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ABSTRACT: Chemical post-treatment of the carbon nanotube fiber Carbon Nanotube Yarn
(CNTF) was carried out via intramolecular cross-dehydrogenative coupling
(ICDC) with FeCl, at room temperature. The Raman intensity ratio of the
G band to the D band (I;/I;, ratio) of CNT fiber increased from 2.3 to 4.6
after ICDC reaction. From the XPS measurements, the Ac—c/A_c ratio of
the CNT fiber increased from 3.6 to 4.8. It is of keen interest that both the
electrical conductivity and tensile strength of CNT yarn improved to 3.5 X
10% S/cm and 420 MPa, which is 180 and 200% higher than that of neat
CNT yarn.
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1. INTRODUCTION The strategy for producing strong CNT yarn with chemical
post-treatment focused on creating a strong chemical bond
between individual CNTs. A catecholamine polymer inspired
by the mussel'® along with a polyimide,'" a photoreactive cross-
link,">™** chitosan,”® and aryl diazonium salt'® successfully
enhanced the mechanical properties of CNT yarns. In fact, the
tensile strength of CNT yarn fabricated from vertically grown
CNTs on substrate was enhanced from 0.55 to 2.5 GPa.'’
Although these experiments led to the improved mechanical
properties of CNT vyarns, the electrical properties would not be
improved because the used organic compounds act as an

Because carbon nanotubes (CNTs) are cylindrical carbon
nanomaterials with a significantly large aspect ratio, they are
expected to have excellent mechanical and electrical proper-
ties.!™ To realize these properties on a macroscopic level,
distinctive techniques for integrating the individual CNTs into
a large mass are required. Recently, many manufacturing
methods for continuous CNT fibers and yarns have been
developed. The conventional methods can be classified into
four approaches; (i) the coagulation method, which solidifies a

CNT-dispersed polymeric material by submerging it in a bath insulator.

of precipitating liquids;* (ii) liquid-crystalline spinning, which Because graphenes and graphene nanoribbons were success-
bathes the CNT in sulfuric acid and produces liquid crystallinity fully synthesized from nonplanar oligophenylene and poly-
through wet spinning; (iii) forest spinning, which draws and phenylene precursors, cyclodehydrogenation using FeCl; is
twists CNTs grown vertically on a substrate;® (iv) and the currently considered a versatile method to produce planariza-
direct spinning method, which uses a vertical CVD furnace.” So tion and form polycyclic structures via intramolecular cross-
far, for uniformity and improved mechanical properties, the dehydrogenative coupling (ICDC)."” 7> Recently, ICDC was
CNT fiber obtained with the direct spinning method has been adopted to increase the electrical conductivity of reduced
shown to be the most effective.°”® Indeed, the CNT yarn graphene oxide by repairing the defect sites.”" Indeed, electrical
obtained by this method displayed a tensile strength of 8.8 conductivity, crystallinity, and the contents of sp>-hybrized
GPa/SG,” which is quite high. Nevertheless, the properties of carbon atoms of reduced graphene oxide increased significantly
CNT vyarns strongly depend on the synthesizing and

manufacturing processes. For this reason, along with the Received: July 2, 2013
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after ICDC reaction. The electrical properties were also
significantly influenced by the amorphous region of the CNT
yarn. Thus, an effective chemical reparation method is essential
to improve the electrical conductivity of CNT yarn.

In this study, we will report the ICDC reaction as an effective
postchemical treatment for enhancing the electrical conductiv-
ity of CNT yarn. This process offers two impressive results: the
enhancement of both electrical conductivity and tensile
strength.

