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A B S T R A C T

An efficient strategy to enhance mechanical and electrical properties of carbon nanotube (CNT) fiber is devel-
oped by using resorcinol-formaldehyde (RF) resin as a functional infiltrating agent that can be carbonized under
a mild condition. This strategy is a sequential process including infiltration of RF resin into CNT fiber, thermal
stabilization and carbonization. The selection of resin and additive, and enhancement mechanism are elucidated
by theoretical and experimental approaches. By using this strategy, the tensile strength, modulus, specific tensile
strength and electrical conductivity of CNT fiber are enhanced by 8.2, 16.4, 2.1 and 3.6 fold, respectively.

1. Introduction

The macroscopic assembly of carbon nanotube (CNT) into fibrous
form is an urgent issue to improve its processibility for automobile,
defense and aerospace industries while maintaining their fascinating
intrinsic mechanical and electrical properties [1,2]. Several spinning
techniques have been developed such as forest spinning from vertically
grown carpet of CNT on a substrate [3], liquid crystal spinning from
concentrated CNT in strong acids [4], and direct spinning of CNT
synthesized from chemical vapor deposition (CVD) reactor with floating
catalysts [5,6]. Among those techniques, the direct spinning has been
considered as a promising strategy based on its scale-up and continuous
production potential.

The direct spinning produces CNT fibers with lower mechanical and
electrical properties than individual CNT, and their inferior properties
originated from loosely-packed structures [7]. For reinforcement of
CNT fibers, the densification processes have been extensively explored
with roll-pressing [7], infiltration with liquids [8] or polymers [9], and
chemical vapor infiltration [10]. The polymer infiltration is an efficient
strategy to densify CNT fibers by filling their voids with polymers as
well as improve the load transfer efficiency [9]. Even though the in-
filtration of polymers such as poly (vinyl alcohol) (PVA) into CNT fibers
has shown the promise regarding to their mechanical properties, it re-
sulted in decrease of their electrical conductivity due to their insulating

property and increasing contact resistance [11]. Instead, the infiltration
of conducting polymers lead to the enhancement of electrical con-
ductivity of CNT fibers, but it negligibly affected their mechanical
properties [12].

Ryu et al. recently reported that the mechanical and electrical
properties of forest spun CNT fibers were considerably enhanced by
infiltration of polydopamine followed by pyrolysis at 1050 °C under H2

atmosphere for carbonization of polydopamine [13]. This report im-
plied that the infiltration and pyrolysis of carbonizable polymers into
CNT fibers can efficiently improve both their mechanical and electrical
properties. However, the high-temperature pyrolysis of polymer in-
filtrated CNT fibers under reductive condition is a highly energy con-
suming and expensive process, and requires the precisely controlled
environment to prevent thermal damage and oxidation of carbon ma-
terials [13].

Those features of high-temperature pyrolysis process render the
reinforcement process of CNT fibers cumbersome and restricted its
potential for a large-scale production. In this regard, the rational se-
lection of infiltrating polymer is a prerequisite for optimizing the re-
inforcement process of CNT fibers. An optimal infiltrating polymer
should provide cost-effectiveness, lightness, strong adhesiveness to CNT
fibers and mild carbonization condition. Preliminary density functional
theory (DFT) simulations and experimental findings suggest the re-
sorcinol-formaldehyde (RF) can outperform polydopamine: RF is
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predicted to bind to CNT stronger than polydopamine does, and RF
resin can be carbonized at low-temperature around 600 °C under inert
atmosphere. In addition, the carbonized RF resin provides thermal
shrinkage, high strength and electrical conductivity that are essential
features to improve both mechanical and electrical properties of CNT
fibers [14].

