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Methods
Chemicals: 1-dodecanethiol (98%), 1-dodecanol (98%), Cupric acetate (Cu(CH3COO)2·H2O, 98%), Copper (I) chloride (CuCl, 97%), Tin (II) chloride (SnCl2, 99%), Selenium dioxide (SeO2, 98.0%), Bismuth citrate (C6H5BiO7, 99%), Selenium (Se, 99.9%) and Oleylamine (OAM, 80~90 %) are obtained from Shanghai Macklin Biochemical Technology Co., Ltd. Tin (IV) chloride hydrate (SnCl4·nH2O, 98.0 %) is obtained from Alfa Aesar (China) Chemical Co., Ltd. 1-octadecene (1-ODE, 90%) and Zn(CH3COO)2·2H2O (99%) are purchased from Sinopharm Chemical Reagent Co., Ltd. Silver nitrate (AgNO3) and some common organic solvents (such as hydrazine hydrate aqueous solution, cyclohexane, ethanol, and so on) are obtained from Sinopharm Chemical Reagent Co., Ltd and Nanjing Chemical Reagent Co., Ltd. All chemicals are used as received without further purification.

Synthetic Procedure: Nanocrystals are synthesized using standard Schlenk line techniques under nitrogen (N2) protection through a facile colloidal solution procedure.

Synthesis of Cu2-xS nanocrystals： Cu(CH3COO)2 (6 g) is mixed with 1-dodecanethiol (225 mL) and 1-dodecanol (75 mL) in a three-neck round-bottom flask. The mixture is degassed at room temperature for several minutes, then purged with N2 gas under magnetic stirring. Subsequently, the mixture is heated to 230 °C and kept at this temperature for 60min under stirring. Finally, the solution is cooled down to ~ 70 ℃ naturally, and brown products precipitated at the bottom of the flask are obtained. 

Synthesis of SnSe nanocrystals： In a typical procedure, 8.412 g of SnCl4·nH2O and 2.6630 g of SeO2 are mixed with 300 ml of oleylamine in a three-neck round-bottom flask. The mixture is degassed at room temperature for several minutes, then purged with N2 gas under magnetic stirring. Then the mixture is heated up to 260 ℃ at ~10 ℃ min-1 and held at this temperature for another 30 min. Finally, the solution is cooled down to ~ 70 ℃ naturally, and black products precipitated at the bottom of the flask are obtained. 

Synthesis of Cu2ZnSnSe4 nanocrystals： Firstly, 1.12 g of CuCl, 1.27 g of Zn(CH3COO)2·2H2O, and 1.27 g of SnCl2 are mixed in 200 mL of oleylamine in a three-necked flask. The mixture is slowly heated to 180 °C (5 °C min-1), held at this temperature for 10 min, and then cooled to 110℃. Secondly, 2.5 g of SeO2 is dissolved in 25 mL of 1-ODE at 80 °C under nitrogen for 2 h. Then the obtained SeO2/1-ODE solution is injected into the former larger flask containing the metal salts and oleylamine. The mixture is heated to 280 ° C and held for 30 min. Finally, the solution is cooled down to ~ 70 ℃ naturally, and black products precipitated at the bottom of the flask are obtained.

Synthesis of AgBiSe2 nanocrystals： Firstly, 1.99 g of C6H5BiO7 is dissolved into 200 ml of oleylamine and 10 ml of oleic acid (OA). The solution is heated to 145 ℃ under an N2 atmosphere and maintained for 15 min to eliminate low-boiling point impurities. Afterward, the mixture is heated to the reaction temperature (180 ℃) under vigorous magnetic stirring, followed by the quick addition of 0.85 g of AgNO3. Then, 0.79 g of selenium powder is quickly added into the system after 10 min, and the mixture is maintained at 180 °C for 3 h under stirring. Finally, the solution is cooled down to ~ 70 ℃ naturally, and black products precipitated at the bottom of the flask are obtained.

Purification process: After naturally cooling to room temperature, the solution is isolated by centrifugation at 11000 rpm for 5 minutes and washed with the mixture of 180 ml cyclohexane and 60 ml absolute ethanol 2 times. All the samples are dried in a vacuum at 60 °C for 6 h.

The hydrazine treatment process: Briefly, as-prepared nanocrystals are dispersed in 400 ml absolute ethanol with 100 ml hydrazine solution (85% v/v) and stirred for 12 hrs. The process is repeated three times, and powders are washed with ethanol three times to remove N2H4, retrieved by centrifugation, and then dried under vacuum at 60 °C for 12 h to remove residual solvents.

