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Ultrahigh strength, modulus, and conductivity 
of graphitic fibers by macromolecular coalescence
Dongju Lee1,2†, Seo Gyun Kim1†, Seungki Hong1, Cristina Madrona3,4, Yuna Oh1, Min Park1, 
Natsumi Komatsu5, Lauren W. Taylor6, Bongjin Chung2, Jungwon Kim1, Jun Yeon Hwang1, 
Jaesang Yu1, Dong Su Lee1, Hyeon Su Jeong1, Nam Ho You1, Nam Dong Kim1, Dae-Yoon Kim1, 
Heon Sang Lee7, Kun-Hong Lee8, Junichiro Kono9, Geoff Wehmeyer10, Matteo Pasquali11,  
Juan J. Vilatela3*, Seongwoo Ryu2*, Bon-Cheol Ku1,12*

Theoretical considerations suggest that the strength of carbon nanotube (CNT) fibers be exceptional; however, their 
mechanical performance values are much lower than the theoretical values. To achieve macroscopic fibers with 
ultrahigh performance, we developed a method to form multidimensional nanostructures by coalescence of individual 
nanotubes. The highly aligned wet-spun fibers of single- or double-walled nanotube bundles were graphitized to 
induce nanotube collapse and multi-inner walled structures. These advanced nanostructures formed a network of 
interconnected, close-packed graphitic domains. Their near-perfect alignment and high longitudinal crystallinity that 
increased the shear strength between CNTs while retaining notable flexibility. The resulting fibers have an excep-
tional combination of high tensile strength (6.57 GPa), modulus (629 GPa), thermal conductivity (482 W/m·K), and 
electrical conductivity (2.2 MS/m), thereby overcoming the limits associated with conventional synthetic fibers.

INTRODUCTION
High-performance synthetic fibers feature a common basic struc-
ture consisting of long, elongated macromolecules that are highly 
aligned along the fiber axis (1). Since their discovery, carbon nano-
tubes (CNTs) have been considered as the ultimate building block 
for ultrahigh-performance fibers owing to their high strength. The 
tensile strength (130 GPa) and modulus (1 TPa) of the monolayer 
graphene shell of CNTs are higher than those of any other material, 
including polymeric building blocks (2). Unlike polymers, CNTs 
offer extremely high electrical (3) and thermal conductivities (4); 
unlike carbon fibers (CFs), they are flexible and withstand bending 
and compressional stresses (5). Owing to this unique combination 
of properties, CNT fibers have received considerable interest for 
advanced applications ranging from military equipment, sensors, 
actuators, and energy storage devices to the space elevator (6).

Since the initial reports on the production of CNT fibers, their 
properties have been continuously improved (7). However, the bulk 

properties of the best realized CNT fibers, particularly their strength, 
remain comparable to those of high-performance macromolecular 
fibers, indicating that only a small fraction (~10%) of the performance 
potential has been realized. Depending on the spinning method, the 
bulk properties of CNT fibers are generally limited by their degree 
of alignment and/or the interactions between adjacent graphitic 
layers (8, 9). Extremely high alignments can be achieved by produc-
ing CNT fibers from nematic liquid crystalline solutions (10). The 
resulting fibers have good orientation, similar to reference synthetic 
fibers, with an azimuthal breadth of 5°. Although the alignment of 
CNT fibers is superior to that of polyacrylonitrile (PAN)–based 
CFs, these fibers have comparable properties. The limiting factor in 
highly aligned CNT fibers is weak interactions between the adjacent 
elements, originating from the limited load transfer between single- 
walled CNTs that are hexagonally packed in bundles (11)—strong 
interactions are developed during the graphitization phase in 
PAN-based CFs. The interaction area between nanotubes can be 
maximized by collapsing the nanotube structure, similar to stacked 
ribbons. Flattened tube surfaces from collapsed CNT (C-CNT) 
structures may also enhance the intertube shear strength (12). 
Theoretically, collapsed tube structures experience extended pairwise 
Lennard-Jones interactions, which provide an advantage for dislo-
cation stacking over regular and dislocation dipole stacking (13).

