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ABSTRACT. A simple and effective preparation of solution-processed chalcogenide 

thermoelectric materials is described. First, PbTe, PbSe, and SnSe were prepared by gram-scale 

colloidal synthesis relaying on the reaction between metal acetates and diphenyl dichalcogenides 

in hexadecylamine solvent. The resultant phase-pure chalcogenides consist of highly crystalline 

and defect free particles with distinct cube, rod, and tetrapod morphologies. The powdered PbTe, 

PbSe, and SnSe products were subjected to densification by spark plasma sintering (SPS), 

affording dense pellets of the respective chalcogenides. Scanning electron microscopy shows that 

the SPS-derived pellets exhibit fine nano/micro-structure dictated by the original morphology of 

the key constituting particles, while the powder X-ray diffraction and electron microscopy analyses 

confirm that the SPS-derived pellets are phase-pure materials, preserving the structure of the 

colloidal synthesis products. The resultant solution-processed PbTe, PbSe, and SnSe exhibit low 

thermal conductivity, which might be due to the enhanced phonon scattering over developed fine 

microstructure. For undoped n-type PbTe and p-type SnSe samples an expected moderate 

thermoelectric performance is achieved. In contrast, an outstanding figure-of-merit of 0.73 at 

673 K was achieved for undoped n-type PbSe outperforming all majority of optimized PbSe-based 

thermoelectric materials. Overall, our findings facilitate the design of the efficient solution-

processed chalcogenide thermoelectrics. 
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1. INTRODUCTION 

Harvesting of waste heat is an interesting and sustainable approach for minimizing energy 

consumption. In particular, heat produced by electronic, mechanical, chemical, and nuclear 

systems, and even by human body could be recovered in form of electricity by means of solid-

state thermoelectric (TE) devices.1 These devices perform the conversion of temperature gradients 

directly into electric voltages (Seebeck effect) and vice versa (Peltier effect). Notably, TE devices 

are mainly employed in niche markets, such as aerospace, military, vehicle waste heat recovery, 

consumer electronics, and internet of things.1,2 The efficiency of a TE device is determined by 

three factors, namely, thermal contacts, electrical interfaces, and the electric and thermal transport 

properties of constituent TE material. The TE material performance is measured by a 

dimensionless figure-of-merit, ZT = σ S2 T / κ, wherein T is the absolute temperature, σ is the 

electrical conductivity, S is the Seebeck coefficient, and κ is the total thermal conductivity 

including an electronic, κe, and lattice, κL, parts. Although some state-of-the-art TE materials have 

recently reached ZT > 3,3 common TE devices yet rely on Bi-based TE materials with ZT ≈ 1.2 

Increasing the TE efficiency of chalcogenides is of fundamental and long-standing interest given 

the role of the metal chalcogenides as a privileged class of industrially-relevant TEs. A particularly 

interesting solution for enhancing their ZT arises when micro/nano-structure is created within bulk 

material.4 Nanocrystals may tolerate larger number of atomic-scale defects (e.g., vacancies, 

dislocations) that act as phonon scattering centers, thus reducing the κL of the resultant 

chalcogenide TEs.5 Furthermore, construction of the chalcogenide TE materials from nano/micro-

sized particles develops large number of grain boundaries, which effectively scatter phonons, 

thereby further reducing the κL of the resultant TE material.2,6,7 Solution-based syntheses have 

been widely applied to prepare nano/micro-sized chalcogenide particles for thermoelectric 
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application. The particles are further consolidated into bulk material via different sintering 

techniques, thus affording so-called solution-processed TEs with developed fine micro/nano-

structure. 

The highest ZT ≈ 2.05 at 800 K has been reported for bulk PbTe–Ag2Te composite material.8 An 

example of solution-processed PbTe was reported by Yang and co-workers,9 who synthesized n-

type Bi-doped PbTe nanocubes by solvothermal method and thereafter, consolidated the 

nanocubes by spark plasma sintering (SPS). The resultant bulk PbTe material demonstrated a 

maximum ZT ≈ 1.35 at 675 K owing to the combination of enhanced σ as a result of Bi doping and 

reduced κ due to the high density of grain boundaries and dislocations.9 Similar ZT = 1.2 at 620 K 

was reached by Fang and co-workers with PbTe−Bi2Te3 “barbell” nanowire heterostructures 

prepared by colloidal synthesis followed by consolidation via hot-pressing.10 

With regard to solution-processed PbSe, p-type TE materials are typically obtained through wet-

chemistry followed by consolidation, while the most common approach to obtain rare n-type PbSe 

TEs includes post-synthesis treatments, such as ligand exchange.11,12 For p-type PbSe, Zhou and 

co-workers reported a significant improvement in the TE performance of hydrothermally-derived 

nanostructured p-type PbSe through blending with Ag nanoparticles, attaining a maximum 

ZT ≈ 0.97 at 723 K.13 In another study, Cadavid and co-workers reached a ZT ≈ 0.6 at 600 K for 

n-type PbSe colloidal nanoparticles having sodium amide ligands densified by hot-pressing.12 

Nevertheless, best performance for bulk n-type PbSe-based TE material has been demonstrated by 

