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ABSTRACT A carbon nanotube yarn core graphitic shell hybrid fiber was fabricated via

yarn. The effective encapsulation of carbon nanotube yarn in carbon fiber and a glassy

facile heat treatment of epoxy-based negative photoresist (SU-8) on carbon nanotube SU-8
¢ CNT,

carbon outer shell determines their physical properties. The higher electrical conductivity
(than carbon fiber) of the carbon nanotube yarn overcomes the drawbacks of carbon fiber/  yarn
glassy carbon, and the better properties (than carbon nanotubes) of the carbon fiber/
glassy carbon make up for the lower thermal and mechanical properties of the carbon
nanotube yarn via synergistic hybridization without any chemical doping and additional

processes.
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uring the last few decades, there
D have been great advances in nano-

technology that can be used to create
diverse state-of-the-art materials.* Obviously,
carbon-based nanomaterials are one of the
major driving forces in these developments.>~®
Carbon nanotubes (CNTs), in particular, have
attracted significant interest for industrial ap-
plications, due to their outstanding physical
properties (mechanical strength, high electri-
cal and thermal conductivities).'® The remark-
able physical properties of individual CNTs can
be translated into a wide range of nanoscaled
applications including, but not limited to, flex-
ible nanoelectronics, chemical and mechanical
sensing, multifunctional membranes, superca-
pacitors, and nanocomposites.5®'" =" How-
ever, utilizing CNTs in many macroscale
devices is limited by the difficulties in control-
ling the physical dimensions of CNT structures,
especially length. The problems with synthe-
sizing and then controlling the assembly of
longer CNT structures has led to the use of
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alternative approaches, for example, combin-
ing shorter CNTs into longer structures, such as
developing CNT yarn using dry/wet spinning
techniques.’®>~ % Yarns generated from CNTs
possess unique intrinsic properties due to the
parallel alignment of the CNTs in the tangential
axis of the yarn and inherent physical proper-
ties of the CNTs.2°?>~2* The enhanced perfor-
mance of the CNT yarns or fiber should be a
key factor in enabling the utilization of CNTs
in macroscale applications. However, despite
this potential there is a huge chasm between
theoretical and experimentally measured pro-
perties due to the defects in CNT material and
inhomogeneities originating from the spin-
ning process.® Various post-treatments in-
cluding twisting, densification, and cross-
linking have been attempted in order to alle-
viate these problems, but have not yet been
sufficient to enable CNT yarn/fiber to be used
for macroscale applications.®*” '

Here, we report the development of a
hybrid CNT yarn encapsulated in a carbon
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Figure 1. Key process for the fabrication of a CNT yarn—CF/GC core—shell-like hybrid fiber. (a) Schematic of CNT yarn, SU-8
photoresist on the surface of the CNT yarn, and schematic drawing of the CNT yarn—CF/GC hybrid wire after carbonization of
SU-8. (b) Cross-sectional SEM of as-spun CNT yarn after cutting using FIB (Forced lon Beam); the scale bar is 20 um. (c) Side
view of as-spun CNT yarn; the scale bar is 20 um. (d) High-magnified SEM of the surface of CNT yarn; the scale bar is 200 nm.
(e) SEM of cured SU-8 photoresist on the surface of the CNT yarn; the scale bar is 20 um. (f) High-resolution TEM of CNT yarn;
the scale bar is 5 nm. TEM verifies that the CNT yarn is made up of SWCNTs and DWCNTs.

fiber and glassy carbon (CF/GC) core—shell structure
with not only dramatically increased thermal and
mechanical properties but also the ability to overcome
the lower electrical conductivity of CF/GC without any
chemical doping and additional processes. CF is used
extensively in industries such as aerospace, auto-
mobile, and the military, due to its exceptionally high
mechanical strength, light weight, high chemical sta-
bility, and high thermal conductivity.3> Conversely, CF
has higher electrical resistance than CNTs because in
CFs the sheets of carbon atoms are somewhat ran-
domly folded or crumpled together rather than pristi-
nely flat.3® The synergistic combination of CNTs and
CF/GC overcomes their physical deficiencies to create
an overall better fiber.

This CNT yarn—CF/GC hybrid is based on a CNT yarn
core combined with a multistep coating and curing
process to create the surrounding CF/GC shell (see
detailed procedure in Methods). Figure 1a shows the
key process schematics of the fabrication of the CNT
yarn—CF/GC core—shell hybrid material. CNT yarn was
spun with a mixture of single-walled CNTs (SWCNTs) and
double-walled CNTs (DWCNTs) (Figure 1f and see trans-
mission electron microscope (TEM) images in Figure S1)
synthesized using the floating catalyst chemical vapor
deposition technique?'™* After purification of the as-
grown CNTs, they were spun to macroscaled yarn by
the wet spinning method as shown in Figure 1b, and c
and discussed in previous reports.3® The cross-sectional
SEM (Figure 1b) shows inhomogeneity (voids) of as-spun
CNT yarn originating from the spinning process. The
carbonization process used to achieve formation of a
mixture of CF and GC on the surface of the CNT yarn
involved using SU-8 photoresist as the carbon precursor
due to the excellent adhesive abilities of its epoxy groups,
the extreme stability in the cross-links of cured SU-8
photoresist, the low carbonization temperature (600 °C),
and the isometric shrinkage during the carbonization
process.>® Thermal treatments were then performed to
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carbonize the cured SU-8 photoresist on the CNT yarn
core. As a result, the CNT yarn—CF/GC hybrid was success-
fully fabricated as schematically depicted in Figure 1a.

