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S1 Structural Analysis and Characterization 

The morphologies of the materials were evaluated using field-emission scanning electron microscopy 

(SEM; Sigma 300, ZEISS, Germany). Fourier transform infrared spectra (FTIR) was recorded by 

ALPHA Ⅱ (Bruker, USA). Small-angle X-ray scattering (SAXS) experiment was performed using a 

two-dimensional SAXS instrument (Xeuss 2.0, Xenocs, France), and the sample-to-detector distance 

was fixed at 2490 mm. Order parameter (f) of the representative crystalline lattice is defined as follows 
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where 𝜑 denotes the angle between the normal direction of the crystalline lattice and the reference 

axis (equatorial direction). The thermal diffusivity (α) was measured using a laser flash apparatus (LFA 

467, Netzsch, Germany), the specific heat capacity (Cp) was measured using a differential scanning 

calorimeter (DSC) (Q20, TA Instruments, USA), and the density (ρ) was determined using the water 

displacement method. Surface temperature evolution and thermal images were captured using an 

infrared thermal imager (Tix640, Fluke, USA). Mechanical tests were performed on an electronic 

universal testing machine (UTM2) at a rate of 2 mm min-1.  

S2 Supplementary Figures and Tables 

 

Fig. S1 The fabricated composite film is easily customizable, self-adhesive, and bendable 
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Fig. S2 Optical photograph of the (a) VSCG-0.01, (b) VSCG-0.03, and (c) VSCG-0.1 network 

 

Fig. S3 Azimuthal angle plots from 2D SAXS diffraction patterns 

 

Fig. S4 FTIR of PDMS matrix and VSCG/PDMS composite 
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Fig. S5 SEM image of the surface of the (a) VSCG-0.01/PDMS, (b) VSCG-0.03/PDMS, and (c) 

VSCG-0.1/PDMS composite 

 

Fig. S6 Density of the VSCG networks and the VSCG/PDMS composites as a function of the catalyst 

concentration 

 

Fig. S7 Temperature profiles of different models at the same position from their bottom 
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Fig. S8 dσ/dԑ of different VSCG/PDMS composites as a function of the strain 

 

 

Fig. S9 (a) The perspective, (b) top and (c) cross-sectional view of Comsol model for TIM 

performance evaluation. The temperature distribution of the simulated cooling system integrated with 

(d) T-FLEX 700 and (e) VSCG-0.01/PDMS. (f) Temperature profiles from the bottom to the top center 

of the simulated cooling systems 
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Fig. S10 The compressive stress-train curve of the T-FLEX 700 

Table S1 The parameters for thermal conductivity of VSCG/PDMS composites as a function of the 

catalyst concentration in Fig. 3a 

Sample 
ρ 

(g cm-3) 

Cp 

(J g-1 K-1) 

α∥ 

(mm2 s-1) 

k∥ 

(W m-1 K-1) 

α⊥ 

(mm2 s-1) 

k⊥ 

(W m-1 K-1) 

VSCG-0.01/PDMS ≈0.89 ≈1.32 67.26 79.02 20.74 24.37 

VSCG-0.03/PDMS ≈0.95 ≈1.06 98.34 99.03 9.98 10.05 

VSCG-0.1/PDMS ≈0.98 ≈1.00 115.93 113.61 6.47 6.34 
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Table S2 Comparison of thermal conductivity anisotropy (λ) and enhancement of VSCG/PDMS composites and other reported composites with different 

types of networks in Fig. 3g, h 

Type Filler Matrix 
TC of Matrix 

(W m-1 K-1) 

k⊥ of composites 

(W m-1 K-1) 

k∥ of composites 

(W m-1 K-1) 
λ 

TCE⊥ 

(%) 
Refs. 