PbSe0.998Br0.002–2%Cu2Se composite with a maximum ZT ≈ 1.8 at 723 K,14 indicating that further 

experimental exploration of n-type PbSe TEs is needed to reach higher ZT for the solution-

processed materials. 
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SnSe has also found application as perspective TE material, with outstanding ZT = 3.1 at 783 K 

reported for bulk polycrystalline p-type SnSe material.3 Nanostructured solution-processed Ga-

doped SnSe synthesized by hydrothermal method followed by SPS densification was found to 

exhibit a maximum ZT ≈ 2.2 and ZT ≈ 0.8 at 873 K for doped and undoped SnSe, respectively.15 

Nanocomposite SnSe–3%CdSe TE material prepared from nanoparticle building blocks showed a 

maximum ZT ≈ 2.2 and ZT ≈ 1.35 at 786 K for composite and pristine SnSe materials, 

respectively.16 In addition, doping with can afford interesting solution-processed TE materials, 

with maximum ZT ≈ 1.75 at 873 K reached for 3 mol% Ge doping,17 ZT ≈ 1.7 at 823 K for 

2.3 atom% Cd doping,18 and ZT ≈ 1.05 at 805 K for 2 atom% Te doping.19 

Our laboratory has been exploring the colloidal syntheses20,21 of the chalcogenides in the context 

of their TE applications, wherein the as-synthesized low-dimension particles serve as building 

blocks for the preparation of either TE thin films with reduced thermal conductivity22–24 or bulk 

chalcogenides samples with enhanced ZT. Originally, we developed gram-scale colloidal synthesis 

of CuInSe2 particles,25 and then extended the scope of the developed synthesis protocol to the 

preparation of hexagonal-shaped plate-like Bi2Te2.7Se0.3 nanoparticles.26 The nanoparticles were 

then subjected to SPS densification, which afforded nanostructured n-type Bi2Te2.7Se0.3 material 

exhibiting a maximum ZT ≈ 1 at 373 K with an average ZT ≈ 0.93 (300–473 K). More recently, 

we prepared composite (Bi,Sb)2Te3 nanoplatelets and Te-rich nanorods by the colloidal 

synthesis.27 After SPS consolidation, the resultant Bi-based TE material exhibits a maximum 

ZT ≈ 1.4 at 500 K. Considering the versatile synthetic potential of our colloidal synthesis towards 

chalcogenides, we were interested in expanding the scope of this synthesis beyond the preparation 

of nanostructured Bi-based TE materials. In particular, we explored the applicability of the 
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colloidal synthesis in combination with SPS consolidation for the preparation of undoped IV–VI 

chalcogenide TEs, namely, PbTe,28 PbSe,29 and SnSe.3 

In this paper, we report gram-scale colloidal synthesis of highly-crystalline, undoped PbTe, PbSe, 

and SnSe particles with peculiar morphologies. Specifically, the end products were obtained 

through the reaction of metal (Pb or Sn) acetates with diphenyl dichalcogenides (Se or Te) in high-

boiling hexadecylamine solvent. The as-synthesized particles were further consolidated into bulk 

pellets by means of SPS under optimized sintering conditions. Our TE properties characterization 

data indicates that a highly efficient nanostructured TEs can be obtained with this approach even 

for targeted undoped materials. For instance, our solution-processed n-type PbSe material exhibits 

a maximum figure-of-merit ZT = 0.73 at 673 K, indicating that the cost-effective colloidal 

synthesis in combination with SPS is a credible option for the fabrication of the efficient TEs. 

2. EXPERIMENTAL SECTION 

2.1. Reagents. The following reagents were purchased and used as received: hexadecylamine 

(HDA, 95%, TCI), lead(II) acetate trihydrate (Pb(ac)2∙3H2O, 99.99%, Sigma-Aldrich), tin(II) 

acetate (Sn(ac)2, 99.9%, Sigma-Aldrich), diphenyl ditelluride (Ph2Te2, 98%, Sigma-Aldrich), 

diphenyl diselenide (Ph2Se2, 97%, TCI), absolute ethanol (99.8%, Honeywell), and toluene 

(99.8%, Fisher Scientific). 

2.2. Synthesis. To prepare PbTe, PbSe, and SnSe chalcogenides, our previously reported colloidal 

synthesis protocol was adapted,25 which is schematically displayed in Figure 1. In a typical 

experiment, HDA (100 g, 414.1 mmol) and appropriate amounts of other reagents – Pb(ac)2∙3H2O 

(5.67 g, 14.9 mmol) and Ph2Te2 (3.97 g, 7.5 mmol) for PbTe synthesis; Pb(ac)2∙3H2O (6.63 g, 

