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Abstract

Cu,.,S and Cu,_Se have recently been reported as promising thermoelectric (TE) materials for
medium-temperature applications. In contrast, Cu,,Te, another member of the copper
chalcogenide family, typically exhibits low Seebeck coefficients that limit its potential to
achieve superior ZT, particularly in the low temperature range where this material could be
effective. To address this, we investigated the TE performance of Cu;s.,Te-Cu,Se
nanocomposites by consolidating surface-engineered Cu,sTe nanocrystals. This surface
engineering strategy allows for precise adjustment of Cu/Te ratios and results in a reversible
phase transition around 600 K in Cu, 5., Te-Cu,Se nanocomposites, as systematically confirmed
by in-situ high temperature X-ray diffraction combined with differential scanning calorimetry

analysis. The phase transition leads to a conversion from metallic-like to semiconducting-like
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TE properties. Additionally, a layer of Cu,Se generated around Cu,,Te nanoparticles
effectively inhibits Cu,; s Te grain growth, minimizing thermal conductivity and decreasing
hole concentration. These properties unveil copper telluride-based compounds with
promising thermoelectric potential, translated into high dimensionless thermoelectric figure

of merit, zT, of 1.3 at 560 K.

KEYWORDS: copper telluride, nanoparticles, surface engineering, phase transition,

thermoelectric, grain size

1. Introduction

Thermoelectric (TE) devices provide a direct conversion between heat and electricity.!
Their energy conversion efficiency is in large part determined by the charge and heat
transport properties of the active TE material. These properties can be combined within a
dimensionless figure of merit: zZT = (S?6/k)T, where S, o, k and T are Seebeck coefficient,

electrical conductivity, thermal conductivity, and absolute temperature, respectively.*

Maximizing TE efficiency requires increasing the power factor (6S?) and decreasing the
lattice thermal conductivity. Due to the interrelation between transport properties, this
optimization is extremely challenging. Recent zT improvements have come from identifying
materials with intrinsically low thermal conductivities,> ¢ introducing nanoinclusions, - and
engineering hierarchical architectures,! !! their interphases'> 13 and band structures typically
through doping.'#'® Among these strategies, while interphase engineering is recognized as
particularly suitable to modulate the transport properties of TE materials, its immense

possibilities are far from being fully exploited. 720

As TE devices are generally produced using high-density bulk materials and operate
at relatively high temperatures, the sintering and stabilization of the TE materials are
fundamental steps.?! A key challenge of sintering nano/micro-sized powders is to prevent
uncontrol grain growth while still achieving full densification. While sintering and grain
growth depend on surface diffusion,?>?* surface engineering is a powerful approach to
control grain growth and further adjust the final composite composition and its functional
properties.>>-2” Recently, we and other groups have demonstrated surface engineering as a
suitable strategy for inhibiting grain growth during spark plasma sintering (SPS),
introducing grain boundary complexions, and enhancing the number of defects at
multiple scales.” 2% 26 In addition, surface functionalization with different organic or

inorganic molecules provides additional means to
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modify the electronic band structure and generate precipitated nanoinclusions as an external
phase within the matrix, thereby simultaneously improving the Seebeck coefficient and

reducing thermal conductivity.?% 8

Copper chalcogenides are known for their large versatilities in compositions and crystal phases.
This variability is a consequence of the small size and electronegativity differences between
copper and chalcogens, the variable chalcogen oxidation state, and the chalcogen's ability to
catenate.?” 30 Additional characteristic of copper chalcogenides is their tolerance for a large
range and density of non-stoichiometry and anti-site defects. The control of such defects results
in highly tunable properties, including charge and heat transport, optoelectronic, and

