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ABSTRACT. Ligand-assisted wet chemical synthesis is a versatile methodology to produce 

controllable nanocrystals (NCs), which have been applied in many applications ranging from 

biomedicine to sensing and energy. The selection and post-treatment of ligands play a significant 

role in the properties of the nanomaterials, and numerous related technologies have been proposed 

for improving the performance of functional devices. Herein, we demonstrate that retaining ligands 

can improve the thermoelectric performance of most colloidal-synthesized thermoelectrics 

nanomaterials (e.g., SnSe, Cu2-xS, AgBiSe2, and Cu2ZnSnSe4), in comparison to the conventional 

methods that strip ligands using multi-step cumbersome and costly processes. Retained organic 

ligands on the surface of colloidal NCs are transformed into organic carbon as a secondary phase 

within the matrices. Various chemical, structural, electrical, and physical characterization of non-

stripped and striped (control) samples, combined with theoretical analyses, confirm that the carbon 



 

 

capping layer slightly affects the electric transport but largely reduces the thermal conductivity. 

As a result, the materials with ligands retained achieved higher peak and average thermoelectric 

figure of merits (zT) and better mechanical properties. Our method can not only be applied to the 

materials studied here but is expected to work for all other colloidal thermoelectric NCs, providing 

great potential for thermoelectrics research and development. It can also be applied to many other 

fields, such as photocatalysis, electronic devices, and photovoltaics, where the regulation of 

ligands may significantly enhance performance.  

 

INTRODUCTION. 

Colloidal synthesis has shown great potential in many applications, including optoelectronics 

(solar energy conversion, lighting, display technology), bio-labeling (imaging, detection), 

catalysis, and thermoelectrics. 1-4 The synthesized colloidal nanocrystals usually consist of 

inorganic crystalline cores with layers of organic molecule ligands (e.g., oleic acid, 

trioctylphosphine oxide, alkanethiols, etc.) attached to their surfaces. The choice of ligands is of 

utmost importance for the colloidal stability and function of NCs and NCs-based devices. The size, 

chemical composition, structure, and morphology of the nanocrystal cores are regulated by ligands 

during the nucleation and growth process, determining the physiochemical properties. The 

interparticle distance, colloidal dispersion, and packing density of an NCs assembly determined 

by the ligand nature/coverage strongly affect the charge carrier transport properties, thermal 

conductivity, and chemical reactivity. 5, 7, 8 For example, Robert Y. Wang et al. proposed a novel 

ligand-crosslinking process to increase the thermal conductivity of NC solids by overcoming the 

thermal-transport bottleneck between adjacent colloidal NCs. Nanfeng Zheng et al. demonstrated 



 

 

that the unique ligand system could modify the active sites and improve the catalytic capability of 

metal PdAu bimetallic nanoclusters catalysts. 6  

 

For thermoelectric materials, the performance is generally evaluated by the dimensionless figure 

of merit zT (zT = S2σT/κ, where S, σ, T, and κ are the Seebeck coefficient, electrical conductivity, 

absolute temperature, and thermal conductivity, respectively). 7, 9, 10 A good thermoelectric 

material requires high power factor (S2σ) and low thermal conductivity (κ). An effective strategy 

to achieve depressed thermal conductivity is to sinter ligand-assisted wet-chemistry-synthesized 

nanoparticles into dense nanostructured blocks, which provide enhanced scattering of phonons at 

the numerous grain boundaries. This process leaves organic ligands at the NC surfaces, and it is a 

common practice to have a pre-process to thermally decompose the organic ligands, chemically 

remove them, or replace long organic ligands with shorter organic groups or inorganic ligands 

before sintering. 11-13 For instance, Yu et al. 15 removed organic ligands of large-scale colloidal 

