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a b s t r a c t

The weak interfacial interactions between carbon nanotube (CNT) always results in low stress load
transfer efficiency in CNT yarns, herein we fabricated strong, highly conducting CNT yarns at room
temperature using molecules having aromatic end groups, p bridging neighboring CNTs. The resulting
CNT yarns have high tensile strength with 1697± 24MPa, toughness with 18.6 ± 1.6MJ/m3, and electrical
conductivity with 656.2 S/cm, which are 3.9, 2.5, and 3.5 times, respectively, as high as that of the neat
CNT yarn. The specific tensile strength of the resulting CNT yarn is higher than that for previously re-
ported CNT yarns fabricated at room temperature, even that for some CNT yarns fabricated using
corossive environments or extreme temperature. This p bridging strategy provides a promising avenue
for fabricating high performance CNT yarns under ambient conditions.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) stand out as an ideal one-dimensional
nanomaterial, with a tensile strength of about 100 GPa and a
Young's modulus of about 1 TPa [1]. Superaligned CNT forests
provide a useful platform for assembling CNT yarns through a solid
spinning process [2e4]. However, the resulting CNT yarns show
much lower mechanical properties than individual CNT, due to
weak interfacial interactions between individual CNT and non-
uniform stresses [5,6]. Many approaches have been developed to
improve the interfacial strength in the CNTs [7e11]. For example,
Boncel et al. [12] utilized ultraviolet-radiation-reacted 1,5-
hexadiene (HDE) to enhance interfacial interactions. Liu et al. [13]
introduced hydrogen bonding between individual CNTs by infil-
trating polyvinyl alcohol (PVA), resulting in high PVA content up to
about 19wt%. Ryu et al. [14] obtained strong superaligned CNT yarn
through infiltrating 8wt% of adhesive poly (ethylenimine) catechol
(PEI-C). Using thermal annealing, p-p interactions were introduced
ork.
into PEI-C/CNT yarns, resulting in a tensile strength of up to
2200MPa. Recently, Ryu et al. [15] infiltrated superaligned CNT
yarns with dopamine (DA) solution, thereby introducing oxida-
tively polymerized dopamine (PDA) between individual CNTs. After
annealing at 1050 �C, the CNT-wrapped PDA partially pyrolyzed,
thereby interconnecting the superaligned CNTs through p-p in-
teractions. The resulting superaligned CNT yarns had a tensile
strength of about 4 GPa. Im et al. [16] demonstrated high perfor-
mance CNT fiber with a specific strength of 1.12 N/tex through
crosslinking CNT fiber via 1,5-pentanediol. Lu et al. [17] introduced
covalent cross-linking through coating CNT with poly (styrene-r-4-
vinylbenzylcyclobutene) (PS-VBCB) and thermal annealing at
250 �C. The resulting CNT yarns having 7wt% PS-VBCB had a tensile
strength of only 260MPa. Similarly, Park et al. [18] assembled
covalently cross-linked CNTs by using aryl radical coupling re-
actions of poly (p-iodostyrene) (PIS), which resulted from thermal
annealing at 350 �C. However, the used PIS content was as high as
50wt%, and the specific tensile strengh of the PIS/CNTs yarns was
only 1.4 N/tex. They further studied the effect of the degree of cross-
linking, length of cross-linkers, and CNT diameter on mechanical
properties of resultant CNT fibers [19]. Although the mechanical
properties of CNT yarns have been improved, harsh conditions,
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such as high temperature annealing, were needed. Consequently, it
remains challenging to realize attractive mechanical properties for
the CNT yarns without using harsh conditions.

