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High alignment and densification of carbon nanotubes (CNTs) are of key importance for strengthening CNT
fibers, whereas direct stretching has a very limited effect when CNTs are highly entangled. We report that by
lubricating CNT surfaces with viscous alcohols, the relative motion between CNTs improves because of the

Received 23rd March 2020 reduced sliding energy barrier; thus non-stretched regions are effectively eliminated. Owing to the very
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Accepted 11th May 2020 efficient optimization of the assembled structure, the stretched CNT fibers exhibited an average tensile
strength of 2.33 GPa (1.82 N per tex) and modulus of 70.1 GPa (54.8 N per tex). Other fundamental

DOI: 10.1035/d0ra026752 properties, such as electrical and thermal conductivities, were also remarkably improved. Such a strategy
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Introduction

Carbon nanotube (CNT) fibers, assembled structures of
millions of interlaced CNTs, have shown excellent mechanical,
electrical, and thermal properties, as summarized in many
recent reviews.'” Compared to individual CNTs, whose strength
and modulus reach 100 GPa and 1 TPa,® the mechanical prop-
erties of CNT fibers still remain poorer (so far, increasing the
strength to 4-5 GPa remains very difficult), because of imperfect
assembly in terms of poor CNT alignment, loose densification,
and weak intertube interactions.® Recently, Bai et al.® assembled
tens of individual CNTs into a long and straight bundle and
obtained a maximum strength of 80 GPa (43 GPa for the entire
cross-sectional area). Zhao et al.*® reported that CNT fibers with
a straight assembly—CNTs aligned and parallel to the fiber
axis—can maintain a nearly unchanged tensile property with
increasing fiber size. These studies strongly show the advan-
tages of tube straightness.
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can be readily used for manufacturing high-performance CNT assemblies and composites.

To date, solution spinning, array (forest) spinning, and
spinning from as-grown CNT aerogels are the three principal
preparation methods for CNT fibers.**® According to a compar-
ison study between the forest- and aerogel-spun CNT fibers,*
aligning CNTs with the latter method is difficult because of the
strong CNT entanglement that often causes stress localization
at CNT connections and hinders the load transfer inside the
fiber assembly. Simultaneously, there are numerous assembly
flaws arising from the random CNT orientation. As a result, the
aerogel-based CNT fiber does not exhibit a modulus and
strength comparable to those of carbon fibers,”** and only
a few short samples™ and roller-pressed narrow strips'**> have
reached a strength of over 9 GPa in the past decade. Improving
the orientation of CNT (alignment and straightness describe the
orientation from different perspectives'’) is one of the most
efficient strategies for strengthening CNT fibers.*” Stretching/
drawing'® and twisting”'®* make CNTs more orderly and dense,
yet the strengthening results are far less than expected. Polymer
infiltration is another successful strategy because of enhanced
adhesion' and intertube friction®® between CNTs. Wang>*
and Liu et al.”® recently, attempted to use polymer molecules to
mobilize and align CNTs and to reach a certain straight CNT
assembly. Therefore, it is expected that the highly entangled
CNT assembly can be converted into a straight structure by
improving the stretching efficiency. Clearly, the key issue is the
mobilization of the entangled CNTs.

Here, we introduce an efficient method to optimize CNT
assemblies containing entangled tubes, based on the lubrica-
tion of CNT surfaces. Highly viscous alcohols, among which
glycerol is better, make CNT connections slippery to eliminate
the non-stretching caused by strong connections. This results in
high CNT alignment and packing density and greatly improves
the tensile strength, Young's modulus, and electrical and
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thermal conductivities. This may also encourage the develop-
ment of fabrication techniques for CNT composite structures
and composites.

Experimental section

The CNT fibers were prepared by the iCVD method."**?%*” A
mixture containing ethyl alcohol as the carbon source, ferro-
cene as the catalyst precursor, and thiophene as a promoter
were injected into the furnace with the aid of Ar/H, gas flow. At
the reaction temperature of 1300 °C, entangled CNTs were
continuously grown out and collected by a rotating winder. After
immersion in a water bath, the CNTs were converted into
narrow ribbons and collected. In order to increase the packing
density, the CNT ribbons were finally twisted into fibers with
a twist angle of ~20°.

