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A B S T R A C T

Carbon nanotube (CNT) fibers exhibit outstanding intrinsic properties, yet their macroscopic performance is 
often limited by structural disorder, void formation, and collapse during high-temperature processing. Here, we 
introduce a polymer-scaffold-guided graphitization strategy in which polyimide (PI) functions as a thermally 
stable scaffold to maintain CNT alignment, suppress collapse, and regulate structural evolution. Upon heat 
treatment up to 2900 ◦C, the PI-containing CNT fibers exhibited enhanced graphitic ordering, extended axial 
correlation length, and reduced interlayer spacing, as confirmed by Raman spectroscopy, small-angle and wide- 
angle X-ray scattering (SAXS and WAXS). Notably, the CNT/PI fiber with 50% PI content achieved a correlation 
length of 13.7 nm, leading to exceptional thermal conductivity (534 ± 91 W m− 1K− 1), electrical conductivity 
(0.64 ± 0.02 MS m− 1), tensile strength (3.26 ± 0.3 GPa) and modulus (870± 138 GPa). These findings 
demonstrate that PI acts not only as a reinforcing polymer but also as a structural scaffold that guides graphi
tization and directional phonon transport, enabling the design of high-performance, anisotropic CNT-based fibers 
for thermal management and advanced structural applications.

1. Introduction

Carbon nanotubes (CNTs) possess intrinsically high tensile strength 
(~63 GPa) [1], electrical conductivity (~106 S m− 1) [2], and thermal 
conductivity (~6600 W m− 1K− 1) [3], making them promising candi
dates for advanced functional materials [4–6]. Leveraging their 
one-dimensional (1D) structure, CNTs have been assembled into 
macroscopic architectures such as fibers [4,7–9], films [10–12] and 
foams [13,14] for applications including mechanical, electrical to 
thermal applications [15–17]. Among these, CNT fibers retain excep
tional intrinsic properties of individual nanotubes; however, challenges 
such as a low aspect ratio and structural imperfections often limit their 
macroscopic performance [18]. To address these limitations, polymer 
and carbon materials reinforcement strategies have been introduced [7,
19,20]. Polyimide (PI), in particular, is an attractive candidate due to its 
high mechanical properties [21,22], thermal stability [22,23], and 
carbon yield upon pyrolysis, rooted in its aromatic backbone [24,25]. In 

addition, PI can form highly ordered graphitic structures with excellent 
thermal transport, particularly in films. However, achieving such 
ordering in fibers is more challenging [24]. As a well-established carbon 
fiber precursor, PI is an ideal candidate for integrations with CNTs, 
especially in systems subjected to high-temperature processing. Our 
efforts [7] to integrate poly(amic acid) (PAA) into CNT dopes in chlor
osulfonic acid (CSA) encountered PAA structural instability and leach
ing into the coagulation bath, hindering high PAA loadings in the 
composites. In addition, a previous study showed that molecular design 
plays a key role in promoting phonon transport in PI-based graphitic 
films, linking structural coherence to enhanced thermal conductivity 
[26].

A critical but underexplored issue is the anisotropic nature of CNT 
fiber: phonon scattering and misalignment suppress axial thermal con
ductivity, highlighting the need to manage structural coherence and 
directional phonon transport [26]. We hypothesized that PI could 
function not only as a reinforcing polymer but also as a structural 
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scaffold to maintain CNT alignment, suppress collapse, and regulate 
void evolution under extreme heat treatment. This strategy additionally 
alleviates the high cost associated with single-walled CNTs, as incor
porating up to 50 wt % PI reduces CNT usage and concomitantly im
proves structural coherence and device material performance.

Here, we demonstrate the fabrication of CNT/PI composite fibers via 
wet spinning and graphitization up to 2900 ◦C. Structural analyses via 
Raman spectroscopy, small-angle and wide-angle X-ray scattering (SAXS 
and WAXS) reveal that PI effectively stabilizes CNT domains, producing 
highly graphitic structures with extended correlation length along the 
fiber axis. This structural control translates into simultaneous optimi
zation of thermal conductivity (534 W m− 1K− 1), electrical conductivity 
(0.64 MS m− 1) and tensile strength (3.26 GPa). Our findings identify PI 
as a multifunctional scaffold that enables the design of CNT-based fibers 
with well-defined anisotropic architectures and unprecedented thermal- 
mechanical performance. Taken together, these results establish a 
polymer-scaffold-guided graphitization strategy as a viable route to 
CNT-derived carbon fibers with unprecedented thermal and mechanical 
performance.