Cu2ZnSnSe4 NCs by dealing with hydrazine before NCs consolidation. With this strategy, various 

materials such as Cu2SnSe3,
 16 Bi2Te3,

 17 Cu2CdSnSe4,
 18 and Cu5FeS4

 19 were sintered into pellets 

by spark plasma for thermoelectric applications. Maria Ibáñez et al. 20 removed ligands by heating 

the nanoparticle powders under inert gas inside a tube furnace before the hot press procedure. In 

addition, Talapin et al. investigated surface ligand exchange by metallic cation, halide anions, 

metal chalcogenide, and halide perovskites for NCs-ligand interface modification and optimized 

thermoelectric performance. 3, 21-23 However, all these pre-sintering (or post-ligand) treatments are 

multi-step processes, which are cumbersome and costly. 4, 5, 14 Also, they often need expensive 

hydrazine or thiols, which should be cautiously handled due to their high toxicity and flammability 



 

 

feature. The interfacial modification without stripping the organic ligands at the NCs surfaces has 

rarely been studied and remains a challenge. 

 

Herein, an optimal strategy to retain the ligands is proposed, in contrast to the traditional methods 

that strip the ligands. We demonstrate the thermoelectric properties of SnSe, Cu2-xS, AgBiSe2, and 

Cu2ZnSnSe4 NCs without removing original long organic ligands. Ligand coatings can be partially 

retained and used as controllable molecular solders, simultaneously acting as precursors for 

forming secondary carbonaceous phases during NCs consolidation. Calculations indicate that the 

introduced high-density carbon-inorganic interfaces provide high thermal boundary resistance, 

which suppressed the thermal conductivity of the materials. As a result, compared with control 

samples (with ligands stripping), the samples without ligands stripping show higher peak and 

average zT values. In addition to excellent TE performance, Cu2−xS without ligand stripping 

showed improved mechanical properties, which provide great potential for device applications. 

The novel preparation method without ligands stripping reduces the use of solvents and toxic 

reagents and enables the cost-effective fabrication of efficient TE materials, which is a practical 

example of atomic economy and green chemistry.  



 

 

RESULTS AND DISCUSSION. 

 

Figure 1. Improving TE performance through retained organic ligands. Schematic diagram of the 

nanocrystals (SnSe, Cu2-xS, AgBiSe2, and Cu2ZnSnSe4) with/without original long organic ligands 

stripping. 

Figure 1 shows the synthesis processes, comparing the commonly used ligand-stripping method 

and the new ligand-retaining method. First, the nanoparticles were synthesized by a colloidal 

synthesis approach, which formed a layer of ligand molecules on the nanoparticle surfaces. Then, 

depending on whether these nanoparticles were treated by hydrazine to remove ligand molecules 

or not, the process is named ligand-stripping or ligand-retaining process. After that, the 

nanoparticles were sintered into dense nanostructured blocks using SPS. As a proof of concept, we 

selected SnSe (the record-high zT thermoelectric material), phonon-liquid electron-crystal Cu2-xS, 

diamond-like structure AgBiSe2, and multinary Cu2ZnSnSe4 with the commonly used long alkyl 



 

 

chain organic ligands (oleylamine (OAm), oleic acid (OA), and dodecanethiol (DDT)) as the 

examples. The sintering and molding of as-synthesized nanocrystals lasted for a short time (30 

min) in a closed die during SPS, preventing the volatilization of a large number of ligands. 

Therefore, the remaining organic ligands thermally decomposed and generated organic carbon as 

a secondary phase within the matrices, forming the novel inorganic NCs-organic carbon interface 

(Figure S1). The well-developed surface chemistry of colloidal NCs by retained ligands offers the 

opportunity to engineer the interfaces and microstructures of the assembled solids, which 

effectively introduces interfacial resistances and reduces thermal conductivity, resulting in a high 

average zT and excellent mechanical properties. In contrast, hydrazine as a Brönsted base allows 

a mild reaction to remove the original capping ligands from the nanocrystal surfaces. Meanwhile, 

the strong Lewis base N2H4 with lone pairs of electrons can saturate dangling bonds at the 

nanocrystal surface. In addition, N2H4 is also a reducing agent, thus producing nonoxidized 

inorganic NCs. In this study, NCs are treated with hydrazine hydrate 0, 1, and 3 time(s), referred 

to as non-L-S sample, L-S sample-1, and L-S sample-3, respectively.  

