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Supplementary Text 

Wet-spun CNT fibers 

The mechanical and electrical properties of CNT fibers depend on purity, crystallinity (G/D ratio), 

and length (aspect ratio, L/d) of CNTs from a material perspective (7, 30). The impurities such as 

residual catalysts in the CNT can interfere with the continuous spinning process due to unstable 

flow and blocking of the spinneret (30). In addition, the residual particles can deteriorate 

macroscopic properties by acting as defects in CNT fibers. Here, we obtained more than 98% high 

purity CNTs through 400 °C heat treatment and piranha solution purification (fig. S1a). The G/D 

ratios of purified CNTs exceeded 50, indicating high crystallinity (fig. S1b) (30). At sufficiently 

high purity and G/D ratio, the tensile strength and electrical conductivity of CNT fibers show a 

large dependence on the length with (L/d)0.9 and (L/d)0.8 scaling relationship, respectively (30). 

The viscosity-averaged aspect ratios of SWNT and S∙DWNT used in this work were reported to 

be ~2000 and ~6700, it was measured by capillary breakup extensional rheometry technique (7, 

30, 43). In this work, the measured tensile strength and electrical conductivity of pristine SWNT 

and S∙DWNT fibers correspond well with the relationship with the reported aspect ratio (Fig. 3 

and fig. S9 and S12). 

   The mechanical and electrical properties of CNT fibers can be optimized by controlling the 

process variables such as concentration, draw ratio, and flow type of dope (18). The mesoscopic 

properties of CNT fibers in the same CNT depend on the degree of alignment and packing of CNTs, 

which can be controlled by the spinning process (18). The dopes for spinning were prepared in 1-

3 wt%. The liquid crystal dopes were extruded by optimized wet-spinning process at draw ratio of 

1.6 or higher considered the stability analysis and rheological properties based on Hyper-Spin-

Line (HSL) model (18). 

 

Heat treatment of CNT fiber 

The wet-spun CNT fibers were annealed at 1400, 1700, 2000, 2400, or 2700 °C. The CNTs in 

fiber evolved with increasing temperature through the coalescence route (Fig. 1 and fig. S2). The 

average diameter of CNTs was increased by 6-20% in 1700 and 2000 °C-treated SWNT and 



S∙DWNT fibers, and the larger diameter CNTs were mostly SWNTs (Fig. 1, fig. S2 and S3). The 

SWNTs with larger diameter have distorted circular structures in the form of ellipses or polygons 

(Fig. 1 and fig. S2). In addition, the fraction of MIW-CNT and C-CNT structures was observed to 

be within 10% in 1700 and 2000 °C-treated fibers (Fig. 1 and fig. S2). With progressing annealing, 

the proportion of SWNTs decreased, and the proportion of DWNTs relatively increased (Fig. 1, 

fig. S2 and S3). In contrast, structural evolutions were not well observed in DWNT fibers treated 

with 1400-2000 °C (fig. S2 and S3). From these results, it can be seen that the less thermally stable 

SWNTs participates in the coalescence route, leading to an increase of diameter and formation of 

MIW-CNT and C-CNT. In 2400 °C-treated fibers, CNT bundles started to completely unzip into 

planar structures for both SWNT and DWNT (Fig. 1 and fig. S2). This planar graphitization with 

AB stacking graphite nano ribbon (GNR) structure was completed at 2700 °C (Fig. 1 and fig. S2).  

 

Mechanical properties of CNT fibers 

The tensile strengths of SWNT and DWNT CNT fibers at each temperature of heat treatment 

were observed by stress-strain curves (fig. S9). The tensile strength of SWNT fibers was improved 

by about 77% compared to the pristine SWNT fibers from 0.98 GPa to 1.74 GPa by heat treatment 

at 2000 °C (fig. S9, Table S1 and S2). At higher temperatures than 2000 °C, the tensile strength 

decreased while the tensile modulus increased as the CNTs changed into graphitic structures. In 

the case of DWNT fibers, the tensile strength remains similar up to 2000 °C. These results are 

related to the structural evolutions due to difference in thermal stability between SWNT and 

DWNT up to 2000 °C (fig. S3). 