plasmonic.?% 31-33

Copper chalcogenides have gained increasing interest as potential cost-effective TE
materials.3!- 3% 34 35 Copper chalcogenides are characterized by rigid anionic sublattices that
provide effective paths for charge carriers and disordered and highly mobile Cu ions in
different valence states, Cu(I) or Cu(II).}® Such liquid-like behavior reduces thermal
conductivity.3” Cu,S3® and Cu,Se*® have been recently demonstrated as excellent TE materials
in a relatively high-temperature range. Owing to its smaller band gap, Cu,Te has the potential
for application at lower temperatures than sulfides and selenides. Cu,Te is also expected to
possess a much lower lattice thermal conductivity owing to its complex crystal structures, the
weaker Cu-Te bonds, and the presence of a heavier chalcogen.*’ Besides, the closer properties
between Te and Cu and the related less polar Cu-Te bond induce an even higher concentration
of defects, thus further reducing thermal conductivities. On the other hand, Te is also less
electronegative than S and Se thus resulting in less ionic bonds and potentially larger charge
carrier mobilities. Some studies have already highlighted the potential of Cu,,Te for TE
application.*-*> However, the experimental TE performances reported to date for Cu,_ Te are
moderate. The ZT of traditionally solid-state melting synthesized Cu,_Te is just 0.3 at 900 K,
as observed in a study conducted by S. Ballikaya et al,*3 and a zT ~0.52 at 1000 K was obtained
by annealing Cu,.Te sample for 10 h after SPS by Y. Qiu et al.*® Recently, Y. He et al.
reported a significantly improved zT of Cu,Te synthesized through a solid-state annealing

process without any sintering, where zT increased up to 1.1 at 1000 K.

The Cu-Te is the most complicated system among all copper chalcogenides and is yet to be
fully clarified. Copper telluride can exist in a particularly wide range of compositions and
crystal phases.*” Cu,Te (weissite, hexagonal Nowotny’s model), Cu;Te4 (trigonal), CuyTes,

Cu;Te, (rickardite, tetragonal), CuTe (vulcanite, orthorhombic) and CuTe, (pyrite-type
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compound). The Cu-Te crystal phase also depends on temperature. Cu,Te has five consecutive
phase transitions between room temperature and 900 K:#8-30 ¢ (< 548 K), B (593 K), y (638 K),
5 (848 K) and &.#> %% The highest temperature e-phase has a cubic fluorite structure, while

hexagonal-based superstructures are reported for the other phases.>!

In this work, we demonstrated a surface engineering approach to tune the chemical composition
of Cu, sTe nanoparticles, while simultaneously creating a secondary phase Cu,Se to minimize
grain growth and regulate thermal transport properties. In particular, the composition of
Cu, sTe NPs was regulated by treating in a selenium-thiol-amine solution which presents higher
solubility towards Cu atoms. Additionally, the Cu,Se secondary phase was formed on the
particle’s surface after thermal annealing, generating Cu, s Te-Cu,Se nanocomposite. The
produced nanocomposite exhibited peak zT up to 1.3 at 560 K, which is among the highest TE

performance reported for copper telluride.

2. Result and Discussion

To synthesize Cu, sTe nanoparticles (NPs), OAm was utilized to first reduce Cu ions to zero-
valent Cu, which then reacted with TOPTe. Successful synthesis of cubic NPs was achieved
using both copper acetate monohydrate and copper chloride precursors (Figure S1), as
described in the experimental section. Figure 1a,b shows representative transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) images of the cubic/rectangular
Cu;sTe NPs with an average size of ca. 50 nm obtained. The colloidal dispersion of NPs
displayed a light green color and demonstrated a localized surface plasmon resonance (LSPR)
located in the near-infrared region as identified in the UV-vis-NIR spectrum (Figure 1c). The
broad absorption band with a maximum at 1140 nm is attributed to the resonant interaction of
free charger carriers (due to the existence of Cu vacancies) with the oscillating electromagnetic
field of light.>> The unique LSPR in the NIR region demonstrates high-quality colloidal NPs,
in agreement with previous reports.’®-3® High-resolution TEM (HRTEM) and selected area
electron diffraction illustrate a high-symmetry Cu; sTe NPs with cubic phase (Pm-3m space
group) and a lattice constant of 7.5100 A (Figure 1d). Additional HRTEM characterization
presented in Figure S3 confirms the as-synthesized NPs presenting the pure Cu;sTe cubic

phase.