 

The atomic structures of the samples were characterized through several techniques. The 

representative X-Ray Diffraction (XRD) patterns (Figure S2) demonstrate the crystalline structure 

of the SnSe, Cu2-xS, AgBiSe2, and Cu2ZnSnSe4 NCs, which are indexed to the orthorhombic Pnma 

phase (JCPDS: 89-0232), tetragonal P43212 and monoclinic P21/c phase (JCPDS: 29-0578 and 83-

1462), hexagonal P3̅m1 phase (JCPDS: 29-1441) and cubic F4̅3m phase (JCPDS: 16-0670), 

respectively. The hydrazine hydrate treatment does not change the crystal structure of the 

materials. The cell parameters of the above materials are shown in Table S4 in the supporting 

information. The transmission electron microscopy (TEM) images of the SnSe, Cu2-xS, AgBiSe2, 



 

 

and Cu2ZnSnSe4 NCs characterize the size distribution and morphology of as-synthesized NCs 

(Figures 3a and S4). Disk-like, small sphere-like, irregular, and cubic shapes with average sizes of 

around 336 (± 65) nm, 18 (± 3) nm, 19 (± 4) nm, and 13 (± 2) nm are obtained for these four 

materials, respectively. The high-resolution TEM (HRTEM) images (Figures 3b and S4) illustrate 

that the crystal lattice fringes with d-spacing of 0.30 nm, 0.23 nm, 0.31 nm, and 0.20 nm 

correspond to the reflection of (0 1 -1), (1 -1 0), (0 -1 2), and (0 1 0) planes of SnSe, Cu2-xS, 

AgBiSe2, and Cu2ZnSnSe4 NCs, indicating the highly crystalline nature of the orthorhombic, 

tetragonal and monoclinic, cubic, and hexagonal structures. 



 

 

 

Figure 2. (a) C K-edge soft X-ray absorption near-edge spectroscopy (XANES) normalized 

spectra, (b) Schematic diagram of NCs surface morphology structure, (c) Fourier transforms 

infrared (FTIR), and (d) Raman spectra of non-L-S SnSe and L-S SnSe-3. The XPS peak areas of 

(e) Sn 3d3/2 and Sn 3d5/2, (f) Se 3d3/2 and Se 3d5/2, (g) C 1s, and (h) N 1s of the non-L-S SnSe and 

L-S SnSe-3. 



 

 

To identify the chemistry of the organic surfactant shell surrounding the thermoelectric materials 

before and after ligand stripping, we performed Fourier transforms infrared (FTIR) spectroscopy 

characterization for dried samples. As shown in Figure 2c, the presence of the OAm molecules is 

identified by the symmetric and asymmetric stretching vibrations of -NH2 at 3430.74 cm-1, the 

bending vibrations of C=C bonds at 1626.72 cm-1, and the bending vibration of the C-N bond at 

1109.88 cm-1. These features are lighter in the L-S SnSe-3 sample, compared with the original 

non-stripped samples. The L-S SnSe-3 sample also shows a ligand exchange by hydrazine at the 

surface of colloidal nanoparticles. This result is in good accordance with Raman spectra (Figure 

S3), in which the carbon peaks of the samples were calibrated relatively to the charateristic B3g 

and Ag Raman modes of SnSe at 109 cm-1, 128.5 cm-1, and 150 cm-1. 24, 25 Two dominant carbon 

peaks of SPSed SnSe samples without ligand stripping at around 1334 and 1526 cm-1 correspond 

to the D and G bands, respectively (Figure 2d). The D band is assigned to the breathing mode of 