Herein, we demonstrate an efficient reinforcing strategy for CNT
fibers by using RF resin infiltration followed by thermal stabilization
and carbonization (Fig. 1). The selections of a resin and an enhancer are
made based on the DFT simulations: RF resin and cetyl-
trimethylammonium bromide (CTAB). Based on the designed interfa-
cing structures, the CNT fiber infiltrated with RF resin by CTAB (C-
RF@CNT fiber) exhibits highly enhanced tensile strength of 244MPa,
specific tensile strength of 0.56 N tex−1 and electrical conductivity of
1741 S cm−1 compared to those of pristine CNT fiber (tensile strength:
71MPa, specific strength: 0.42 N tex−1 and electrical conductivity:
968 S cm−1) without the thermal treatment which is essentially re-
quired for polydopamine-based reinforcement. By the thermal stabili-
zation and carbonization processes, the tensile, specific tensile strength
and electrical conductivity of the C-RF@CNT fibers were further en-
hanced to 610MPa, 0.86 N tex−1 and 3513 S cm−1, respectively. The
considerable enhancement of both mechanical and electrical properties
of CNT fibers confirmed that the RF resin infiltration, stabilization and
carbonization are an efficient strategy for the large-scale production of
high-performance CNT fibers, and the plausible enhancement me-
chanism was demonstrated with theoretical and experimental results.

2. Experimental section

2.1. Preparation of C-RF@CNT fibers

CNT fibers were produced by the previously reported method [5,6].
75 mg of CTAB was added in 40mL of the water and ethanol mixture
(3:1) containing 182mg of ammonium hydroxide (25–30wt%). After

stirring for 30min, 16mg of resorcinol and 25mg of formaldehyde
were added to the mixture for polymerization. CNT fibers were im-
mersed into the mixture for 3 h, washed by using water and ethanol,
and dried under reduced pressure for 3 h.

2.2. Carbonization of C-RF@CNT fibers

C-RF@CNT fibers were stabilized in a muffle furnace at 270 °C for
1 h with 10 °C min−1 heating rate under air. The stabilized C-RF@CNT
fibers were inserted in a tube furnace, degassed at1×10−3 torr, and
heated to 600 °C with 10 °C/min heating rate for 1 h under Ar flow.

2.3. Tensile experiments

For tensile test, all fibers were cut to 30mm and analyzed by using a
Textechno Favimat using a 0–2 N load cell with a resolution of 10−6 N,
20mm gauge length and 2mm/min loading rate. The tensile test was
repeated at least 10 times for each fiber to obtain statistical values.

2.4. Electrical conductivity measurements

The electrical resistance was measured by using a Keithley2000E
with the four-point probes method. The electrical conductivity (S
cm−1) of all fibers was calculated through k = (R×A/L)−1, where R,
A and L were resistance, cross section area and length of each fiber,
respectively. The electrical conductivity was also measured at least 5
times to obtain statistical values.

2.5. DFT simulation

DFT calculation employing ωB97X-D/6-31G* [15] have been per-
formed to find the most thermodynamically stable geometry. All the-
oretical predictions regarding geometry and total interaction energy
have been made using quantum chemistry package Q-Chem 3.0 [16].

Fig. 1. (a) Fabrication process and photograph of the direct spun CNT fibers. (b) Schematic illustration of RF resin infiltration, thermal stabilization and carboni-
zation of the direct spun CNT fibers.
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Zeroth-order symmetry-adapted perturbation theory (SAPT0) [17] is
employed to characterize the noncovalent interaction as the sum of
electrostatic, exchange, induction, and dispersion terms. The geome-
tries obtained at the DFT simulations are taken, and correlation-con-
sistent double-zeta basis sets (cc-pVDZ) are used. PSI4 1.0 is selected to
perform SAPT0 calculations [18]. More computational details are de-
scribed in Supporting Information.

3. Results and discussion

As spun CNT fibers showed complexed hierarchical structures with
voids which act as a defect site impeding efficient load and electron
transfer and thus diminishing mechanical and electrical properties of
CNT fibers (Fig. 1a) [7]. As a result, their diameter, tensile strength,
modulus, specific strength and electrical conductivity were measured to
be 72.6 μm (Fig. 2a), 72MPa, 2 GPa, 0.42 N tex−1 and 968 S cm−1,
respectively (Fig. 2b, c, d, e). To enhance mechanical and electrical
properties, the voids in CNT fibers should be filled with adhesive,
strong and electrically conductive materials [12].