The powder XRD pattern of Cu;sTe was subsequently simulated by applying the
crystallographic parameters obtained from HRTEM. The simulated pattern fits well with the
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experimental results obtained from XRD analysis (Figure S2), in agreement with previous
studies.’”- 38 Figure le displays electron energy loss spectroscopy (EELS) elemental maps of a

few NPs that confirm a homogeneous distribution of Cu and Te within each NP.
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Figure 1. (a) Representative TEM micrograph of the Cu;sTe NPs. The inset shows a higher-
magnification TEM micrograph. (b) Representative SEM micrograph of Cu,; sTe NPs. (C) UV-vis-NIR
spectrum of the Cu; sTe colloidal solution. The inset shows an optical image of the light green Cu, sTe
colloidal dispersion in hexane. (d) HRTEM micrograph, detail of the orange squared region and its
corresponding power spectrum. (¢) EELS chemical composition maps obtained from the red squared
area in the STEM micrograph: individual Cu L2,3-edges at 931 eV (red), Te M4,5-edge at 572 eV

(green) as well as its composites.

Cu; sTe NPs were subsequently treated with a selenium-thiol-amine ligand (SeL, Figure 2a)
prepared by dissolving elemental Se powder into a thiol/amine (EDT/OAm) solvent mixture
(see details in the experimental section). This EDT/OAm mixture has a strong binding affinity
for both metals and chalcogens and presents strong solubility towards bulk materials, including
oxides, chalcogenides, and zero-valent metals, thus it has been extensively used to produce
inorganic molecules that can be used as surface ligands or as molecular precursors for the
preparation of particles and thin films.>* 36! Herein, SeL is selected as a surfactant to modify
the surface properties of as-synthesized Cu;sTe NPs. In particular, SeL was designated to
interact with Cu; sTe NPs for two purposes: first, previous studies have shown that the TE
performance of binary copper telluride is highly sensitive to the atomic ratio of Cu/Te.*0: 62
Therefore, Sel. was introduced to partially remove Cu atoms in Cu; sTe NPs due to its higher
binding affinity to Cu than Te (Figure S5a). After treatment, the regular cubic/rectangular

nanoparticles became agglomerated (Figure 2b, S4). This is because the organic molecules on
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their surface were replaced with OAm/EDA, and the -SH groups in EDA further bond to form
S-S, which caused the nanoparticles to aggregate. Additionally, some small particles appeared
in the solution due to the SeL dissolving the periphery of some larger particles. The second
reason why SelL was selected is that excess Se atoms in the solution could combine with Cu
atoms on the surface of NPs to form a layer of secondary phase Cu-Se after thermal annealing
(Figure 2c¢), which was expected to adjust the grain growth of bulk sample during high
temperatures and high-pressure sintering process, to further regulate electrical and thermal

transport properties.

Both untreated and SeL-treated NPs were subsequently annealed for 1 hour at 623 K in an Ar
atmosphere. Compared with the initial Cu;sTe NPs, the annealed Cu,s.,Te-Cu,Se materials
present a distorted and deformed morphology upon annealing due to extensive recrystallization
at high temperatures (Figure S6, S8). Further, the annealed particles were covered by a thin
shell with a lighter contrast layer (Figure 2d). HRTEM analysis allowed identifying the layer
surrounding the annealed sample as Cu,Se (Fm3m, cubic phase, Figures 2e and S7). EELS
elemental composition maps (Figure 2f) reveal the NPs to be composed of Cu, Te and some
Se, with the surface being covered with an amorphous oxide layer as a consequence of the air

oxidation during HRTEM sample preparation.
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Figure 2. Schematic illustration of the treatment of Cu; sTe NPs with SeL and their posterior annealing
45 treatment: (a) Cu;sTe NPs, surface coated with oleylamine molecules after colloidal synthesis; (b)
Cu, 5Te-SeL. NPs and (c) annealed Cu, 5., Te-Cu,Se nanocomposites. (d) TEM micrographs, (¢) HRTEM

