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Abstract: Developing cost-effective and high-performance thermoelectric (TE) materials to
assemble efficient TE devices presents a multitude of challenges and opportunities. CusShSes
is a promising p-type TE material based on relatively abundant elements. However, its main
challenge lies in its poor electrical transport properties. In this study, we develop an efficient
and scalable solution-based approach to synthesize high-quality CuzSbSes nanocrystals (NCs)
doped with Pb at the Sb site. Subsequently, after ligand displacement and annealing treatments,
the dried powders are consolidated into dense pellets, and their electrical and thermal transport
properties are investigated. The results reveal that Pb doping effectively increases the charge
carrier concentration, resulting in a significant increase in electrical conductivity, while the
Seebeck coefficients remain consistently high. The calculated band structure shows that Pb
doping induces band convergence, thereby increasing the effective mass. Furthermore, the large
ionic radius of Pb?" results in the generation of additional point and plane defects and
interphases, dramatically enhancing phonon scattering, which significantly decreases the lattice
thermal conductivity at high temperatures. Overall, a maximum figure of merit zTmax~0.85 at
653 K is obtained in CusSho.g7Pbo.osSes. This represents a 1.6-fold increase compared to the
undoped sample and exceeds most doped CusSbSes-based materials produced by solid-state,
with additional advantages in terms of versatility and cost-effectiveness associated with the use

of a solution-based technology.
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1. Introduction
Thermoelectricity stands as a pivotal green energy conversion technology that allows for

(1,21 However, the low conversion

direct and reversible conversion of thermal and electric energy.
efficiency and high cost have impeded the widespread commercialization of thermoelectric (TE)
energy conversion systems beyond some niche markets.[>*! The main challenge in the TE field
is the development of cost-effective active materials that enable the assembly of high-
performance TE devices. This endeavor holds the key to unlocking the full potential of future
waste heat utilization, contributing significantly to environmental preservation, among other
fields of application.>]

The TE performance of a material is commonly evaluated using the dimensionless figure
of merit zT, zT=0S%T/ktwt, Where o represents electrical conductivity, S is the Seebeck coefficient,
T denotes absolute temperature and xtt represents thermal conductivity.™%1% These parameters
are determined by the material’s crystallographic and electronic structure, composition, and
defects. The challenge lies in effectively decoupling these mutually coupled parameters to
enhance performance. Optimizing charge transport performance relies on balancing carrier
concentration (p), carrier mobility (x) and effective mass (m*), which can be accomplished by
doping/alloying,[** 1 tuning the electronic band structure®’-*1 and energy filtering
effects,?%2] among other strategies.>®?2  Minimizing the lattice thermal conductivity (x.)
requires the construction of a multiscale hierarchical architecture to dampen acoustic sub-
modes across all wavelength bands,?®?4 including nanoscale precipitates,?*?%! grain
refinement,2%26-281 dislocations,?*3% point defects,[*320:261 etc. Typically, a coordinated
combination of several strategies is required to enhance TE performance, and the exploration
of novel approaches to improve zT has remained a primary focus.

While some ternary and quaternary copper-based compounds have been extensively

studied, I3-V-VI4 tetrahedrally coordinated semiconductors remain relatively unexplored in the

context of energy conversion applications, e.g., photovoltaics, photocatalysis, and
3
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thermoelectricity.*!?) Cu3;SbSes, based on relatively abundant and safe elements, features a
diamond-like structure. It excels as a direct, narrow bandgap p-type semiconductor,
characterized by its intricate crystal lattice and an electronic band structure characterized by
significant degeneracy at the valence band maximum.** Importantly, the Cu-Se framework
facilitates efficient hole transport, providing a high hole charge carrier mobility (un), while
simultaneously providing a reduced phonon mean free path.*2**31 These characteristics result
in intrinsically low x: and elevated S, rendering CuszSbSes a promising candidate material for
TE applications. Nonetheless, a significant limitation of Cu3SbSe;s is its insufficient free hole
concentration, py, of ca. 10" cm™ at ambient temperatures, resulting in suboptimal ¢.1%¢!
Consequently, improvements in the TE performance of Cu3SbSes require increasing the py
while simultaneously engineering its electronic band structure to maintain elevated S values.
First-principles calculations have revealed that the formation energy associated with
doping at the Sb lattice sites is notably low, and the dopants in Sb site incorporation
predominantly result in the formation of p-type semiconductors accompanied by the creation