DFT calculation has been carried out for the systematic design of
interface between RF resin and CNT fiber. RF resin is mainly bound to
SWCNT via dispersion interaction and small contribution from an
electrostatic term (Fig. 3a), and binding energy is predicted to be
21.9 kcal mol−1, which is higher that the interaction of SWCNT and
polydopamine repeating unit by ∼1 kcal mol−1 (Fig. 3e and see Fig. S1
for dopamine on SWCNT). CTAB, a surfactant to improve surface-
coating efficiency of RF resin on various nanomaterials [20], is tested as
a potential additive to lead further increase in interfacial binding en-
ergy. The individual interaction for CTAB-SWCNT and CTAB-RF resin is
examined to understand whole complex binding energy. Long carbon
chain is linearly aligned on SWCNT to maximize dispersion interaction

Fig. 2. (a) SEM images, (b) stress and strain curve, (c) modulus, (d) specific tensile strength and (e) electrical conductivity of CNT fibers.

Fig. 3. (a) Illustration of RF resin on CNT, (b) CTAB on SWCNT, (c) RF resin
with CTAB, (d) RF resin on SWCNT with CTAB and (e) Interaction energy of
SWCNT-RF resin and SWCNT-CTAB-RF resin. Color scheme: hydrogen, white;
carbon, cyan; nitrogen, blue; oxygen, red. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this
article.)
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and the most positive charged part of ammonium is bound to SWCNT
via cation-π complex interaction (Fig. 3b). The amount of interaction is
evaluated to be −26.3 kcal mol−1 (‘SWCNT-CTAB’ in Fig. 3e). The
cationic ammonium in CTAB strongly interacts with the electron-rich
benzene part of RF resin with being 12.9 kcal mol−1 favored (Fig. 3c
and ‘CTAB-RF’ in Fig. 3e). Investigation of whole system, SWCNT-
CTAB-RF resin (Fig. 3d), shows that synergistic interaction owing to
charge polarization upon CTAB insertion increases the total interaction
energy up to 42.1 kcal mol−1 (‘Polarization’ in Fig. 3e). This DFT cal-
culation suggested RF resin can be efficiently infiltrated into CNT fibers
in the presence of CTAB and result in their considerable reinforcement
by the densification effect.

The polymerization of RF resin was applied to CNT fibers for the
infiltration in presence of CTAB to reinforce their mechanical and
electrical properties (for the analysis of RF resin polymerization with
CTAB, see Fig. S2). The tensile strength and modulus of pristine CNT
fiber increased to 155MPa and 9 GPa, while its specific strength was
not affected (0.42 N tex−1) by RF polymerization for 10min (Fig. S3).
After 3 h polymerization, the C-RF resin weight fraction of C-RF@CNT
fibers was 65% and their tensile strength, modulus and specific tensile
strength of C-RF@CNT fibers reached to plateau (244MPa, 14 GPa and
0.56 N tex−1) (Fig. 4a, b, c and Fig. S3) while electrical conductivity
increased to 1741 S cm−1 (Fig. 4d). The enhanced specific tensile
strength by C-RF resin infiltration implied the load transfer efficiency
between C-RF resin and CNT fibers was significantly improved to
overwhelm the increased weight by C-RF resin infiltration. The in-
filtration of C-RF resin was confirmed with SEM images of C-RF@CNT
fibers showing well connected structures of CNT bundles (Fig. 4e). The
improved mechanical and electrical properties of C-RF@CNT fibers
compared to pristine CNT fibers concurred with DFT simulation. It is

noteworthy the tensile strength, modulus, specific tensile strength and
electrical conductivity of CNT fibers were highly enhanced without
thermal carbonization.

