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Abstract: Copper chalcogenides are outstanding thermoelectric materials for applications in 

the medium-high temperature range. Among different chalcogenides, Cu2-xS provides 

advantages in terms of low cost and element abundance, but Cu2-xSe is characterized by 

higher thermoelectric figures of merit. In the present work, we investigate the effect of 

different dopants to enhance thermal stability and performance of Cu2-xS. Among the tested 

options, Pb-doped Cu2-xS show the highest improvement in stability against sulfur 

volatilization at temperatures up to 880 K. Additionally, Pb incorporation allows tuning 

charge carrier concentration, which enables a significant improvement of the power factor. 

We demonstrate here that the introduction of an optimal additive amount of just 0.3% results 

in a threefold increase of the power factor in the middle-temperature range (500-800 K) and a 

dimensionless thermoelectric figure of merit above 2 at 880 K. 
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1. Introduction 

Thermoelectric (TE) devices allow the solid-state conversion between heat and electricity.[1-

5] Their efficiency is largely determined by a material figure of merit, Z=σS2κ-1, generally 

expressed in a dimensionless form, ZT, where σ, S, κ and T stand for electrical conductivity, 

Seebeck coefficient, thermal conductivity, and absolute temperature, respectively.[1, 6-10] 

Despite the countless potential applications of thermoelectrics, both to harvest ubiquitous heat 

and to control temperature, the real implementation of TE devices has been limited to a few 

niche markets. The main limitations for the widespread use of thermoelectricity have been the 

high cost of the employed TE materials, usually based on scarce and expensive tellurium, and 

the limited energy conversion efficiency of TE devices, which overall result in systems that 

lack cost-effectiveness in most potential markets. 

Copper chalcogenides, and particularly copper sulfides, are one of the oldest known TE 

materials and one of the most appealing due to the abundance and low cost of its constituent 

elements.[11-13] However, it was not until recently that its huge potential in the middle-high 

temperature range was revealed,[10, 14-18] with reports demonstrating ZT values up to 1.9 

for Cu2-xS[19] and well above 2 for Cu2-xSe.[20]  

Copper chalcogenides are characterized by a large versatility in compositions and crystal 

phases, consequence of the low size and electronegativity differences between copper and 

chalcogens, the fact that the formal chalcogen oxidation state is not necessarily two and the 

chalcogen ability to catenate.[21] A related additional characteristic of copper chalcogenides 

is their tolerance for a large range and density of non-stoichiometry and anti-site defects. This 

high defect concentration results in singular and highly tunable properties, including charge 

and heat transport, optoelectronic, optic and plasmonic.[21] 

Despite its chemical simplicity, binary copper chalcogenides show a complex electronic 

structures and phase diagrams with numerous phases and stoichiometries.[21-26] The most 
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common Cu2-xS phases at ambient temperature are monoclinic low-chalcocite (Cu2S), 

monoclinic djurleite (Cu1.93-1.97S), triclinic roxybyite (Cu1.81S), cubic digenite (Cu1.8S), 

orthorhombic anilite (Cu1.75S), and hexagonal covellite (CuS). All these crystallographic 

structures are based upon approximately hexagonal (djurlite, chalcocite, roxbyite and 

covellite) or cubic (anilite and digenite) close-packing of the sulfur atoms, with Cu atoms 

occupying various interstitial sites.[25, 27] When increasing temperature, copper ions become 

highly disordered, adopting a statistical distribution on different sites, which allows a higher 

crystallography symmetry defined by the sulfur framework:[28-32] Monoclinic low-

chalcocite transforms into hexagonal high chalcocite at around 376 K, and into cubic 

chalcocite at about 709 K.[24, 27, 33, 34] At 346 K, cubic digenite undergoes a phase 

transition into a higher symmetry cubic phase known as high digenite that coincides with the 

cubic chalcocite phase.[32, 35, 36] Monoclinic djurlite transforms into a combination of 

hexagonal chalcocite and cubic high digenite at 363 K, and to pure cubic phase at around 700 

K.[37] Anilite is also stable only to 345 K and transforms into high digenite.[32, 38]  