37.38] Consequently, it is customary to introduce heterovalent

of Cu vacancies that increase py.!
ions mainly at the Sb positions to finely modulate the px of CuszSbSes. Specifically, the
substitution of pentavalent Sb ions by Ga,**! In,* Ni,*% Bi,[*! Ti,[4?) and A1) ions has been
employed to achieve py~10' cm ™, while doping with Sn***! and Gel**! increases px to more
than 10°° cm, thereby enhancing ¢ and contributing to the overall enhancement of the TE
performance. Preliminary calculations indicate that Pb also serves as a favorable dopant for
tuning the TE properties of Cu3SbSes. However, reports on the use of Pb as a dopant on
CusSbSey are very scarce. Previously, a microwave-assisted solvothermal method was used to
prepare samples doped with 4% Pb, resulting in a TE performance of z7~0.52 at 623 K. The
main mechanisms underlying this enhancement were related to i) Pb*" acting as an acceptor
dopant, optimizing py; and ii) the formation of PbSe secondary phase, reducing the thermal

conductivity by the phonon scattering.*’!
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However, a more thorough and detailed investigation is required. Pb is considered to be
stable in the form of Pb?" within the CuzSbSey lattice. Thus, the substitution of the relatively
small Sb>* ions (0.6 A) by a 2-fold larger Pb** (1.19 A) is expected to induce significant lattice
distortions, electronic structure modification, and lattice defects that have not been investigated.
Additionally, adhering to the principles of green chemistry, we have utilized the minimal
concentration of Pb required, ensuring compliance with safety standards for electronic materials.

In this study, we present a high-yield and scalable bottom-up approach to produce
Cu3SbSes nanocrystals (NCs) with a controlled amount of Pb doping. The effect of Pb doping
on the TE performance of hot-pressed Cu3SbSes nanomaterials is thoroughly explored and
discussed. In detail, we first perform a detailed analysis of the valence states of Pb in the NCs
and then investigate the effect of Pb doping on the electrical and thermal transport mechanisms
of the CuzSbSes matrix. Density functional theory (DFT) calculations are further performed to
investigate the effect of Pb-doping on the band structure of Cus;SbSes. As a result, the
significantly enhanced zT is attributed to the valence band convergence effect caused by Pb
doping in addition to an increase in py. These findings deepen our understanding of Pb doping's
mechanisms in enhancing TE properties in this system, providing insights useful for future

research, including the exploration of non-toxic dopants for medium-temperature applications.

2. Results and Discussion

Cu3SbSes NCs were synthesized by modestly scaling up the reaction volume from a
previously established synthetic method.[*!! In this method, the precursor of Se powder
dissolved in OLA and DDT is injected into a preheated solution containing the cation mixture.
Figure 1a displays a representative transmission electron microscopy (TEM) image of the
synthesized quasi-spherical CuzSbSes NCs, revealing their uniform size, with an average

diameter of 19+3 nm. This synthetic approach yielded over 93%, enabling the production of

approximately 3.0 g of NCs in a single batch.
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The results of high-resolution TEM (HRTEM, Figure 1¢) and X-ray diffraction (XRD)
analysis (Figure 1d) elucidate the tetragonal crystal structure of Cu3SbSes with a space group
of 742m and determined lattice parameters of a = b = 5.66 A and ¢ = 11.28 A (Figure 1b). XRD
results of pristine CuzSbSes NCs and NCs containing different amounts of Pb demonstrate well-
defined diffraction peaks with no impurity phases. Focusing on the most intense diffraction
peak located ca. 27.5°, associated with the (112) lattice plane, it is evident that the XRD pattern
of CusSbixPbySes (x=0.01, 0.02, and 0.03) shifts to low angles with the introduction of Pb
(Figure 1d). This phenomenon indicates a lattice distortion caused by the large Pb replacing
smaller atoms within the lattice, as confirmed by estimates derived using the Williamson-Hall
formalism (Figure S1, Table S1, the details can be found in the supporting information). On the
other hand, the size and shape distribution of the as-prepared NCs remains unchanged after Pb-
doping (Figure S2). Quantitatively, within the experimental error, the Pb content matches the
nominal composition of CuzSbixPbxSes (x =0, 0.01, 0.02, and 0.03), with only a slight excess
of Se, as evidenced by X-ray spectroscopy (EDX) (Figure S3) and inductively coupled plasma
optical emission spectroscopy (ICP-OES) (Table S2). The decrease in the amount of Sb
following the nominal precursor concentration indicates that Pb most probably occupies the Sb