In this work, to realize CNT fibers with high-performance bulk 
properties, we produced highly aligned fibers by macromolecular 
assembly, followed by thermal treatment to increase the interac-
tions between graphitic layers through CNT collapse, coalescence, 
and, ultimately, graphitization (Fig. 1A). This approach was based 
on the previous observation that single-walled nanotubes (SWNTs) 
in tightly bound bundles can form interconnected networks through 
coalescence and polymerization via sp3 bonding at vacancies and 
other defects of the graphitic structure (14,  15). These structural 
transformations in the large-diameter tubes could be directly induced 
at high pressures or temperatures. According to Monte Carlo models, 
SWNT bundles can be rearranged into multiwalled nanotubes or 
more complex graphitic nanoribbons (GNRs) via coalescence 
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under high pressure and high temperature (16). López et al. (17) 
reported that the coalescence of CNT bundles is caused by the 
polymerization between CNTs, resulting in the formation of cylin-
drical and C-CNTs at high temperatures. In the present work, the 
increased interactions between layers following thermal treatment 
led to an unprecedented combination of longitudinal mechanical, 
electrical, and thermal properties, with simultaneous improvements 
in strength and modulus to levels beyond those of traditional CFs. 
Rationalization of the mechanical properties using a shear lag 
model, orientations measured using synchrotron wide-angle x-ray 
scattering (WAXS), and molecular dynamics (MD) simulations 
revealed that thermal treatment increased the shear strength between 
CNTs and limited embrittlement through a moderate increase in 
the shear modulus.

RESULTS
We prepared wet-spun CNT fiber arrays directly from the nematic 
liquid crystal phase. The liquid crystalline dopes were prepared 
using CNTs (98% pure) and extruded through an optimized wet- 
spinning process using a single spinneret (fig. S1) (18). Figure  1 
shows the distributions (fig. S2) and microstructures (fig. S3) of 
CNT fibers spun from a mixture (S·DWNT) of SWNT and double- 
walled nanotube (DWNT) (55:45) liquid crystalline dopes followed 
by heat treatment at different temperatures. The diameter of the CNTs 
increased after annealing at 1400°C (fig. S2) compared with that of 
the pristine S·DWNT fiber (Fig. 1B), indicating the coalescence of 
CNTs. The generation of defects at high temperatures or the pres-
ence of reactive sites such as ends, dangling bonds, and Stone-Wales 
defects in CNTs results in the formation of linkages between tubes 

Fig. 1. Development of CNT fibers through the coalescence of nanotubes. (A) The schematic illustration of CNT coalescence via annealing temperature. (B) Cross- 
sectional transmission electron microscopy (TEM) image of as-prepared CNT fibers with S·DWNT bundles. Cross-sectional TEM images of CNT fibers with MIW-CNT and 
C-CNT hybrid structures after annealing at (C) 1400, (D) 1700, (E) 2000, and (F) 2400°C. (G) TEM image of CNT fibers with a highly aligned GNR structure after annealing at 
2700°C. High-resolution TEM images of (H) collapsed DWNT, (I) MIW-CNT, and (J) DWNT bundles wrapped with a collapsed SWNT.
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and induces coalescence by the zipping mechanism (Fig. 1, C to E) 
(14). After annealing at 2400°C, unzipping of the CNT bundles into 
planar structures was initiated (Fig. 1F). Planarization by grain 
growth and orientation during graphitization were complete after 
annealing at 2700°C (Fig.  1G), resulting in an AB stacking GNR 
structure, which is generally reported in other graphitic CFs (19, 20).

Compared with tubular structures [d-spacing of 0.35 nm for the 
(002) plane], the d-spacing of AB stacked GNR decreased to 0.338 nm. 
During the coalescence of the CNT bundles, various multidimen-
sional tube structures were observed. As the diameter of the tube 
increased in a limited area, favoring their collapse induced by 
contact with adjacent nanotube structures (Fig. 1H). Furthermore, 
during coalescence of the CNT bundles, multiple nanotubes sharing 
a single outer wall structure were formed, which we named multi-inner 
wall (MIW)–CNTs (Fig. 1I). In extreme cases, multiple nanotubes 
wrapped with a single collapsed structure appeared to fill the voids 
between the tubes (Fig. 1J). The average diameter of the CNTs in-
creased by 6 to 20% up to 2000°C (fig. S2), and the ratio of C-CNTs to 
MIW-CNTs was up to 10%. We found that the SWNTs with smaller 
diameter were more likely to undergo coalescence than the DWNTs 
with larger diameter. This coalescence process led to an increase in the 
tube diameter, polygonization and flattening of tubes, and formation 
of C-CNT and MIW-CNT structures (figs. S2 and S3). According to an 
MD simulation incorporating the Berendsen thermostat scheme (21), 
the ability of CNTs with smaller diameters to withstand thermal loads 
is less than those with larger diameters because they have a greater 
tendency to bend, and thus, the end- to-end distance shrinks.