17.5 mmol) and Ph2Se2 (4.09 g, 13.1 mmol) for PbSe synthesis; or Sn(ac)2 (5.99 g, 25.3 mmol) 

and Ph2Se2 (5.92 g, 12.6 mmol) for SnSe synthesis – were charged under ambient conditions into 
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a 500 mL round-bottom flask equipped with a magnetic stir bar, thermocouple, condenser, and 

vacuum adapter. The flask was then attached to a Schlenk line, and the mixture was slowly warmed 

to 90 °C while stirring accompanied by melting of HDA and homogenization of the reagents. The 

low boiling liquids, such as water and acetic acid admixtures, were removed by vacuum degassing 

of the reaction mixture at 90 °C for 1 h (SnSe synthesis) or for 2 h (PbTe and PbSe syntheses). An 

inert argon atmosphere was then introduced into the system, and the flask was rapidly heated up 

to 300 °C and stirred at this temperature for 1 h. Next, the heating source was removed, and the 

resultant greyish reaction mixture was naturally cooled to 80 °C and diluted with 80 mL of toluene 

while stirring. Afterward, the product was collected by centrifugation at 9000 rpm for 5 min, 

redispersed in toluene, and again collected by centrifugation at 9000 rpm for 5 min. The residual 

solid was then washed with a solvent mixture of toluene and ethanol (1 : 1) and collected by 

centrifugation at 9000 rpm for 5 min. After drying under vacuum, the product was finally 

homogenized with agate mortar and pestle to provide a fine powder. The yield of the as-

synthesized PbTe, PbSe, and SnSe was estimated to be around 90% (i.e., ca. 4.5 g of the end 

product). 
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Figure 1. Schematic diagram of the colloidal synthesis protocol towards PbTe, PbSe, or SnSe 

chalcogenide particles. 

2.3. Densification. To remove organic HDA ligands from the surface of the as-synthesized 

particles and to eliminate their possible surface oxidation, a heat treatment under flow of reductive 

atmosphere was carried out for the colloidal synthesis products prior to the SPS treatment. 

Accordingly, the samples were annealed under flow of H2 : N2 (1 : 4) at 350 °C for 3 h. 

Pellets of PbTe, PbSe, and SnSe for TE property measurements were prepared by SPS using 

Dr. Sinter Lab Jr. SPS-211 Lx sintering unit (Kagaku). Finely ground synthesized chalcogenide 

powders were loaded into a 12.7 mm diameter graphite die with tungsten carbide plungers, and 

then sintered through the application of a uniaxial pressure P = 107 MPa and temperature 

T = 350 °C for t = 10 min. This temperature was chosen to avoid possible contaminations due to 

Se or Te evaporation. Next, excessive graphite from the SPSed samples was removed by polishing, 

and the resultant PbTe, PbSe, and SnSe pellets had densities of 99%, 96%, and 96% of their 
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theoretical crystallographic densities, respectively. These densities were determined by 

Archimedes-based method using toluene-displacement as the reference. 

2.4. Characterization. The synthesized materials were analyzed by powder X-ray diffraction 

(XRD) using X’Pert PRO (PANanalytical) and Miniflex 600 (Rigaku) diffractometers employing 

Ni-filtered Cu Kα radiation. Scans were performed from 20–80° 2θ while using Si-crystal zero-

background sample holder. The XRD patterns were matched to International Centre for Diffraction 

Data (ICDD) PDF-4 database using HighScore software package (PANalytical). Pawley 

refinement was carried out using Topas 5.0 software package (Bruker). 

The morphology and chemical composition of the synthesized particles and the SPSed materials 

were analyzed by scanning electron microscopy (SEM) using Quanta 650 FEG ESEM (FEI), fitted 

with an INCA 350 spectrometer (Oxford Instruments) for energy-dispersive X-ray spectroscopy 

(EDX). Particle sizes were estimated using ImageJ software package. 

Fine microstructure and also chemical composition of the pristine and SPSed samples were 

investigated by high-angle annular dark-field scanning transmission electron microscopy 

(HAADF–STEM), electron diffraction (ED) and energy-dispersive X-ray spectroscopy in STEM 

mode (STEM–EDX) using a JEM-ARM200F microscope (Jeol), operated at 200 kV and equipped 

with cold field-emission gun, probe and image aberration correction, and a CENTURIO EDX 

detector. 

The thermal behavior of the colloidal synthesis products was investigated by means of 

simultaneous thermogravimetric (TGA) and differential scanning calorimetry (DSC) analyses 

using STA 449F1 instrument (Netzsch). The powdered chalcogenides were heated from room 

temperature to 1000 °C at 10 °C min−1 under a continuous argon flow of 50 mL min−1. 
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The Seebeck coefficient, S, and thermal conductivity, κ, were measured using a Nemesis SBA 458 

tool (Netzsch), equipped with a four-probe option. Thermal diffusivity of the samples was 

measured using a LFA 467 system by the laser flash method (Netzsch). The thermal conductivity 

values were calculated by means of multiplying measured thermal diffusivity values by the 

corresponding densities and specific heat capacities of each SPSed sample. Electronic thermal 

conductivity (κe) was calculated using the Wiedemann-Franz law, κe = L × σ × T (where 

L = Seebeck coefficient dependent Lorenz number in 10–8 W Ω K–2; σ = electrical conductivity in 

S m–1; T = temperature in Kelvin). The Seebeck coefficient dependent L was calculated using the 

following equation: L = 1.5 + exp [−|𝑆𝑆| 116⁄ ]; where L is in 10–8 W Ω K–2 and S is in µV K–1. 