The high copper disorder at moderate and high temperature gives rise to a virtually fluid-like 

ionic mobility and very low thermal conductivities. As a drawback, this Cu mobility gives rise 

to copper migration instabilities. In operating TE devices, these instabilities can be overcome 

by proper encapsulation, by limiting the working current at high temperature, and/or by 

introducing electron-conducting but ion-blocking layers.[39]  

At ambient conditions, stoichiometric Cu2S forms copper vacancies through surface oxidation, 

degrading into copper-deficient Cu2-xS phases, mainly dijurleite:[12, 40, 41] 

𝐶𝐶𝐶𝐶2S
𝑂𝑂↓
��  𝐶𝐶𝐶𝐶1.96𝑆𝑆 + 𝐶𝐶𝐶𝐶2𝑂𝑂 . This copper deficiency is not compensated by a change of the 

copper oxidation state, which stays close to Cu+ regardless of the crystal structure and 

stoichiometry, but results in p-type compounds containing large charge carrier concentrations, 

up to 1021 cm-3. On the other hand, when increasing temperature within a sulfur-free 



  

4 
 

atmosphere, CuS and Cu2-xS are unstable towards sulfur loss, evolving toward Cu-richer 

phases:[42-45] 𝐶𝐶𝐶𝐶𝑆𝑆
𝑆𝑆↑
→𝐶𝐶𝐶𝐶1.8S

𝑆𝑆↑
→ 𝐶𝐶𝐶𝐶1.96S

𝑆𝑆↑
→  𝐶𝐶𝐶𝐶2S. 

Extrinsic cation and anionic doping have been explored to promote Cu2-xS TE properties, both 

in terms of improving stability and performance. Table S1 lists previous attempts to improve 

Cu2-xS by incorporating foreign ions or secondary phases and the effects reported. In most 

cases, doping results in a decrease of the thermal conductivity and the charge carrier 

concentration, which has associated an increase of the Seebeck coefficient, but a concominant 

diminution of the electrical conductivity. This strategy has allowed obtaining ZT values up to 

1.8 at 973 K by doping Cu1.8S with I.[46]  

In the present study, we analyze the effect that different dopants have on the Cu2-xS 

stoichiometry and crystal phase, as main characteristics determining the material performance. 

After identifying Pb as the element having a major influence, we analyze the transport 

properties of materials doped with different amounts of this element. Results are correlated 

with crystallographic modifications obtained from high resolution transmission electron 

microscopy (HRTEM) and structural phase transitions observed by in-situ high-temperature 

x-ray diffraction (XRD) measurement up to 823 K. 

 

2. Materials and methods  

Chemicals and solvents: Copper (I) chloride (CuCl, ≥99%), sulfur powder (S, 99.998%, trace 

metals basis), 1-octadecene (ODE, technical grade 90%), lead oxide (PbO, 99.9%), 

indium(III) acetate (99.99% trace metals basis), tin (II) acetate, cadmium oxide (CdO, 

≥99.99% trace metals basis) and zinc acetate (99.99% trace metals basis) were purchased 

from Sigma Aldrich. Oleylamine (OAm, C18 content approximately 80-90%,) was purchased 

from Fisher. Analytical grade ethanol and chloroform were obtained from various sources. All 
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chemicals were used as received, without further purification. All syntheses were carried out 

using standard vacuum/argon Schlenk lines. 

S-OAm solution: To prepare S-OAm solution, 0.352 g S powder (11 mmol) was mixed with 7 

mL OAm in a three-neck flask. The mixture was heated to 80 ºC for 30 min under vacuum to 

completely dissolve S in an oxygen free atmosphere.  

Cu2-xS nanoparticles:  In a typical synthesis, 20 mmol of CuCl was mixed with 35 ml of OAm 

and 15 mL ODE in a 100 mL three-neck flask. The mixture was degassed under vacuum for 

20 min at room temperature and then heated to 100 ºC for 30 min under vacuum in order to 

obtain a clear solution and remove low boiling point impurities. Then the temperature was 

increased to 215 ºC under Ar. At this point, 7 mL of previously prepared S-OAm was injected 

into solution, which immediately changed color to dark brown. Upon injection, the 

temperature of the reaction mixture dropped to ~207 ºC. Temperature was allowed to recover 

to 215 ºC and maintained at this point for 20 min. Afterwards, the colloidal solution was 

rapidly cooled to room temperature with a water bath with approximate rate of ~80 ºC/min. 