48 micrograph and (f) EELS elemental composition maps of the annealed Cu, 5., Te-Cu,Se nanocomposites.
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Figure 3. XRD pattern of the Cu;sTe NPs (brown color), Cu;sTe-SeL. NPs (orange color) and
Cu, sTe-SeL powder (Cu, 5., Te-Cu,Se nanocomposite, green color), including the standard diffraction
patterns of Te (JCPDS No. 01-078-2312), CuTe (JCPDS 00-022-0252) and Cu,7,Te, (JCPDS
00-043-1401).

To confirm the migration of Cu atom removed by SeL treatment, elemental analysis of
the supernatant obtained after collecting the SeL-treated NPs by centrifugation showed some
Cu leaching during the process, while only a very small amount of Te was detected (Cu/
Te=9.5, Figure S5b). This differential ionic solubility is attributed to the presence of a small
amount of free amine-thiol groups (not combined with Se) in the solution with a strong
binding affinity to Cu.® Inductively coupled plasma-optical emission spectrometry (ICP-
OES) analysis of the particles showed the Cu/Te ratio to decrease from 1.5 for Cu; sTe to 1.1
for Cu;sTe-SeL (Figure S5). Thus, this strategy allows tuning the Cu/Te ratio in the
range 1.1-1.5 by varying the concentration of Se/amine-thiol in the solution. Since
selective leaching of Cu takes place during the SeL treatment, the excess of Te left
nucleates to form Te crystals that are identified by XRD analysis (Figure 3). At the same
time, about 2% of Se was detected in the precipitated NPs (Figure S5b). On the other hand,
ICP-OES analysis of the Cul,sTe NPs treated with the pure organic ligand (OL) solution
(Cu; 5Te-OL) showed a Cu/Te ratio of 1.35, clearly above that of Cu;sTe-Sel (Figure S5b).

This result confirms that Cu leaching is promoted by the presence of Se.

The annealed power was loaded into a graphite die and consolidated by SPS at 573 K and 40

MPa for 5 min. Figure 4 briefly illustrates the SPS consolidation process and compares the
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scanning electron microscopy images of the pellets produced with bare Cu;sTe NPs and
those treated with SeLl solution. The consolidated Cu;sTe-Sel pellet presented a
significantly smaller grain size (~ 1-2 um) than the untreated Cu,; sTe pellet (~ 4-8 pum), as
shown in cross-section SEM micrographs in Figure 4. The grain size of the Cu,; sTe-OL pellet
(treating Cu, sTe NPs with pure amine/thiol solution) was determined ~ 3-4 um (Figure S11).
We hypothesize this differential grain size to be related to the presence of Cu,Se
secondary phase as nanoprecipitates at the grain boundaries.®* 9 During the sintering
process, the presence of a Cu,Se layer between the Cu;sTe grain boundaries reduces the
driving force for Cu; s Te migrations thus hindering its grain growth,% which is known as
the Zener pinning effect.” Similar grain growth inhibition was recently disclosed by our

group in surface-engineered SnSe-CdSe and SnTe-Bi,S; nanocomposites.®6: 67

. . SPS
Cu, sTe nanoparticles Large grain size

Cu, 5, Te-Cu,Se composites small grain size Densified Cu, ; Te-Cu,Se pellet

Figure 4. Schematic of the consolidation process for preparing dense pellet from NPs, the distinct
surface properties of particles prior to consolidation determine the microstructural features. Cross-

sectional SEM images of the Cu,; sTe (a) and Cu, 5 Te-Cu,Se (b) pellets.