Lattice thermal conductivity (κL) was calculated by κL = κ – κe.30 

Hall measurements were made on a PbSe rectangular bar with dimensions 

≈1.38 × 4.44 × 6.82 mm3, that was cut from the SPSed PbSe pellet. The measurements were 

carried out using the Electrical Transport Option on Physical Properties Measurement System 

(Quantum Design) with a 5-probe set up (Figure S1) using a constant current Ix = 0.1 mA within a 

range of magnetic field (Bz) between −3 T to 3 T, acting perpendicular to the rectangular bar. The 

measurements were repeated at different temperatures, namely, 5, 75, 150, 225, 300 and 375 K, to 

observe the temperature-dependence of the Hall coefficient (RH), carrier concentration (n) and Hall 

mobility (µ) of the SPSed PbSe. The voltage measured across Channel 2 (Figure S1) is the Hall 

voltage (VH). RH was calculated by RH = (VH × t) / (Ix × Bz); where t = thickness of the bar 

(1.38 mm). Carrier concentration (n) was calculated using the following equation: 

n = 1 / (|RH × e|); where e = electronic charge. Hall mobility (µ) was calculated using µ = (RH / ρ); 

where ρ = resistivity of the material measured along Channel 1 (Figure S1) at Bz = 0 T at any 
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specific temperature. RH, n and µ were then plotted as a function of the corresponding temperature 

values.31 

3. RESULTS 

3.1. Phase-pure chalcogenide particles with peculiar morphology. Our previously reported 

colloidal synthesis method used to prepare CuInSe225 served herein as the base for the synthesis of 

PbTe, PbSe, and SnSe chalcogenides. Reacting metal acetates with diphenyl dichalcogenides in 

fatty hexadecylamine solvent followed by product isolation and purification reproducibly afforded 

the solids with an excellent yield of about 90%. An attractive feature of this synthesis protocol is 

that it gives access to large quantities (ca. 4.5 g) of the target compounds, thus providing enough 

materials for further characterization and processing. According to the XRD analysis, the end 

products of the colloidal synthesis were identified as phase-pure cubic PbTe (Figure 2a, ICDD 

no. 04-016-1608), cubic PbSe (Figure 2b, ICDD no. 04-003-4844), as well as orthorhombic SnSe 

(Figure 2c, ICDD no. 01-081-9463). The refined cell parameters of the as synthesized materials 

are in close agreement with literature values. In addition, elemental analysis by EDX spectroscopy 

also confirmed that the as-synthesized samples are phase-pure materials (Figures S2a,c,e). 
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Figure 2. Collected XRD patterns (black), calculated pattern based on crystal structure (red) and 

Pawley refinement (blue) for the synthesized colloidal products (top panel) and the respective 

SPSed pellets (bottom panel) for PbTe (a,d), PbSe (b,e), and SnSe (c,f). Pawley refinement was 

performed and resulting values of Rwp, goodness of fit (GoF), and refined lattice parameters are 

provided. 

To investigate the morphological features of the PbTe, PbSe, and SnSe synthesized by the colloidal 

method, SEM analysis was carried out. The observation of the PbTe product reveals that this 

product consists of faceted particles exhibiting a nonuniform size distribution ranging from 200 nm 

to 4 μm (Figures 3a, S3a,b). Many of these particles appear to possess a fairly concave cubic shape. 

PbSe particles were observed to be similar in size to PbTe ones while possessing a nonuniform 
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size distribution as well ranging from 500 nm to 3 μm and featuring tetrapod-like appearance 

(Figures 3b, S3c,d). In contrast, the SnSe product consists of elongated rod-like particles 

(Figures 3c, S3e,f). Compared to PbTe and PbSe, SnSe crystals are considerably larger in size with 

a nonuniform distribution (2–40 μm). 

 

Figure 3. Representative SEM images of the synthetized colloidal products (a,b,c) and the 

respective SPSed pellets (d,e,f) of PbTe (a,d), PbSe (b,e), and SnSe (c,f). 

We have further studied fine microstructure and chemical composition of the colloidal synthesis 

products by electron microscopy techniques, and the results for each of the SnSe, PbSe, and PbTe 

samples are given in Figures 4–6, respectively. Collected along main zone axis, ED patterns and 

the representative high-resolution HAADF–STEM images confirmed the crystal structure 

determined from XRD – cubic (Fm–3m, a = 6.46 Å) for PbTe (Figure 4), cubic (Fm–3m, 

a = 6.13 Å) for PbSe (Figure 5), as well as orthorhombic (Pnma, a = 11.5 Å, b = 4.15 Å, 

c = 4.44 Å) for SnSe (Figure 6). All images evidence an overall high crystallinity and defects-free 

structure of the synthesized PbTe, PbSe, and SnSe particles (Figures 4–6). The performed image 

simulations for PbSe (Figure 5) and SnSe (Figure 6) show excellent agreements with an 
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experimental HAADF–STEM images. No point defects have been observed. Since the PbTe and 

PbSe are isostructural with slightly different a parameter, the HAADF–STEM images, as expected, 

are similar (Figures 4,5), and hence, the image simulation for PbTe (Figure 4) was not performed. 