sites left by the lack of enough Sb.
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Figure 1. (a) TEM micrograph of the CusSbSes NCs. The upper inset shows NCs dispersed in
chloroform and the bottom inset shows the histogram for the measured particle size distribution.
(b) The unit cell of tetragonal CuzSbSes. (c) HRTEM image of a single CuzSbSes NC. (d) XRD
patterns of pristine CusSbSes and CuzSbh1xPbxSes (x = 0.01, 0.02, and 0.03) NCs including the
PDF 85-0003 reference of CusSbSes (black vertical lines), with the pattern on the right showing
a detail of the (112) peak. (e-h) High-resolution XPS spectrum of CusSho.97Pbo.03Ses NCs: (€)
Cu 2p, (f) Sb 3d, (g) Se 3d, and (h) Pb 4f.

X-ray Photoelectron Spectroscopy (XPS) was employed to investigate the chemical state
of the elements in the synthesized Pb-doped CusShSes NCs (Figure 1e-h). In the as-synthesized
CusSho.97Pbo.03Ses NCs, the two peaks in the Cu 2p spectrum appear at 931.7 eV (2ps2) and
951.6 eV (2p112), consistent with the standard separation of 19.9 eV and indicative of Cu (1)
(Figure 1e).[4*%61 The presence of Cu?* was excluded by the absence of the satellite peaks
characteristic of this higher oxidation state of Cu.[*’l Moreover, Cu-LMM Auger energy peak,
observed at 570 eV as shown in Figure S4b, further indicates no signs of metallic Cu® (568 eV)
or oxidized Cu?* (568.9 eV), in accordance with previous studies.*®5% Figure 1f shows the Sbh
3d XPS spectrum that displays a doublet associated with Sb>* at 530.6 and 540.1 eV for Sb 3ds,

7
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and Sb 3day, respectively.[**51 Additionally, the overlapping O 1s peak centered at 531.9 eV is
related to the presence of some surface oxygenated groups.[*>®? The Se 3d XPS spectrum
(Figure 1g) shows a doublet at 54.2 eV for 3ds,2 and 55.1 eV for 3das/2 which is associated with
a Se? oxidation state.[?146531 Additionally, the Se 3p electronic levels are detected at 161.1 eV
(3psr2) and 166.8 eV (3p2), demonstrating a peak splitting of 5.7 eV, corresponding well with
previous reports (Figure S4c).214146541 Eigure 1h shows the high-resolution spectrum of the Pb
4f region, revealing the two main characteristic peaks of Pb 4f at 137.6 and 142.4 eV,
corresponding to Pb 4fz. and Pb 4fs,, respectively, originating from the Pb%" in
CusSho.o7PhoosSes NCs.P557 Thus, XPS results validate that Pb?* stands as the stable and
prevalent valence state for Pb, which is not consistent with previous reports considering Pb in
a Pb**chemical state.[*5)

Two sequential processes of ligand displacement and annealing were used to mitigate the
influence of organic ligands on the electrical transport performance of the subsequent densified
bulk pellet and to secure their thermal stability (experimental details can be found in the

“Experimental” section). Specifically, the morphology of the CusSho.97Pbo.03Ses powder treated

|
I

through the above step process can be found in Figure S4.
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Figure 2. (a)-(d) Representative SEM images of the fractured surfaces of pellets obtained from
CusSh1xPbxSes (x=0, 0.01, 0.02, and 0.03) NCs, respectively; (e) EDX elemental maps of
CusShog7Pboo3Ses pellet in the orange region of Figure 2d, including Cu, Sh, Se and Pb,
respectively; (f) Corresponding XRD patterns of CusShixPbxSes (x=0, 0.01, 0.02, and 0.03)
pellets, including the CusSbSes reference pattern (PDF 85-0003).