[bookmark: OLE_LINK5]Spark plasma sintering (SPS): To prepare pellets, the obtained nanopowders with or without the hydrazine treatment process are compacted into a graphite die (10 mm diameter) using an SPS system. The die is loaded into the equipment, and the temperature is improved to 550 °C, 450 °C, 400 °C, and 400 °C with the heating rate of 60 °C min-1 and maintained for 30min for SnSe, Cu2-xS, AgBiSe2, and Cu2ZnSnSe4, respectively. Subsequently, the pressure rapidly increases up to 50 MPa, and these conditions are maintained for 10 minutes. The NC-based pellets are stored in a nitrogen-filled glove box for further characterization.

Measurement of thermoelectric properties: Rectangular shape samples are employed to simultaneously measure electrical conductivity σ and Seebeck coefficient S using standard four-probe methods in a He atmosphere (CTA-3S, CRYALL). The thermal conductivity is calculated by κ = Cp·ρ·D, in which the specific heat at constant pressure (Cp) is the specific heat capacity referred to as the Dulong-Petit approximation, and the pellet density (ρ) is calculated by the Archimedes method and the thermal diffusivity (D) is measured using the laser flash method (Discovery Xeon Flash, TA Instrument). 

Characterization: The crystalline phase of the samples is measured by powder X-ray diffraction (XRD; D8 ADVANCE, Bruker, Germany) with Cu Kα radiation (λ = 1.5418 Å). High-resolution transmission electron microscopy (HRTEM) images and energy-dispersive spectrometry (EDS) maps are performed on a Talos F200s transmission electron microscope operated at 200 kV. Elemental mapping images are acquired with the same instrument. The microstructure of the SPSed sample pellets is characterized by a scanning electron microscope (SEM; JEOL JEOL JSM-6390LV). X-ray photoelectron spectroscopy (XPS) measurements are performed on a PHI5000 Versa Probe system (ULVAC-PHI, Japan) with the monochromatic Al Kα line at the X-ray source. 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 2). Raman spectra are recorded with a LABRAM-HR Confocal Laser MicroRaman Spectrometer HR-800 with a 633 nm laser as the excitation light. Fourier-transform infrared (FTIR) spectra are acquired using an Alpha Bruker FTIR spectrometer with the platinum attenuated total reflectance (ATR) single refection module. The Raman spectra are recorded on a Horiva (LabRam HR-800) spectrometer. The radiation source is a laser operating at a wavelength of 514 nm and a power of 25 mW. The oxygen nitrogen hydrogen analyzer (ONH836) and carbon-sulfur analyzer (USA, LECO, CS944) measured hydrogen and carbon concentrations in sintered nanomaterials. The Cu L-edge XANES spectra are measured at the BL12B-a beamline of the National Synchrotron Radiation Laboratory (NSRL) in China using total electron yield (TEY) mode. Raman is characterized by a LabRam HR Evolution (Horiba Scientific; Renishaw inVa; Thermo Fischer DXR).


Theoretical Calculation Section
Table S1. The thermal conductivity of monoclinic and Tetragonal Cu2S in three directions per 1 nm MFP.
	[bookmark: _Hlk117783205]Morphology
	κx (Wm-1K-1 per 1 nm)
	κy (Wm-1K-1 per 1 nm)
	κz (Wm-1K-1 per 1 nm)

	Monoclinic
	0.150
	0.131
	0.142

	Tetragonal
	0.467
	0.467
	0.385



The thermal conductivity can be derived by:
								()
where i denotes x, y, and z, Vc is the volume of the unit cell,  is the number of total phonon wavevector (q) points, c is phonon-specific heat, v is phonon group velocity, and Λ is phonon mean free path.  represents a phonon mode with wavevector q and branch .


[bookmark: OLE_LINK1]Table S2. The acoustic phonon velocity and acoustic cutoff frequency of TA1, TA2, LA of Cu2S, and carbon in different forms.
	Material
	Acoustic phonon velocity of TA1, TA2, LA (m∙s-1)
	Acoustic cutoff frequency of TA1, TA2, LA (rad∙ps-1)

