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Experimental section 

 

Sintering of WS2-MWNT composites: The WS2-MWNT bulk composites were prepared 

by powder metallurgy. Firstly, WS2 (Sigma-Aldrich, 243639, ~99%, 2 μm powder) and thin 

MWNTs (Hanwha Nanotech, CMP-330F, diameter: 4-7 nm, length: 10-20 μm) were 

separately dispersed by ultrasonication (ULSSO HI-TECH Co., 560 W, 10 min) in ethanol. 

The density of thin MWNTs was calculated as 2.34 g cm-3 using a previously published 

protocol [S1]. This is similar with the values reported in literatures [S2-S4]. The suspensions 

were then combined and further ultrasonicated (560 W, 10 min). The nanotube concentration 

varied from 0 to 5 wt%. The powder mixture was obtained by filtering the mixture with PTFE 

membranes (pore size: 0.2 μm) and drying under vacuum (~10-2 Torr) for 24 hours at room 

temperature. In the next step, the dried powder was sintered by a pulsed-current activated 

combustion system (Eltek) in a vacuum (10-1 Torr) [S5]. The T was increased to 1450 °C in 

~126 seconds at an applied pressure of 80 MPa as shown in Fig. S2. A pulsed-current (on 

time: 20 µs, off time: 10 µs) of 2800 A was applied. Finally, the WS2-MWNT composites 

were cut (Struers, Minipom) and polished (sand papers) into desired shapes. Disk-shaped 

specimens (diameter: 12.5 mm, thickness: 0.9-2 mm) were used for thermal conductivity 

measurements, and rectangular-shaped specimens (2×2×6 mm) were used for electrical 

conductivity and Seebeck measurements. 

 

Characterization: The electrical conductivity and Seebeck coefficients were measured in a 

temperature range 300-800 K in helium atmosphere (ULVAC-RIKO, ZEM-3). A Hall effect 

measurement system (Ecopia, HMS-5000 & AMP-55) based on the van der Pauw method 

[S6-S8] was used to measure carrier concentration and mobility at room temperature. Four 

Au-coated oxygen-free bronze probes with a diameter of ~450 μm were employed. The 

thermal diffusivity (a) was measured by a laser flash method (Netzsch, LFA 457), and the 

heat capacity (Cp) was obtained by a differential scanning calorimetry method (Netzsch, DSC 

200 F3) [S9]. The sample density (ρ) was determined by the sample mass and dimension. The 

thermal conductivity was determined using the formula, k = ρaCp [S10]. SEM (Jeol, JSM-

7401F/JSM-7600F) and TEM (Jeol, JEM-3010) images were obtained for powder and 

sintered specimens. Raman (Kaiser Optical Systems, RXN1, 785nm excitation) spectra were 

measured for sintered specimens. XRD patterns were obtained for powder (Bruker AXS, D8 

FOCUS) and bulk (Bruker AXS, D8 DISCOVER) specimens using Cu kα radiation (λ = 0.154 

nm).  
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Preparation of WS2-MWNT composites 

 

 
Fig. S1  A TEM image shows the powder mixture of WS2 and MWNTs. 

 

 

 
Fig. S2  The temperature and pressure conditions during the sintering process. The sintering 

was carried out for ~126 seconds, and the pyrometer could record the temperature greater than 

550 °C [S5]. 
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Area map of integrated intensity of Raman G-mode of MWNTs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S3  Area map of integrated intensity of Raman G-mode of nanotubes. Three specimens 

were investigated (nanotube concentration = 0, 0.75 and 5 wt%). (a) Magnified optical images 

(10´) of the surface of specimens. (b) The representative Raman spectra of specimens (Kaiser 

Optical Systems, RXN1, 785nm excitation). The G-mode at ~1587 cm-1 is caused by 

stretching along C-C bonds of carbon nanotubes [S11-S12]. The G-mode intensity increased 

as the concentration of nanotubes increased. The modes at ~355.5 and 420 cm-1 correspond to 

WS2 flakes [S13-S14]. (c) Area map of integrated intensity of Raman G-mode of nanotubes. 

