized Figure-of-merit zT of air-day 0 (Mo 36To.64)
and Mg 31Toe9 (OAm-air-day 5).
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Figure S$15. Temperature-dependent thermoelectric properties of “air-day 0”, “air-day 3”, “air-day 5”, and “air-day 6”: (a) electric conductivity, (b) Seebeck coefficient,
(c) power factor, (d) thermal conductivity, and (e) zT values.
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Figure S$16. Temperature-dependent thermoelectric properties of “OAm-air-day 0”, “OAm-air-day 3”, “OAm-air-day 5”, and “OAm-air-day 6”: (a) electric conductivity,
(b) Seebeck coefficient, (c) power factor, (d) thermal conductivity, and (e) zT values.
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Figure $17. (a) XPS full-spectrum sweep of (a) Mo34Toss and (b) Mo.31Toes. The sum of the green areas in (a) and (b) represents the sum of the peak areas of all

elements (Cu, S, and O) in Mo34To.ss and Mo.31Toes, respectively.

The content of carbon for Mo 3sTo.64 (1.45 Wt%) and Mo gTo.1 (0.128 wt%) (Table S7) was tested by a carbon and sulfur automatic analyzer

(HIR-944, Wuxi High-Speed Analytical Instrument Co., Ltd.).

Table S7. The content of carbon for Mo.3sTo.64 and Mo.gTo.1

The content of carbon (wt%)

Sample
Mo.36To.64 1.450
Mo.gTo.1 0.128
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Figure $18 The t-Cu1.96S on m-CuzS band alignment.
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