Elemental STEM–EDX maps highlight the homogeneous distribution of the key constituent 

elements inside the synthesized particles, confirming that the particles are pure PbTe (Figure S4), 

PbSe (Figure S5), and SnSe (Figure S6), devoid of any secondary phases. 
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Figure 4. ED patterns collected along main zone axes of PbTe particles synthesized by the 

colloidal method, together with the corresponding high-resolution [001] and [111] HAADF–

STEM images. 

 

Figure 5. High-resolution HAADF–STEM images and the corresponding ED patterns along main 

[001] and [101] zone axes of cubic Fm–3m structure of PbSe synthesized by the colloidal method. 

Simulated images based on cubic Fm–3m structure are given as insert. 
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Figure 6. ED patterns collected along main zone axes for SnSe particles synthesized by the 

colloidal method, together with the corresponding high-resolution HAADF–STEM images taken 

along [001] and [100] zone axes. Simulated images based on orthorhombic Pnma structure are 

given as insert. 

For the high temperature TE applications, the thermal stability of the as synthesized materials was 

characterized by means of TGA/DSC analyses. The results show that PbTe (Figure S7) and SnSe 

(Figure S8) chalcogenides have an excellent thermal stability up to 700 ºC, while PbSe (Figure S9) 

exhibits even higher stability up to 850 ºC. Only above these high temperatures and till maximum 
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studied temperature of 1000 ºC, the samples undergo the total weight losses of 4%, 18%, and 53% 

for PbTe, PbSe, and SnSe, respectively (Figures S7–S9). 

3.2. Phase-pure densified chalcogenide pellets with developed microstructure. In the current 

study, the µm-sized PbTe, PbSe, and SnSe products of the colloidal syntheses were consolidated 

into the respective TE materials by means of SPS. This process results in the formation of bulky 

PbTe, PbSe, and SnSe pellets with densities of 99%, 96%, and 96%, respectively, of their 

theoretical crystallographic densities. According to the XRD analysis, the SPS processing 

preserves the phase structure of the initial chalcogenides synthesized by colloidal method, since 

neither secondary phases nor significant structural changes were detected by XRD characterization 

(Figure 2). Refinements of the unit cell parameters (Figure 2) indicated that small shrinking in the 

unit cell parameters have occurred after SPS, which might be caused by the annealing of the defects 

during the sintering. 

Chemical analysis of the SPSed pellets by EDX spectroscopy further indicates their phase purity 

(Figures S2b,d,f), confirming that chemical composition of the pristine chalcogenide particles 

remains essentially unchanged after SPS consolidation at P = 107 MPa, T = 350 °C, and 

t = 10 min. To evaluate the microstructure of the resultant SPSed pellets, SEM observations were 

performed. All densified chalcogenides demonstrate compact microstructure, as shown in 

Figures 3d,e,f and S10a,b,c. The characteristic morphologies (cube- and rod-like) of the initial 

chalcogenide particles are still visible after SPS consolidation (Figures 3a,b,c cf. Figures 3d,e,f). 

This finding suggests that the initial chalcogenide particles did not melt during SPS but rather 

sinter together, which results in the structural solidity of the SPSed PbTe, PbSe, and SnSe 

materials. The electron microscopy investigation of the SPSed samples further indicates that the 
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sintering affords highly crystalline, defect-free, chemically uniform, and phase-pure materials 

(Figures S11–13). 

3.3 Transport properties and thermoelectric performance. After consolidating the synthesized 

PbTe, PbSe, and SnSe particulate products by SPS into high-density sintered pellets, their 

temperature-dependent thermoelectric properties were characterized in a temperature range of 

298–673 K (Figures 7,8). Maximizing figure-of-merit requires materials with low thermal 

conductivity, high electrical conductivity, and a large Seebeck coefficient. 

Several phonon scattering approaches may reduce lattice thermal conductivity, including 

micro/nano-structuring, alloying, and anharmonic lattice vibrations. Nanostructuring increases 

boundary scattering, alloying introduces point defect scattering, while anharmonic lattice 

vibrations enable a strong inherent phonon-phonon scattering.32 Thermal conductivity for all 

samples reported here is quite low (Figure 7), as expected from their fine microstructure 

(Figures 3d,e,f and S10a,b,c) that increases phonon scattering.33 The total thermal conductivity, κ, 

for all samples decreases with increasing the temperature (Figure 7a). For PbTe, κ reached a 

minimum value of 1.1 W m–1 K–1,while for PbSe and SnSe, κ was even lower with 0.9 and 

0.3 W m–1 K–1, respectively, at 623 K. 

Lattice thermal conductivity, κL, and electronic thermal conductivity, κe, were also calculated 

(Figures 7b,c). Notably, κe values of the SPSed PbTe and SnSe chalcogenides (Figure 7c) were 

found to have negligible contribution to total κ because of the low electrical conductivity of these 

materials, whereas κe of highly conductive SPSed PbSe has a significant contribution to total κ. 