Finally, 20 mL of chloroform were added to the crude solution and the product was 

precipitated by centrifugation at 8200 rpm for 5 min. Then it was redispersed in chloroform 

and precipitated one more time by centrifugation in the presence of ethanol. Finally, Cu2-xS 

nanoparticles were dried under vacuum and kept in an Ar-filled glovebox until their posterior 

use. 

Cu2-xS:M (M= In, Cd, Zn, Sn, Pb) nanoparticles: In a typical synthesis of Cu2-xS:M colloidal 

nanoparticles, 20 mmol of CuCl and 0.09 mmol (correspond to 0.3%), 0.27 mmol (correspond 

to 0.9%), 0.54 mmol  (correspond to 1.8%) and 1.5 mmol  (correspond to 5%) of  M precursor 

(indium acetate, cadmium oxide, zinc acetate, tin acetate, lead oxide) were weighted and 

mixed with 35 ml of OAm and 15 mL ODE in a 100 mL three-neck flask. The next steps were 

the same as for the production of Cu2-xS nanoparticles. 
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Nanomaterial consolidation into pellets: Dried Cu2-xS and Cu2-xS:Pb nanopowders were 

introduced inside a tube furnace and annealed at 400 °C (heating rate = 10 ºC/min) for 1 h 

under an Ar flow. The annealed material was loaded into a graphite die and uniaxially hot-

pressed into cylinders (Ø 8 mm× 2 mm) using a custom-made hot-press. This process was 

carried out within an argon-filled glove box. The hot press temperature was set at 400 ºC and 

pressure was increased up to 50 MPa for 300 s. Relative densities of the consolidated pellets 

were measured by the Archimedes’ method. 

Structural and chemical characterization: TEM studies were characterized by transmission 

electron microscopy (TEM, ZEISS LIBRA 120). HRTEM images and STEM studies were 

carried out on a FEI 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. 3D atomic models and HRTEM image 

simulations have been performed by using Rhodius[47, 48] and STEM_CELL[49, 50] 

software, respectively. 

Elemental analysis was conducted using an Oxford EDX combined with the Zeiss Auriga 

SEM working at 20.0 kV. XRD characterization were carried out on a Bruker AXS D8 

Advance X-ray diffractometer with Ni-filtered Cu-Kα radiation (λ= 1.5406 Å). For 

temperature-dependent XRD analysis, temperature was ramped at a rate of 20 K/min from 

323 K to 823 K followed by subsequent cooling to 323 K and hold for 30 minutes at each 

measurement temperature. ICP characterization was conducted on a ICPE-9820 system and 

by laser-ablation inductively coupled plasma-optical emission spectroscopy (LA-ICP-OES). 

UV-Vis-NIR absorption spectra were performed on a LAMBDA 950 UV-Vis 

spectrophotometer (PerkinElmer). 

Thermoelectric property measurement: Electrical resistivity and Seebeck coefficients were 

measured simultaneously in a LSR-3 LINSEIS system under helium atmosphere. Three 

measurements were performed at each temperature. Considering the system accuracy and the 
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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 

κ = λCpρ, where κ represents the total thermal conductivity, λ is the thermal diffusivity, Cp is 

heat capacity, and ρ is the measured density of each specimen. An LFA 1000 Laser Flash was 

applied to measure the thermal diffusivities (λ) of the samples with an estimated error of ca. 

5%. Cgi is calculated using the experimental value,[51] and the density (ρ) values were 

measured by the Archimedes’ method. Hall charge carrier concentrations (nH) and mobilities 

(μH) at room temperature were measured with a on Van der Pauw 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. 