For further reinforcement, thermal carbonization processes of C-RF
were investigated (Fig. S4). The optimized stabilization and carboni-
zation processes were then applied to C-RF@CNT fibers. After the sta-
bilization and carbonization, the diameter of C-RF@CNT fiber greatly
decreased from 64.6 to 32.7 μm (Fig. 5a). This decrease implied the C-
RF@CNT fiber was further densified by the stabilization and carboni-
zation. SEM images showed that the carbonized C-RF@CNT
(CRF@CNT) fiber possessed highly connected structures (Fig. 5a)
compared to pristine CNT and C-RF@CNT fibers (Fig. 2a and b and
Fig. 4e). Chemical structure changes of CNT fibers during the C-RF
infiltration and carbonization were investigated by using XPS and
Raman spectroscopies. The C/O ratio of pristine CNT fibers was mea-
sured to be 9.95 and this value decreased to 7.78 by C-RF resin in-
filtration because of the large amount of phenol groups (Fig. S5a). After
the carbonization, the C/O ratio of C-RF@CNT fibers increased to 10.07
higher than that of pristine CNT fibers (Fig. S5a). Raman spectra of
CNT, C-RF@CNT and CRF@CNT exhibited the typical G- and D-peaks
(Fig. S5b) [21]. The G and D-peaks intensity ratio (IG/ID) of CNT fibers
was 17.4 (Fig. S5b). This value decreased to 9.5 by RF infiltration and
this decrease might be attributed to the strong interaction between C-
RF resin and CNT fibers. The IG/ID of C-RF@CNT fibers was further
lowered to 5.3 (Fig. S5b) by thermal stabilization and carbonization.
This decreasing IG/ID was attributed to the evolution of D-peak which
originated from the carbonization of C-RF resin (Fig. S4b). Those
spectroscopic analyses confirmed that the carbonization process of C-RF
resin was successfully adopted to C-RF@CNT fibers.

The influence of carbonization on the mechanical and electrical

Fig. 4. (a) SEM images, (b) stress and strain curve, (c) modulus, (d) specific tensile strength and (e) electrical conductivity of C-RF@CNT fibers.
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properties of C-RF@CNT fibers was explored to confirm the reinforce-
ment of CNT fibers by C-RF infiltration and followed by carbonization.
Compared to the C-RF@CNT fibers, the CRF weight fraction of
CRF@CNT fibers decreased to 56% and they exhibited considerably
increased tensile strength, modulus and specific strength from 253MPa,
11 GPa and 0.65 N tex−1 to 610MPa, 36 GPa and 0.86 N tex−1, re-
spectively (Fig. 5b, c, d). These results indicated that the mechanical
properties of C-RF@CNT fibers were greatly improved by the thermal
stabilization and carbonization processes. By contrast, the thermal
treatment of pristine CNT fibers under the equal condition did not in-
duce significant structural changes and mechanical reinforcement of
CNT fibers (see Figs. S7 and S8 for the detailed information). This
control experiment further confirmed the densification and mechanical
reinforcement of CNT fibers originated from the carbonization of in-
filtrated C-RF resin.

The electrical conductivity of C-RF@CNT fibers also increased from
1741 to 3513 S cm−1 (Fig. 5e). These results clearly proved that the C-
RF resin infiltration, thermal stabilization and carbonization processes
resulted in the substantial enhancement of both mechanical and elec-
trical properties of CNT fibers.

Fracture analyses of pristine CNT, C-RF@CNT and CRF@CNT fibers
were carried out to verify reinforcement mechanism of CNT fibers.
Characteristic hairy-type failure was observed from CNT fiber because
the failure occurs by sliding of individual CNT consisting of CNT fiber
when the strain force is over the friction force (Fig. 6a) [14]. This
sliding and failure started at a void and/or at the end of CNT where the
applied stress was concentrated. C-RF@CNT fiber exhibited less hairy-
type structures at its fracture surface which was attributed to
strengthened interaction and suppressed sliding between individual
CNT by C-RF resin (Fig. 6a). CRF@CNT fiber presented almost no hairy-
type structure at its failure surface (Fig. 6a) and this result suggested