2. Experimental

2.1. Materials and spinning

CNTs which consist of single wall and double wall nanotubes were 
supplied from Meijo corp. and oxidized at 400 ◦C for 6 h. To hybridize PI 
with CNT fiber, polyamic acid (PAA) powder with a 3,3′-dia
minobenzidine-co-biphenyltetracarboxylic dianhydride (DAB-BPDA) 
was thermally imidized to obtain polyimide (PI) powder prior to spin
ning. The imidization was conducted stepwise at 100 ◦C, 180 ◦C, 250 ◦C, 
and 350 ◦C, with a total dwell time of 30 min. CNTs and PI were dis
solved in chlorosulfuric acid (CSA) at a concentration of 10 mg mL− 1, 
and the CNT/PI/CSA dope solution-containing up to 60 wt% PI- was 
extruded through a single nozzle into an acetone coagulation bath at a 
rate of 0.1 mL min− 1. The as-spun fibers were then rinsed continuously 
in deionized (DI) water and subsequently vacuum-dried at 80 ◦C for 24 
h.

2.2. Heat treatment

The manufactured composite fibers were heat-treated at 1400 ◦C, 
2000 ◦C, and 2900 ◦C under a nitrogen and argon atmosphere while 
applying a constant tensile load of 0.031 N tex− 1. A carefully controlled 
multi-step heating protocol was employed: the temperature was ramped 
to 1400 ◦C at 10 ◦C min− 1, to 1700 ◦C at 5 ◦C min− 1, to 2400 ◦C at 3 ◦C 
min− 1, to 2700 ◦C at 2 ◦C min− 1, and finally to 2900 ◦C at 1 ◦C min− 1. At 
each target temperature, the fibers were held isothermally for 30 min to 
ensure complete transformation.

2.3. Characterization

2.3.1. Properties
Tensile properties were measured using FAVIMAT+ (Textechno) 

with 1-2 cN at a rate of 2 mm min− 1. The linear density of the fibers was 
determined by analyzing their resonance frequency using a vibroscope 
of FAVIMAT. To double check, all the fibers were weighted using micro 
weigh. The specific density of the fibers was measured using a density 
gradient column (POLYTEST, Ray-Ran, UK), constructed from two 
immiscible liquids: benzene and 1,1,2,2-tetrabromoethane. Glass beads 
with certified density values were used to calibrate the column. Fiber 
samples were immersed in the column and allowed to equilibrate for 24 
h. The density results obtained from the gradient method were further 
verified using the linear density (tex) measured by FAVIMAT+ and 
cross-sectional areas derived from focused ion beam-scanning electron 
microscope (FIB-SEM) images (Fig. S1).

The electrical conductivity of the fibers was evaluated using a 

standard four-point probe method with a probe station (MST-4000A, MS 
Tech). Thermal conductivity was measured using the self-heating tech
nique, where Joule heating was induced by passing a direct current 
through the fibers. The resultant temperature increase was monitored 
through the intrinsic thermoresistive behavior of each fiber using a four- 
point setup. The measurements were conducted under high vacuum 
(~10− 6 Torr), ensuring negligible heat loss via convection and radia
tion. The total suspended fiber length between the voltage probes was 
~4 mm. The temperature rise remained below 10K during the test, with 
ensured that radiative heat loss remained negligible compared to 
conductive heat dissipation along the fiber. A summary of the minimum 
and maximum sample lengths used for thermal conductivity measure
ments under different heat-treatment temperatures and PI contents is 
provided in Table S1. Electrical power input was measured with a source 
meter (Keithley 6221) and the corresponding voltage drop with a 
nanovoltmeter (Keithley 2182A). Fiber dimensions, including length 
and cross-sectional area, were measured using optical microscopy and 
SEM, respectively. The reported values are averages over approximately 
20 samples for tensile testing and 10 samples for electrical and thermal 
conductivity measurements; error bars denote standard deviations.

2.3.2. Structural characterization
The void structure and crystalline characteristics of the fibers were 

examined using 2D small-angle X-ray scattering (2D-SAXS) and wide- 
angle X-ray scattering (2D-WAXS). Measurements were performed 
using a Rigaku MicroMax-007 generator (operated at 45 kV and 66 mA, 
λ = 0.154 nm), equipped with a Rigaku R-axis IV++ detector. The 
sample-to-detector distances (SDD) were set in 3.06 m for SAXS and 
0.25 m for WAXS. SAXS data were analyzed to extract correlation 
lengths in both the meridional and equatorial directions, providing in
sights into nanoscale structure such as void and correlation length.

Crystallographic analysis of the (002) reflection was carried out from 
the 2D-WAXS patterns using IGOR pro. The orientation of graphitic 
domains was quantified via azimuthal intensity scans at 2θ ≈ 26◦, and 
Hermans' orientation factor was calculated using Wilchinsky's equation. 
The in-plane (La) and out-of-plane (Lc) crystallite sizes were estimated 
using the Scherrer equation with a shape factor (K) of 0.9.

Cross-sectional morphology of the fibers was further examined using 
focused ion beam (FIB) milling in an FEI Helios SEM, followed by high- 
resolution transmission electron microscopy (HR-TEM, FEI Titan Cubed 
60-300). Surface chemical composition and bonding states were 
analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific 
K-Alpha) using monochromatic Al Kα radiation (1486.6 eV). The func
tional groups present in PAA and PI were characterized using Fourier- 
transform infrared spectroscopy (FT-IR, Nicolet IS10) in attenuated 
total reflectance (ATR) mode, with 256 scans and 4 cm− 1 resolution.