As discussed in the introduction, the Cu-Te system has many stable and meta-stable phases
that are very similar in formation energy and structure.* 6875 After SPS, the XRD pattern of
the untreated Cu, sTe pellet can be indexed as a combination of the tetragonal Cu, 7, Te; phase
(JCPDS 00-043-1401) and hexagonal Cu,g;Te phase (JCPDS 00-010-0421) as marked in
Figure S10a. On the other hand, the Cu, sTe-SeL pellet showed a combination of tetragonal
Cu, 7, Te, and tellurium-rich orthorhombic CuTe phases (JCPDS 00-022-0252, Figure S10b).

The Cu,Se phase is not identified evidently in the XRD pattern due to its low concentration.
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For bulk Cu,Te materials, it has been reported that several phase transformations can occur
at temperatures ranging from room temperature to 873 K, which can significantly change TE
properties.% 62 To gain insight into the phase transformation of the Cu,; sTe pellet, an in-situ
high temperature XRD analysis was carried out (Figure 5a). The combination of tetragonal
Cu, 7,Te, and hexagonal Cu,gTe phases at ambient temperature was stable up to 623 K
(Figure 5¢). The corresponding electrical transport properties is displayed in Figure Se, the
electrical conductivity (o) decreased with increasing temperature from RT to 623 K,
indicating a degenerated semiconductor behavior.”! The high electrical conductivity is related
to the large copper vacancy concentration,*- 43-76. 77 and the strong hybridization of Cu 3d, 4s
and Te 5p electrons at the Fermi level.’”® A positive Seebeck coefficient (S) was measured
over the entire temperature range, consistent with a p-type conduction character. Above 623
K, five new XRD peaks corresponding to the (111), (200), (220), (311) and (222) family
planes of the Cu; ¢Te face-centered cubic (fcc) phase (JCPDS 00-045-1282) appeared, which
was the unique phase identified at 673 K, consistently with previous studies.”” A sharper
decrease of o was obtained at temperatures above 623 K, which can be associated with the
detected phase transition from tetragonal Cu,7,Te, and hexagonal Cu, g;Te to cubic Cu;¢Te
phase. The Seebeck coefficient was relatively low at a temperature below 623 K, but notably
increased above this temperature, coinciding with the phase transition. A reason for this
phenomenon could be the escalating structural symmetry of the system associated with phase
transition.? It has been reported that increasing symmetry in crystal structure leads to a loss of
band divergence, which in turn raises the density of state effective mass (m*pos) of carriers
to enhance the Seebeck coefficient.®! Meanwhile, according to XRD patterns and 2D
heatmap image (Figure S13), this phase transition was notably reversible. When cooling the
sample to ambient temperature, a similar combination of the initial tetragonal and hexagonal

phases was recovered.*6: 7% 82

On the other hand, a significantly different phase evolution was observed from the Cu,; s Te-
Cu,Se pellet (Figure 5b), which displayed a combination of orthorhombic CuTe (JCPDS No.
00-022-0252) and hexagonal Cu,7,Te, (JCPDS No. 00-043-1401) phases up to 550 K (Fig.
5d). Compared to Cu, sTe, The Cu, 5. Te-Cu,Se pellet displayed slightly lower ¢ and similar S
due to smaller carrier concentration (Figure 5f, 6a). At temperatures above 550 K, new XRD
peak appeared at 2 =023.0°, which could be associated with the elemental hexagonal Te phase
(JCPDS No. 01-079-0736). Besides, the CusTe; phase (JCPDS No. 00-003-0441) was
identified, as noted by the XRD peak at 2 =043.9°. This phase evolution is consistent with

results reported by Anderko et al.®? and Stevels et al.®* who observed CuTe disproportionate