SnSe and PbTe samples exhibit relatively low values of electrical conductivity, reaching 

σ = 0.9 × 103 S m–1 at 623 K and σ = 6.4 × 103 S m–1 at 673 K, respectively (Figure 8a). In 

contrast, PbSe exhibits excellent temperature-dependent values of σ with a maximum of 
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6.4 × 104 S m–1 near RT (Figure 8a). In contrast to PbTe and SnSe, σ of PbSe is decreasing with 

temperature. 

Lattice thermal conductivity of bulk PbTe is κL ≈2 W m–1 K–1 at room temperature (RT).28 Our 

micro/nano-structured PbTe shows a comparable κL ≈ 1.9 W m–1 K–1 at RT, which decreases to 

κL ≈ 1 W m–1 K–1 at 672 K (Figure 7b). Introduction of point defects and dislocations was shown 

to decrease κL to 0.8 W m–1 K–1 for PbTe–PbS alloys, whereas the formation of Pb precipitates in 

InSb-doped PbTe resulted in an even more reduced κL ≈ 0.3 W m–1 K–1, which is lower than the 

amorphous limit κL ≈ 0.32 W m–1 K–1 for PbTe.34 In the SPSed PbSe, lattice thermal conductivity 

decreases from κL ≈ 1.4 W m–1 K–1 at RT to κL ≈ 0.7 W m–1 K–1 at 673 K (Figure 7b), with both 

values slightly lower than  κL ≈ 1.3 W m–1 K–1 near RT and κL ≈ 0.8 W m–1 K–1 at 700 K measured 

for bulk PbSe.13,29 Zhou and co-workers obtained lower κL for PbSe system through the 

incorporation of Cu and Te nanostructures into bulk PbSe material, reaching κL ≈ 0.2 W m–1 K–1 

at 773 K,35 which is lower than the amorphous limit κL ≈ 0.40 W m–1 K–1 for PbSe.34 The 

estimated κL for the SPSed SnSe changes from κL ≈ 0.7 W m–1 K–1 at RT to κlatt ≈ 0.3 W m–1 K–1 

at 623 K (Figure 7b), consistent with the calculated κL ≈ 0.7 W m–1 K–1 at 300 K for Sn1–xSe,36 as 

well as the reported κL values in other SPSed SnSe nanoparticles.19 Notably, by tuning chemical 

composition of SnSe, vacancies (VSn or VSe) were introduced that significantly reduced κL when 

compared with SnSe without vacancies (κL ≈ 1.4 W m–1 K–1 at 300 K).36 Further compositional 

tuning of SnSe and elimination of persistent SnOx compound enabled κL values as low as 

0.07 W m–1 K–1 at 783 K for polycrystalline SnSe.3 
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Figure 7. Total (a), lattice (b), and electronic (c) thermal conductivities of the SPSed PbTe, PbSe, 

and SnSe materials. 
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Figure 8. Temperature-dependent electrical conductivity (a), Seebeck coefficient (b), power factor 

(c), as well as figure-of-merit (d) of the PbTe, PbSe, and SnSe materials obtained by SPS 

densification of the respective colloidal synthesis products. 

The observed positive Seebeck coefficient, S, for SnSe reveals that this SPSed material is p-type 

with holes as main charge carriers, while the negative values measured for PbTe and PbSe indicate 

that these materials are n-type having electrons as main charge carriers (Figure 8b). Maximum S 

values were estimated to be S = –334 μV K–1 at 521 K for PbTe, – S = 247 μV K–1 at 670 K for 

PbSe, and S = 476 μV K–1 at 596 K for SnSe (Figure 8b). Since both PbTe and SnSe products 

reached the maximum Seebeck coefficient before the highest measured temperature, we can 
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estimate their bandgap following the Goldsmid-Sharp formalism as Eg = 2e|Smax|Tmax, where e is 

the elementary charge, Smax is the maximum Seebeck coefficient value reached, and Tmax is the 

absolute temperature at which Smax occurs.37 The bandgap value calculated for SPSed PbTe 

(Eg = 0.27 eV) is quite close to the value of bulk PbTe (Eg ≈ 0.3 eV),38 while calculated value for 

SnSe (Eg = 0.44 eV) appeared to be lower than the value of Eg = 0.86 eV for bulk SnSe.39 The 

bandgap for PbSe was not calculated since Smax was not reached in the measured temperature range 

(Figure 8b). 

Power factors (PF) were calculated for all the three SPSed materials (Figure 8c), where PbTe had 

an increase in PF at elevated temperatures, peaking PF = 6 µW cm–1 K–2 at 600 K. At the same 

time, PbSe recorded remarkable PF throughout the entire temperature range, reaching a peak 

PF = 13 µW cm–1 K–2 at 445 K. This is about half of the exceptionally high PF value for recently 

reported Cu/Te co-doped PbSe material with a peak ZT value of 1.3.35 

Hall measurements carried out on the SPSed PbSe sample within a range of 5 K to 375 K 

(Figure 9) showed lower carrier concentration values 4–5 × 1018 cm–3 (Figure 9a) when compared 

to most reported PbSe-based TE materials, which explains the high S values observed throughout 

the entire temperature range (Figure 8b).40 Hall mobility reaches a peak value of 290 cm2 V–1 s–1 

at 150 K before it starts decreasing with the temperature (Figure 9b). Such high values of carrier 

mobility in the SPSed PbSe justify its high σ, as well as its high κe contribution to total κ 

(Figures 7a,c), as opposed to that for SnSe and PbTe exhibiting low κe (Figure 7c). High carrier 

mobility also confirms defect-free nature of this material, consistent with the electron microscopy 

results (Figure S12), thus suggesting that our large-scale synthesis could be used as an optimized 

way of producing defect-free PbSe-based materials in future research.40 
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Figure 9. Carrier concentration (a), Hall mobility (b), and Hall coefficient (c) for the SPSed PbSe. 