WAXS measurements show the evolution of the main structural 
features that control the longitudinal fiber properties upon thermal 
annealing. Figure  2A shows the two-dimensional (2D) WAXS 
patterns of S·DWNT fibers in pristine form and after annealing at 
1700 and 2700°C (others in fig. S4). As inferred from the equatorial 
(Fig. 2B) and meridional (Fig. 2C) radial profiles, these annealing 
temperatures mark the main transformations. The starting material 
comprises highly aligned CNTs [full width at half maximum 
(FWHM) < 9°] in bundles with limited order and residual acid 
molecules. The acid molecules were removed, and CNT compaction 
was induced when annealing was carried out up to 1700°C, thereby 
resulting in stronger interplanar {hk0} reflections and smaller inter-
layer spacing; in contrast, annealing above 1700°C resulted in a 
transition from CNT bundles to flat, elongated graphitic domains, 
similar to ribbons, observed by the sharpening of the (002) interlayer 
reflection and the emergence of strong {100} and {110} reflections. 
After annealing at 2700°C, the material was highly graphitic, with 
interlayer spacing of 0.338 nm and {101} reflections indicating 
stacking order. Since the annealed fibers are considered as a net-
work of crystallites, they are unique compared to traditional CFs in 
combining a small crystallite thickness (Lc) with an exceptionally 
large crystallite length (La) (Fig. 2D and fig. S5). The 2D WAXS 
measurements also show high alignment after annealing at various 
temperatures (fig. S6), with FWHM values (6° to 7°) comparable to 
those of high-performance polymer fibers (22). Upon annealing, 
the contributions of less-aligned elements disappeared from the 
azimuthal profile, changing the orientation distribution function 
and orientation parameter, ⟨cos2()⟩ (Fig. 2E)

  ⟨ cos   2 ( ) ⟩=   
 ∫0  

   I( )  cos   2  sind

  ───────────  
 ∫0  

   I( ) sind

     (1)

Although no significant differences were observed in the fiber 
cross sections (fig. S7), the changes in internal crystallite network 
structure produced upon annealing had a strong effect on the 
tensile properties. When annealing was carried out at 1700°C, 
tensile strength increased to 6.57 ± 0.43 GPa (best value: 7.0 GPa), 
and modulus to 629 ± 49 GPa (Fig. 3A). At higher annealing tem-
peratures, the modulus increased up to 840  ±  19 GPa at 2700°C; 
however, the tensile strength decreased to 2.89 ± 0.1 GPa. Similar 
behavior was observed for the SWNT and DWNT fibers (figs. S8 
and S9). Furthermore, after annealing at 2700°C, the DWNT fiber 
was fully transformed into a graphitic structure with a tensile 
modulus of 1049 ± 105 GPa, which is near the theoretical limit for 
graphite fibers (23). Typical fibrillary fracture surface was observed 
at annealing temperatures below 2000°C, whereas brittle fracture 
tended to occur at annealing temperatures above 2000°C (fig. S10), 
indicating that the transformation from a multidimensional tube 
structure to a graphitic structure reduces the extent of CNT sliding. 
Compared with previous CNT-, graphene-, PAN-, and pitch-based 
CFs, the tensile strength and modulus of these multidimensional 
structures were enhanced simultaneously (Fig. 3B).