Raman spectroscopy (InVia Reflex, Renishaw) with a 532 nm exci
tation laser was used to evaluate the graphitic structure of the fibers. The 
intensity ratio of D-band to G-band (ID/IG) was used to assess the degree 
of defect, while the 2D-to-G-band ratio (I2D/IG) provided insight into the 
extent of graphitic stacking and crystallinity. Liquid crystalline behavior 
of the CNT/CSA solution was observed via polarized optical microscopy 
(POM, L150, Nikon) using crossed polarizer.

3. Results and discussion

3.1. Properties of the fibers

Polyimide exhibits exceptional tensile and thermal properties as re
ported prior researches [7,21–25] and it has a variety of monomer 
structures. Among the polyimides structures, DHB-BPDA and DAB-BPDA 
films presented higher thermal conductivity than ODA-PMDA film 
because their benzene rings in backbone helped to make carbon struc
ture more stable during the carbonization and graphitization with high 
temperature [27]. However, DHB-BPDA was the most easily to be sul
fonated by CSA because of their hydroxyl groups [28], modified bulky 
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sulfonation groups on backbone of DHB-BPDA hinder the molecular 
orientation along the fiber axis and tensile properties of the 
CNT/DAB-BPDA fiber were improved (Fig. S2). Furthermore, PAA is 
vulnerable to strong acid like CSA [7], therefore, we imidized the PAA 
powder to obtain PI powder (Fig. S3), which was subsequently 
confirmed to dissolve in CSA (Fig. S3) and mixed with CNT/CSA solution 
and PI was hybridized up to 60% for keeping the liquid crystal state of 
the dope. To systematically investigate the effect of PI content, the total 
solid concentration of the spinning dope was kept constant with 10 mg 
mL− 1 while varying the CNT-to-PI ratio. Stable wet spinning was ach
ieved up to a PI content of 60 wt%. At higher PI contents (≥70 wt%), 
however, the dope failed to form continuous CNT-based fibers under 
identical spinning conditions, indicating a transition from a 
CNT-supported network to a PI-rich matrix. Therefore, compositions 
above 60 wt% PI were excluded to ensure meaningful structural and 
property comparisons within a CNT-framework-dominated regime. 
Hereafter, the CNT composite fibers containing 10%, 30%, 50%, and 
60% polyimide are referred to as PI10, PI30, PI50, and PI60, respectively. 
As-spun fiber was heat treated at 2900 ◦C to make graphitic structures, 
and comprehensive properties were evaluated (Fig. 1).

The CNT composite fibers exhibited distinct trends in tensile strength 
(Fig. 1b) and modulus (Fig. 1a) depending on the PI content. The tensile 
strength increased with increasing PI content, reaching a maximum of 
3.26 ± 0.3 GPa at 50 wt% PI (PI50) (Fig. 1b), while the pristine CNT 
fibers showed the lowest strength of 1.57 ± 0.2 GPa even after graphi
tization of the fiber. In contrast, the tensile modulus generally decreased 
with increasing PI content [7], however, the PI50 fiber exhibited a 
notable recovery in modulus (870 ± 138 GPa), comparable to that of the 
pristine CNT fiber (811 ± 69 GPa) (Fig. 1a). This divergence between 
strength and modulus suggests that different structural mecha
nisms—such as CNT alignment, void structure, and interfacial load 
transfer—may govern each property. Interestingly, thermal and elec
trical conductivities followed trends similar to the tensile strength not 
tensile modulus, both peaking at PI50 (Fig. 1c and d). Although the final 

heat-treatment temperature of commercial carbon fibers is not always 
disclosed, high-strength grades are generally carbonized, whereas 
high-modulus grades are typically graphitized at higher temperatures. 
The graphitized CNT/PI composite fibers exhibited superior thermal 
conductivity relative to conventional PAN- and pitch-based carbon fi
bers [29] (Fig. 1e), specifically PAN-based Toray's T-series and M-series, 
and pitch-based Mitsubishi's K13C and K13D series, along with reduced 
density (Fig. 1f) for enhanced lightweight performance. Notably, its 
properties were comparable to, or even exceed, those of M60J fiber 
(Toray, tensile strength: 3.8 GPa; modulus: 588 GPa; density: 1.93 g 
cm− 3) [30] as well as K13C6U fiber (Mitsubishi, tensile strength: 3.6 
GPa; modulus: 900 GPa; density: 2.18 g cm− 3) [29] (Fig. 1g). Impor
tantly, our CNT/PI composite fibers achieved a similar balance of high 
conductivity and relatively low density to K13C6U, highlighting their 
potential as next-generation high-performance carbon fibers. This 
simultaneous enhancement in mechanical and transport properties at an 
optimal PI content at 50% indicated that the structural evolution during 
processing plays a significant role. It is also noteworthy that the pre
cursor composite fibers, prior to heat treatment, exhibited both lower 
tensile strength and modulus than the pristine CNT fibers (Fig. S4). This 
is because, prior to heat treatment, the spaces between CNTs are filled 
with polymer; however, after heat treatment, these regions are con
verted into a carbon structure, leading to a shift in the property trend 
such that the fibers surpass the performance of pristine CNT fibers. 
However, upon high-temperature graphitization, the composite fiber
s—particularly PI50—surpassed the CNT-only fibers in both properties. 
This transition highlights the crucial role of the PI matrix with optimal 
composition in guiding structural reorganization and densification 
during thermal treatment, contributing to the final enhancement in 
performance.