Herein, we fabricated strong CNT yarns using p bridging be-
tween CNTs by pyrene-group-terminated PSE-AP molecules, which
are produced by the reaction of 1-pyrenebutyric acid N-hydrox-
ysuccinimide ester (PSE) and 1-aminopyrene (AP), as shown in
Fig. S1. With reference to previous works, we selected specific
bridging agents PSE and AP. Katz et al. [20] reported that PSE can be
used as an anchor group for chemisorption on the pyrolytic
graphite surface and the chemically active NH group of the protein
can furthur react with PSE. AP is a typical molecule which can form
PSE-AP with PSE through this reaction. It is well known that AP can
strongly bind to the surface of CNTs [21]. We have reported gra-
phene oxide (GO) fiber with improved mechanical and electrical
properties via the synergistic effect of ionic bond and p-p conju-
gated interaction from PSE-AP [22]. However, there are still some
differences, such as the surface functional structure, assembling
approach, etc. Themechanical properties of the resulting CNT yarns
are dramatically increased by introducing at room temperature a
low concentration of PSE-AP molecules. The tensile strength, spe-
cific tensile strength, and toughness of the resulting CNT yarns
reach 1697MPa, 2.8 N/tex, and 18.6MJ/m3, respectively. Addition-
ally, because the p-p conjugated molecules increase connections
between CNTs in CNT yarn, the PSE-AP enhanced CNT yarns pro-
vided an increased electrical conductivity of 656 S/cm.

2. Experimental

2.1. Materials

The CNT forests were synthesized by a chemical vapor deposi-
tion (CVD) of acetylene gas. 1-Pyrenebutyric acid N-hydrox-
ysuccinimide ester (PSE) and 1-Aminopyrene (AP) were purchased
from Sigma-Aldrich. N, N-Dimethylformamide (DMF) was obtained
from Beijing Chemical Factory. All the reagents were used without
further purification.

2.2. Fabrication of twist-spun CNT yarns and introduction of PSE-
AP cross-linker in the yarns

A CNT sheet ribbon with a fixed width was drawn from a CNT
forest as it was twist spun to make a yarn having a bias angle of
18e20�, and a diameter of ~15 mm. The complete fabrication pro-
cess is described in detail in the main text.

2.3. Characterization

The mechanical properties of 3-cm-long CNT yarns were char-
acterized using a Shimadzu AGS-X Tester, using a strain rate of
0.4mm/min. All measurements were conducted at room temper-
ature. The diameters of all samples were measured using scanning
electron microscopy (SEM) micrographs. The Young's modulus of
all samples was determined from the slope of the linear region of
the stress-strain curves. The toughness was calculated from the
area under the stress-strain curves. Usually, the 10e15 specimens
of each type CNT yarn sample are used for tensile testing, and 3e5
well repeatable specimens are selected for calculating the average
mechanical properties of each sample. The specific strength was
calculated by dividing the tensile load at failure by the linear
density of the yarn. SEM images were recorded by a Hitachi S-4800
at 11.5 kV after sputtering a thin Pt/Au coating onto the samples.
The cross sectional SEM images of CNT yarn and cross-linked CNT
yarn (CNTs Yarn-III) shown in Fig. S7 were obtained by focused ion
beam (FIB) and SEM on a FEI Helios NanoLab 600i. TGA from 30 to
800 �C was performed under nitrogen on a TG/DTA6300, NSK using
a temperature scan rate of 10 �C/minute. The calculation of the
weight fraction of PSE-AP molecules in the cross-linked CNT yarn
(CNTs Yarn-III) is shown in the Supporting Information. Raman
spectroscopy measurements were taken on a LabRAM HR800
(Horiba JobinYvon) with an excitation energy of 1.96 eV (633 nm).
XPS measurements were carried out in an ESCALab220i-XL
(Thermo Scientific) using a monochromatic Al-Ka X-ray source.
The electrical conductivities were measured using a standard two-
probe method and a source meter (Agilent E4980A). The two ends
of yarns were fixed by silver paste in order to decrease the contact
resistance with the probes. FTIR spectra was conducted using a
Thermo Nicolet Nexus-470 FTIR instrument in the attenuated total
reflection mode (ATR).