2. EXPERIMENTAL SECTION

CNT fibers were prepared usin§ the direct spinning method at
Soongsil University (Korea).”” Dichloromethane (>99.8%),
iron(III) chloride (FeCly; 97%) and nitromethane (>96%) was
provided by Sigma-Aldrich (USA), and methyl alcohol
(>99.5%) by Samchun Chemical Co. (Korea). CNT fibers
were added to the dichloromethane (200 mL) and the mixture
was then purged with nitrogen gas for 30 min. A solution of
FeCly in nitromethane (2 mL) was added by drops to the
reaction mixture at room temperature in a nitrogen atmosphere
over the course of 2 h. The amount of FeCl; was increased
from 0.37 to 3.7 mmol. The flask was sealed and the reaction
mixture was stirred at room temperature for 6 to 144 h, and
300 mL of methanol was then added to the mixture and stirred
for 5 h to remove residual metal oxides. The product was finally
vacuum-dried at 60 °C for 24 h. X-ray photoelectron
microscopy (XPS, AXIS-NOVA, Kratos Inc., USA) was applied
to discern chemical changes on the surface of the CNT yarn. Al
Ka (1485.6 V) was used as the X-ray source at 14.9 keV of
anode voltage, and 4.6 A and 20 mA were applied as the
filament current and mission current, respectively. In addition,
changes in the intensity ratio between the D-band and G-band
with different ICDC reaction time were investigated with
Raman spectroscopy. The measurements were taken at room
temperature with a 514 nm excitation laser. The electrical
conductivity was measured 10 times using the 4-point probe
method with the distance (2 cm) between the electrodes (FPP-
RS8, Dasol Eng, Korea). CNT yarn was prepared with ca. 20
cm of length and with ca. 18.5 ym of diameter (d). The
diameter of CNT yarn was evaluated 30 times using optical
microscope (Olympus BXS1). Assuming a cylindrical shape, the
sample area (A) was calculated as follows, A = zd*/4.

3. RESULTS AND DISCUSSION

Raman and X-ray photoelectron spectroscopy (XPS) were
performed to examine the changes in chemical bonds of the
CNT fiber. The Raman spectra of carbon materials can provide
significant information regarding phonon structure, electronic
structure, and defect structure. The spectra of highly ordered
graphite feature only two Raman-active bands: the in-phase
vibration of the graphite lattice (G-band) at 1575 cm™" and the
disorder band caused by the graphite edges (D-band) at
approximately 1355 cm™". The G-band originates from in-plane
vibrations of sp’-carbon atoms and is a doubly degenerate
phonon mode (E,, symmetry) at the Brillouin zone center. The
D-band arises from defects in the carbon structure*”*
Therefore, the intensity ratio of the G-band to the D-band
(ie, Ig/Ip) reflects the relative number of sp*hybridized
carbon atoms on the surface of the CNT fiber. Therefore,
changes of the relative number of sp*hybridized carbon atoms
in the sample can be estimated by determining the I5/Ij, ratio.
Figure la shows the change in the Raman spectra of CNT
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Figure 1. (a) Raman spectra of CNT fiber with different ICDC
reaction times using 3.7 mmol of FeCl,, and (b) changes in the I5/I,
ratio of CNT fibers, which treated different concentrations of FeCls, as
a function of reaction time using.

fibers with increased ICDC reaction times using 3.7 mmol of
FeCl;. The Raman spectra of CNT fibers using 0.37 and 0.74
mmol are shown in Figure S2. The corresponding calculated
Ig/I, ratios of CNT fibers, which treated different concen-
tration of FeCls, are shown in Figure 1b, increasing significantly
with reaction time. Specifically, when 3.7 mmol of FeCl; was
used, the I/I ratio of CNT fiber was increased from 2.25 to
4.59 after 24 h of ICDC reaction and the I;/I, ratio became
leveled off and remained constant. However, lower than 3.7
mmol of FeCls, the I/Ij, ratio was not reached to level off even
after 70 h. Thus, we adapted 3.7 mmol of FeCl; as an optimal
concentration for chemical treatment of CNT fibers.

Panels a and b in Figure 2 show the deconvoluted XPS Cls
spectra of neat CNT fiber and CNT fiber after ICDC reaction
(CNTF-ICDC) over an 18 h time period, respectively. To
identify changes in the surface chemistry, the deconvoluted
XPS Cls spectra were fitted to a Gaussian—Lorentzian peak
after performing a Shirley background correction. The
deconvoluted XPS Cls spectra of neat CNT fiber and
CNTF-ICDC (after 18 h of reaction time) showed five
characteristics peaks at 284.3, 385.6, 286.7, 287.8, and 288.8 eV.
These peaks corresgond to sp>-hybridized carbon,® sp’-
hybridized carbon,”® C—0, C=0, and COO moieties,
respectively.”*>” The measured areas of the peaks correspond-
ing to each chemical bond are listed in Table S2. After ICDC
reaction, the intensity of the sp>-hybridized carbon peak (Ac_c)
decreased and the peak area of the sp>-hybridized carbon
(Ac—c) peak increased. Consequently, the Ac_/Ac_c ratio of
CNTF-ICDC increased from 3.63 to 4.82.
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Figure 2. Deconvoluted XPS spectra of the C 1s of (a) neat CNT fiber
and (b) CNT fiber after ICDC reaction over 18 h with 3.7 mmol of
FeCl; as a catalyst.