	Cu2S
	1475
	6

	
	1890
	7

	
	3611
	8.5

	Graphite (in-plane)
	7000
	57

	
	14700
	113

	
	22200
	245

	[bookmark: OLE_LINK3]Graphite (through-plane)
	1000
	4.7

	
	1000
	4.7

	
	3800
	17.9

	Amorphous carbon 1
	2408
	44.1

	
	2408
	

	
	3870
	

	Graphitic C3N4 2
	3040
	56

	
	3040
	56

	
	6270
	116




Table S3. The interfacial thermal resistance is calculated by DMM, and the ratio of the interfacial thermal resistance and the grain thermal conductivity of carbon in different forms.
	Cu2S interface with:
	TBC by DMM model
(MWm-2K-1)
	RK by DMM model
(10-6 m2KW-1)
	Rgrain=L/κ
(10-6 m2KW-1)
	2RKκgrain/L

	Amorphous carbon
	5.78
	0.173
	0.6 - 1.5
	0.24 - 0.58

	Graphite (in-plane)
	0.81
	1.230
	
	1.64 - 4.10

	Graphite
(through-plane)
	4.96
	0.201
	
	0.26 - 0.68

	Graphitic C3N4
	4.25
	0.235
	
	0.32 - 0.78




Calculation of effective thermal conductivity of composite materials
Theoretical upper and lower limits of binary mixtures
Without thermal interfacial resistance, the thermal conductivity of binary composite materials has theoretical upper and lower limits:
								()
and
									()
which represent the parallel and serial arrangements, respectively. Here, ,  and  are the thermal conductivities of composites, fillers, and matrix, respectively.  is the volume fraction of carbon in the Cu2S matrix.
Hashin-Shtrikman bound model
The Hashin-Shtrikman (H-S) upper and lower bound models provide an estimation of the effective thermal conductivity of composites with percolated fillers and isolated fillers, respectively 3, expressed as follows:
							()
for the upper bound and
						()
for the lower bound.
Mori-Tanaka model
Mori-Tanaka (M-T) model can be used to calculate effective thermal conductivity with fillers of different shapes by the following equation 4:
								()
where
									()
for fiber-like particles,
											()
for spherical particles and
										()
for disk particles. After calculation, these three models give almost identical results. As a result, we take the β for fiber-like particles as an example. In addition, the average thermal conductivity of carbon (1.2 W/m-1K-1) is also applied in this model for simplicity.
Impact of Voids
After calculating the effective thermal conductivity using the EMA models discussed above, we need to take into account the influence of voids, which can be predicted roughly as 5:
						()
where  is the effective thermal conductivity with voids, and  is the volume fraction of the voids. 
During all the EMA model calculations, since the thermal conductivity of carbon varies from 0.2 to 2.2 Wm-1 K-1, the maximum value and the minimum value are used to calculate the upper limit and the lower limit of the effective thermal conductivity, respectively.
Calculation of thermal interface conductance
[bookmark: OLE_LINK2]With the phonon gas approach, the thermal interfacial conductance can be calculated by performing integration over the k space in the first Brillouin zone as 6:
				()
where ω is the phonon frequency, vg is the group velocity,  is the unit vector normal to the interface plane, τ1→2 is the energy transmission coefficient, and f is the Bose-Einstein statistical distribution. τ1→2 is calculated by using Eq. (1) in the main manuscript with the DMM model.  is taken as the sound velocities of the TA and LA phonons by either our DFT calculations or from the literature, as shown in Table S2. By applying the Debye model, Eq. (11) can be simplified as follows: 

where  is the acoustic cutoff frequency of th branch, i.e., TA, LA1, and LA2, D is the phonon density of state, which can be obtained in the Debye model by:
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Figure S1. The schematic diagram of the sintering process. (Note: * Each component is shown separately to clarify the variation in each. In fact, both occurred simultaneously. ** The cubic blocks represent the particles after consolidation, during which the grains have grown.)
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Figure S2. (a) The X-ray diffraction (XRD) patterns of non-L-S SnSe and L-S SnSe-3 nanocrystals, and SPSed non-L-S SnSe and SPSed L-S SnSe-3, (b) the XRD patterns of non-L-S Cu2-xS and L-S Cu2-xS-3 nanocrystals, and SPSed non-L-S Cu2-xS and SPSed L-S Cu2-xS-3, (c) the XRD patterns of non-L-S AgBiSe2 and L-S AgBiSe2-3 nanocrystals, and SPSed non-L-S AgBiSe2 and SPSed L-S AgBiSe2-3, and (d) the XRD patterns of non-L-S Cu2ZnSnSe4 and L-S Cu2ZnSnSe4-3 nanocrystals, and SPSed non-L-S Cu2ZnSnSe4 and SPSed L-S Cu2ZnSnSe4-3.