3. Results and discussion

The fabrication process for making these CNT yarns is illustrated
in Fig. 1a. A forest of vertically superaligned CNTs was attached to a
motor, which rapidly rotated the superaligned CNT forest as a CNT
sheet was drawn from the forest, thereby producing a twisted CNT
yarn. Using previous report of the twist angle that optimizes
strength [6,23], the twist angle of CNT yarns was set at about
18e20�. N, N-dimethylformamide (DMF) solvent was sprayed on
the surface of the CNT yarn to densify the yarn and then the CNTs-
DMF yarn was obtained, followed by the post-treatments. Firstly,
the densified CNTs-DMF yarn was immersed into a solution of PSE
in DMF to enable absorption of PSE molecules on the CNT surfaces
within the yarn. Secondly, after drying, the CNTs-PSE yarn was
immersed into an solution of AP in DMF that has the same molarity
as the PSE/DMF solution. After drying, the yarn was immersed into
DMF in order to remove unreactive PSE and AP. Finally, after drying
to remove DMF solvent, the CNTs-PSE-AP yarn was collected on a
spindle.

The used 200-mm-high CNT forest of about 10-nm-diameter
multiwalled carbon nanotubes (MWNTs) is pictured in Fig. 1b and
1c shows a magnified view of a superaligned CNT forest sidewall.
The structural transformation during sheet draw and sheet twist
processes to make a twisted yarn is shown in Fig. 1d. The produced
CNTs-PSE-AP yarn is pictured in Fig. 1e. The yarn has a twist angle
(the angle between the CNT orientation direction and fiber length
direction) of about 18.5� and a diameter of about 15 mm. Fig. 1f il-
lustrates the interfacial interaction between CNTs and PSE-AP in a
CNTs-PSE-AP yarn. To optimize the mechanical properties of CNTs-
PSE-AP yarns, the content of pep conjugated molecules was
tailored. The CNT yarns were immersed into solution with five
different molarities of PSE and AP (18mmol/L, 48mmol/L,
72mmol/L, 90mmol/L, and 108mmol/L) for 2 h, and the resulting
CNTs-PSE-AP yarns are designated as: CNTs Yarn-I, CNTs Yarn-II,
CNTs Yarn-III, CNTs Yarn-IV, and CNTs Yarn-V, respectively, which
are listed in Table S1. The immersion time was optimized by trying
5 different times, the mechanical properties are listed in Table S2.

Fourier transform infrared (FTIR) spectra was used to confirm
the reaction between PSE and AP molecules (Fig. 2a). The charac-
teristic peak at 1540 cm�1 for a CNTs-PSE-AP yarn corresponds to
the bending of the NeH bond in amide group. The stretching mode
of C¼O bond in amide groups of PSE-AP is observed at 1670 cm�1 in
the CNTs-PSE-AP yarn. These characteristic peaks indicate that the
amide groups were successfully introduced in the CNTs-PSE-AP
yarn. The results of X-ray photoelectron spectra (XPS) show the
existence of a new peak of 288.2 eV, which is due to CeN sp [3]
bond [17], indicating the pep conjugated molecules were strongly
absorbed onto the CNT surface, as shown in Figs. 2b and S2. Raman
spectra for the different samples are shown in Fig. 2c, and the
relative peak intensity ratios of the D band (~1300 cm�1) to the G



Fig. 1. a) Schematic illustration of the fabrication of a CNTs-PSE-AP yarn. b), c) SEM images of a CNT forest grown on a silicon substrate, revealing the alignment of CNT bundles. d)
SEM image of a CNT yarn being formed by twist insertion a forest-drawn CNT sheet. e) SEM image of a CNTs-PSE-AP yarn. f) Schematic diagram of the interfacial interactions
between CNTs and PSE-AP in the CNTs-PSE-AP yarn.
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band (~1590 cm�1) are listed in Table S3. The relative peak intensity
ratio of the D band to the G band (ID/IG) increases after function-
alization, indicating the introduction of pep conjugated molecules
in CNTs-PSE-AP yarns. Additionally, the CNTs-PSE-AP yarns provide
high electrical conductivities, with a maximum of 656.2 S/cm for
CNTs Yarn-V, as shown in Fig. 2d. The electrical conductivites for the
other CNTs-PSE-AP yarns are listed in Table S4. The electrical con-
ductivities of the CNTs-PSE-AP yarns are significantly higher than
that of other CNT yarns, such as CNT-polypyrrole (PPy) yarn [24],
poly (3,4-ethylenedioxythiophene) (PEDOT)-MWCNT yarn [25] and
CNT-poly (acrylic acid) (PAA) yarn [26]. The improvement of elec-
trical conductivity is attributed to densification [27], and the
doping on the CNT [28], respectively. In this work, the p-p conju-
gated interactions between CNTs and PSE-AP plays a key role in
enhancing the electrical conductivity of the resultant CNT yarns.