A1g symmetry or sp3-rich phase for the disordered graphite. The G band corresponds to the E2g 

mode of 2D graphite, which is related to the vibration of sp2-hybridized carbon. The D and G bands 

indicate that the surface ligands were turned into organic carbons during the sintering process. The 

relatively high intensity of the D-band and G-band (ID/IG) (1.11) for SPSed non-L-S SnSe indicate 

a high degree of disorder of carbon, which is beneficial for enhancing phonon scattering and 

reducing thermal conductivity. For SPSed L-S SnSe-3, the intensity of the D and G bands are 

significantly decreased due to the ligand stripping and the elimination of carbon during the 

annealing process. 26, 27, 33 This is also proved by the content analysis by carbon and sulfur 

automatic analyze. The carbon content (1.23 wt%) for SPSed non-L-S SnSe pellets was much 

higher than that (0.264 wt%) of L-S SnSe-3 pellets. 



 

 

 

Figure 3. Morphology characterizations of Cu2-xS samples. (a, b) TEM and HRTEM images of 

the as-synthesized small sphere-like Cu2-xS nanoparticles, insert: the FFT pattern. (c, d) TEM and 

HRTEM images of the non-L-S Cu2-xS sample, the carbon is marked in the black dashed box, (e, 



 

 

f) TEM and HRTEM images of the L-S Cu2-xS-3. (g-j) The energy dispersive spectroscopy (EDS) 

elemental mapping of C (yellow), Cu (blue), and S (orange) for non-L-S Cu2-xS particles. 

As presented in Figure 3c, TEM images treated with ion thinning demonstrate that the Cu2-xS NCs 

are embedded in the nanostructured solids, and the ligands are carbonized as a carbon coating on 

the grain of Cu2-xS. HRTEM images prove the high crystallinity of Cu2-xS NCs and the formation 

of NCs-carbon interfaces after annealing (Figure 3d). The carbon is mainly distributed along with 

the marginal area of Cu and S elements, as depicted in the EDS elemental mapping in Figures 3g-

j. All elements in the samples show homogeneous distributions. The carbon coating of Cu2-xS with 

ligands striping is rarely observed (Figure 3e), consistent with the FTIR, Raman, and carbon 

content analysis results discussed above. In addition, elemental mappings were performed to 

identify Sn, Se, Ag, Bi, Cu, and Zn elements in nanoparticles for SPSed SnSe, SPSed AgBiSe2, 

and SPSed Cu2ZnSnSe4 (Figures S6-S8).  

  



 

 

Thermoelectric properties 

 

Figure 4. Thermoelectric properties of the non-L-S Cu2-xS, L-S Cu2-xS-1, and L-S Cu2-xS-3 

samples: Temperature-dependent (a) electrical conductivity (σ), (b) carrier concentration (nH), (c) 

carrier mobility (μH), (d) Seebeck coefficient (S), (e) power factor (PF), (f) lattice thermal 

conductivity (κlat), (g) total thermal conductivity (κtot), and (h) zT.  



 

 

The thermoelectric properties were measured in the temperature range from 300 K to 937 K, 

with σ, nH, μH, S, κ, and zT of Cu2-xS shown in Figure 4, and those of SnSe, AgBiSe2, and 

Cu2ZnSnSe4 are shown in Figures S10, S11, and S12, respectively. The L-S and non-L-S samples 

show similar temperature dependences of the transport properties. For Cu2-xS,  the electrical 

conductivity shows two peaks because of the phase transition, which is similar to the reports in the 

literature. For non- L-S Cu2-xS, the two peaks are 21.5×103 S m−1 and 32.2×103 S m−1at 323 K and 

650 K, respectively. The stripping of the organic ligands increased the electrical conductivity for 

all four materials, likely due to the reduced carrier scattering by nanoscale grain boundary and 

reduced carbon interfaces.  