the interaction between carbonized C-RF resin and CNT fiber was
stronger than that between individual CNT. The cross-sectional SEM
and polarized Raman analyses were performed to further elucidate the
reinforcement mechanism of CNT fibers. The cross-sectional SEM
images of C-RF@CNT fiber showed the voids of CNT fibers were filled
with C-RF resin, and it was further densified by thermal carbonization
accompanied with degasification (Fig. 6b). Therefore, the density of
CNT fibers sequentially increased by the order of CNT, C-RF@CNT and
CRF@CNT fibers (Fig. 6b). This tendency implied the C-RF resin in-
filtration lead to the densification of CNT fibers based on the attractive
interaction between C-RF resin and CNT and the CRF resin also pro-
vided the comparable attractive interaction with CNT. This inter-
pretation can be further supported by the sequentially decreased cross-
sectional areas of CNT fibers (Figs. S6a and b) accompanied with the
sequential increase of their load values (Fig. S6c) by the C-RF resin
infiltration and its thermal carbonization. Taken together, it was clearly
revealed that the present reinforcement of mechanical properties of
CNT fibers did not simply originate from the decrease of cross-sectional
area by densification induced by thermal treatments, but it was derived
from the combinatorial effect of the improved load bearing capacity
and densification of CNT fibers by infiltration of C-RF resin and its
conversion into carbonized structures. In the case of electrical con-
ductivity, the electrical resistance of CNT fibers increased from
0.183 ± 0.001 kΩ to 0.206 ± 0.007 kΩ for C-RF@CNT fibers and
0.222 ± 0.028 kΩ for CRF@CNT fibers, respectively. However, the
electrical conductivity of CNT fibers increased by the C-RF infiltration
and subsequent thermal carbonization owing the considerable decrease
of their cross-sectional area (Figs. S6a and b). Therefore, the enhanced
electrical conductivity of CNT fibers was dominantly attributed to the
densification effect.

Then, the ratio of the Raman intensity of CNT, C-RF@CNT and

Fig. 5. (a) SEM images of CRF@CNT fibers with different magnification. b) stress and strain curve, (c) modulus, (d) specific tensile strength and (e) electrical
conductivity of CRF@CNT fibers.
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CRF@CNT fibers depending on the parallel (I0o) and perpendicular
polarization (I90°) were analyzed to explore changes of internal align-
ment of CNT fibers. The I0o/I90° ratio increased with the alignment in
CNT fiber [22]. The I0o/I90° ratio of pristine CNT fibers was 6.16 and it
decreased to 4.12 by C-RF infiltration (Fig. 6c). This decrease suggested
the RF resin infiltration induced the slight collapse of alignment.
However, the I0o/I90° ratio of CRF@CNT fibers increased to 6.64
slightly higher than that of pristine CNT fibers by the thermal stabili-
zation and carbonization (Fig. 6c). Those results verified that the C-RF
resin infiltration, subsequent thermal stabilization and carbonization
resulted in high degree of densification as well as alignment of CNT
fibers.

4. Conclusion

In summary, we demonstrated an efficient enhancement strategy for
both mechanical and electrical properties of CNT fibers by the se-
quential processes such as RF resin infiltration, thermal stabilization
and carbonization. It was proved by DFT calculation that C-RF resin and
CNT fiber were strongly interacted each other. As a result, RF resin was
infiltrated into CNT fibers in the presence of CTAB and thus the tensile
strength, modulus, specific tensile strength and electrical conductivity
of CNT fibers were respectively improved from 71MPa, 2 GPa, 0.33 N
tex−1 and 968 S cm−1 to 610MPa, 36 GPa, 0.88 N tex−1 and
3513 S cm−1 by the improved load and electron transfer, densification
and alignment effect. This strategy will be a practical and important
tool to develop high-performance carbon nanomaterial-based fibers for
automobile, defense and aerospace industries due to its simplicity, cost-
effectiveness and high efficiency.
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