Representative stress-strain curves of all yarns are shown in
Fig. 3a. The tensile strength and toughness of the initial CNT yarn
(Curve 1) are 432± 20MPa and 7.4± 0.9MJ/m3. Herein the tough-
ness means the tensile fracture energy, which is calculated by area
under tensile stress-strain curves. After densification using DMF
solvent, the tensile strength and toughness of the CNTs-DMF yarn
(Curve 2) reach 1045± 23MPa and 12.4± 0.6MJ/m3. The CNTs
Yarn-III (Curve 3) had a maximum tensile strength of
1697± 24MPa and a toughness of 18.6± 1.6MJ/m3, which are 3.9
and 2.5 times as high as those of precurser CNT yarn. The
stressestrain curves of the CNT, CNTs-DMF, and CNTs-PSE-AP yarns
are shown in Fig. S3. The pure CNT yarn shows a large elongation at
break due to weak interfacial interactions between CNTs. After p-p
conjugated cross-linking, the relative slip between CNTs is limited,
resulting in lower elongation at break. Meanwhile, the stress
transfer efficiency is dramatically improved, enhancing the tensile
strength and modulus. Fig. 3b, c and 3d show the tensile strength,
toughness, and modulus of CNT yarn, CNTs-DMF yarn and CNTs-
PSE-AP yarns having different contents of PSE-AP molecules, and
the numerical values are listed in Table S5. With increasing PSE-AP
content, the mechanical properties of the CNTs-PSE-AP yarns first
increase, reaching a maximum in CNTs Yarn-III, and then decrease.
The content of PSE-AP in CNTs Yarn-III is about 1.6wt%, using
thermogravimetric analysis, as shown in Fig. S4. The PSE-AP con-
tents for all CNTs-PSE-AP yarns are shown in Table S6. While the
content of PSE-AP in the yarns is so low, effective cross-linking
between CNTs by the PSE-AP can be achieved, facilitating load
transfer between CNTs. However, when the content of PSE-AP
molecules further increases, as for CNTs Yarn-IV and CNTs Yarn-V,
the mechanical properties decrease. This decrease might because
cross-linkingmolecules arewasted in stacking between themselves
instead of cross-linking CNT bundles. Excessive cross-linking mol-
ecules present between the CNT bundles may cause defects inside
the yarns, reduce the friction between the CNTs, and cannot pro-
duce effective cross-linking, so it cannot contribute to the
improvement of yarns mechanical properties [29,30].

A typical morphology of the fractured surface of CNTs Yarn-III is
shown in Fig. 3e, which shows that CNT bundles are pulled from the
yarn during fracture. A crack propagation model, shown in Fig. 3f, is
proposed to explain the fracture mechanism of the CNTs-PSE-AP
yarns. In the first stage, when the CNTs-PSE-AP yarn is subjected
to the stress, the load transfer efficiency increases as a result of
relative slip of CNT bundles and real plastic deformation of