Fig. 1. Overall properties of the fiber graphitized at 2900 ◦C with PI content from 0 to 60%. (a) Tensile modulus, (b) tensile strength, (c) thermal conductivity and (d) 
electrical conductivity. Correlated with thermal conductivity with (e) tensile modulus and (f) density of the fiber. (g) Normalized performance profile of CNT/PI 
composite Fibers with M60J and K13C6U reference.
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3.2. Well-ordered nanostructure in PI50 fibers evidenced by equatorial 
SAXS

To elucidate the structural origins of this enhancement, we carried 
out a series of detailed structural analyses. Typically, fibers which 
exhibit higher thermal conductivity have larger size of well-oriented 
crystal plane and crystallinity along the fibers [31,32], however, at 
extremely high temperature such as 2900 ◦C with similar materials, it 
would be similar size of crystal plane regardless of fiber property 
(Fig. S5). Furthermore, among the fibers, PI50 fiber exhibited an 
exceptional thermal conductivity of 534 ± 91 W m− 1 K− 1, representing 
an 80% increase relative to pristine CNT fibers. The enhanced properties 
were attributed to the more ordered structural arrangement or void 
structure induced by PI incorporation rather than crystal size.

Normally, thermal conductivity of the fiber is very affected by not 
only the crystal size (La) along the fiber axis but also perpendicular (Lc) 
to fiber axis [33,34], and we considered both axis of the fiber for 
properties evaluation and structure characterization. For improvement 
of the thermal conductivity, prevention of the phonon scattering as well 
as effective phonon transfer matters regularly arranged structure. 
Through the SAXS analysis, we obtained 2D SAXS patterns (Fig. 2a) and 
calculated void structure first by using Ruland and classical porod's 
method [35,36]. Void misalignment along the fiber axis decreased and 
void thickness decreased until PI content with 50% increased above the 

content. Voids within the fiber were typically cylindrical in shape, and 
their misalignment contributed to increased void thickness. The 
graphitized PI phase effectively filled the interstitial spaces between 
CNTs up to a PI content of 50%, thereby reducing both void size and 
misalignment (Fig. 2b and c). However, beyond this optimal content, the 
emergence of a PI-rich bulk phase resulted in larger voids, likely due to 
phase separation or structural heterogeneity at elevated PI concentra
tions, consistent with previous findings [7]. High-temperature treatment 
of pristine CNT fibers typically promotes the development of large 
graphitic domain, which can lead to structural tilting and folding due to 
anisotropic growth [37]. In contrast, increasing PI content within the 
CNT/PI composite fibers facilitated a progressive reduction in void 
misalignment and void thickness, indicating that PI plays a stabilizing 
role during graphitization. Nevertheless, at PI contents exceeding 50%, 
the PI-derived bulk phase appeared to disrupt the ordered assembly, 
compromising structural integrity and mechanical performance [7]. 
This structural trend in void misalignment was closely associated with 
the structural regularity of the fibers, as reflected in the intensity dis
tribution in a double logarithmic plot (Fig. 2d), indicating the period
icity and degree of structural organization. To further quantify this 
regularity, equatorial SAXS profiles were analyzed with a focus on their 
decay characteristics, as established in prior studies [38,39]. When the 
internal structure was well-ordered, the scattering intensity (I(q)) fol
lowed a power-law decay with a nearly constant slope (n) with q-vector 

Fig. 2. SAXS analysis of the CNT/PI fibers according to the PI content. (a) 2D SAXS pattern, (b) void diameter, (c) void misalignment, (d) equatorial scans the CNT/PI 
fibers as PI content, and (e) slope difference in double logarithm plot according to the q region. (f) Scheme of the phonon scattering with structure perpendicular to 
the fiber axis according to the structural periodicity.
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(q), appearing as a straight line on a double logarithmic plot (I(q) ≈ q− n) 
[40]. In contrast, decreased structural regularity led to heterogeneous 
domains, producing slope variation (m) across the q-range and mani
festing as Lorentzian-type decay behavior with short correlation length 
(ξ, I(q) ≈ 1