To evaluate their TE performance, the treated CuzSbi-xPbxSes (x=0.01, 0.02, and 0.03)
nanopowders were hot-pressed at 380°C and 70 MPa for 10 min. This process consolidated the
powder into bulk pellets (@10 mm x h=1.5 mm). The relative densities of all obtained pellets
were above 93% of the theoretical value (Table S3) and showed robust mechanical properties.
SEM characterization of fractured pellets (Figure 2a-d) reveals that during the consolidation
process, the annealed particles underwent additional growth, which led to the formation of
larger grains, ranging in size from hundreds of nanometers to several micrometers. Such
significant grain growth at these temperatures can be rationalized by the annealing mechanism
and the thermodynamic properties of the materials. The proximity to the material's peritectic
temperature, as delineated by the phase diagram,® the combined effects of the elevated surface
energy of the particles and the supplementary energy introduced through hot pressing provides
a considerable driving force to enhance atomic mobility. This enhanced atomic mobility
promotes the coalescence of particles into larger grains.[?*%%€1 On the other hand, the samples
with higher Pb content (>2%) exhibit abundant nanoscale grains (Figures 2c and 2d). In addition,
the EDX compositional maps revealed a relatively homogeneous distribution of Pb at a 500 nm
scale, as shown in Figure 2e, corresponding to the orange region in Figure 2d. XRD patterns of
CusSh1xPbxSes (x=0.01, 0.02, and 0.03) pellets revealed no structural changes and the
emergence of no secondary phases upon the thermal treatment and consolidation processes
(Figure 2f). A shift of the XRD peaks to lower angles exhibited an expansion of the lattice

parameters and volume of unit cell with increasing Pb content in the CuszSh1.xPbxSes (x=0.01,
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0.02, and 0.03) pellets (Figure S6), which is consistent with the XRD patterns of NCs (Figure
1d), indicating the substitution of Sb>* by Pb?* ions.

Figure 3 illustrates the electrical transport properties of CuzSbi«PbxSes (x =0, 0.01, 0.02,
and 0.03) pellets as a function of temperature over the temperature range of ca. 310 to 650 K.
The pristine CusSbSes exhibits low o, ca. 21.6 S cm™ at room temperature, which increases to
50.1 S em™! at 650 K. The increase of ¢ with temperature denotes the thermal excitation of
charge carriers to play an increasingly important role, which agrees with previous reports
(Figure 3a).B**!! The ¢ of all CusSbixPbxSes (x = 0, 0.01, 0.02, 0.03) samples consistently
display significantly higher o values in comparison to undoped CusSbSes, e.g., the

Cu3Sbo97Pbo03Ses sample reaches an exceptional o of 98.1 S cm™

at room temperature,
approximately 5 times larger than the value of the undoped Cu3SbSes. While the doped sample
with a lower Pb amount shows a similar temperature dependence of ¢ as CuszSbSes, the
Cu3Sbo.osPbo.o2Ses and especially the CuzSbo.o7Pbo.o3Ses samples exhibit a decrease of ¢ with
temperature in the low-temperature range tested, denoting a degenerated semiconductor
behavior.

High S values were obtained in Cu3SbSes, which can be ascribed to the intricate electronic
structure inherent to CuszSbSes, characterized by the presence of multiple energy bands. This
complexity engenders the existence of numerous electronic transport pathways, spanning across
various energy bands, which significantly contributes to the rise of S.5**!] All CusSbi.xPbxSes
pellets possess an intrinsic p-type semiconductor nature, as positive S values were consistently
obtained across the entire temperature range (Figure 3b). The S values of all pellets exhibit an
initial increase followed by a subsequent descent with rising temperature, e.g. the pristine
CusSbSes displays a S value of ca. 399 uV/K at room temperature that progressively diminishes
to ca. 339 uV/K at 650 K, in accordance with our previous report.*!] Upon the introduction of

substantial Pb doping, as exemplified by the Cu3Sbo.97Pbo.o3Ses pellet, this behavior undergoes

significant attenuation and shifts towards a degenerate semiconductor mode, consistent with
10
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the significant increase in o, owing to the gradual thermal excitation of charge carriers.

Room temperature Hall measurements were conducted to determine the Hall charge carrier
concentration, py, and mobility, ux. Figure 3¢ shows that the py of undoped CusSbSes is only
0.45x10" cm™. With the addition of 3% Pb, there is a noticeable increase in py~3x10" cm™
for CuzSbo.97Pbo.03Ses, which is more than 6 times higher than that of undoped Cu3SbSes. The
um at room temperature is relatively lower in all Pb-doped samples compared to undoped
CusSbSes4 (Figure 3c). This result is associated with the larger density of charge scattering
centers and potentially with the existence of heavy holes related to an increase in the density of
states (DOS) effective mass (mq*). To clarify this last point, the mq* values were estimated using
the single parabolic band (SPB) model, which includes all contributions from various valence
bands (Figure S7a). The Pisarenko plot at 300 K showing S as the vertical coordinate and py as
the horizontal coordinate confirms a significant increase in the mq* value for CusSbSes upon
Pb introduction (Figure 3e), as indicated by the increase in the discrepancy between the
measured data points and the calculated values. This result is consistent with the electronic
structure calculations below (Figure 4). This increase in mq* values explain the superior S
values achieved by all Pb-doped samples at room temperature.