10
nt
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into a tellurium-rich melt and CusTe; (CuTe — 0.25 CuyTe; + 0.25 Te) at 648 K and 613 K,
respectively. The phase transition from CuTe to CuyTe; and Te at around 550 K resulted in a
very sharp decrease of ¢ and an order of magnitude increase in S, possibly due to band gap
opening in Cu, s Te and appearance of Te (with Seebeck coefficient of 300-400 uV/K in pure
Te®) during the phase transition. Compared to the reversible phase transition in Cu;sTe, a
clear hysteresis was observed in Cu;sTe-Cu,Se according to XRD characterization and
TE measurement, with the phase transition occurring at about 50 K lower temperature
when cooling down. Differential scanning calorimetry (DSC) displayed an endothermic
and an exothermal peak during heating and cooling, respectively, which confirmed the
reversible phase transition and showed a 45 K temperature shift between heating and cooling
(Figure S12). A similar hysteresis was determined by Yahyaoglu et al. who observed ~50 K
shift between endothermal-exothermal profile in the DSC thermogram of Cuy¢Te,
compound, at the same time, they reported a fivefold increase of the Seebeck coefficient
induced by phase transition at around 650 K.#*?> These abrupt changes in ¢ and S are in part
related to a large decrease in the charge carrier concentration (Figure 6a), from 3.4 x10?° ¢m-3
at 550 K to 6.8 x10' cm at 600 K. When cooling the sample down from 610 K, the electrical
conductivity kept decreasing and the Seebeck coefficient increased until around 530 K,
when a sharp increase of electrical conductivity and a concomitant sharp decrease of

the Seebeck coefficient is observed, consistently with the transition back to the CuTe phase.

11
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Figure 5. High temperature in-situ XRD patterns of (a) Cu, sTe pellet and (b) Cu, 5., Te-Cu,Se pellet in
a complete heating-cooling cycle. Phases formed at different temperature ranges: (c) Cu; sTe pellet and
(d) Cu;s4Te-Cu,Se pellet. Temperature-dependent electric conductivity (c) and Seebeck coefficient

(S) of: (e) Cu,; sTe pellet and (f) Cuy 5., Te-Cu,Se pellet.

The transport properties of the Cu;sTe-OL sample (Cu;sTe treated with amin/thiol solvent
only) showed a similar trend as the Cu;sTe-Sel, but with a phase transition at higher
temperature and a less remarkable increase of the Seebeck coefficient and thus the PF (Figure

S14). The total thermal conductivity (k) of all samples at room temperature was very high
owing to the high electrical contribution (k) associated with its intrinsic metallic character
(Figure 6¢). The total thermal conductivity progressively decreased with temperature up to the

phase transition temperature where a very sharp decrease is observed. The high-temperature

12
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phases of Cu;sTe and Cu;sTe-Sel samples show notably lower «iy, than the low-
temperature phases. This decrease is particularly abrupt for the Cu, sTe-SeLL sample. The very
low thermal conductivity of Cu;sTe-Sel. at high temperatures is related to the strongly
reduced electrical contribution, grain growth inhibition, and the existence of several
intermixed phases, including two Cu-Te crystal phases and Te. Overall, a record TE figure

of merit zZT=1.3 at 560 K was achieved for the Cu, sTe-SeL sample (Figure 6d).
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Figure 6. Temperature-dependent TE properties of Cu;sTe (sphere symbol) and Cu, s Te-Cu,Se
nanocomposites (square symbol) pellets: (a) Hall concentration (ny), (b) Hall mobility (uy), (c) total

thermal conductivity (Ky) and (d) zT during a heating (red) and cooling (black) cycle.

We further checked the TE performance stability and repeatability of Cu, 5., Te-Cu,Se samples.
Figure S15a shows the electrical conductivity, Seebeck coefficient, and power factor of a Cu; 5.
«Te-Cu,Se sample measured during five consecutive heating-cooling cycles between 540 K and
590 K. We observed how the high PF values can be maintained within this temperature range.
Besides, Figure S15b shows how the TE properties are highly stable when operating the
material at 575 K for a relatively long time. The production of Cu, 5.,Te-Cu,Se materials displays
high reproducibility as shown from the TE results obtained by analyzing three samples

produced from different batches (Figure S16) and measured for several heating-cooling cycles

13



oNOYTULT D WN =

(Figure S15c¢). In addition, we performed TE characterization in two perpendicular directions,
as shown in Figure S17a-c. No significant difference was observed between the two directions,

which is consistent with the XRD patterns in Figure S17d.