   The further understand the electrical transport properties change after ligands stripping, we 

analyze another chemical change induced by hydrazine (which stripped ligands). Hydrazine with 

lone pairs of electrons can replace ligands by saturating dangling bonds. Therefore, hydrazine 

hydrate leads to more nitrogen doping in nanostructured solids, in which the N doping reconstructs 

the remaining carbon atoms, resulting in increased defects and carbon disorder. Soft X-ray 

absorption near-edge structure (XANES) measurements are used to detect the K-edge excitation 

of elemental C (Figure 2a) to investigate the electronic structure and the nature of the carbon defect 

of the SnSe-Carbon sample. Four peaks at ∼285.5, 287.8, 288.7, and 292.1 eV are denoted as A, 

B, D, and E, respectively. The absorption peak A corresponds to π* excitations of C=C bonds at 

the defect sites 28, and the peak E corresponds to the σ* structure of C-C bonds. 29 The strong π* 

and σ* bands structures show that the carbon is graphitized 30. In addition, the weak shoulder peaks 

B and D exist between π* and σ* features, ascribed to the π* excitation of C-N-C bonds in the g-

C3N4 structure and C-N-Sn bridging bonds, respectively. 28-30 The L-S SnSe-3 has weaker peak A 

and stronger peak E than the non-L-S SnSe, indicating the elimination of C=C or sp2-bonding. 



 

 

Meanwhile, the intensities of B and D features (which are considered as contributions from C-N 

hybrid bonds of the pyrrole rings) increased after ligands stripping, demonstrating a stronger 

interfacial interaction between N-doped carbon and SnSe nanoparticles and the defective 

characteristics of the carbon layer. 

    The bonding of C-N-Sn, which can transfer electrons from Sn C sites in L-S SnSe-3 materials, 

can improve electrical conductivity, which is another reason that ligand stripping (hydrazine 

treatment) can enhance σ. 33 This phenomenon is proved by XPS analysis (Figures 2e-h). In the 

non-L-S SnSe, the Sn 3d5/2 peak and Sn 3d3/2 signal can be deconvoluted into four peaks with 

binding energies (BE) of 486.4 eV (Sn4+), 494.8 eV (Sn4+), 485.2 eV (Sn2+) and 493.6 eV (Sn2+). 

Se 3d spectra of non-L-S SnSe can be ascribed to Se 3d5/2 and Se 3d3/2 at 53.4 eV and 54.1eV, 

corresponding to Se2- (Figure 2f). The Sn peaks of L-S SnSe-3 were slightly shifted to high BE 

compared to non-L-S SnSe (~0.33 eV), implying that the Sn atoms contributed electrons to carbon. 

The same phenomenon has also occurred in the Se 3d spectra, shifting about 0.12 eV to higher BE. 

The above results demonstrated a typical electron transfer phenomenon of hybrid materials from 

SnSe nanoparticles to carbon in SnSe nanostructured solids. 31-33 To investigate the bonding state 

of nitrogen and carbon, the N 1s and the C 1s spectra are analyzed. The N content is 3.0% for non-

L-S SnSe, lower than the 4.2% for L-S SnSe-3, demonstrating a more N doping of the carbon layer 

in nanostructured solids if hydrazine treatment is adopted. The fitting result of the N 1s peak shows 

that two peaks at 400.5 eV and 404.2 eV correspond to Pyridinic-N and graphitic-N, and Pyridinic-

N is the dominant species. 29-31 The C 1s spectrum can be divided into two peaks at 284.8 eV and 

higher binding energies of 286.6 eV, corresponding to the sp2 hybridized graphitic carbon and C-

N species. 34  



 

 

     S decreases with increasing ligand stripping (hydrazine treatment) throughout the entire 

temperature. For example, as shown in Figure 4d, the room-temperature S for the non-L-S Cu2-xS, 

L-S Cu2-xS-1, and L-S Cu2-xS-3 samples are 79.1, 74.5, and 58.3 μV·K−1, respectively. Such change 

is largely related to charging carrier concentration (Figure 4b), which is derived from the material 

composition. The alkaline hydrazine hydrate treatment often leads to the etching of the surface of 

NCs and the generation of metal vacancies to increase their carrier concentration. Based on the 

positive S values, all the samples are determined as p-type, likely due to the Cu+ vacancies in Cu2-

xS NCs.  The power factors (PF=σS2) of all the samples are shown in Figure 4e. At 937 K, the PF 

of non-L-S Cu2-xS (0.97 mW m-1
 K

-2) is higher than that of the L-S samples (0.90 mW m-1
 K

-2). 