 

3. Results and Discussion 

Copper sulfide nanoparticles (NPs) were synthesized by injecting sulfur-oleylamine complex 

into a copper precursor solution at 215 °C (see the experimental section for details). The 

geometry of the produced NPs resembled triangular disks with 20 ± 4 nm lateral size and 10 ± 

2 nm thickness (Fig.s 1a, S1). The NPs displayed a light yellow color when dispersed in 

hexane and a localized surface plasmon resonance in the near-infrared region with a 

maximum absorption at around 1100 nm (Fig. 1b). HRTEM showed the NPs to display a 

digenite Cu1.8S phase (space group FM-3M) with a=b=c=5.3870 Å (Fig. 1c). This 

crystallographic phase was confirmed by XRD analysis (JCPDS 01-072-1966, Fig. 1e).  

Cubic digenite Cu1.8S NPs were annealed at temperatures in the range from 573 K to 773 K 

for 30 min in an argon atmosphere. This thermal process resulted in a significant loss of sulfur. 

According to XRD analysis (Fig. 1e), after annealing the NPs at 573 K a combination of 

digenite Cu1.8S and the metastable tetragonal Cu1.96S phase was obtained. When increasing 

the annealing temperature to 673 K, almost pure tetragonal Cu1.96S was produced. Further 
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increasing the annealing temperature to 773 K resulted in an additional sulfur loss to mostly 

monoclinic chalcocite Cu2S.  

 

Fig. 1. (a) Representative TEM micrograph of Cu2-xS NPs. (b) UV-vis-NIR absorption spectrum of a 

colloidal suspension of Cu2-xS NPs. Inset shows the Cu2-xS colloid in hexane. (c) HRTEM micrograph 

of Cu2-xS NPs, magnified detail of the red squared region, and its corresponding power spectrum. (d) 

EELS chemical composition maps: individual Cu L2,3-edges at 931 eV (red), S L2,3-edges at 165 eV 

(green) and composite. (e) Powder XRD patterns of as-synthesized (RT) and annealed Cu2-xS NPs. 

The reference patterns for cubic digenite Cu1.8S (01-072-1966), tetragonal Cu1.96S (00-029-0578) and 

monoclinic chalcocite Cu2S (00-033-0490) are also displayed. (f) Schematic illustration of sulfur loss 

upon heat treatment. 

 

Different elements, In, Zn, Pb, Cd and Sn, were introduced as dopants within Cu2-xS at a 0.3% 

concentration (see details in the experimental section). SEM-EDX and ICP measurements 

showed that the final amount of additive within the produced particles was in most cases 

slightly lower than the nominal concentration of dopant added (Tables S2 and S3) XRD 
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analysis showed doped Cu2-xS NPs (Cu2-xS:X, X=In, Cd, Zn, Sn, Pb) to also display the 

Cu1.8S phase (Fig. S2), in agreement with undoped Cu2-xS. TEM characterization showed Cu2-

xS:In, Cu2-xS:Zn, and Cu2-xS:Cd NPs to have a quasi-spherical morphology, similar to that of 

undoped Cu2-xS NPs (Fig. 2a). On the other hand, Cu2-xS:Sn and Cu2-xS:Pb NPs displayed 

hexagonal/triangular disk morphologies and larger particle sizes, in the range 50-400 nm (Fig. 

2a).  

 

Fig. 2. (a) Representative TEM micrographs of Cu2-xS:X (X=In, Zn, Sn, Cd, Pb) NPs. (b) 

XRD patterns of Cu2-xS:X (X=In, Zn, Sn, Cd) nanopowders obtained after annealing the 

corresponding NPs at 673 K for 30 min and under Ar atmosphere. (c) XRD patterns of Cu2-

xS:Pb nanopowders obtained after annealing the corresponding NPs at 573K, 673 K, 773 K, 

and 873 K. (d) Scheme of the crystal phases obtained for undoped and doped Cu2-xS after 

annealing at different temperatures: Red = Cu1.8S; Orange = Cu1.8S + Cu1.96S; Yellow = 

Cu1.96S; Green = Cu1.96S + Cu2S; Blue = Cu2S. 