CNT fibers are twisted and fabricated into yarn to evaluate
electrical conductivity and mechanical properties. To maintain a
consistent width for each strand of yarn, a 3 cm length of CNT
fiber was twisted at a constant rate of 240 with a mechanical
stirrer. The sample diameters of neat CNT yarn and chemically
treated CNT yarn were maintained at approximately ca. 21 + 3
and 19 + 4 pm, respectively. The diameter of CNT yarn was
measured with a scanning electron microscope (SEM). The
SEM images of the neat CNT yarn (Figure 3a, b) and CNT
yarn after ICDC reaction (abbreviated as CNTY-ICDC)
(Figure 3c, d) are shown in Figure 3. With neat CNT yarn,
it was observed that the individual CNT fibers are separated
and they display a more twisted length of yarn (Figure 3a, b).
In contrast, the CNTY-ICDC displays a closely packed
morphology; with individual CNT fibers looking struck
together (Figure 3d).

The mechanical properties of CNT fibers with different
ICDC reactions were studied, and the typical stress—strain
curves are shown in Figure S3. Calculated values, such as tensile
strength and modulus, are summarized in Table 1. The CNTY-

Table 1. Mechanical Properties and Electrical Conductivity
of Neat CNT Yarn and CNT Yarn after ICDC Reaction with
3.7 mmol of FeClI3 as a Catalyst

ICDC tensile elongation electrical
reaction strength at failure  conductivity ( X
sample time (h) (MPa) (%) 10° S/cm)
neat CNT fiber 230 + 38 7.9 £ 3.0 1.8 + 044
CNT fiber 6 260 + 40 10.1 + 2.0 2.82 + 042
after ICDC 12 333+ 50 115+ 1.6 324 + 043
reaction
18 396 + SS 13.7 £ 14 3.35+0.23
24 420 + 81 111 + 24 3.5+ 021

Figure 3. (a, b) SEM images of neat CNT yarn and (c, d) CNT yarn after ICDC reaction over 24 h using 3.7 mmol of FeCl;. The photographs of

(b) and (d) show the magnifications of (a) and (c), respectively.
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ICDCs displayed increased tensile modulus and strength
compared to neat CNT yarn. In addition, both the tensile
strength and modulus of CNT yarns increased as ICDC
reaction time increased. In addition, the tensile strength of the
CNTY-ICDC over 24 h increased from 230 to 420 MPa, an
approximate 180% increase compared to neat CNT yarn
(Figure 4a). Such superior mechanical properties can certainly
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Figure 4. (a) Changes in tensile strength and (b) electrical
conductivity of CNT yarns with increasing ICDC reaction times.

be attributed to the increment of crystallinity of CNT fibers
(see Figure 1) and the densification effect of CNTY-ICDC (see
Figure 3). These factors might be enhancing the interchain
interactions between individual CNT fibers.

We also measured the electrical conductivities of CNT yarns
before and after ICDC reaction. The electrical conductivities of
CNT yarns increased as ICDC reaction time increased (Figure
4b). This can be explained by the restoration of the -
conjugated system of the CNT fiber. That is, the electrical
conductivity of CNT yarn is critically dependent on the z-
conjugation of the CNT fibers. Through the postchemical
treatment process using FeCl;, the defective areas of CNT
fibers were successfully restored. As a result, the 7-conjugated
structure of CNTY-ICDC was expanded beyond that of neat
CNT yarn. Eventually, after the ICDC reaction, the electrical
conductivity of CNT yarn reached 3.5 X 10*> S/cm, which was
approximately 200% larger than that of neat CNT yarn (1.8 X
10° S/cm).