The CNT fibers were then soaked in ethylene glycol or glycerol
for at least 2 h at a temperature of 120 °C to reduce the viscosity of
the solvents. After solvent impregnation, hot stretching was
performed for the fibers with an MTS E44 universal testing
machine (UTM, MTS Systems Corp., Eden Prairie, USA) equipped
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with an environmental chamber. The fiber sample was fixed on
two clamps, which were initially 10 cm apart. Stretching was
conducted at 120 °C at a rate of 5 x 10 > s~ ". At every one %
increment of tensile strain, the stretching was halted to relax the
fiber structure.” During stretching, glycol or glycerol was dipped
onto the CNT fiber to maintain the wet conditions. After the
stretching, the chamber temperature was increased to 150 °C for
4 h to dry the solvent-impregnated CNT fibers.

The tensile properties were obtained with an Instron 3365
UTM (Instron Corp., Norwood, USA) with a load sensor of 10 N.
CNT fibers were fixed to a paper template with a gauge length
of 6 mm using cyanoacrylate glue (instant adhesive). The
tensile rate was 1 mm min~'. As a common treatment, engi-
neering stress and strain were used and calculated based on
the original cross-sectional area and fiber length (gauge
length). The fiber diameter was measured with an optical
microscope, and the fiber mass was obtained with a high-
precision analytical balance (XP2U, Mettler-Toledo LLC,
USA), with a total fiber length of 30-50 cm (the high precision
of 0.1 pg of the balance permits accurate measurements even
for a CNT fiber with a length of 5 cm. However, we usually
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Fig.1 Preparation and stretching treatment of CNT fibers. (A) Schematic of iCVD-based fiber spinning. (B) Schematic of hot stretching where an
environmental chamber (oven) is equipped to a tensile tester. (C) SEM images showing the morphologies after direct stretching to different ratios.

(D) Stress—strain curves for CNT fibers after stretching.
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measure a group of short fibers to avoid
misevaluation).

The surface morphology and microstructure of the CNT
fibers were observed with a hot field emission scanning electron
microscope (SEM, Quanta 400 FEG, FEI, Hillsboro, USA) and
a cold field emission SEM (Hitachi S4800, Tokyo, Japan). The
degree of CNT alignment was characterized by polarized Raman
spectroscopy (LabRAM HR, HORIBA Jobin Yvon, Paris, France)
with a 532 nm laser.”® The angle was set to that between the fiber
axis and polarization axis of the incident laser beam. The elec-
trical conductivity was obtained by using the current-voltage
relationship with a programmable power supply (Keithley 2200-
60-2, Tektronix Inc., Beaverton, USA). The thermal conductivity
was measured via a self-heating 3w method.” As we recently
reported, the intrinsic (true) conductivity is represented well by
the apparent conductivity obtained with a short fiber length
(1 mm was used in this study) because the length square
dependent heat radiation can be suspended.

together

Results and discussion

The CNT fibers used in this study were obtained via injection
chemical vapor deposition (iCVD, or floating catalyst CVD)**2¢
as schematically shown in Fig. 1A. Direct stretching was per-
formed on the CNT fibers (Fig. 1B), with a very low stretching
rate of 107> s™' (fast stretching can cause the fiber to break
much earlier due to insufficient stress relaxation®). Gradually
increasing the stretching ratio to 3.5%, 5.5%, and 7.5% (the
elongation with respect to the original length) increased the
overall alignment of the CNTs as shown in the SEM images in
Fig. 1C. The porosity of the fiber decreased as reflected by the
increase in mass density from 0.81 g em > for the unstretched
fiber to 1.28 g cm > after stretching by 7.5%. The increase in
mass density was primarily caused by the decrease in the fiber
diameter from 37 to 30 um.

The improved CNT alignment and densification greatly
strengthened the stretched CNT fibers (Fig. 1D). The as-
produced CNT fiber showed a tensile strength of 556 MPa and
a strain at break of 8.8%. As the stretching level increased, the
fiber became stronger and more brittle. For example, after
stretching by 6.8%, the fiber strength increased to 953 MPa, and
the strain at break decreased to 4.1%. As a result, Young's
modulus also increased from 7.6 GPa (unstretched) to 39.5 GPa
(direct stretched by 6.8%).