(1+(qξ)2)
m) [41,42]. As shown in SAXS profiles, the graphitized 

pristine CNT and PI10 fibers exhibited a Lorentzian-type decay charac
terized by a broad and curved profile, which is typically associated with 
crumpled morphologies or pseudo-phase separation, indicating the most 
disordered structures among the samples. Notably, the incorporation of 
PI at 10% did not enhance structural regularity and instead appeared to 
introduce further heterogeneity (Fig. 2d). With increasing PI content, 
particularly at 50%, the scattering profile transitioned into a distinct 
power-law decay with a constant slope, indicative of improved struc
tural ordering like pitch fiber (Fig. S6). At 60% PI content, however, the 
decay behavior reverted toward a Lorentzian-decay again, suggesting a 
breakdown of long-range order likely due to phase separation or 
excessive PI bulk phase interference. Cross-sectional SEM observations 
(Fig. S1.) provide qualitative support for this interpretation, revealing 
the presence of irregularly distributed pores within the PI60 fibers. 
Although these pores were not highly abundant, they were distributed 
nonuniformly across the cross-section, in contrast to the more homo
geneous structure observed for PI50 fibers, indicating locally disrupted 
packing and reduced structural coherence. This trend is consistent with 
the SAXS analysis, which reveals reduced cross-sectional ordering 
associated with void misalignment and growth. Importantly, despite the 
larger structural length scales probed by SEM, these morphological ir
regularities align well with the SAXS signature of increased disorder, 
reinforcing the conclusion that a PI content of ~50% represents an 
optimal balance for effective scaffold formation. This trend was also 
evident in the 2D SAXS patterns (Fig. 2a), where fibers with more reg
ular structure displayed higher intensity and shorter streaks oriented 
perpendicular to the fiber axis, consistent with enhanced alignment and 
periodicity. The Lorentzian-decay exhibited distinct slope variations 
across different q-ranges -low (q were < 0.1 nm− 1), mid (0.1 nm− 1 < q<
0.3 nm− 1) and high (0.3 nm− 1 < q)-reflecting a distribution of het

erogeneous domains. As shown in Fig. 2e, the pristine CNT and the PI10, 
PI30 and PI60 fibers all exhibited noticeable slope variations, due to 
lower structural regularity. In contrast, the CNT/PI50 fibers exhibited 
consistent slopes across all q-ranges (Fig. 2e) like pitch fiber which 
presents high thermal conductivity, demonstrating highly uniform 
structural arrangement perpendicular to the fiber axis (Fig. S6). Among 
the fibers, the PI10 showed the most significant slope variation (from 
− 1.52 to − 2.71, corresponding to a 78% change), further supporting its 
disordered nature. In comparison, the graphitized PI50 fiber exhibited 
the most regular alignment, which likely suppressed phonon scattering 
and enhanced axial thermal transport (Fig. 2f).

3.3. Longest axial periodicity achieved in PI50 fibers

While reduced phonon scattering (or dissipation) is essential for 
improving efficiency of thermal conductivity, facilitating directional 
phonon transport along the fiber axis is equally critical. To assess this 
axial transport behavior in relation to structural anisotropy, we analyzed 
the meridional SAXS profiles using Porod and Debye-Bueche approach 
[43,44]. Whereas the equatorial decay behavior qualitatively reflects 
the degree of lateral structural regularity, the meridional analysis 
allowed us to quantitatively extract the axial correlation length using the 
Porod-Lorentzain model. These two approaches are complementary, 
offering both qualitative and quantitative insight into the hierarchical 
structure of the fibers. The scattering profiles displayed features char
acteristic of both Porod and Lorentzian (or Cauchy) regimes and were 
fitted using a combined Porod-Lorentzian model [40]. In this formula
tion, the correlation length (ξ) reflects the spatial extent of electron 
density fluctuations within the CNT/PI composite fibers. The model 
incorporates a high- q Porod term and a low-q Lorentzian term, as shown 

in the following equation: 

I(q)=
A
qn +

C
1 + (qξ)m + background 

Where A and C are the scaling coefficients for Porod and Lorentzian 
scaling, respectively, and n and m are the corresponding exponents. 
While the original “correlation length” model was developed for 
polymer-solvent systems [41,42], it has been applied to heterogeneous 
solid-state materials with void, including carbon-based systems, to 
describe structural coherence and electron density fluctuations [43,44]. 
In this study, we adapted the model in the meridional direction, where 
the contrast arises from nanoscale voids, graphitic domains, and 
carbonized PI structures (Fig. 3b and Fig. S7). Notably, correlation 
length analysis was not conducted using equatorial scans, as reliable 
fitting could only be achieved for the PI50 fiber. In most other fibers, the 
equatorial SAXS profiles exhibited more pronounced Lorentzian-type 
decay, suggesting reduced structural regularity and greater disorder 
perpendicular to the fiber axis. This made it difficult to extract mean
ingful values ξ in that direction.