We further calculated the weighted mobilities (uw) of CuzSbixPbxSes (x = 0, 0.01, 0.02,
and 0.03) using the S and o values to examine the underlying transport phenomenon based on
the equation:

_ 3h3c P %, N n? kg

w — 3 —
8me(2mkpT) /2 |1 4 exp[ ieISI 4 5] 1+ exp [5i|5| ~ 5]
B B

ey

In the above equation 4, ks, e, and m., are Plank’s constant, Boltzmann’s constant, electron

(61 The results are shown in Figure 3f. u increases with

charge, and electron mass, respectively.
raising pp, different from the decrease in uy observed in CuzSbi.xPbxSes samples, resulting in a

significant increase in the deviations between uw and uy for all samples, i.e., the uw/uy values

11
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more conspicuously underscore the amplification of this disparity, providing a quantitative
elucidation of the enlarged ms* associated with the increment in p#,[* e.g., in comparison to
Cu3SbSes with py~0.45x10" ecm™, CuzSbo.97Pbo.03Ses, featuring pr~3x10' cm ™, achieves an
increase in the uw/un value of over 2-fold (inset in Figure 3f). This increase also indicates a
larger mq*, which is consistent with the estimation provided by the SPB model.

The ¢ and S values of CuzSbi«PbxSes (x =0, 0.01, 0.02, and 0.03) were used to calculate
the power factors (PF = 65°) shown in Figure 3d. The PFs of the Pb-doped materials are
significantly greater than those of undoped Cu3SbSes. Among these samples, CuzSbo.97Pbo.o3Ses
exhibits the maximum PF values in the entire range of temperatures, reaching ca. 0.92 mW m’
K2 at 655 K, much larger than pristine Cu3SbSes and higher than the previously reported values

for CusSbSes-based compounds.[41:42:43.63]
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Figure 3. Electrical transport properties of CuszSbi.xPbxSes (x=0, 0.01, 0.02, and 0.03). (a,b)
Temperature dependence of (a) electric conductivity (¢) and (b) Seebeck coefticient (S); (c)
Ambient temperature Hall charge carrier concentration (px) and carrier mobility (un); (d)
Temperature dependence of power factors (PF); (e) Pisarenko plot at 300 K, and the open dots
represent reported CusSbSes-based systems;**3%631 (f) Weighted mobility (uw) as a function of
temperature, the inset shows ww /ux as a function of x in CuzSbi.xPbxSes (x=0, 0.01, 0.02, and
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0.03) at room temperature indicates an increasing trend of mga*.

To investigate the influence of Pb doping on the band structure of CuzSbSes, we conducted
DFT calculations (Figure 4). Figures 4a and 4b display the calculated band structure and DOS
for CuzSbSes. The computed band gap (Ey) is ca. 0.16 eV, which is lower than the reported
value of 0.29 eV for CuzSbSes,***” in agreement with previous experimental values (0.1-0.4
eV).3864651 Degpite the bandgap underestimation due to the inherent complexities in
calculations, DFT offers valuable insight into the evolution of the band structure post-Pb doping.
The band structure of CuzSbSes displays two valence band edges, one positioned at I and the
other between points Z and R, with a slight energy offset. Figures 4c and 4d depict the calculated
band structure and DOS for Pb-doped CuzSbSes. Pb doping shifts the Fermi level from the
bandgap region into the valence band, indicating an increase in pp, agreeing with the
experimental measurement in Figure 3c. The DFT calculations reveal a slight decrease in the
Eg with Pb doping, which is consistent with previous first-principles studies, indicating that
substitution of Sb with elements from both Group IIIA (e.g., Al, Ga, In, TI) and Group IVA (e.g.,
Ge, Sn, Pb) leads to a reduction in the Eg.*”! In addition, the bipolar conduction is suppressed
due to the increased py through Pb doping, as evidenced by the shift of the S peak to higher
temperatures (Figure 3b). Moreover, Pb doping decreases the energy offset between the two
valence band edges at the I" point and between Z and R points implying more pathways for
carrier transport, which further explains the observed high PFs in CuzSbi.xPbxSes. From the
calculated band structures, we can attribute the enhanced PFs to the increased py and the

valence band convergence effects induced by Pb doping.