 

A significant sulfur loss was obtained upon annealing doped Cu1.8S NPs. Compared with 

undoped Cu1.8S, the sulfur loss was slightly accentuated with the introduction of most dopants. 



  

10 
 

In this direction, Cu1.8S:In, Cu1.8S:Zn, Cu1.8S:Cd, and Cu1.8S:Sn NPs resulted in tetragonal 

Cu1.96S after thermal treatment at 573 K (Fig. S2), and already monoclinic Cu2S after 

annealing at 673 K or higher temperatures (Fig. 2b,d). In contrast, Cu1.8S:Pb NPs showed 

higher thermal stability against S volatilization, maintaining the tetragonal Cu1.96S phase even 

after annealing at 873 K (Fig. 2c,d).  

Owing to the significant effect of Pb in blocking S loss and thus improving 

structural/compositional stability, we further studied a range of Pb concentrations, from 0.3% 

to 5%. XRD analysis of Cu2-xS:Pb NPs with different amounts of Pb displayed the presence of 

no secondary phases at low Pb concentrations, but revealed the presence of PbS in samples 

containing 2% Pb and above, both before and after annealing (Fig. S3). 

 

Fig. 3. Electron microscopy characterization of Cu2-xS:Pb (0.9%) NPs. (a) Representative 

SEM micrographs. (b) HRTEM micrograph obtained at low magnification together with color 

frequency filtered map and the corresponding power spectrum. The color frequency filtered 

map highlighted the existence of different rotations of NPs (red and green), visualized along 

the zone axis [111]. (c) EELS chemical composition maps, individual Pb N6,7-edge at 138 eV 

a b

c

d e

f

100 nm100 nm

PbS Cu

50 nm 50 nm 50 nm
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(green), S L2,3-edge at 165 eV (blue) and Cu L2,3-edge at 931 eV (red). (d) HRTEM image and 

representative power spectrum obtained from the indicated red box area, on the right side we 

report the corresponding blow-up structure both in greyscale and temperature palette to 

highlight the peculiar image contrast at the atomic level caused by Pb substitution of Cu. (e), 

(f) 3D atomic models of (e) pure Cu1.8S (e) and Cu1.8S:Pb (f), together with the HRTEM 

image simulation in grey and temperature palette. The white circle indicated the position 

where a Cu atom was substituted by a Pb atom.  

 

SEM and HRTEM images of Cu2-xS:Pb are displayed in Fig.s 3a and b, respectively. HRTEM 

micrographs and power spectrum analyses confirmed the as-produced Cu2-xS:Pb NPs to 

display a Cu1.8S FM-3M structure. The presence of additional diffuse spots demonstrated the 

existence of a superstructure induced by Pb doping. The chemical composition maps, 

obtained by electron energy loss spectroscopy in scanning transmission electron microscopy 

mode (EELS-STEM), displayed a homogeneous distribution of Pb, Cu and S within each NPs, 

which indicated the incorporation of Pb within the Cu1.8S lattice (Fig. 3c). The Pb doping is 

also visible in the HRTEM micrographs displayed on the right side of Fig. 3d. In fact, Pb 

inclusion induced contrast differences in the HRTEM image, with brighter and darker areas as 

highlighted in the temperature palette (top right side of Fig. 3d) and greyscale (bottom right 

side of Fig. 3d). To verify the local doping variation from HRTEM image contrast evaluation, 

we created a 3D atomic model to observe the effect of locally substituting Cu atoms with Pb 

in the crystal structure (Fig. 3e-f): in Fig. 3e we report the undoped model while in Fig. 3f we 

report the model where Cu atoms were substituted by Pb atoms (in the region highlighted with 

the white circle area). By performing HRTEM image simulation from the above described 3D 

atomic models, we confirmed that the presence of heavier Pb atoms generate dark contrast 

spots in both temperature palette and greyscale images in Fig. 3f. We can immediately 
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perceive this difference when comparing the simulated images in Fig. 3f (doped case) with the 

ones in Fig. 3e (undoped case). This result further confirmed the presence of Pb within the 

Cu1.8S lattice substituting Cu atoms and creating a superstructure that overlapped to digenite 

Cu1.8S. This result was consistent with the presence of additional spots in the power spectrum, 

especially along the [112] family planes, indicating a high degree of order for the Pb 

substitutions.  