Overall, with simultaneous high σ, high S and reduced κ, n-type PbSe as reported here, exhibits 

the topmost TE performance with a maximum ZT = 0.73 at 673 K (Figure 8d). In comparison, 

recent reports suggested a carrier concentration of 3 × 1018 cm–3 and an exceptional carrier 



 24 

mobility of 1229 cm2 V–1 s–1 at RT for undoped polycrystalline PbSe, albeit with a much higher 

thermal conductivity compared to ours, resulting in a slightly lower peak ZT ≈ 0.6 at 400 K.41 

Some other comparable PbSe-based materials include Mo-doped PbSe with a comparable carrier 

concentration value of 5 × 1018 cm–3 with an exceptional PF = 33 µW cm–1 K–2 at room 

temperature.42 However, one of the best performing materials is Cr-doped PbSe with an extremely 

high carrier mobility of 1100 cm2 V–1 s–1 and a low carrier concentration of 1 × 1018 cm–3 at room 

temperature, leading to a high room temperature PF = 30 µW cm–1 K–2 and a peak ZT ≈ 1.0 at 

elevated temperature.42 It suggests that our undoped PbSe has a peak performance close to one of 

the best reported doped PbSe-based materials. With negative Hall (RH) (Figure 9c) and Seebeck 

coefficients values (Figure 8b) in our PbSe material signifying n-type conduction, it can be 

hypothesized that successful hole-doping via our experimental method can lead to a further 

reduction of carrier concentration and an increased PF, resulting in an improvement in its 

thermoelectric performance, with potential of reaching the performances of the best reported PbSe-

based TE materials, such as Sb-doped PbSe and Na-doped PbSe.41–47 Besides the exceptional 

performance observed for undoped PbSe, lower maximum ZT values of 0.31 and 0.34 at 623 K 

(Figure 8d) were estimated for our undoped PbTe and SnSe, respectively, mainly as a result of 

their low σ (Figure 8a). 

4. DISCUSSION 

Merging wet-chemistry-based synthesis methods of TE nanomaterials (e.g., colloidal, 

hydrothermal, solvothermal, precipitation)48 with their subsequent consolidation into bulky solids 

(e.g., by SPS or hot-pressing) opens facile, cost-effective, and scalable preparation access to a 

diversity of nano/micro-structured TEs with improved performance. Notably, the synthesis method 

should be easily scalable to provide enough material for the fabrication of the functional TEs. This 



 25 

study illustrates how a set of undoped chalcogenide compounds could be prepared in high yield at 

large-scale. In the classic hot-injection colloidal synthesis, one could obtain colloidal chalcogenide 

nanoparticles with narrow size and shape distributions, albeit usually in low quantities on 

milligram scale.20,21 On the other hand, our versatile heating-up colloidal synthesis allows to obtain 

multigram of highly crystalline and defect free chalcogenide particles with an interesting 

morphologies just in one run, highlighting the applicability of the synthesis for upscaled 

production of chalcogenide-based TE materials. 

Interestingly, the chalcogenide particles synthetized in the current study by heating-up colloidal 

synthesis demonstrate peculiar morphological appearances, namely, cubic-, tetrapod- and rod-like 

shapes for PbTe, PbSe, and SnSe, respectively. Previously published experimental work9 shows 

that PbTe with similar cubic-like morphology can be obtained by solvothermal synthesis, but with 

significantly smaller size 100–150 nm compared to our PbTe product (Figures 3a, S3a,b). 

Regarding the morphology reported for PbSe, sea-urchin-like appearance with 500–600 nm in size 

was observed for hydrothermally-synthesized product,13 while our colloidal synthesis method 

provides access to tetrapod-like shape with few micrometers in size (Figures 3b, S3c,d). Reported 

SnSe particles exhibit several morphologies: (i) square-like nanoplates with size of 4 μm were 

synthesized by hot-injection colloidal method,19 (ii) smaller nanoplates with irregular shapes were 

synthesized by hydrothermal route,15–17 and (iii) 120 μm-sized flower-like particles were produced 

by solvothermal synthesis.18 In contrast, SnSe synthesized in the current study demonstrates rod-

like appearance with few tens of micrometers in size (Figures 3c, S3e,f). The diversity of peculiar 

but sometimes uncommon morphologies obtained for our PbTe, PbSe, and SnSe products affords 

an interesting possibility to control the microstructure of the derivative TE materials after 

consolidation, like demonstrated herein (Figures 3a,b,c and S3 cf. Figure 3d,e,f and S10). 
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Our large-scale synthesis route was further leveraged to fabricate and investigate bulk pellets of 