The strengthening results by direct stretching are not satis-
fying, as the final strength is still low (obtaining a strength of
over 3 GPa for forest-spun fibers is still very difficult”*).
Therefore, to determine the reason from a structural perspec-
tive, the microstructures were characterized with SEM for the
direct stretched samples (Fig. 2). After stretching by 7.5%,
although the overall CNT alignment was remarkably improved,
many small regions remained unstretched, retaining the
entangled network (Fig. 2A). Fig. 2B provides another example
to illustrate the ubiquity of entanglement. The two principal
reasons hindering the stretching effect are: (i) the nonuniform
CNT distribution where the most densified CNTs are stretched
first and carry most of the applied stress, and (ii) rich CNT

This journal is © The Royal Society of Chemistry 2020
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connections that cause only a few edges of a cell in the CNT
network be stretched while other edges are unstretched. The
former issue can be overcome by precise CNT growth and the
collection method, while the latter is the fundamental problem
of an entangled network. During the CVD growth, CNTs are
attracted with each other by van der Waals interactions to form
rich CNT connections, and the entanglement further
strengthen or fix the CNT connections, providing additional
energy barrier to separate the CNTs from the connections.

Fig. 2C schematically shows a typical stretching process on
a triangular cell with fixed CNT connections. Upon stretching,
only the horizontal CNT straightens; the other two CNTs cannot
be straight as their total length is longer than the horizontal
one. The dotted lines in Fig. 2A show that only a few CNTs were
stretched while multiple others remained entangled, confirm-
ing the schematic in Fig. 2C. The fixed CNT connections are
primarily caused by entanglement rather than by intertube
interaction; this is reminiscent of tangled and/or knotted hair.

Life experiences with the use of anti-frizz shampoo and hair
conditioner to detangle hair and the aversion to tangling of
smooth and healthy hair revealed the solution to the afore-
mentioned problem. As shown in Fig. 2D, when the connections
are lubricated, most CNTs can be straightened by sliding.
Interestingly, two recent studies have shown that thermoplastic
polymers such as ultrahigh molecular weight polyethylene and
polyvinyl alcohol can mobilize and align CNTs upon stretch-
ing.***® This is a way to overcome CNT entanglement by
providing more stress transfer to the CNTs via the polymers.
However, the high aligning of pure CNT assemblies remains
more important. Considering that many polar solvents can
change the intertube interactions by providing polarity-induced
attraction between solvent molecules and CNTs,*" it should be
possible to “soften” the CNT connections and increase the
slipperiness to slide the CNTs apart and thus create the mech-
anism shown in Fig. 2D.

Highly polar and viscous ethylene glycol and glycerol (inter-
estingly, a component of shampoo) were used to soften the CNT

Fixed CNT connections

Slippery CNT connections

Fig. 2 Evolution of the microstructure by direct stretching. (A and B)
After being stretched by 7.5%, unstretched regions remained in the
random CNT orientation. (C and D) Schematics showing the effect of
different CNT connections on the structural evolution upon stretching.
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connections; the dipole moments of the ethylene glycol and
glycerol are 2.2 D and 2.6 D, and the viscosities 16 and 945 cP at
25 °C, respectively. The similar dipole moments allow a sufficient
driving force transfer from the solvent molecules to CNTs, and
the high viscosity does not cause the CNT connections to slip.
Therefore, hot stretching (Fig. 1B) was applied to decrease the
viscosity, which is <2 and 7.8 cP at 120 °C for glycol and glycerol,
respectively. In the experiment, 20°-twisted CNT fibers were
soaked inside glycol and glycerol at 120 °C and gently hot
stretched with a tensile tester with a low tension rate of 5 x 10>
s~ ' at 120 °C. The stretching was halted at one % increments of
tensile strain to relax the fiber structure until the strain reached
6-7%. Finally, the stretched samples were dried in a vacuum at
150 °C for 4 h (such temperature causes efficient evaporation of
glycerol, and the vacuum accelerates this process®*).

Our treatment differed substantially from a recent study* in
which strong acid was used to induce CNT-detangling based on
the repulsive interaction between charged CNTs. In that situa-
tion, efficient aligning was also achieved with an excellent
strengthening result. Unfortunately, although many solvents
can lubricate CNTs, most of them do not show a good aligning
ability for CNTs because they lack the appropriate polarity or
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Fig. 3 Evolution of microstructure and mechanical properties by polar
solvent-assisted stretching. (A) Microstructures of CNT fibers at
different magnifications after glycerol-assisted stretching. (B and C)
Microstructures at two different positions. (D) Stress—strain curves of
CNT fibers treated by different stretching methods. The stretching
level was approximately 7% for all stretched samples.
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viscosity. For instance, acetone, N-methyl-2-pyrrolidone, and
dimethylformamide, were found to share a densification ability
similar to that of ethanol, but neither of them showed
a stretching-and-aligning ability comparable to that of glycol.