These tensile properties can be rationalized on the basis of shear 
lag theory (24), considering the fiber as a network of highly aligned 
bundles, similar to a fiber surrounded by a continuous matrix of 
secondary bonds that transfer stress through shear. Axial stress 
builds up along the bundle length and reaches a maximum in the 
middle of it. The magnitudes of the shear and axial stresses increase 
as matrix deformation increases, until the shear stress exceeds the 
interfacial shear strength (C) and sliding occurs. As an estimate of 
fiber strength, we use the average bundle axial stress, which, for 
high-aspect-ratio load–bearing elements, can be obtained approxi-
mately as follows

     fiber   ≈   2  V  f      C   ─     = 1.14    C    √ 
_

    e  c   ─ g       (2)

where  is related to the ratio of CNT axial (ec) and shear moduli (g), 
(  =  √ 

_
   4g _ c  e  c      ), and c is a constant related to the bundle volume fraction 

Vf (  c = ln (     2 _ 
 √ 
_

 3    V  f  
  )    ) (25). This equation is consistent with the obser-

vation of failure through slippage of load-bearing elements rather 
than fracture. Such failure mode implies that a low shear modulus is 
beneficial: A high shear modulus would produce a rapid buildup of 
a shear stress above the limiting shear strength, thereby resulting in 
premature failure before substantial axial stress could build up in 
the bundle (fig. S11). From the relationship between fiber compli-
ance and the orientation parameter    (     1 _  E  fiber    =   1 _  e  C    +  ⟨ cos   2 ( ) ⟩ _ g   )    , we ob-
tained a shear modulus of 9.3 GPa for CNT fibers (Fig. 3C), which 
is substantially lower than that for high-strength CFs (46 ± 10 GPa) 
(26). In addition, an increase in shear strength results from the 
reduction in interlayer separation (27) and increased crystallographic 
order upon annealing, as observed in Fig. 2. The simulation of pull-
out energy further confirmed that annealing increases the shear 
strength (fig. S12). For the MD simulations, four different models 
were constructed to describe the CNT fibers produced (fig. S12). 
Compared with the SWNT bundles, C-CNT and MIW-CNT exhibited 
larger interfacial areas, i.e., between those of the pull-out CNTs and 
other CNTs, resulting in strong van der Waals interactions with 
58 and 46% higher pull-out energies, respectively, than the SWNT 
bundles. Furthermore, the pull-out energy of the GNR structure 
was approximately 180% higher than that of the SWNT bundles.
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CNTs are hexagonal sp2-bonded carbon structures with excep-
tionally high in-plane electrical (1 to 10 MS/m) and thermal con-
ductivities (25 to 4500 W/m·K) (7, 28). However, their out-of-plane 
electrical (1 to 104 S/m) and thermal conductivities (0.10 to 19 W/m·K) 
are relatively low (28, 29). Therefore, the electrical and thermal con-
ductivities of CNT fibers depend on the degree of alignment (7, 30). 
Figure S9 shows electrical conductivity versus annealing tempera-
ture, which mostly factors in dedoping for the lower temperatures 
and then fusing of carbon sheets for the higher temperatures. Highly 
oriented S·DWNT fibers with MIW and C-CNT structures annealed 
at 1700°C exhibited high strength (6.57 ± 0.43 GPa; best value: 7 GPa) 
and high electrical conductivity (2.2 ± 0.3 MS/m) (Fig. 3D and table 
S1). According to previous report, the thermal conductivity of gra-
phitic fibers is often influenced by their structural defects (31–34) 

and domain boundaries (35, 36). Therefore, the highest thermal con-
ductivity (496 ± 6 W/m·K) and the highest modulus (1049 ± 105 GPa) 
(table S1) were achieved for DWNT fibers that were prepared by 
annealing at 2700°C and exhibited a comparatively large longitudinal 
crystallite size (La = 30.4 nm) (Fig. 3E and fig. S13). The high ther-
mal conductivity has been attributed to a very high degree of La and 
the corresponding reduction in phonon scattering (37). The develop-
ment of La exhibited a proportional relationship with the thermal 
conductivity (fig. S13). Effectively, the multidimensional CNT fibers 
synthesized via coalescence simultaneously exceeds all the proper-
ties of previous CFs with superior knot efficiency (45%) (fig. S14) and 
toughness (34 J/g) (table S2). The combination of high-performance 
mechanical, electrical, and thermal properties is above most of 
PAN- and pitch-based CFs (Figs. 3, D to F).