Fig. 2. a) FTIR spectra of a CNTs-DMF yarn and a CNTs-PSE-AP yarn, showing that reaction occurred between PSE and AP molecules. b) XPS spectrum of a CNTs-PSE-AP yarn. The
peak at 288.2 eV reflects CeN sp [3] bond, indicating that reaction has occurred to produce PSE-AP and that this molecule is strongly absorbed on the CNT surfaces and cannot be
washed away by the solvent. c) Raman spectra of CNTs-DMF yarn, CNTs Yarn-I, CNTs Yarn-II, CNTs Yarn-III, CNTs Yarn-IV, and CNTs Yarn-V. The intensity ratio ID/IG of CNTs-DMF is
1.17, and the ID/IG of CNTs-PSE-AP yarns increases with rising content of PSE-AP molecules in the yarns. d) Electrical conductivity of CNT yarn, CNTs-DMF yarn, and CNTs-PSE-AP
yarns.
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individual nanotubes [31]. When an external load acts on the yarns
to cause the CNTs to slip between each other, the PSE-AP molecules
are stretched along the direction of stretching. And as the tensile
load increases, due to the non-covalent p-p interaction inherent
characteristic, the pyrene group on the PSE-AP slips relative to the
CNT. At this stage, load transfer effeciency is promoted by p-p
interaction to avoid local stress concentration [24]. Finally, the
CNTs-PSE-AP yarn breaks with increasing tensile load, resulting in
further rupture of p-p cross-linking and accompanying energy
dissipation as the CNT bundles are pulled from the yarn under high
tensile stress. For comparison, the fracture morphologies of a neat
CNT yarn and the CNTs-PSE-AP yarns are shown in Fig. S6. When
the CNT-based yarn is subjected to tensile load, there will be rela-
tive slip between the internal CNTs. Therefore, the fracture
morphology can clearly show that the CNTs are pulled out. The
fracture morphology of CNT yarns before cross-linking is mainly
pull-out of single carbon nanotube. After cross-linking, it can be
clearly seen that the carbon nanotubes are connected to each other,
so that the carbon nanotubes are pulled out in a bundle-like
manner. And the cross-linking is obviously effective in improving
the stress transmission efficiency, resulting in high mechanical
properties of the CNT yarns. In addition, the cross-sectional
morphology of the CNT yarns shown in Fig. S7 indicates that the
compactness of the CNT yarns after cross-linking is improved, and
the internal pores are reduced. The surface morphologies of CNT
yarn and the CNTs-PSE-AP yarns are provided in Fig. S5, showing
the surface of cross-linked CNT Yarns is flatter, and proving that the
introduction of the cross-linking molecule by immersion does not
damage the CNT yarn's structure, and the twist angle of CNT yarns
does not change significantly.
The specific strength of the resulting CNTs-PSE-AP yarns is
calculated, based on the tensile load (cN or N) and yarn linear
density (tex), which is the standard method adopted in the textile
industry [32]. The specific strength and toughness of the optimized
CNTs-PSE-AP (2.8 N/tex and 30.5 J/g) is compared in Fig. 4a with
that of other CNT yarns and other fibers. As shown in this figure, the
present CNTs-PSE-AP yarns provide a combination of specific
strength and specific toughness that is attractive relative to the
properties of the following: twist-spun CNT yarn [3], incandescent
tension annealed (ITAP) CNT yarn [33], HDE-UV-CNT fiber [12],
SACNT (superaligned CNT)-PVA yarn [13], pyrolized-PDA-CNT yarn
[15], UHMW-PE (ultrahigh molecular weight PE fibers) [34], ther-
mally treated nylon fibers [35], spider silk [36,37], in-situ CVD-
grown double-walled nanotube (DWNT) yarns [38], polymer/
DWNT yarns [39], and glass fibers [39]. Harsh conditions, such as
high temperatures or high pressures, can result in strong cross-
linking between CNTs, but the toughnesses of resulting CNT yarns
are usually low.