Additional detailed studies were also performed for the Cu2-xS:In sample, obtaining similar 

results (Fig. S4), which demonstrates the high capacity of Cu2-xS to accommodate foreign 

atoms in its lattice and the high ordering degree for the substitutional atoms obtained with the 

synthesis process here presented. 

 

c
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Fig. 4. (a) Optical images of Cu2-xS and Cu2-xS:Pb NP films without annealing (RT) and 

annealed at 573, 673 and 773 K. (b) Top-view SEM images of a Cu2-xS (green-framed) and 

Cu2-xS:Pb (red-framed) NP films and cross-section SEM image of the Cu2-xS:Pb NP film. The 

same scale bar applies for the three displayed SEM images. (c) Current-voltage plots of Cu2-

xS and Cu2-xS:Pb (0.3%) films annealed at 673 and 773 K. The inset schematically shows the 

set-up used for electrical conductivity measurements.  

 

A first assessment of the electrical conductivity of Cu2-xS and Cu2-xS:Pb was obtained with 

the material deposited in the form of a thin film. As-produced Cu2-xS NPs were deposited by 

spin coating on top of a glass substrate using a 90 mg/mL colloidal dispersion in hexane. Fig. 

4b displays cross-section and top-view SEM images of the Cu2-xS:Pb (0.3%) film before 

annealing. The obtained films were annealed at a temperature in the range 573 -773 K. A 

color change from lighter to darker brown was observed when increasing the annealing 

temperature, as shown in the optical images of Cu2-xS and Cu2-xS:Pb films before and after 

annealing (Fig. 4a). Al electrodes were deposited on top of the films to measure their i-v 

characteristics. We observed the room temperature electrical conductivity of Cu2-xS and Cu2-

xS:Pb to decrease with the film annealing temperature, which was associated with the loss of 

sulfur. This variation of the electrical conductivity with the annealing temperature was 

especially dramatic for bare Cu2-xS, where the electrical conductivity decreased from 11.3 

S/m for the film annealed at 673 K to 4.2 S/m for the film annealed at 773 K. Additionally, 

we also observed the electrical conductivity of Cu2-xS:Pb to be significantly larger than that of 

bare Cu2-xS: 21.7 S/m and 17.5 S/m for Cu2-xS:Pb films annealed at 673 K and 773 K, 

respectively. This higher electrical conductivity was well correlated with the higher sulfur 

content of annealed Cu2-xS:Pb when compared with Cu2-xS. 
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Cu2-xS and Cu2-xS:Pb NPs annealed at 673 K were hot-pressed at 673 K and 50 MPa for 300 s 

within an Ar-filled atmosphere (Fig. 5a). The produced Cu2-xS and Cu2-xS:Pb pellets were 

characterized by 88% relative densities and an average crystal domain size of around 1 µm, as 

observed by cross-section SEM (Fig. 5b). XRD analysis showed the hot-pressed Cu2-xS 

sample to display a majoritarian Cu1.96S phase with a significant presence of chalcocite Cu2S 

(Fig. 5c). On the other hand, Cu2-xS:Pb pellets contained a combination of Cu1.8S and Cu1.96S 

phases (Fig. 5c). Besides, XRD patterns showed the presence of the PbS phase only on Cu2-

xS:Pb pellets containing 2% Pb or above (Fig. 5c).  

 

Fig. 5. (a) Scheme of the process used to produce Cu2-xS pellets by hot pressing the annealed 

NPs. (b) Cross-section SEM micrograph of Cu2-xS and Cu2-xS:Pb (0.3%) pellets. (c) XRD 

pattern of Cu2-xS (blue) and Cu2-xS:Pb pellets with different Pb concentrations: 0.3% (orange), 

0.9% (green), and 1.8% (red). The standard diffraction pattern of monoclinic chalcocite Cu2S 

Bulk nanomaterial pelleta

b

Cu2-xS pellet

Cu2-xS:Pb pellet

1 μm 1 μm

Cu2-xS:PbCu2-xS

c
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(JCPDS 00-033-0490), tetragonal Cu1.96S (JCPDS 00-029-0578) and digenite Cu1.8S (JCPDS 

01-072-1966) are displayed as references. 