Table S4. The cell parameters and space groups of SnSe, Cu1.96S, Cu2S, AgBiSe2, and Cu2ZnSnSe4
	Phase
	Space group
	a
	b
	c
	α
	β
	γ

	
	
	(Å)
	(Å)
	(Å)
	( °)
	( °)
	( °)

	SnSe
	Orthorhombic
Pnma (62)
	11.502
	4.153
	4.45
	90.
	90
	90

	Cu1.96S
	Tetragonal
P43212 (96)
	3.996
	3.996
	11.287
	90
	90
	90

	Cu2S
	Monoclinic
P21/c (14)
	26.897
	15.745
	13.465
	90
	90.13
	90

	AgBiSe2
	Hexagonal
P-3m1 (164)
	4.2049
	4.2049
	19.65
	90
	90
	120

	Cu2ZnSnSe4
	Cubic
F-43m (216)
	5.69
	5.69
	5.69
	90
	90
	90
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Figure S3. The Raman spectra of the L-S SnSe-3 (Partial enlargement of Figure 2d).
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[bookmark: _Hlk114051937][bookmark: _Hlk114051967]Figure S4. The TEM images inserted the grain size distributions histograms and the related average size (counting more than 100 particles) of (a) the as-synthesized disk-like SnSe nanoparticles, (c)the as-synthesized irregular shape-like AgBiSe2 nanoparticles, and (e) the as-synthesized cube Cu2ZnSnSe4 nanoparticles. (b, d, and f) HRTEM images of (a, c, and e) inserted the corresponding FFT pattern.


[image: 文本

低可信度描述已自动生成]
Figure S5. The SEM images with the inserted grain size distributions histograms and the related average size (counting more than 100 particles) of (a) the non-L-S SnSe nanoparticles and (b) the SPSed non-L-S SnSe.
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Figure S6. Morphology characterizations of SPSed non-L-S SnSe samples. (a) The HRTEM images of SPSed non-L-S SnSe, (b) the HRTEM images of SPSed non-L-S SnSe, and (c-e) the EDS elemental mapping of Sn (orange) and Se (blue) for SnSe particles.
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Figure S7. Morphology characterizations of SPSed non-L-S AgBiSe2 samples. (a) The HRTEM images of SPSed non-L-S AgBiSe2, (b) HRTEM images of SPSed non-L-S AgBiSe2, and (c-f) the EDS elemental mapping of Ag (red), Bi (green), and Se (orange) for AgBiSe2 particles.
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Figure S8. Morphology characterizations of SPSed non-L-S Cu2ZnSnSe4 samples. (a, c) The HRTEM images of SPSed non-L-S Cu2ZnSnSe4, (b) HRTEM images of SPSed non-L-S Cu2ZnSnSe4, and (e-h) the EDS elemental mapping of Cu (red), Zn (green), Sn (orange), and Se (blue) for Cu2ZnSnSe4 particles.
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Figure S9. (a, c) HRTEM images of the SPSed non-L-S Cu2-xS and SPSed L-S Cu2-xS-3, respectively, and (b, d) the geometric phase analysis (GPA) strain maps of ɛxx that correspond to the HRTEM images of (a, c), respectively. The GPA strain analysis maps of the strain component parallel to the interface (ɛxx) of the SPSed non-L-S Cu2-xS and SPSed L-S Cu2-xS-3 show substantial strain distribution fluctuations of two samples demonstrate plenty of dislocations and stacking faults.
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Figure S10. The theoretical maximum efficiency and maximum Figure of merit ZT of a thermoelectric device of the non-L-S Cu2-xS. 
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[bookmark: OLE_LINK11][bookmark: _Hlk97750508]Figure S11. Thermoelectric properties of the non-L-S SnSe and L-S SnSe-3: Temperature-dependent (a) Electrical conductivity (σ), (b) Seebeck coefficient (S), (c) power factor (PF), (d) lattice thermal conductivity (κlat), (e) total thermal conductivity (κtot), and (f) zT.
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Figure S12. Thermoelectric properties of the non-L-S AgBiSe2 and L-S AgBiSe2-3: Temperature-dependent (a) Electrical conductivity (σ), (b) Seebeck coefficient (S), (c) power factor (PF), (d) lattice thermal conductivity (κlat), (e) total thermal conductivity (κtot), and (f) zT.
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[bookmark: _Hlk107935371]Figure S13. Thermoelectric properties of the non-L-S Cu2ZnSnSe4 and L-S Cu2ZnSnSe4-3: Temperature-dependent (a) Electrical conductivity (σ), (b) Seebeck coefficient (S), (c) power factor (PF), (d) lattice thermal conductivity (κlat), (e) total thermal conductivity (κtot), and (f) zT.
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