It is especially important that the present CNT yarns are
assembled at room temperature using a very simple process that
does not involve expensive or corrosive chemicals. The p�p in-
teractions do not damage the sp [2] carbon structures of CNTs,
which is the case for many other processes. To use the PSE-AP inter-
nanotube cross-linkers improves the efficiency of load transfer
between CNTs, resulting in attractive mechanical properties. The
mechanical properties of other CNT yarns, other fibers, and the yarn
presently obtained (CNTs Yarn-III) are listed in Table S7. The elec-
trical conductivity of the PSE-AP cross-linked CNTs Yarn-V (656 S/
cm) is 3.5 times that for the precurser CNT yarn, which is attributed
to the following two reasons: First, the crosslinking of PSE-AP helps



Fig. 3. a) Typical stress-strain curves of CNT yarn (Curve 1), CNTs-DMF yarn (Curve 2) and CNTs Yarn-III (Curve 3). The tensile strength b), toughness c) and modulus d) of CNT yarn,
CNTs-DMF yarn and CNTs-PSE-AP yarn having different PSE-AP content. e) SEM images of the fracture morphology of CNTs Yarn-III after tensile rupture at different magnifications.
f) The proposed fracture mechanism of the PSE-AP cross-linked CNT yarn during stretching.

Fig. 4. a) Comparison of the specific strength and specific toughness of CNTs-PSE-AP yarns in this work, along with that of other CNT yarns and other fibers. b) Schematic of a circuit
in which CNTs-PSE-AP yarns are used as wiring. c) Photograph CNTs-PSE-AP yarn serving as wiring to conduct current to light a red LED bulb.
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to increase the compactness of CNT yarn. The cross-sectional
morphology of the PSE-AP cross-linked CNT yarn obtained by
focused ion beam (FIB) shows that the porosity in the fibers is
significantly reduced after PSE-AP crosslinking (Fig. S7). The in-
ternal structure is more compact, which is more conducive to the
transmission of electrons inside the yarns. Second, a strong amide
bond is formed between the PSE and the AP molecules, and the
benzene ring at both ends of the PSE-AP molecule forms a p-p
conjugate with CNT. The dipole-dipole interaction formed in the p-
p interaction is beneficial to improve the electron transport
efficiency [24], thereby resulting in enhancement of the electrical
conductivity of the CNT yarns. Even if there are PSE-AP molecules
stacking between themselves instead of cross-linking CNT bundles,
they may form an electron transport path due to p-p conjugation,
so that conductivity is not reduced. It can be seen from the con-
ductivity data that the conductivity increase of CNTs Yarn IV and
CNTs Yarn V is significantly lower than that of the yarns with low
PSE-AP addition, which also indicates that too much cross-linking
molecules may don't form very effective connection between
CNTs. The CNTs-PSE-AP yarns can be used as wiring to connect a red
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LED light to a power source, as shown in Fig. 4b and c.
The interfacial interaction between PSE-AP and CNT is mainly

due to the fact that the aromatic structure forms a p-p conjugate
with the aromatic structure of the CNT. Therefore, other molecules
with aromatic structure at both ends also can be used for cross-
linking CNTs. A series of works have been carried out to discuss
the adsorption and conjugation of different aromatic structures on
the surface of CNTs [40e42]. The aromatic structuremolecules with
different aromatic ring numbers and sizes may have different effect
on tensile strengths of CNTs yarn. At present, we have not tried the
p-p conjugated cross-linking of other molecules on CNTs yarn, but
demonstrated AP and another reactive p-crosslinking molecule for
improving the mechanical properties of the graphene film [43].

4. Conclusion

In summary, we demonstrated that strong, tough, highly con-
ducting CNT yarns can be fabricated at room temperature by an
inexpensive process that does not use corrosive chemicals. This
process uses a low concentration of a non-covalent pep cross-
linker to strengthen inter-nanotube interactions. The obtained
tensile strength of 1697± 24MPa, toughness of 18.6± 1.6MJ/m3

and electrical conductivity of 656.2± 20.5 S/cm are 3.9, 2.5 and 3.5
times, respectively, as high as that of the precurser CNT yarn. The
observed specific strength was as high as 2.8 N/tex. The p bridging
strategy is very feasible and without any harsh conditions,
providing an insightful approach for constructing high perfor-
mance CNT yarns in the future.
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