The scanned area was 500´500 mm2, and the number of pixels was 10´10. The map 

demonstrates a relatively uniform distribution of carbon nanotubes in the sintered specimen. 
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XRD analysis of WS2-MWNT composites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S4  X-ray diffraction patterns of the powder mixture of WS2 and MWNTs before and 

after the sintering process (Powder: Bruker AXS-D8 FOCUS, Bulk Composites: Bruker 

AXS-D8 DISCOVER, Cu kα radiation: λ = 0.154 nm). The nanotube concentration was 0.75 

wt%. The peaks related with MWNTs could not be observed clearly probably due to the low 

concentration. The directions of peaks of WS2 (JCPDS 08-0237) are denoted. 
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Microstructures of WS2-MWNT composites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S5  Cross-sectional SEM images of sintered WS2-MWNT composites. (a) MWNT 

concentration = 0 wt% (b) MWNT concentration = 0.75 wt% (c) MWNT concentration = 2 wt% 

(d) MWNT concentration = 5 wt%. 
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Physical properties of pure WS2 and MWNT specimens 

 

The experimentally measured properties of pure WS2 and MWNT specimens are compared 

with those in literatures [S15-S21]. There was a reasonable agreement between the data 

considering the different preparation methods of specimens. 

 

Table S1  Physical properties of pure WS2 and MWNT specimens. 

Material Sample form Synthetic method 
Carrier 

concentration 
[cm-3] 

Electrical 
conductivity 

[S m-1] 
Reference 

WS2 

Thin film DC magnetron Sputtering ~1015 2.22 × 10-1  

~ 1.00 × 101 S15 

Single crystal Chemical vapor transport 
technique 1.17 × 1016 2.63 × 101 S16 

Sintered specimen 
Sintering 

[1450 °C, 80 MPa,  
Pulsed current (2800 A)] 

2.28 × 1015 2.15 Measured 
 in this study 

MWNT 

Thick film - 4.00 × 1018 - S17 

Aligned film Vacuum filtration 1.60 × 1019 ~102 S18 

Sheet sample Powder pumping  
[1500 MPa] 3.28 × 1020 4.00 × 102  

~ 8.00 × 102 S19 

Sintered specimen Sintering 
[1700 °C, 50 MPa] - 6.20 × 103 

 ~ 8.30 × 103 S20 

Sintered specimen 
Sintering 

[1500 °C, 7 MPa,  
SPS[a] current (600 A)] 

~1020 ~104 S21 

Sintered specimen 
Sintering 

[1450 °C, 80 MPa,  
Pulsed current (2800 A)] 

1.94 × 1019 4.90 × 103 Measured  
in this study 

[a] SPS: spark plasma sintering 
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Seebeck coefficients of WS2-MWNT composites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S6  The thermoelectric voltage is shown as a function of the temperature difference 

(ULVAC-RIKO, ZEM-3). The measurement was carried out in helium atmosphere at ~300 K. 

There was a linear relationship between the generated voltage and temperature difference. The 

carrier concentration and MWNT weight concentration of specimens are shown. 
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The relative contribution between electronic thermal conductivity and phonon thermal 

conductivity to the total thermal conductivity  

 

 
Fig. S7  The relative contribution between electronic thermal conductivity (ke) and phonon 

thermal conductivity (kl) to the total thermal conductivity (k) of WS2-MWNT composites. (a) 

MWNT concentration = 0 wt%, n = 2.28 × 1015 cm-3 (b) MWNT concentration = 0.25 wt%, n 

= 2.70 × 1016 cm-3 (c) MWNT concentration = 0.5 wt%, n = 7.25 × 1016 cm-3 (d) MWNT 

concentration = 0.75 wt%, n = 2.00 × 1017 cm-3 (e) MWNT concentration = 2 wt%, n = 7.54 × 

1017 cm-3 (f) MWNT concentration = 5 wt%, n = 3.02 × 1018 cm-3. 
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a) MWNT concentration = 0 wt%
n = 2.28 × 1015 cm-3
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b) MWNT concentration = 0.25 wt%
n = 2.70 × 1016 cm-3
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c) MWNT concentration = 0.5 wt%
n = 7.25 × 1016 cm-3
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d) MWNT concentration = 0.75 wt%

n = 2.00 × 1017 cm-3
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e) MWNT concentration = 2 wt%
n = 7.54 × 1017 cm-3
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f) MWNT concentration = 5 wt%
n = 3.02 × 1018 cm-3
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