It should be mentioned that in many organic and polymeric
system, it is notoriously difficult to remove residual metal
species from synthesis or doping procedures. Moreover, the
residual metal species could cause an enhancement of the
electrical conductivity. Thus, the characterization of the residual
FeCl; contents in the chemical-treated CNT fiber and yarns is
very essential. We estimated the residual FeCl; with XPS and
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Raman spectroscopy. The atomic concentrations listed in Table
S3 in the Supporting Information, which were calculated from
XPS, show the Fe atom concentration in neat CNT fiber and
CNT fiber after ICDC reaction. The Fe atom concentration
was decreased from 0.21 to 0.16% after 24 h of ICDC reaction.
It is considered that the presence of Fe atom in the neat CNT
fiber are comes from the ferrocene catalyst, which are used at a
direct spinning method to manufacture the CNT fiber.
However, the Fe atom was not increased after the ICDC
reaction. Furthermore, we examined the existence of FeCl; with
Raman spectroscopy (see Figure S4 in the Supporting
Information). There are no detectable traces of FeCl; in the
CNT fiber after ICDC reaction.

To elucidate the mechanism that leads to the improvements
of conductivity and mechanical strength of CNT fiber via
ICDC reaction, understanding the type of nanotubes that make
up the CNT fiber is important. From TEM observation, we
found that the constitutions of CNT fiber are mainly
multiwalled CNT (MWNT) and amorphous carbon. We also
performed the ICDC reaction of MWNT in order to compare
with CNT fiber. The Raman spectroscopy results are shown in
Figure S$ in the Supporting Information. Interestingly, the I/
I, ratio of MWNT was also increased after ICDC reaction.
However, increasing rate is not significant than that of CNT
fiber. This means that the increase in the I;/I, ratio of CNT
fiber is not solely defect healing on MWNT. It is thought that
this unexpected large increase on CNT fiber is due to the
created carbon networks of amorphous carbon region on the
surface of the CNT fiber during the ICDC reaction. By virtue
of defect healing on MWNT in CNT fiber and generation of
carbon networks of amorphous carbon region, the electrical
conductivity could be increased via ICDC reaction. However,
healing of defects within the outer layer of the MWNT should
have less of an effect on mechanical properties. Thus, it is
considered that the cross-link was occurred between interchains
of CNT fibers when the creation of carbon networks in
amorphous carbon region. Indeed, a closely packed morphol-
ogy; with individual CNT fibers looking struck together was
observed after ICDC reaction (Figure 3). For this reason, the
mechanical properties of CNT fiber after ICDC reaction could
be increased.

4. CONCLUSION

In this study, an effective method for the postchemical
treatment of CNT fibers using ICDC reaction was investigated.
We observed a significant increase in the Ig/Iy ratio with
increased ICDC reaction times. In addition, the Ac—c/Ac_c
ratio of CNT fibers (after 24 h of reaction time) also increased
when compared to that of neat CNT fiber. Furthermore, the
electrical conductivity and mechanical properties of CNT yarn
were enhanced through ICDC reaction. The method we
analyzed in this study proved to be an effective postchemical
treatment method of CNT fibers for enhancing both the
electrical conductivity and mechanical properties of CNT yarns.
So far, the key issue for producing CNT fiber with better
mechanical properties is linking the CNTs in the fiber because
the CNTs and CNT bundles, without the linker, are bonded
only with weak van der Waals interaction. Previous works often
used organic materials as the linker and reported the tensile
strength enhancement by up to 2 orders of magnitude.
However, in this case, the electrical conductivity is normally
reduced because the linker acts as an insulating barrier
preventing charge tunneling between the CNTs. Our FeCly
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treatment method enhances not only mechanical properties but
also electrical conductivity. Although the enhancement of
electrical conductivity is only by a factor 2, we believe our work
makes an important contribution to the mechanical strength
enhancement. Because the FeCl; treatment does not involve
the insulating linkers, we could prevent the degradation in
conductivity and after the treatment. Moreover, conductivity
was even higher after the treatment. This may be because
defects are removed by the treatment and the CNT—CNT
interaction is enhanced.
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