13
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Figure 4. (a) Calculated band structure and (b) DOS of CuzSbSes. (c) Calculated band structure
and (d) DOS of Pb-doped CusSbSes.

The #o: of all CuzSbixPbxSes (x =0, 0.01, 0.02, and 0.03) pellets consistently decreases
with temperature throughout the whole temperature range measured, yielding relatively low
values as shown in Figure Sa (the experimental heat capacity C, and thermal diffusivity 4 can
be found in Figures S7c and S7d). Specifically, in the pristine Cu3zSbSes, the xs value drops to
0.70 W m! K at 650 K, which is lower than the values reported for most bulk Cu3SbSes

materials [34,39,40,43,66,67

I'We calculated x;. (Figure 5b) and «. (Figure 5c) of all the samples by
the Wiedemann—Franz law: k.= L,oT and k1 = k1 ke, Where L, is the Lorenz number calculated
based on the measured S values (Figure S7b).1° Figure 5b shows the very low x; values
obtained for all samples and particularly for Cu3Sbo.97Pbo.o3Ses that reaches an ultralow x; =
0.61 W m! K at 655 K, which is significantly lower than those previously reported for

[34,39,40,43,66.69] [yt is still above the theoretical limit for

samples prepared by solid-state methods,
the amorphous state (xzmin~0.47 W m'K-1).34 This low x; value obtained for Cu3zSbo.97Pbo.03Ses

14
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in the high-temperature domain is mainly attributed to the introduction of lattice distortions due
to the presence of much larger radius Pb?" in the doped material obtained in the present work,
as well as to the high-density interfaces, i.e., presence of more and smaller grains. The observed
increase in xz at lower temperatures in samples with higher Pb content, exhibiting a similar
trend to previous reports,[*>’"! could be attributed to the complex interplay between the dopant
concentration and the crystal lattice, demanding further investigation. The inset in Figure 5b
illustrates the plot of x;, for CuzSbi.xPbxSes as a function of the reciprocal of 1000/T, from which
all x; exhibit a nearly linear relationship, indicating the crucial role of Umklapp phonon

scattering in CusSbSes.!"!!
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Figure 5. Temperature dependence of (a) total thermal conductivity, xw:; (b) lattice thermal
conductivity, xz, and the inset shows the plot of 1000/T-dependent x;; (c) electronic thermal
conductivity, xe; (d) quality factor, B; (e) TE figure of merit, z7, and (e) zT values for reported
state-of-the-art p-type doped CuzSbSes-based materials and composites, including 2%SnTe, !
1%GeTe,'* 1.5%Bi2Ses,'! 2%Sn+6%La,*! 0.5%Ga,*1 0.5%In,5% 3%Ni,H40 1%A1

4%Pb,*1 29680, 5%T1,12) 19%Te’™ and 2%Bil*"

The quality factor B was calculated using the following equation:%6%]
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5/2
MW( T )
B=9%(— 2
Kk, \300 (2)

B is directly proportional to uw/kr, making it a valuable parameter for evaluating the
overall TE performance of a particular material. As shown in Figure 5d, B increases almost
linearly with temperature for all samples over the entire temperature range and increases with
Pb content, especially in the high-temperature region beyond 500 K.

Overall, the synergistic improvement in electrical and thermal transport properties allows
achieving a zTua value of 0.85 at 655 K for CuzSbo.97Pbo.o3Ses (Figures 5e and S7f), which is
1.6 times that of undoped CusSbSes in the present work and is higher than most of the excellent
performing doped Cus3SbSes-based materials and composites prepared via solid-state and/or
solution-processed methods (Figure 5f).13439-43:45.67.69.72.73] Fyrthermore, the results obtained for
Cu3Sbo.97Pbo.o3Ses pellets exhibit excellent reproducibility between different samples, as shown
in Figure S8. Compared to conventional solid-state synthesis methods commonly used for
CusSbSes-based TE materials, this solution-processed approach for Pb-doped CuzSbSes NCs
offers cost-effectiveness and environmental friendliness while operating at lower temperatures
and ambient pressures, utilizing lower-purity precursors, and reducing production costs. In
addition, this method enables the fabrication of Pb-doped Cu3zSbSes-based nanocomposites,

allowing for versatile material design and optimization for specific TE applications.