Oriented 

alignment 

network 

VACNTs PANI 0.41 7.93 0.75 10.57  1834 [S2] 

Aligned CNTs Epoxy 0.20 4.87 0.97 5.02  2335 [S3] 

GNWs PDMS 0.26 20.40 5.80 3.52  7746 [S4] 

Natural graphite POE 0.22 13.27 0.78 17.01  5931 [S5] 

Graphene nanoflake PVDF 0.23 10.19 0.97 10.51  4330 [S6] 

Graphene aerogel Epoxy 0.20 20.00 1.20 16.67  9900 [S7] 

Aligned GO Paraffin 0.35 8.87 2.68 3.31  2434 [S8] 

CF Epoxy 0.20 

0.51 6.32 0.08  155 

[S9] 
0.62 5.22 0.12  210 

0.70 6.94 0.10  250 

0.62 6.78 0.09  210 

Graphene/Mxene PEG 0.43 1.64 0.67 2.45  2814 [S10] 

BNNS W-SPU  5.8 30.00 0.19 30–32 [S11] 

GWFs PI 0.25 0.41 3.73 0.11  64 [S12] 

Graphite fiber Paraffin 0.35 
2.34 26.18 0.09  569 

[S13] 
2.87 36.49 0.08  720 

Graphene/CNT PDMS 0.17 0.23 0.42 0.55  35 [S14] 

Graphene/BN Epoxy 0.20 11.01 6.02 1.83  5405 [S15] 

CF/VACNTs PDMS 0.26 

8.14 3.36 2.42  3031 

[S16] 7.51 3.72 2.02  2788 

4.49 2.69 1.67  1627 
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RGO@MF PDMS 0.26 0.76 1.68 0.45  192 [S17] 

Random 

network 

SWCNT PVDF 0.23 

0.28 0.28 1.00  22 

[S18] 

0.31 0.31 1.00  35 

0.37 0.37 1.00  61 

0.45 0.45 1.00  96 

0.48 0.48 1.00  109 

0.54 0.54 1.00  135 

CF/GNP PCBT 0.19 

4.00 5.60 0.71  2005 

[S19] 3.05 4.60 0.66  1505 

1.65 2.35 0.70  768 

GO/CNT PVDF 0.23 
1.13 1.13 1.00  391 

[S20] 
1.56 1.56 1.00  578 

Orthotropic 

network 
VSCG PDMS 0.26 

24.37 79.02 0.31 9273 
This 

Work 
10.05 99.03 0.10 3765 

6.34 113.61 0.06 2338 
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Table S3 Elastic modulus and Poisson’s ratio of each component of VSCG/PDMS composites 

Sample 
Elastic modulus 

(MPa) 
Poisson’s Ratio 

VSCG-0.01/PDMS 

CNT 2 0.03 

SiC 400 0.2 

HOGF 200 0.15 

PDMS 0.75 0.49 

VSCG-0.03/PDMS 

CNT 5 0.1 

SiC 400 0.2 

HOGF 200 0.15 

PDMS 0.75 0.49 

VSCG-0.1/PDMS 

CNT 30 0.15 

SiC 400 0.2 

HOGF 200 0.15 

PDMS 0.75 0.49 

Table S4 The parameters of the cooling system used in Comsol simulation 

 
Size ρ 

(g cm-3) 

Cp 

(J g-1 K-1) 

TC (W m-1 K-1) 

(mm3) ∥ ⊥ 

Heater 15×15×1 3.90 0.91 27.00 27.00 

Heat sink 120×55×7 8.96 0.39 400.00 400.00 

VSCG-0.01/PDMS 15×15×0.3 0.89 1.32 79.02 24.37 

T-FLEX 700 15×15×0.3 3.30 1.73 5.00 5.00 

Table S5 The parameters and the calculated results of contact thermal resistance 

Sample 
BLT 

(μm) 

kBulk 

(W m-1 K-1) 

keff 

(W m-1 K-1) 

Rc 

(K mm2 W-1) 

T-FLEX 700 300 5.00 1.90 97.89 

VSCG-0.1/PDMS 300 24.37 7.75 26.40 
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