Fig. 3A shows the morphology of a CNT fiber stretched with
glycerol impregnation. Overall, the stretching induced wrinkles
in fiber surface, and the CNTs became denser. Zooming in, the
microstructures became much clearer; nearly all the CNTs were
parallel to the stretching direction. Small regions of incomplete
stretching remained, as marked by dotted circles; however,
these were far fewer than in Fig. 2. Two other positions are
shown in Fig. 3B and C, where the CNTs were also highly
aligned and densified.

Fig. 3D compares the stress—strain curves for CNT fibers
stretched by various methods. The unstretched fibers were not
strong at =700 MPa because of the strong CNT entanglement.
By increasing the degree of alignment with direct, glycol-
assisted, and glycerol-assisted stretching, the stress-strain
curves were gradually lifted. The direct and glycol-assisted
stretching increased Young's modulus to approximately
35 GPa, whereas polar glycol further densified the CNTs,*
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Fig. 4 Polarized Raman spectroscopy of unstretched, direct
stretched, and glycerol-stretched CNT fibers. (A) Comparison
between the 0°- and 90°-polarized Raman curves. (B) Normalized G
peak intensities at different angles.
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Fig. 5 Young's modulus, electrical conductivity, and thermal

conductivity of the unstretched and glycerol-stretched CNT fibers.

resulting in a better strengthening result; the tensile strength
was approximately 300-500 MPa higher than the direct
stretching. Glycerol-assisted stretching showed the highest
strengthening results, with average and maximum tensile
strengths of 2.33 and 3.44 GPa, respectively. The average and
maximum values for Young's modulus were 70.1 and 86.0 GPa,
respectively. By considering the mass density of 1.28 g cm >,
the specific strength and modulus increased to 1.82 and 54.8 N
per tex, respectively.

The improved CNT alignment was the key to the strength-
ening effect. To evaluate the alignment, polarized Raman spec-
troscopy was performed.”® As shown in Fig. 4, the G band
intensity gradually decreased with increasing angle between the
polarized laser and the fiber axis. The anisotropy between the G
band intensity at 0° and 90° was used to describe the different
CNT alignment in various fibers. This ratio was 1.22, 1.97, and
2.62 for the unstretched, direct stretched, and glycerol-stretched
fibers, respectively (Fig. 4A). Fig. 4B shows the normalized G band
intensities for the three samples as a function of the polarization
angle and normalized with respect to the value at 0°. The lowest
normalized G peak intensity at 90° was nearly comparable to that
of a highly aligned CNT film,* indicating that the alignment was
remarkably improved. Clearly, the glycerol-assisted stretching
showed the most efficient stretching ability.

After the new stretching treatment, the CNTs became highly
aligned and tightly packed, with remarkably reduced assembly
flaws. Thus, the conducting properties should also be
improved. Fig. 5 compares Young's modulus, electrical
conductivity, and thermal conductivity between the unstretched
and glycerol-stretched CNT fibers. The stretching increased the
modulus from 8.4 to 70.1 GPa, electrical conductivity from 1.8
to 3.3 x 10> S m™ ', and thermal conductivity from 45.7 to
98.1 W m~" K~ ". The enhancement in the two conductivities
was larger when compared to the strategy using guest nano-
particles or aromatic polymers,*»** showing the advantages of
the improved CNT alignment.

Conclusion

In summary, improving the alignment of CNTs is essential for
high-performance CNT fibers and films. Inspired by the life
experiences of hair detangling, the weakening of CNT

This journal is © The Royal Society of Chemistry 2020
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connections in their entangled assemblies is shown to be an
efficient strategy to realize full alignment. By using glycerol and
its high polarity as a weakening agent, the entangled CNTs were
fully stretched into a highly aligned assembly. The fiber
strength, modulus, and electrical and thermal conductivities
were all remarkably improved. Such aligning strategies can help
achieve high-performance CNT composite materials.
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