 

Retaining ligands can significantly reduce the thermal conductivity of Cu2-xS. The thermal 

conductivity κtot (Figure 4g) of the non-L-S Cu2-xS pellet is 0.63 Wm−1 K−1 at 323 K, which is 

lower than those of L-S Cu2-xS-1 (0.73 Wm−1K−1) and L-S Cu2-xS-3 (0.83 Wm−1K−1). According 

to the Wiedemann-Franz law, the electronic thermal conductivity can be calculated via κele = LσT, 

where L = (1.5 + exp(-|S|/116)) ×10-8) is the Lorenz number. After subtracting κele from κtot, we 

obtained the lattice thermal conductivity κlat, as shown in Figure 4f. 9, 35 It is found that the κlat 

decreased by as much as 43 % (from 0.35 to 0.20 Wm−1K−1) after retaining the ligands. 



 

 

 

Figure 5. (a) Lattice thermal conductivity (κlat) at 323K with different contents of amorphous 

carbon. The thermal conductivities are predicted by the Hashin-Shtrikman bound model (H-S ub 

and H-S lb), rule of mixture (ROM) model in parallel and series patterns, and Mori-Tanaka (M-T) 



 

 

model for fiber-like particles. (b) The mismatch in phonon density of states between Cu2S and 

different forms of carbon. 36, 37 The microscopic appearance of indentation of the (c) non-L-S Cu2-

xS, (d) L-S Cu2-xS-1, and (e) L-S Cu2-xS-3. (f) Micro Vickers hardness and (g) fracture toughness 

of the non-L-S Cu2-xS, L-S Cu2-xS-1, and L-S Cu2-xS-3. 

     To understand the decreased lattice thermal conductivity with retaining ligands (or increasing 

amorphous carbon content) in Cu2-xS, we conducted theoretical analyses. First, it is necessary to 

examine whether it is related to the nanoscale size effect (or phonon scattering by grain 

boundaries), for which we need to estimate the phonon mean free path (MFP) in Cu2-xS and 

compare it with the grain size. Therefore, we calculated the phonon dispersion relation, phonon 

group velocity, and phonon specific heat from first principles using density functional theory 

(DFT) by Vienna Ab initio Simulation Package (VASP). Using Boltzmann transport equation 

(BTE, see the supplemental information), if all phonons MFP is assumed to be 1 nm, the thermal 

conductivity is calculated as 0.14 Wm-1K-1 per 1 nm MFP for monoclinic Cu2S and 0.44 Wm-1K-

1 per 1 nm MFP for orthorhombic Cu2S (Table S1). Since the thermal conductivity of the 

experimental Cu2S samples varies from 0.2 to 0.6 Wm-1K-1, the effective MFP of these samples 

should be (0.2 - 0.6 Wm-1K-1) / (0.14 - 0.44 Wm-1K-1nm-1) = 0.5 - 4 nm, which is much smaller 

than the grain size of 280 ~ 300 nm. Therefore, the reasoning of phonon grain boundary scattering 

can be excluded.  