Fig. 2. Structural evolution of CNT fibers after annealing. (A) 2D WAXS patterns of representative S·DWNT fibers. (B) Equatorial and (C) meridional radial profiles showing 
the transition from bundles to highly crystalline graphitic domains upon high-temperature annealing. (D) Plot of crystal sizes transversal (Lc) and parallel (La) to the fiber 
axis for CNT fibers as well as conventional graphitic CFs from different precursors (48). (E) Orientation parameters ⟨cos2()⟩ calculated from the interlayer reflections (Eq. 1).
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DISCUSSION
We introduced a previously unknown CNT fiber structure by 
annealing process, wherein CNTs with high degree of structural 
perfection were first organized into superaligned fibers and then 
compacted by annealing to form coalesced domains with strong 
interactions between graphitic planes. The multidimensional CNT 
fiber structures were found to consist of macromolecular structures 
with a high shear strength and low shear modulus for effective 
stress transfer of the load-bearing elements. As a result, the pro-
posed CNT fibers exhibited an ultrahigh strength (~7 GPa) or a 

high modulus (>1,000 GPa), close to the mechanical properties of 
individual nanotubes. Furthermore, these structures were highly 
oriented, which is favorable for designing macromolecular struc-
tures for effective phonon and electron transfer. Moreover, these 
new fibers exhibited high thermal (482 ± 63 W/m·K) and electrical 
conductivities (2.2 ± 0.3 MS/m). These multifunctional CNT fibers 
could be invaluable in existing and emerging applications, includ-
ing aerospace vehicles, robot arms, satellites, and electronic devices, 
which require simultaneously high mechanical, thermal, and elec-
trical properties.

Fig. 3. Properties of high-performance CNT fibers. (A) Stress-strain curves of S·DWNT fibers after annealing at various temperatures. (B) Comparison of mechanical 
properties with other CNT fibers and CFs (7, 49). (C) Relationship between longitudinal compliance and the orientation parameter 〈cos2()〉, and comparison with other 
CNT fibers and CFs, showing an apparent internal crystal shear modulus that is substantially lower that than for CFs. (D) Comparison of electrical conductivity as a function 
of tensile strength with other CNT fibers and CFs (7, 10, 49–51). (E) Comparison of thermal conductivity as a function of tensile modulus with other CFs, CNT, and graphene 
fibers (7, 10, 52). (F) A radar chart of properties for CNT fiber and CFs. Each property is normalized to the highest value within this set of fibers.
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MATERIALS AND METHODS
Materials
SWNTs (TUBALL) were purchased from OCSiAl. The SWNT 
content is more than 90%, and the purity is more than 95% (figs. 
S1A and S2). The average diameter of SWNT is 1.87 nm (fig. S2D).

Single-walled and double-walled carbon nanotube mixtures 
(S∙DWNT) were prepared from Meijo Nano Carbon Co. Ltd. The 
ratio of SWNT and DWNT is 55:45. The purity of S∙DWNT is more 
than 98% (fig. S1A). The average diameter of S·DWNT is 1.94 nm 
(fig. S2B).

Wet-spun DWNT fibers were purchased from DexMat (Houston, 
TX). The average diameter of DWNT is 2.42 nm (fig. S2F).

Preparing liquid crystal CNT dopes
In order to remove the amorphous carbon, SWNTs (TUBALL) 
were treated at 400°C for 1 hour under air atmosphere (18, 38). In 
addition, SWNTs were purified with piranha solution. SWCNTs 
(600 mg) were dispersed in 200 ml of the piranha solution [mixture 
of 98 weight % (wt %) sulfuric acid and 28 wt % hydrogen peroxide 
in a ratio of 7:3] for 5 hours at room temperature (39). The solution 
was washed with deionized (DI) water until it became pH 7. It was 
dried at 100°C in vacuum oven for 12 hours.

The S∙DWNTs (Meijo Nano Carbon Co. Ltd.) were heat treated 
at 400°C for 1 hour under air atmosphere without any purification 
process. The SWNT and S∙DWNT dopes at concentrations of 
1 to 3 wt % were prepared by dispersion in chlorosulfonic acid 
(Sigma-Aldrich) for at least 3 days.