 

The evolution of the crystal phase with temperature was analyzed using a high-temperature 

XRD chamber filled with argon (see the experimental section for details). Undoped Cu2-xS 

pellets displayed a phase transition from the combination of mainly tetragonal Cu1.96S and 

residual monoclinic Cu2S observed at ambient temperature, to a combination of mainly 

hexagonal Cu2S and additional rhombohedral Cu1.8S in the temperature range 373-423 K (Fig. 

6). This combination of phases progressively transformed into cubic Cu2S, which was 

identified as the unique phase at 823 K. On the other hand, the Cu2-xS:Pb pellet displayed a 

phase transition from a combination of tetragonal Cu1.96S and cubic Cu1.8S, to a mixture of 

cubic Cu1.8S and hexagonal Cu2S at 423 K (Fig. 6). The hexagonal Cu2S component 

decreased when increasing temperature, and already at 573 K only the cubic phase was 

obtained.  

 

Fig. 6. High temperature XRD data from Cu2-xS (a) and Cu2-xS:Pb (0.3%) pellets (b). From 

the bottom to the top pattern, the temperature was increased from ambient (RT) to 823 K and 

then decreased to 323 K. The standard diffraction pattern of monoclinic Cu2S (JCPDS 00-

033-0490), tetragonal Cu1.96S (JCPDS 00-029-0578), hexagonal Cu2S (JCPDS 00-026-1116), 
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rhombohedral Cu2S (JCPDS 00-047-1748), cubic Cu2S (JCPDS 01-084-1770), and cubic 

Cu1.8S (JCPDS 01-072-1966) are included as a reference.  

 

The electrical conductivity, Seebeck coefficient, thermal conductivity, and figure of merit of 

Cu2-xS and Cu2-xS:Pb (0.3%) pellets stabilized at 880 K during 10 min are displayed in Fig. 7. 

The transport properties of Cu2-xS:Pb pellets with different amounts of Pb are compared in Fig. 

S11. Because best TE performances were obtained with the material containing a 0.3% Pb, in 

the following we focus our discussion on this material. Cu2-xS:Pb exhibited twofold higher 

electrical conductivities than pure Cu2-xS. This increase of electrical conductivity with the Pb 

introduction was correlated with an increase of the charge carrier concentration, as evidenced 

by Hall measurements (Fig. S6). The higher charge carrier concentrations and electrical 

conductivities measured in the presence of Pb are in contrast with previous works reporting 

opposite results with the introduction of Pb.[52, 53] Actually, as noted in prevous works, a 

decrease of the hole concentration is expected if considering that Pb2+ ions replace Cu1+ ions 

or occupy copper vacancies within the Cu2-xS structure. Thus, the increase of the charge 

carrier concentration measured here cannot be directly explained by the presence of 

electronically active Pb2+ impurities, but it needs to be indirectly related with the effect that 

the Pb presence has on the Cu2-xS stoichiometry. In Cu2-xS, the concentration of charge 

carriers (holes) is correlated with the density of copper vacancies.[54] With the annealing of 

the materials in an inert atmosphere, some sulfur is lost, which increases the Cu/S ratio and 

thus decreases the hole concentration. As shown above, the presence of Pb within the Cu2-xS 

lattice stabilizes a larger amount of sulfur, thus maintaining a larger density of copper 

vacancies and hence a higher charge carrier concentration. As shown in Fig. 5c, this effect 

directly depends on the introduced amount of Pb: the higher the Pb concentration, the larger 

the XRD peaks associated to the Cu1.8S phase, thus the lower the Cu/S ratio and consequently 

the hole concentration (Fig.s S5, S6).  
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The transport properties of Cu2-xS:Pb were observed to be much more stable upon repetitive 

cycling than those of undoped Cu2-xS. This is shown in Fig. S9 where 10 consecutive 