3. Conclusion

In this study, we reported a colloidal synthesis route to produce CuzSbSes NCs in high
yield and scalability. We thoroughly investigated the electrical transport properties of these
compounds doped with different amounts of Pb, and found that Pb doping significantly
increased the o with a relatively high S due to the increase in py and larger enhanced mq*, which
greatly improved PF. In addition, the introduction of large ionic radii of Pb*" also led to lattice

distortions while also contributing to an increase in the density of nanostructured point defects,
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which drastically reduced the x; at high temperatures. Based on the above synergistic
modulation of thermal and electrical transport properties, the z7,. of 0.85 at 655 K was
obtained for Cu3SbixPbxSes. These findings underscore the promising potential of Pb-doped
CusSbSes compounds for medium-temperature TE applications, representing a significant

stride towards the development of efficient TE materials and devices.

4. Experimental section

Chemicals and solvents: Copper(I) chloride (CuCl, >99%), antimony(III) chloride (SbCls,
99%), selenium powder (Se, 99.5%), ammonium thiocyanate (NH4sSCN, >99%), lead(Il)
acetate trihydrate (Pb(OAC)2-3H20, 99.5%), dodecanethiol (DDT, 98%), 1-octadecene (ODE,
technical grade 90%), oleic acid (OA, technical grade 99%), and oleylamine (OLA, technical
grade 70%) were purchased from Aladdin, China. Analytical grade ethanol and chloroform
were obtained from Sinopharm Chemical Reagent Co., Ltd. All chemicals were used as
received without further purification.

Large-scale synthesis of CuzSbSes NCs and CusSbixPbxSes NCs: The synthesis method
followed the original recipe with minor modifications.*!] A 0.5 M selenium stock solution was
prepared initially by adding Se powder (60 mmol) into a 250 mL three-neck flask containing
OLA (60 mL) and DDT (60 mL) at room temperature under magnetic stirring. To eliminate air
from the flask, three cycles of vacuum and nitrogen purging were conducted until the Se powder
dissolved entirely. Simultaneously, a combination of CuCl (12.0 mmol), SbClz (4.8 mmol),
OLA (18 mL), OA (12 mL), and ODE (120 mL) was prepared in a 500 mL three-neck flask.
The mixture was stirred at room temperature for 20 min. Then, the solution was heated to 130 °C
under vacuum with vigorous stirring and held there for 30 min. After that, nitrogen gas was
introduced, and the temperature was increased to 180°C. At this point, a quick injection of the
pre-prepared 60 mL Se precursor solution caused an instant color change, from brown to deep

green, in the reaction solution. The color change signifies the nucleation of CuzSbSes NCs. The
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reaction solution was maintained at 180 °C for 30 min. Afterward, the colloidal solution was
cooled rapidly to room temperature using a water bath. Chloroform was utilized as the
dispersion solvent, while ethanol served as the antisolvent. The crude solution was centrifuged
at 8000 rpm for 5 min, and the resulting supernatant was decanted. This process was repeated
twice, after which the obtained powder was re-suspended in chloroform and stored for eventual
characterization and utilization.

The preparation process of CusShixPbxSes (x = 0.01, 0.02, and 0.03) NCs was identical to
that of the original CuzSbSes NCs, except that appropriate amounts of Pb(OAc)2-3H20 replaced
some of the SbCls. The reactants were used at molar ratios of SbCls/Pb(OAc)2-3H20=0.99/0.01
(4.752 mmol/0.048 mmol), 0.98/0.02 (4.704 mmol/0.096 mmol), and 0.97/0.03 (4.656
mmol/0.144 mmol).

Ligand displacement and annealing treatments: In a typical procedure, CusSbhi1-xPbxSes (X
=0, 0.01, 0.02, and 0.03) NCs (~2 g) were first dispersed in 50 mL of chloroform and mixed
with 10 mL of a 50 mM NH4SCN solution (in acetone) at room temperature. The solution was
shaken for 1 min to displace the organic ligands attached to the NCs surface, followed by
precipitation of the NCs by centrifugation. This process was repeated one more time, adding
chloroform and NH4SCN in each step. Finally, NCs were precipitated and dried under vacuum
to obtain a fine powder. The dried CusSh1.xPbxSes (x = 0, 0.01, 0.02, and 0.03) nanopowders
underwent annealing in a tube furnace under N> flow, heated at a rate of 10 °C/min to 400 °C,
and maintained for 1 hour. After this process, the annealed powders were promptly transferred
to a glovebox for the subsequent densification.