     Since there is no phonon-grain boundary scattering or nanoscale ballistic phonon transport 

effect, it is safe to use the effective medium approximation (EMA) to model thermal transport. For 

that, the intrinsic thermal conductivity values of Cu2S and amorphous carbon are needed. The 

thermal conductivity of Cu2S should be approximately 0.7 ~ 0.8 W m-1K-1 based on the reference 

results, and 0.7 Wm-1K-1 is adopted here. 38 For amorphous carbon, the thermal conductivity is 



 

 

quite tricky, varying from 0.2 to 2.2 Wm-1K-1, 39 so its upper and lower-limit values are both 

employed in the calculation. Several classical EMA models for effective thermal conductivity of 

mixtures were utilized, including the parallel and series models, Hashin-Shtrikman (H-S) bounds 

model, and the Mori-Tanaka model. All the other EMA models such as Russell, Maxwell and 

Bruggeman models fall between parallel and series models, which are the hard theoretical upper 

and lower limits of binary mixture. For detailed information of the EMA models, see the 

Supporting Information. Figure 5a compares the prediction of effective κlat by those models with 

experimental data. We find that EMA models cannot fully explain the low κlat of Cu2S composite 

materials mixed with amorphous carbon. One possible reason is that the EMA models do not 

consider the interfacial thermal resistances between matrix and fillers (the two phases of a binary 

mixture). Interfacial thermal resistance (RK) can be defined as the ratio of the temperature 

discontinuity to the heat flux at the interface, which generally exists in composite materials because 

of their large difference in physical properties on the two sides of the interface. Herein, huge 

dissimilarity in density, sound velocity, and phonon density of states between carbon and Cu2S 

matrix can result in a strong scattering of phonons at the composite interfaces, leading to a 

significant RK, which can remarkably impede heat conduction.  

     To estimate the RK between Cu2S and amorphous carbon, we calculated phonon density of 

states (DOS) of Cu2S by DFT and collected the phonon DOS of different forms of carbon, as 

shown in Figure 5b. It is found that they exhibits a great mismatch: Cu2S has extremely high DOS 

below 10 THz, where the DOS of carbon is minimal, indicating that RK should be very large. To 

estimate whether RK can play a role in reducing the thermal conductivity of Cu2S, we estimated   

RK using the diffusive mismatch model (DMM).40 RK is inversely proportional to the phonon 

transmission coefficient (τ1→2), which can be expressed as  



 

 

𝜏1→2(𝜔) =
𝐼1(𝜔)

𝐼1(𝜔)+𝐼2(𝜔)
      (1) 

where 

𝐼𝑗(𝜉) = ∑ ∬
[𝑣𝑔

𝑗 (𝐤,𝑝)𝑛̂]

‖𝑣𝑔
𝑗 (𝐤,𝑝)‖𝐤:𝜔(𝐤)=𝜉

𝑑𝐒𝐤,𝑝 𝑝     (2) 

where k is phonon wave vector, ω is the phonon frequency, vg is the group velocity, 𝑛̂ the unit 

normal to the interface plane, p is phonon polarization, and j represents one material. The thermal 

interface conductance can be calculated with the phonon transmission coefficient τ1→2 (see the 

Supporting Information) and then converted into RK. Moreover, the κlat can be deduced as follows: 

𝜅lat =
𝜅grain

1+
2𝑅K⋅𝜅grain

𝐿

      (3) 

where L is the grain size and κgrain is the thermal conductivity of Cu2S matrix grain. If 2RKκgrain/L 

is comparable to or larger than 1, the interfacial thermal resistance is comparable to larger than the 

thermal resistance of Cu2S matrix grain. The calculation results (Table S3) show that 2RKκgrain/L 

varies from 0. 24 to 4.10 for different forms of carbon, which indicates that RK, caused by a large 

mismatch of phonon DOS for Cu2S matrix and carbon, plays a significant role in reducing κlat of 

Cu2S composite.  

    In addition to these factors, residual strains may also reduce the thermal conductivity. To 

visualize the strain distribution caused by the substantial mismatch of atomic radius, geometric 

phase analysis (GPA) was performed. According to the GPA strain analysis maps of the strain 

component parallel to the interface (εxx) of the SPSed non-L-S Cu2-xS (Figure S9b) and SPSed L-



 

 

S Cu2-xS-3 (Figure S9d), substantial strain distribution fluctuations of two samples demonstrate 

retained ligands less affect dislocations at the phase interface. 