3. Conclusion

In conclusion, we presented a simple and scalable surface engineering approach to produce
Cu, s54Te-Cu,Se nanocomposites by functionalizing the particle surface with selenium thiolates
ligands. The atomic Cu/Te ratios in the final Cu, s.<Te samples were controlled precisely in the
range 1.1-1.5 by tuning the concentration of Se/thiol-amine solution. The resulting Cu, s.<Te-
Cu,Se nanocomposites demonstrate a reversible but asymmetric phase transition at a lower
temperature than bare Cu, sTe after SPS, contributing to the conversion from metallic-like to
semiconducting-like transport properties. Moreover, the Cu; s Te-Cu,Se nanocomposites
displayed significantly smaller grain domains due to efficient grain growth inhibition enabled
by the appearance of the secondary phase Cu,Se. These features allow for a synergistic
optimization of both electrical and thermal transport properties. As a result, this surface
modification strategy improved zT up to 1.3 in Cu, 5, Te-Cu,Se nanocomposites. These findings
demonstrate a promising and adaptable approach to tune the structural properties of copper

chalcogenides by exploiting the surface chemistry of nanoparticles.
4. Experimental Section

Chemicals: Oleylamine (OAm, technical grade 70%), selenium (powder, 100 mesh, 99.99%),
tellurium shots (99.999%), copper chloride (CuCl, =99.99%), copper (II) acetate monohydrate

(Cu(AC),, (CH3CO0),Cu-H,0, > 98%), and 1,2-ethanedithiol (EDT, >95.0%) were purchased
from Sigma Aldrich. Tri-n-octylphosphine (TOP, 97%) was purchased from Stem. TOPTe was
prepared in an argon-filled glovebox by dissolving 12.76 g tellurium (0.1 mols) in 100 mL of
TOP, forming a 1 M TOPTe solution that displayed a clear yellow color. Analytical-grade
ethanol, isopropanol, and acetone were obtained from various sources. All chemicals were used
as received without further purification. Syntheses were carried out using a standard

vacuum/dry argon Schlenk line.? 33

Material characterization: TEM studies were characterized by transmission electron
microscopy (TEM, Zeiss Libra 120). HRTEM images and energy loss spectroscopy

in scanning transmission electron microscopy (EELS-STEM) studies were carried out on a FEI

14
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Tecnai F20 field emission gun microscope operated at 200 kV with a point-to-point resolution
of 0.19 nm, which was equipped with high angle annular dark-field (HAADF) and Gatan
Quantum EELS detectors. Elemental analysis was conducted using an Oxford EDX combined
with the Zeiss Auriga SEM working at 20.0 kV. XRD characterization was carried out on a
Bruker AXS D8 Advance X-ray diffractometer with Ni-filtered Cu-Ko radiation
(A =1.5406 A). For high temperature XRD analysis, the temperature was ramped at a rate of
20 K/min from room temperature to target temperature followed by subsequent cooling to room
temperature and hold for 30 min at each measurement temperature. The 2D heatmap images
were generated from the XRD patterns obtained at different temperatures. The Rietveld
refinement was performed using the MID-JADE software. ICP characterization was conducted
on an ICPE-9820 system and by laser-ablation inductively coupled plasma-optical emission
spectroscopy (LA-ICP-OES). UV-Vis-NIR absorption spectra were obtained on a Lambda 950
UV-vis spectrophotometer (PerkinElmer). Fourier transform infrared spectroscopy (FTIR,
Alpha Bruker) was carried out with a platinum attenuated total reflectance single reflection

module.