 

 



 

 

Figure S1. Properties and fabrication process of liquid crystal based CNT fibers. (A) TGA 

and (B) Raman analysis of pristine SWNT and S·DWNTs. (C) Cross-polarized image of liquid 

crystal S·DWNT dope (1.0 vol%). (D) Wet-spun CNT fibers obtained by needle and 24-holes 

spinneret through wet-spinning process, and cross-sectional and surface images of as spun CNT 

fibers. 

 

 

  



 

Figure S2. Distribution of diameters and number of walls distribution measured by analysis 

of TEM images after various thermal post-treatments. (A and B) CNT fibers with S·DWNT 

bundles, (C and D) SWNT bundles and (E and F) DWNT bundles. 



 

Figure S3. TEM image and diffraction pattern of CNT fibers. (A) CNT fibers with SWNT 

bundles and (B) DWNT bundles. 

 

 

Figure S4. 2D WAXS patterns for CNT fibers. (A) SWNT fibers and (B) DWNT fibers, 

respectively, in pristine form and annealed at different temperatures.  



 
   

Figure S5. Changes in crystal size for pristine CNT fibers and annealed at different 

temperatures, including CFs for reference. Changes in (A) La and (B) Lc at each temperatures  

 

 

Figure S6. Changes in azimuthal FWHM and �𝒄𝒄𝒄𝒄𝒄𝒄𝟐𝟐(𝝓𝝓)�,  for pristine CNT fibers and 

annealed at different temperatures. (A) Annealing increases the degree of alignment and 

changes the lineshape of the azimuthal profile at the tails of the distribution with a pronounced 

effect on ⟨𝑐𝑐𝑐𝑐𝑐𝑐2(𝜙𝜙)⟩. (B) Comparison of FWHM and of ⟨𝑐𝑐𝑐𝑐𝑐𝑐2(𝜙𝜙)⟩. 

 
  



 

 

Figure S7. Cross-sectional SEM images of the CNT fibers. (A) S·DWNT fibers, (B) SWNT 

fibers and (C) DWNT fibers at each temperature. 

 
  



  

 

Figure S8. Stress-strain curves of CNT fibers. (A) SWNT fibers and (B) DWNT fibers.  

 



 

Figure S9.  Mechanical and electrical properties of CNT fibers. (A) Tensile strength, (B) tensile 

modulus, and (C) room-temperature electrical conductivity of various CNT fibers as a function of 

annealing temperature. 



 

 

Figure S10. Fractography images of CNT fibers. 

 

 

 
 

 

Figure S11. Calculated distributions of an idealized bundle. (A) shear stress and (B) maximum 

axial stress of an idealized bundle, for different values of shear modulus. 

 



Figure S12. Shear strength between various CNTs by periodic boundary condition model. 

(A) Schematic of side view of CNT models. (B) Number of atoms vs distance graph of various 

CNT models. Cross-sectional Case1 simulates SWNT bundles, Case2 simulates SWNT wrapped 

with collapsed SWNT, Case3 simulates multi inner wall DWNT and Case4 simulates graphitic 

structure. The results on the pull-out simulation of the four different models after equilibration 

process: (C) the pull-out energy of the CNTs bundle and graphitic sheets.

The four different models in MD simulations were constructed to describe the structure of the 

obtained CNT fiber in the experiments. Four different models were considered: (case1) a nine-

(12,12) SWNTs bundle, (case2) a two-(12,12) SWNTs and two-(42,42) SWNTs bundle, (case3) a 

one-(12,12) SWNT and one-(96,96) SWNT bundle, and (case4) a four-(12,12) layers and four-

(15,15) layers bundle. The number of carbon atoms and the length of the bundle in all four models 

are 40176 and 224 Å, respectively. In order to stabilize the four models, the equilibration process 

was performed in three steps: (1) a 1 ns canonical (NVT) ensemble, (2) a 1 ns isothermal-isobaric 

(NPT) ensemble with a pressure of 1 atm, and (3) a 500 ps NVT ensemble. The time step and the 

temperature of the equilibration process were 1.0 fs and 300 K, respectively. A SWNT or layer of 

chirality (12,12) with a length of 224 Å in all four models was pulled out with a constant velocity 

of 0.1 Å/ps along the z direction after equilibration process. Every MD simulation was performed 

using the Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) potential, which has 

been widely used to describe the interaction between carbon atoms and predicted the mechanical 

properties of carbon materials (47). 