     Owing to the reduced thermal conductivity and the increased power factor, higher zT values  of 

non-L-S Cu2-xS are achieved as 1.9 at 937 K, which is 1.6-fold of the value obtained by L-S Cu2-

xS-3 (zT = 1.2), indicating our strategy of retaining organic ligands have a significant effect on 

improving thermoelectric performance (Figure 4f). To validate the vast potential of the described 

procedure to prepare nanomaterials with enhanced performance, in addition to Cu2-xS, we obtained 

the thermoelectric properties of SnSe, AgBiSe2, and Cu2ZnSnSe4 pellets, shown in the 

supplemental information Figures S10-S12. The zT values of the above non-L-S samples prepared 

by the retained ligands route are higher or comparable to those of L-S sample-3 due to reduced κtot 

without severe deterioration of the electrical transport performance. As shown in Figure 1, the 

highest zT for the L-S SnSe-3, L-S Cu2-xS-3, L-S AgBiSe2-3, and L-S Cu2ZnSnSe4-3 are 1, 1.2, 

0.5, and 0.6, respectively, while the highest zT for non-L-S samples are 1.3, 1.9, 0.6, and 0.7, 

respectively, and the average zT have a similar trend. The surface-ligand influence on properties 

is related to the effect of surface treatment on the final surface composition and structure. Firstly, 

the inorganic NCs-organic carbon interfaces effectively scatter long mean-free-path electrons and 

phonons, which is beneficial to reducing the κ. Under certain conditions, ligands also play an 

important role in enhancing the S. However, the carbon-nano grain interfaces usually decrease the 

σ due to the insulating capping layer of carbon. Therefore, improvement of the zT requires that the 

proportional reduction in electronic carrier mobility (Figure 4c) resulting from increased interfacial 

scattering is less than the corresponding reduction in thermal conductivity. Balancing the 

electronic and thermal properties of the interfaces through regulating the amount of retained 

organic ligands is critical to tailoring material for optimal thermoelectric performance. 



 

 

 

After we achieved a record high zT value in the non-L-S Cu2-xS, we also evaluated the fracture 

toughness to understand the effect of retained ligands on the mechanical properties of the Cu2-xS 

system during sintering. The Vickers hardness (Hv) and fracture toughness (KIC) are measured on 

the polished surface according to the equations Hv = 1854.4·F/D2 and KIC = A·(E/Hv)
0.5·(F/c1.5), 

where F (in newtons) is the applied load, D (in micrometers) is the length of the diagonal of the 

resultant impression, the calibration constant is a value of 0.01,41, 42 c (in micrometers) is the radial 

crack length of Vickers indentation, and E is Young's modulus of the Cu2-xS samples. 43 We use 

nanoindentation to measure Young's modulus. Figures 5f and 5g show that the hardness and the 

fracture toughness of L-S Cu2-xS-3 are about 0.62 GPa and 1.9 MPa·m1/2, respectively. In contrast, 

the hardness and fracture toughness of the non-L-S Cu2-xS can reach as high as 0.86 GPa and 4.2 

MPa·m1/2. Ligands used as controllable molecular solders can generate a bridging effect between 

Cu2-xS grains and improve their stronger interaction, resulting in optimized mechanical durability. 

 

Conclusion 

    In conclusion, we report the colloidal synthesis of monodisperse SnSe, Cu2-xS, AgBiSe2, and 

Cu2ZnSnSe4 NCs. Ligand regulation is used to modulate surface energy, interface structures of 

nanostructured solids, and introduce controlled amounts of secondary carbon phases. As a result, 

NCs incorporating a small amount of carbon can decrease κ, maintain a high PF, and increase zT. 

The procedure promotes the bottom-up assembly of colloidal nanoparticles as a suitable approach 

to producing efficient thermoelectric materials and provides new insights into improving their 



 

 

thermoelectric performance. In addition to the high TE performance, the superior mechanical 

properties of NC-based materials with ligand retention offer great potential for device applications. 
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