Wet-spinning process
The CNT dopes were extruded into an acetone (99.5%, Daejung) 
bath using a 24-hole spinneret or needle (fig. S1D). We spun 350 m 
of fiber at a time, and the spinning process could be continued as 
long as the liquid crystalline dope was available. The spun fibers had 
a minimum diameter of 8 m (needle) and a maximum diameter of 
80 m (24-hole nozzle). Both the fibers obtained from the spinneret 
and needle have similar mechanical and electrical properties. The 
draw ratio was controlled by flow rate and winding rate in wet-spinning 
process. The wet-spun CNT fibers were washed in DI water for 
6 hours and dried overnight in the vacuum oven at 170°C.

Heat treatment of CNT fibers
Wet-spun CNT fibers were tightly fixed to the graphite sheet using 
carbon tapes. The samples were heat treated at temperatures of 
1400, 1700, 2000, 2400, and 2700°C, respectively. The heat treat-
ment at 1400°C was performed using a tube-type carbonization 
furnace. The heat treatment at the other temperature was per-
formed using a graphitization furnace. The temperature was raised 
at a heating rate of 10°C/min up to 1400°C, 5°C/min up to 1700°C, 
3°C/min up to 2400°C, and 2°C/min up to 2700°C. Under the Ar 
atmosphere, each sample was kept at each temperature for 30 min.

Measurement of mechanical properties and linear density
Mechanical properties were measured using a FAVIMAT+ with 
210 cN load cell. The sample was prepared by setting the gauge 
length of 25 mm onto a square frame. A weight of 100 mg was hung 
to measure the correct linear density. A linear density was measured 
by a known method (40). This is a method of calculating the reso-
nance frequency measured with a vibroscope. The frequency of the 
CNT fibers was obtained by increasing the pretension from 1 to 

2 cN at a rate of 2 mm/min. The linear density was calculated 
according to Mersenne’s law

  f =   1 ─ 2L    √ 
_

   T ─        (3)

where f is the frequency of the CNT fibers, L is the gauge length, T 
is the pretension of the CNT fiber, and  is the linear density. Each 
sample was measured at least 30 times.

WAXS measurements and data analysis
WAXS measurements of individual CNT fiber filaments (~10 m 
in diameter) were obtained under microfocus configuration at the 
NCD-SWEET beamline of ALBA synchrotron. Multiple patterns 
were collected in each measurement in order to reduce noise. These 
patterns were summed and background subtracted. The 2D pat-
terns shown correspond to measurements at two different angles of 
the fiber relative to the WAXS detector, combined into a single 
image only for visualization. Coherent lengths, which are equivalent 
to crystal sizes, are calculated with the Scherrer equation using the 
proportionality factors used in graphite. No instrumental broadening 
correction is required because of the high coherence of synchrotron 
radiation. In-plane crystal size, La, is obtained with the FWHM of 
the (100) peak, fitted with a split Pearson VII function (41). For the 
DWNT fiber annealed at 2700°C, there is evidence of an additional 
peak, identified as the (101) reflection (vide supra). For those sam-
ples, La is calculated from the (100) after deconvolution. Out-of-
plane crystal size, Lc, is obtained through the Scherrer equation 
using the (002) peak, fitted with a pseudo-Voigt function. This 
method for determination of crystal size is most commonly applied 
to synthetic fibers, thus enabling a direct comparison of CNTFs and 
other graphitic fibers using equivalent microstructural and me-
chanical characterization methods. Estimating the crystal size using 
the Scherrer equation usually gives a lower limit. There are alterna-
tive, more rigorous methods to calculate coherent sizes in graphitic 
systems, for example, by full fitting of experimental data using the 
model of Ruland and Smarsly (42) for coherent scattering from 
inter- and intralayer interference. While more accurate, this model 
is substantially more difficult to apply, hence less commonly related 
to bulk fiber properties, and produces small increases in crystal size, 
which are approximately constant for nongraphitizable carbons, 
PAN-based CF, and pitch-based CF processed at different tempera-
tures from 500° to 2500°C (43). Azimuthal profiles were obtained 
after radial integration at the (002) reflection or at the maximum 
for the interlayer diffraction peak. For pristine samples and fiber 
annealed up to 2000°C, the azimuthal profile was fitted with pseudo- 
Voigt functions. For samples annealed at higher temperatures, a 
PearsonVII function was used.