Structural regularity of the fibers was assessed through the density 
fluctuations reflected in I(q), which reflect the spatial distribution of 
aligned voids and graphitic domain (Fig. 3a and c). A longer correlation 
length indicates that these features are more uniformly spaced and 
coherent, corresponding to a more ordered internal structure with fewer 
phonon-scattering sites. In contrast, shorter correlation lengths signify a 
disordered arrangement of voids and domains, which disrupts period
icity and hinders phonon transport. Thus, the correlation length pro
vides a quantitative descriptor of the nanoscale structural order, which 
is directly linked to the thermal and transport properties of the fibers. 
Among all the fibers, the PI50 fiber showed the highest correlation length 
of 13.7 nm, compared to 3.29 nm for the pristine CNT fiber. This finding 
highlights the critical role of optimal PI incorporation in promoting 
structural coherence and improving transport properties along the fiber 
axis.

Notably, thermal and electrical conductivities showed distinct trends 
with correlation length. As shown in Fig. 3d, thermal conductivity 
increased nearly linearly with correlation length, reflecting the sensi
tivity of phonon transport to nanoscale structural alignment. In contrast, 
electrical conductivity (Fig. 3e) exhibited a nonlinear, saturating 
dependence. Unlike phonon transport, electron transport in CNT-based 
fibers is dominated by inter-tube and inter-domain hoping processes 
rather than intrinsic band conduction. In this context, the correlation 
length represents the effective axial extent of continuously aligned sp2 

graphitic domains. A shorter correlation length increases the frequency 
of inter-crystallite and inter-tube hopping events, leading to higher cu
mulative contact resistance. As correlation length increases, the number 
of hopping junctions along the transport pathway is reduced, enabling 
more efficient carrier transport through extended graphitic domains. 
Once a critical level of structural coherence is reached, however, further 
increases in correlation length provide diminishing benefits, as electorn 
transport remains ultimately limited by residual inter-tube junctions and 
network connectivity. This mechanism accounts for the observed satu
ration behavior in electrical conductivity despite continued structural 
ordering.

3.4. Temperature-dependent structural evolution of pristine CNT vs PI50 
fibers

Given that the CNT/PI50 fiber exhibited the highest correlation 
length and transport performance, we further investigated its structural 
evolution across heat-treatment temperatures (1400, 2000, and 
2900 ◦C), in comparison with pristine CNT fibers (Fig. 4). To investigate 
the structural basis for enhanced performance observed in the PI50 fiber, 
Raman spectroscopy and X-ray scattering analyses were conducted, 
which revealed temperature-dependent graphitization behavior and 
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provided insight into the distinct structural dynamics enabled by PI 
incorporation. In addition, TEM was employed to directly visualize the 
graphitic stacking within the fibers, offering complementary evidence of 
the structural coherence developed through high-temperature treatment 
(Fig. 4a). As the heat-treatment temperature increased, the G-band of 
both pristine CNT and CNT/PI fibers exhibited a gradual downshift, 
indicating stress relaxation and enhanced graphitic ordering within the 
sp2 carbon network (Fig. S8). Moreover, the temperature-dependent 
shifts and intensity changes of the G- and 2D-bands serve as reliable 
indicators of structural evolution during graphitization. In the fibers, the 
G-band initially displayed a characteristic splitting into G− and G+

components, corresponding to the axial and circumferential vibrations 
of the CNT lattice [45,46]. This feature was maintained up to 1400 ◦C, 
suggesting the persistence of the tubular structure. However, beyond 
this temperature, the two components gradually merged into a single 
peak (Fig. S8), signifying the collapse of the tubular form and the 
transition toward a more planar, graphitic configuration [47]. In par
allel, the 2D-band initially downshifted up to 1400 ◦C, suggesting 
increasing interlayer interactions and evolving turbostratic stacking 
(Fig. 4c–f) [48]. In the case of PI50 fibers, the 2D-band exhibited a slight 
upshift at 2000 ◦C and a more pronounced upshift at 2900 ◦C, whereas in 
pristine CNT fibers, the 2D-band downshifted until 2000 ◦C and only 
upshifted at 2900 ◦C as shown in Fig. 4d. This behavior indicates an 
earlier onset of graphitic ordering in the PI50 fibers.

Building on this observation, the marked 2D-band upshift beyond 
2000 ◦C further supports the hypothesis that the PI component began to 
act as a structural scaffold. In parallel, full width at half maximum 
(FWHM) decreased continuously up to 2900 ◦C as shown in Fig. 4e. As 
the PI was carbonized, it likely reinforced the surrounding CNT frame
work, mitigating structural collapse and enabling the formation of 
aligned, well-stacked domains. This interpretation is corroborated by 
the linear relationship between the ID/IG and I2D/IG ratios (Fig. 4f). 
Importantly, the temperature-dependent evolution of these Raman 
metrics for PI50 closely follows that of pristine CNT fibers rather than 
that of pristine PI, whose ID/IG and I2D/IG ratios display markedly 