measurement cycles up to 880 K are displayed for each sample. The stability improvement 

with the incorporation of small amounts of Pb is also related to the stabilization of larger 

amounts of sulfur within the structure. It should be noticed that the annealing of Cu2-xS 

samples at relatively high temperatures, ca. 800 K, resulted in the appearance of a thin layer 

of copper(I) oxide on the pellet surface, which was not observed on Cu2-xS:Pb (Fig. S7). The 

formation of surface cuprous oxide is generally ascribed to Cu-rich samples, i.e. Cu2S, that 

loses Cu through oxidation in the surface when in contact with air.[12, 40, 41] 
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Fig. 7. Transport properties of Cu2-xS (black) and Cu2-xS:Pb (0.3%, red). (a) Electrical 

conductivity, σ; (b) Seebeck coefficient, S; (c) Power factor, PF; (d) Total thermal 

conductivity, κtotal; (e) Lattice thermal conductivity, κL; (f) Figure of merit, ZT. 

 

As expected, all samples exhibited positive Seebeck coefficients in the whole temperature 

range, consistent with their p-type character. Seebeck coefficients decreased with the amount 

of Pb introduced, consistently with the increase of the charge carrier concentration (Fig.s 7b, 

f
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S11b). S values monotonously increased with temperature except for a bump in the 

temperature range 350-450 K that matched well with the temperature range of the phase 

transitions observed in Fig. 6. Taking into account the measured σ and S values, the highest 

power factors (PF=S2σ) were obtained for Cu2-xS:Pb samples, reaching values up to 1.18 at 

880 K (Fig.s 7c, S11c). 

The total thermal conductivity κtotal of Cu2-xS:Pb pellets was significantly larger than that of 

Cu2-xS, which was related to the much higher electronic contribution, κe, of the former (Fig. 

7d). Once subtracted the electronic contribution to the thermal conductivity, Cu2-xS:Pb and 

Cu2-xS samples displayed similar lattice thermal conductivities (Fig. 7e). Thus, no decrease of 

the lattice thermal conductivity was obtained with the Pb incorporation, denoting a minor 

influence of the phonon scattering at Pb impurities, in contrast with previous reports.[52, 53] 

The discrepancy with previous reports could be ascribed to the low amount of Pb introduced 

here and the already low lattice thermal conductivity measured for our polycrystalline Cu2-xS 

pellets. 

Overall Cu2-xS:Pb pellets displayed significantly improved thermoelectric figures of merit ZT 

when compared with Cu2-xS and previously reported Cu2-xS-based materials (Fig. 7f). 

Additionally, results obtained from Cu2-xS:Pb showed good repeatability from sample to 

sample, as shown in fig. S10 where results from three different Cu2-xS:Pb (0.3%) pellets 

obtained from different NP batches are displayed. At the highest tested temperature, 880 K, 

Cu2-xS:Pb samples reached ZT = 2.03 (Fig. 7f), which is the highest TE figure of merit 

reported for a copper sulfide (Fig. S12, Table S4).  

 

4. Conclusion 

We investigated the effect of different dopants and annealing treatments on the crystal 

structure and stoichiometry of Cu2-xS nanoparticles and annealed nanopowders. Among the 

considered dopants, Pb displayed the largest effect. Pb substituted Cu atoms within the Cu1.8S 
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lattice and created a superstructure that overlapped to digenite Cu1.8S. This Pb-doped Cu2-xS 

showed a significant improvement in stability against sulfur volatilization at temperatures up 

to 880 K, which translated into a different evolution of the Cu2-xS crystal phases with 

temperature and major differences in the measured transport properties. Cu2-xS:Pb films and 

pellets displayed much larger charge carrier concentrations and electrical conductivities than 

bare Cu2-xS, which was associated with the effect that Pb had on the stabilization of higher 

amounts of S and thus of copper vacancies within the structure. At an optimal Pb 

concentration of just a 0.3% a dimensionless TE figure of merit, ZT = 2.03 at 880 K was 

obtained, which is the highest value obtained for Cu2-xS. 
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