Thermal conductivity measurement using a steady-state dc 
thermal bridge method
The thermal conductivity of suspended CNT fibers is measured 
using an established steady-state dc thermal bridge method that has 
been previously applied to CNT fibers (44). Electrical dc currents 
are used to heat a suspended fiber, and four-point resistance 
thermometry measurements are used to measure the average tem-
perature rise. Both convection and radiation losses are negligible 
because the measurements are carried in high vacuum (~10−6 Torr), 
the suspended length of the sample is relatively small (lengths 
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ranging from 3.9 to 5.92 mm) (45), and the temperature differ-
ence between the heated sample and substrate is maintained below 
10 K. Thermal contact resistances at the sample-substrate interface 
are mitigated via silver paste contacts.

Briefly summarizing the analysis, the governing 1D heat con-
duction equation is written as

     d   2  T ─ 
d  x   2 

   +   P ─ LkA   = 0  (4)

where x is position, T is temperature, P is the total Joule heat genera-
tion in the sample, A is the cross-sectional area of the sample, L is 
the suspended length, and k is the longitudinal thermal conductivity 
of the sample. After solving Eq. 4 and applying the boundary condi-
tions (46), the average temperature rise of the sample above the 
substrate temperature can be written as

  ∆ T =   PL ─ 12kA    (5)

Equation (5) is used to extract the thermal conductivity k. The tem-
perature of the sample was controlled using a thermoelectric module 
with a Pt-100 thermometer. To measure the heat generation P in 
Eq. 5, the current was applied using a source meter (Keithley 6221), 
and the voltage was measured by a nanovoltmeter (Keithley 2182A). 
The length of the sample was measured with optical microscopy, 
and the cross-sectional area was measured by scanning electron 
microscopy (SEM).

Simulation methods
The MD simulation was performed to investigate the effect of the 
structures of the CNT bundle on the pull-out energy of the CNT 
fiber using the Large-scale Atomic/Molecular Massively Parallel 
Simulator (LAMMPS). The steered MD simulation (46) was con-
ducted to predict the potential energy required for pulling a pull-
out CNT or layer from a CNT bundle (from case 1 to case 3) or 
graphitic sheets (case 4) in the four models with the different struc-
ture (fig. S11A). Figure S11B shows the stabilized CNT bundle and 
graphitic sheets after the equilibration process of MD simulation 
models. The pull-out simulation was conducted using the stabilized 
simulation models. The one end of the other CNTs (or the other 
layers) except for the pull-out CNT (or pull-out layer) in the model 
was fully fixed in a longitudinal direction of CNTs. The pull-out 
CNT (or pull-out layer) was pulled out at a constant velocity 
during the pulling process. The pull-out energy (W), which is the 
calculated potential of mean force during the pull-out simulation, is 
expressed as

  W = − ∇ U  (6)

  U =   1 ─ 2   k  [vt − (r −  r  0   ) ∙ n]   2   (7)

where U is the potential energy, k is the spring force constant, v is 
the pull-out velocity, t is the time, and n is the vector direction. r 
and r0 are the position of atoms at time t and the initial position of 
atoms, respectively (47).

Characterizations
The cross sections and surface morphology of CNT fibers were 
observed by SEM (FEI-Helios). High-resolution transmission electron 

microscopy (TEM; FEI-Titan G3) was used to observe the diameter 
and structural evolutions of CNTs. Specimens for TEM imaging of 
fiber cross sections were prepared using the focused ion beam of the 
FEI-Helios scanning electron microscope. The thermogravimetric 
analysis was performed using a Q50 (TA Instruments) at a heating 
rate of 10°C/min under air atmosphere. The liquid crystal phase 
of the CNT dope was obtained using an optical microscopy with 
cross-polarizing filter (L150, Nikon). The electrical conductivity of 
CNT fibers was measured by a four-point probe method using a 
probe station (MST-4000A, MS Tech). The G/D ratios of raw CNTs 
and CNT fibers were measured by a Raman spectrometer (InVia 
Reflex, RENISHAW) with 514-nm excitation wavelengths.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn0939
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