different trends (Fig. S9). This divergence indicates that the funda
mentally different thermal evolution pathways of the two constituents: 
PI is carbonized via heteroatom elimination from the polymer backbone 
and subsequent aromatic domain growth, whereas CNTs retain their 
tubular framework to high temperatures and reorganize through tube 
collapse and inter-tube coalescence at elevated temperatures. Accord
ingly, the divergence indicates that the structure evolution in PI50 is not 
dominated by intrinsic PI graphitization but is instead governed by a 
scaffold-assisted and reorganization of the CNT network. Although 
pristine CNT fibers showed higher absolute I2D/IG values, their concur
rently large ID/IG ratios indicate the coexistence of localized graphitic 
domains with significant structural disorder. Notably, both pristine CNT 
and CNT/PI50 fibers exhibited an unusual increase in ID/IG ratio with 
increasing annealing temperature, contrary to the commonly observed 
trend of defect reduction during graphitization. This anomaly may arise 
from thermally induced tube collapse or inter-tubes coalescence at 
extreme temperatures, which can introduce new structural irregularities 
even as overall graphitic ordering proceeds (Fig. 4f). In contrast, the PI50 
fibers showed a steeper slope in the ID/IG versus I2D/IG plot, suggesting a 
more coherent and synchronized evolution toward graphitic ordering. 
This behavior implies that in PI50 fibers, the reduction of defects and the 
formation of ordered domains progressed in a more structurally coor
dinated manner, likely enabled by the carbonized PI acting as a physical 
scaffold. Such structural alignment is essential for optimizing phonon 
and charge transport, thereby contributing to the superior thermal and 
electrical performance observed in these fibers. This interpretation is 
further supported by cross-sectional TEM images of the PI50 fibers as 
shown in Fig. 4a, which reveal pronounced morphological changes with 
increasing temperature: prior to heat treatment, PI was intercalated 
between CNT bundles, leading to larger interlayer distances, while se
lective PI carbonization at 1400 ◦C initiated scaffold-like filling of voids 
and improved interfacial contact between CNTs.

Fig. 3. Correlation length investigation along the fiber axis characterized by SAXS analysis. (a) Scheme of the CNT/PI fibers with meridional direction as structural 
periodicity, (b) fitted model plot with Porod-Lorentzian model, correlation length of the fiber and relationship with (c) thermal conductivity and (d) electrical 
conductivity of the fibers.
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3.5. Multimodal structural analysis of CNT vs PI50 fibers during high- 
temperature graphitization

Consistent with the Raman results, WAXS and SAXS analysis pro
vided quantitative insights into the nanoscale ordering (Fig. 5). The 
correlation length of pristine CNT fibers peaked at 1400 ◦C, but rapidly 
declined with further heating-suggesting collapse and loss of long-range 
order (Fig. 5b). In contrast, PI50 fibers exhibited distinct temperature- 
dependent trends, reflecting the evolving role of the PI-derived scaf
fold. At room temperature, correlation length was dominated by the 
combined alignment of CNTs and PI chains, resulting in a longer cor
relation length compared to pristine CNT fibers. At 1400 ◦C, however, PI 
carbonization led to a temporary reduction in correlation length, 
whereas pristine CNT fibers benefited from CSA removal and axial 

alignment [49], producing their maximum correlation length. Specif
ically, CNT fibers that were only dried still retain trace amounts of re
sidual CSA within the fiber interior. Upon heating to 1400 ◦C, 
evaporation of residual CSA induces capillary-driven densification, 
promoting closer packing and enhanced axial alignment of CNT bundles. 
This process increases inter-tube and inter-bundle structural coherence 
without altering the intrinsic graphitic structure of individual CNT walls 
[49]. With further heating to 2000 ◦C, the onset of PI graphitization 
enlarged the crystal domains, thereby increasing the correlation length. 
At 2900 ◦C, both CNT and PI were extensively graphitized; although 
tilting and stacking imperfections slightly reduced correlation length, 
the decrease was marginal compared to pristine CNTs. For the latter, 
structural collapse initiated at 2000 ◦C and became severe at 2900 ◦C, 
where the absence of a stabilizing scaffold prevented the preservation of 

Fig. 4. Investigation of structural evolution as heat treatment temperature through (a) TEM and (b) its scheme. (c-f) Raman analysis of CNT and PI50 fiber. (c) 2D 
(G′)-band and its information with (d) FWHM, (e) Raman shift and (f) ID/IG vs. I2D/IG of the CNT and PI50 fiber.
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periodic ordering, yielding a markedly reduced correlation length.
WAXD analysis revealed corresponding changes in interlayer spacing 

and the (002) diffraction peak position (Fig. 5a, 5c-5g). For PI50 fibers, 
the orientation factor continuously increased with temperature, whereas 
pristine CNT fibers exhibited a decline above 1400 ◦C, indicating ther
mal misalignment and partial collapse (Fig. 5c and d). This trend high
lights the scaffold-like role of carbonized PI in maintaining alignment, 
particularly around 2000 ◦C.