The case1 was composed of the nine-(12,12) SWNTs bundle to describe the structure of the 

pristine CNT fiber obtained from the experimental data. Lopez et al. (53) studied the transformed 

structures of the CNTs bundle at high temperature using the MD simulation. They (53) reported 

that the coalescence of the CNTs bundle occurred due to the polymerization between CNTs and 

led to the cylindrical and collapsed CNT at high temperature. In this work, the two (42,42) SWNTs 

in the case2 were used as the coalesced tube from the (12,12) SWNTs for reducing the 

computational cost. Case2 shows that the (42,42) SWNT with a diameter of about 57 Å collapsed 

to the (12,12) SWNT with a diameter of about 16 Å. The (42,42) SWNT existed around the (12,12) 

SWNT along radial direction of CNT. The collapsed deformation between two CNTs with 

different diameters occurred due to the inner van der Waals attraction of CNT (54). The (96,96) 

SWNT with the largest diameter in the case3 was used as the coalesced tube from the two (42,42) 

SWNTs. The (96,96) SWNT collapsed to the (12,12) SWNT and was stacked by the strong van 

der Waals interaction. In the case4, the graphitic structure consists of the eight graphene layers in 

the periodic boundary conditions. 

fig. S11C shows the potential energy for pulling the SWNT or layer from stabilized models. Each 

simulation model represented SWNT bundles (case1), SWNT wrapped with collapsed SWNT 

representing C-CNT (case2), MIW-DWNT representing MIW-CNT (case3) and GNR structure 

(case4). The case2 and case3 showed 58% and 46% higher pull-out energy than that of the case1. 

These results are related the number of atoms from the radius of the pull-out CNT to cut-off 

distance of 10.2 Å (fig. S11). In the case2, a lot of atoms were located around the pull-out CNT 

because the (42,42) SWNT with a large diameter collapsed to the pull-out CNT by the radial 

deformation. These results mean that the interfacial interaction was increased because the 

collapsed structure between the pull-out CNT and the other CNTs has the large contact area. In 

addition, the collapsed structure led to the strong van der Waals interaction. In comparison with 

the case2, the case3 had a smaller number of neighbor atoms around the pull-out CNT due to the 

presence of voids. The voids between tubes were caused by the coincidence of the cylindrical CNT 

and stacked graphitic shell. For that reason, the pull-out energy in the case3 was slightly decreased 

by the weak interfacial interaction between the pull-out CNT and graphitic shell. Among the four 

models, the pull-out layer in the case4 has the largest number of neighbor atoms within a cut-off 



distance due to the graphitic structure of model. As the densely stacked layers induce the strongest 

interfacial interaction between pull-out layer and the other layers, the pull-out layer was pulled 

with the highest potential energy, which is 180% higher than that of the case1. These results 

suggest that the collapsed and graphitic structure are the crucial factors for the improvement of the 

mechanical property of the CNT fiber. 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S13. Thermal conductivity of CNT fibers and reference carbon fibers as a function of 

the La crystal size (55). 

 

 

 

 

 

 

 



 

Figure S14. Knot efficiency of CNT fibers. (A) S·DWNT pristine fiber and (B) annealed fiber 

at 1700 °C. 

 

 

 

  



Table S1. Average densities of CNT fibers measured by the density gradient column method 

and their tensile strength, modulus, electrical conductivity and thermal conductivity. 



Table S2. Toughness and knot efficiency of S·DWNT fibers and CFs. 
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