Nanopowder consolidation into pellets: The annealed CuzShi.xPbxSes (x = 0, 0.01, 0.02,
and 0.03) nanopowders were ground inside the glovebox with an agate mortar followed by
loading into a graphite die lined with 0.20 mm thick graphite paper. These powders were then
compacted into pellets (@10 mm x h = 1.5 mm) in a nitrogen atmosphere using a custom-made

hot press by applying an uniaxial pressure of 70 MPa at 380 °C for 10 min. The density of all
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the pressed pellets was above 93% (Table S3) of the theoretical value (5.86 g/cm?®). Finally, all
the pellets were annealed in a nitrogen gas static atmosphere for 1 h at 350 °C (ca. 4 °C/min).

Structural and chemical characterization: XRD analyses were performed on a Bruker
AXS D8 Advance X-ray diffractometer with Cu Ko radiation (Germany, A= 0.15406 A),
scanning from 20° to 80° with a resolution of 0.01° and a time step of 0.1 s. The size and shape
of the initial NCs were examined by TEM using a Zeiss Libra 120, operating at 120 kV, and
HRTEM images were recorded using a JEOL JEM-2200FS microscope operating at 200 kV.
Field-emission SEM was conducted at 5.0 kV using an Auriga Zeiss SEM to detect the grain
size and morphology of the pressed materials. Quantitative elemental analysis of CusShbi-
xPbxSes NCs' overall composition was carried out through energy-dispersive EDX detection
connected to the SEM instrument, operating at 15.0 kV and by ICP-OES on the ICPE-9820
system. XPS was performed in constant analyzer energy mode on a VG ESCA Scientific Theta
Probe Spectrometer with a pass energy of 28 eV and aluminum Ka (1486.6 eV) radiation as the
excitation source.

Thermoelectric property measurement: Both ¢ and S were simultaneously measured
utilizing a Linseis system (LSR-3) with a heating rate of 10 K/min under a helium atmosphere
in the temperature range from 310 to 650 K. An estimated error of approximately 4% was
accounted for in the measurements. Thermal diffusivity (1) was measured using the Linseis
LFA 1000 Laser Flash analysis instrument with an estimated error of about 5%. The it Was
calculated using the formula xtwot = ACpp, where C, represents specific heat capacity, and p refers
to mass density. The values for Cp, dependent on temperature, were measured through the
differential scanning calorimetry (DSC 404 F3, Netzsch) method and calculated via Netzsch
Proteus software, employing the C, ratio method with a sapphire standard. For comparison, the
constant pressure Cp was also determined using empirical formulas based on the Dulong—Petit
limit (3R law). The Dulong—Petit Cp value was slightly lower than the experimental C, values

(Figure S7d). We present a comparison of «it and zT values obtained when considering either
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the experimentally determined Cp or the calculated Cp in Figures S7e and S7f. The p values
(Table S3) were determined using the Archimedes method with an error of ca. 2%. Therefore,
the plot presents a combined estimation of approximately 17% uncertainty for all measurements
of electrical and thermal transport properties involved in determining zT. Furthermore, p+ and
1+ measurements were conducted at 300 K using a Hall measurement system (PPMS-9T,
Quantum Design Inc., USA) under a magnetic field of 2 T, with an error of approximately 10%.

DFT calculations: DFT calculations were conducted using the Vienna ab initio simulation
package (VASP)"* 761 with post-processing VASPKIT package.l’”! It was reported that it was
necessary to use the generalized gradient approximations (GGA) with a large Hubbard U value
to estimate bandgap values.[864 We used an U of 15 eV. To consider the impact of Pb doping,
a 2 x 2 x 2 supercell structure of CussSessSbis based on the tetragonal cell was built. By
randomly replacing one Sb, the composition of CussSessSbhisPb was obtained. The structures

were relaxed until the total energy < 10 eV and the force on atoms < 0.01 eV AL,
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This study presents a colloidal synthesis method to produce high-yield CusShSes NCs. We
explore the influence of systematic Pb doping on electrical transport, highlighting the roles of
increased pn and mg*. Emphasis is given to the lattice distortions caused by the large ionic radii

of Pb?* and their implications on the xi, and the consequential enhancements in the TE figure
of merit zT are detailed.
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