In parallel, the out-of-plane crystallite size (Lc) of both samples 

remained nearly unchanged at intermediate temperatures but increased 
sharply at 2900 ◦C, reflecting enhanced graphitic stacking. Furthermore, 
it led to faster structural evolution perpendicular to the fiber axis as 
shown in Fig. S10. Notably, the PI50 fibers exhibited a pronounced rise in 
Lc already at 2000 ◦C, suggesting that the carbonized PI not only sta
bilized the structure but also facilitated early-stage stacking, unlike the 
in-plane crystallite size (La), which showed a less distinct temperature 
dependence (Fig. S10). In the precursor state, the PI50 fibers exhibited a 
relatively larger interlayer spacing (d002) of approximately 0.38 nm due 

Fig. 5. Structure analysis of CNT and PI50 fibers according to the heat treatment temperature. (a) 2D WAXD pattern images, (b) correlation length through SAXS 
analysis of CNT and PI50 fibers. (c) Orientation factor, (d) out-of-plane of crystal size, D-spacing with (e) room temperature and (f) as heat treatment temperature. (g) 
Density of the fiber after graphitization at 2900 ◦C.
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to the intercalation of PI chains between CNT bundles (Fig. 5e). Upon 
heat treatment at 1400 ◦C, PI began to be carbonized, leading to a 
substantial reduction in d-spacing to 0.35 nm and initiating early-stage 
graphitic packing (Fig. 5f). At 2000 ◦C, the scaffold-like role of the 
carbonized PI became more evident, as reflected in the equatorial WAXD 
patterns (Fig. 5a and Fig. S11). Compared to the pristine CNT fibers, the 
PI50 fibers exhibited a sharper (002) peak with higher diffraction angle, 
indicating enhanced stacking order and structural coherence facilitated 
by the PI. Also, in case of PI50 fibers, the orientation factor and out-of- 
plane crystallite size of the (002) plane increased with heat treatment 
temperature, while pristine CNT fibers lost their alignment above 
1400 ◦C (Fig. 5e and f). In contrast, the in-plane crystallite size initially 
decreased due to PI carbonization but increased at 2900 ◦C, reflecting 
progressive structural reorganization (Fig. S10). This behavior reflects 
the ability of carbonized PI to promote CNT alignment and suppress 
structural collapse during intermediate stages of graphitization. As the 
temperature increased further to 2900 ◦C, the d-spacing of the PI50 fibers 
slightly decreased to 0.34 nm, approaching that of graphite. This trend is 
consistent with prior observations in PI-based carbon fibers or films, 
where heat treatment above 2000 ◦C progressively reduces interlayer 
spacing, reflecting enhanced graphitic stacking [50,51]. This result in
dicates that substantial structural densification had already occurred by 
1400 ◦C. The carbonized PI acted as a robust scaffold, maintaining tight 
interlayer stacking and preventing structural relaxation during subse
quent heat treatment. As a result, the PI50 fibers exhibited the highest 
fiber density of 2.0 g cm− 3 among all the fibers (Fig. 5g), reflecting the 
formation of a tightly packed and well-ordered graphitic framework. In 
contrast, PI60 fibers showed a reduction in density, as the excess 
bulk-phase PI promoted void formation, which ultimately led to a less 
compact structure.

Collectively, multiscale structural analyses-Raman, SAXS, and 
WAXD-demonstrate that PI50 plays a critical role in stabilizing CNT 
frameworks during high-temperature treatment. The PI scaffold miti
gates void misalignment, enhances axial ordering, and enables the for
mation of tightly packed graphitic domain. This structural coherence 
directly correlates with the superior thermal conductivity (534 W 
m− 1K− 1), electrical conductivity (0.64 MS m− 1), and tensile strength 
(3.26 GPa) achieved in PI50 fibers, underscoring the effectiveness of 
polymer-assisted structural engineering for high-performance carbon- 
based fibers. In comparison with commercial carbon fibers (Fig. 1e–f), 
PI-guided graphitization enables CNT composite fibers to achieve a 
density lower than pitch-based fibers while simultaneously delivering 
properties exceeding those of PAN-based carbon fibers. This dual 
advantage highlights the unique role of PI as a structural scaffold that 
overcomes the traditional trade-off between density and performance.

4. Conclusion

In this study, we demonstrated that incorporating polyimide (PI) into 
CNT fibers significantly improved their structural integrity and perfor
mance, particularly under high-temperature treatment up to 2900 ◦C. 
The PI component acted as a thermally stable scaffold that effectively 
suppressed CNT collapse and promoted the development of a highly 
ordered graphitic structure. Structural analyses using Raman spectros
copy, SAXS, and WAXD revealed that the CNT/PI composite fiber with 
content of 50% exhibited enhanced graphitic ordering, increased cor
relation length, and reduced void misalignment compared to pristine 
CNT fiber. As a result, the CNT/PI composite fiber with content of 50% 
achieved markedly higher tensile strength, electrical conductivity, and 
thermal conductivity. These findings highlight the critical role of PI in 
enabling the fabrication of robust, high-performance CNT-based fibers 
with stable architectures suitable for extreme processing conditions. 
They also point to molecular design of polymeric components as a 
promising pathway to further elevate the properties of CNT-based 
composite fibers.
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