PbTe, PbSe, and SnSe TEs. Figure 10 compares the TE performance of the derived materials with 

other solution-processed chalcogenide TEs (i.e., synthesis of the material by wet chemistry 

followed by densification) reported in the literature. Our n-type PbTe shows significantly lower 

maximum ZT = 0.31 (623 K) compared to the reported solution-processed PbTe with maximum 

ZT = 1.2 (623 K).9,10 A likely explanation is the low electrical conductivity of our SPSed PbTe 

(Figure 8a), but the TE efficiency of the PbTe could be improved through tailoring SPS 

densification conditions (P, T, t) combined with material’s chemical composition tuning (doping, 

compositing).2 Given the best bulk PbTe–Ag2Te composite TE material has ZT ≈ 1.5 (623 K),8 

these are interesting experimental research directions for optimization of our n-type PbTe material. 

 

Figure 10. Comparison of figure-of-merit ZT values for the various solution-processed n-type 

PbTe and PbSe as well as p-type SnSe. Abbreviations are associated with the applied wet chemistry 
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route (HI: hot-injection, ST: solvothermal, HT: hydrothermal) and densification method (HP: hot-

press, SPS: spark plasma sintering). 

An excellent ZT = 2.1 at 623 K has been reported for bulk polycrystalline p-type SnSe material.3 

At the same time, lower ZT values were reported (ZT = 0.24–0.45) for solution-processed undoped 

SnSe TEs,15,17,19 while higher ZT ≈ 0.65–0.85 values have been reported for solution-processed 

SnSe doped by Ga, CdSe, or Cd (Figure 10).15,16,18 We obtained a comparable ZT = 0.34 at 623 K 

for our solution-processed undoped SnSe material, which is predominantly due to its low electrical 

conductivity (Figure 8a). Noteworthy are the remarkably low thermal conductivities of our SPSed 

SnSe (κ = 0.67 W m–1 K–1 at 300 K and κ = 0.31 W m–1 K–1 at 673 K), which is comparable with 

some of the lowest values reported for high-performing bulk SnSe (κ = 0.65 W m–1 K–1 at 300 K 

and κ = 0.23 W m–1 K–1 at 773 K).3 Such prominent low thermal conductivity suggests that the TE 

performance of our SnSe could be further improved by doping with different elements, such as 

Na, Te, Ge, Ga, or Cd.3,15,17–19 Given the κL remains at the same level, doping could optimize the 

carrier concentration to overcome the low σ of the derived SnSe. Studies are underway in our 

laboratories to realize this approach. 

The best reported n-type PbSe bulk material has a maximum ZT ≈ 1.5 (673 K) for Cu/Te co-doped 

sample,35 while ZT ≈ 0.8 (673 K) was reported for n-type Sb-doped PbSe bulk material.6 The 

efficiency of our solution-processed undoped n-type PbSe (ZT = 0.73) is on par with that of bulk 

Sb-doped PbSe and exceeds any reported performance of solution-produced n-type PbSe. The high 

efficiency obtained for our SPSed PbSe can be related to the tetrapod-like morphology of PbSe 

building block particles (Figures 3b, S3c,d), thus affording the creation of fine interlocked 

nano/micro-structure within the resultant SPSed TE material (Figures 3e, S10b).49 Importantly, to 

the best of our knowledge, the obtained ZT = 0.73 at 673 K is the highest reported value for any 
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doped or undoped solution-processed PbSe materials (Figures 8d, 10), albeit the literature on 

solution-produced thermoelectric PbSe is quite scarce. Cadavid and co-workers reported ZT ≈ 0.6 

at 600 K for colloidal n-type PbSe particles of few nanometers after densification by hot-pressing. 

Despite high PF = 1.1 mW cm–1 K–2 and high carrier concentration value of 2.2 × 1019 cm–3 at RT, 

the thermal conductivity and Seebeck coefficient values were reported to be lower than those 

observed by us.12 The achieved high efficiency for our solution-processed n-type PbSe further 

motivates investigating the doping-assisted optimization of carrier concentration in such system. 

5. CONCLUSIONS 

The preparation of thermoelectric chalcogenides by colloidal synthesis method was successfully 

developed and afforded ca. 4.5 g of the phase-pure, highly crystalline and defect free PbTe, PbSe, 

and SnSe particles exhibiting peculiar cube, tetrapod and rod appearances, respectively. Facile 

synthesis, inexpensive reagents, high yield and upscaling are striking positive points for future 

application towards chalcogenide preparation. 

SPS-assisted sintering of the colloidal synthesis products allowed for the preparation of the phase-

pure and high-density PbTe, PbSe, and SnSe pellets with developed fine nano/micro-structure. As 

a result, the materials demonstrated low thermal conductivity, with a very low value of 

κ = 0.31 W m–1 K–1 at 673 K measured for the SPSed SnSe. As thermoelectric materials, n-type 

PbTe and PbSe, as well as p-type SnSe demonstrated maximum ZT values of 0.31 (623 K), 0.73 

(673 K) and 0.34 (673 K), respectively. Studies to improve the modest TE efficiencies of the 

materials through enhancing their electrical conductivity by means of doping/compositing are 

currently underway. 
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