TE Characterization: Electrical conductivity and Seebeck coefficients were measured
simultaneously in an LSR-3 Linseis system under a helium atmosphere with a heating rate of
5 K/min. Three measurements were performed at each temperature. Considering the system
accuracy and the measurement precision, an error of ca. 5% in the measurement of the electrical
conductivity and Seebeck coefficients was estimated. The thermal conductivity was calculated

according to x = AC,p, where k represents the total thermal conductivity, 4 is the thermal

diffusivity, C, is heat capacity, and p is the measured density of each specimen. A Linseis LFA

1000 Laser Flash was applied to measure the thermal diffusivities (1) of the samples with an
estimated error of ca. 5%. Cp was measured by differential scanning calorimeter (DSC) in a
Netzsch DSC 404 F3 with aheating rate of 10 K/min between 320 K and 880 K in
N, atmosphere. Density (p) values were measured by the Archimedes’ method. Hall charge
carrier concentrations (7,) and mobilities (uy) were measured using the Van der Pauw method
and Hall Bar measurements (ezHEMS 1000, NanoMagnetics) using a magnetic field of 1 T.
Values provided correspond to the average of 7 consecutive measurements, from which an

error of ca. 10% was estimated.

Cu; sTe nanoparticles (NPs): In a typical synthesis, 10 mmol of Cu(AC),/CuCl was mixed
with 50 mL of OAm in a 100 mL three-neck flask. The mixture was stirred and degassed under

vacuum at 70 °C for 30 min to remove water, oxygen and low boiling point impurities.
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Subsequently, the solution was heated to 120 °C under argon flow and maintained at this
temperature for 30 min to obtain a clear solution. Then the temperature was increased to 220
°C at a rate of 5 °C/min to obtain a brown-color solution. At this point, 10 mL of the 1 M
TOPTe solution was rapidly injected into the mixture, which immediately changed color, from
brown to black. Upon injection, the temperature of the reaction mixture dropped to ~210 °C.
The solution was allowed to reach again 220 °C and it was maintained at this temperature for
30 min. Afterward, the mixture was rapidly cooled to room temperature with a water bath. At
ambient temperature, the crude solution was mixed with 25 ml of chloroform and transferred
into 3 centrifuge tubes where it was sonicated for 5 min. The reaction product was precipitated
by centrifugation at 8000 rpm for 5 min. The deep green solid material was redispersed in
chloroform (25 mL for each centrifuge tube) and sonicated for 2 min. Then ethanol was added
(15 mL to each centrifuge tube) and the product was precipitated again by centrifugation. The
final material was redispersed in chloroform and kept within an Ar-filled glovebox until its

posterior use.

Selenium ligand (SeL): A modified approach to that developed by R. L. Brutchey et al. 3* was
used to produce the SeL: Stoichiometric amounts of Se powder (2 mmol), OAm (3 mL) and
EDT (0.45 mL) were mixed inside the glovebox. The mixture was agitated for ~60 min at room
temperature until complete dissolution. A solution containing a mixture of OAm (3 mL) and
EDT (0.45 mL) was also prepared as a pure organic ligand (OL) reference inside the glovebox.

Both fresh solutions were prepared before treating with the Cu; sTe NPs.

Ligand exchange: 0.6 mL of the SeL solution was mixed with 30 mL of OAm in an N,-filled
vial to obtain an 11 mM SeL solution. This solution was then combined with 1.2 g of dried
Cu, 5Te NPs in an N,-filled vial. The mixture was vigorously stirred at room temperature for 2
h. Afterward, toluene was added to the mixture, and NPs were precipitated by centrifugation
within the glovebox. Subsequently, the Cu;sTe-Sel. NPs were washed with toluene,

centrifuged, and dried under vacuum.

Spark plasma sintering (SPS): The dried Cu, sTe, Cu; sTe-OL and Cu, sTe-Sel nanopowders
were annealed inside a tube furnace at 350 °C for 1 h under Ar flow. The annealed material
was ground into a fine powder and loaded into a graphite die inside the glovebox. An AGUS
PECS SPS system model 210Sx was used to apply a pressure of 40 MPa and a temperature of
300 °C for 5 min while the sample was kept under vacuum. The densities of the consolidated

pellets were measured by Archimedes’ method.
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