RESULTS AND DISCUSSION

To elucidate the structure of the CNT yarn—CF/GC
system, scanning electron microscopy (SEM) and Raman
spectroscopy were conducted, as shown in Figure 2.
SEM indicates well-fabricated CF/GC on the surface
of the CNT yarn (Figure 2a). Figure 2a clearly shows that
the CNT yarn core is completely covered with CF/GC
(diameter of hybrid ~170 um, diameter of CNTs yarn
30—70 um, thickness of CF/GC 50—80 um). Figure 2b
shows more obviously the unique hybrid system consist-
ing of CNT yarn and CF/GC. The cross-sectional image
indicates that the SU-8 carbonization process covered up
voids in the CNT yarn formed via wet spinning, as shown
in Figure 2d. Figure 2e shows the interface between CNT
and CF/GC after the ion-milling process. It is clearly seen
that CF/GC has a more robust structure than CNTs. After
the SU-8 coating and carbonization process, the CNTs
have been well-preserved and are without damage
(Figure 2c). High-resolution TEM shows the interface
between the CNT and CF/GC in Figure 2f. It can be shown
that SU-8 was transformed into graphitic carbon fiber and
glassy carbon. The Raman spectrum recorded from the
surface of the fiber (Figure 2g) has a D band (1355 cam™h)
and a G band (1585 cm ™), indicating the breakdown of
lattice symmetry with the A,q vibrational mode of the
graphite plane and single graphite crystals with the E;4
vibrational mode of the graphite cell, respectively.>” This
is a strong indicator of the presence of graphitic structure
in the outer shell. The spectrum is preferably close to
graphitic carbon.3®*° Therefore, the outer shell of the
fiber is made up of carbon fiber and glassy carbon
because the carbonization temperature is not enough
to carbonize, completely. Figure 2h exhibits the three XRD
spectra recorded from three different samples: carbo-
nized SU-8 at 1000 °C (green) as-grown CNTs (blue) and
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Figure 2. (a) SEM image of the CNT yarn—CF/GC hybrid fiber after carbonization of the SU-8 photoresist; the scale bar is
20 um. (b) SEM image of the CNT yarn—CF/GC hybrid fiber; the scale bar is 20 um. (c) SEM image of CNTs in the hybrid fiber; the
scale bar is 200 nm. (d) Cross-sectional SEM image of the CNT yarn—CF/GC hybrid fiber after cutting using the ion-milling
process; the scale bar is 30 um. The image indicates that the SU-8 carbonization process covered up voids of the CNT yarn that
were formed via the spinning process. (e) High-magnification SEM image of the interface between the CNT and CF/GC; the
scale bar is 4 um. (f) High-resolution TEM image of the interface between the CNT and CF/GC; the scale bar is 5 nm. (g) Raman
spectrum from the surface of the CF/GC in the outer shell of the CNT yarn—CF/GC hybrid fiber depicting the D band
(1335 cm™") and G band (1585 cm™"). (h) XRD spectra of carbonized SU-8 at 1000 °C, as-synthesized CNT, and CNT yarn—
CF/GC. (i) Raman spectrum of the CNT yarn of the hybrid fiber illustrating the RBM, D band (1344 cm™'), and G band

(1592 cm ") of the CNT yarn.

the CNT yarn—CF/GC hybrid (carbonized at 600 °C, red).
Typically, graphite has 260 = 26.603° (d = 0.335 nm)
for the (002) diffraction position. The heat treatment
(carbonization) at low temperature transforms SU-8 from
an epoxy-based negative photoresist to a semicrystalline
state. The up-shifted XRD peak for carbonized SU-8
at 1000 °C is at 25.186° and for the CNT yarn-CF/GC
at 25.800°. The interlayer spacing doy, of each sample
is 0.3533 and 0.3450 nm, respectively. The XRD spectral
lines intimate that the CNT yarn—CF/GC hybrid has a
better graphitic nature than carbonized SU-8 at 1000 °C.*'
The Raman spectrum of the CNT yarn (Figure 2i) has a
radial breathing mode (RBM), a D band, a G band, and
their overtones.*” The RBM, strong evidence of the pre-
sence of SWCNTs and DWCNTs, verifies that the CNT yarn
is composed of SWCNTs and DWCNTs (see peak fitting
of RBM in the Supporting Information). A low peak area
ratio of the D and G bands (area of D band/area of G band,
Ap/Ac, = 0.08) indicates the CNT yarn is made up of very
high quality CNTs (low degree of disorder).

The current—voltage (I-V) characteristics of the
bare CNT yarn and the CNT yarn—CF/GC hybrid are
measured to quantify the electromechanically coupled
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response. In Figure 3a, the |-V curves of as-spun CNT
yarn and the CNT yarn—CF/GC hybrid show that the
response of the CNT yarn—CF/GC hybrid is nonlinear
and less than the CNT yarn for the entire voltage range
(£1.0 V). The electrical resistance, extracted from reci-
procal I-V curves, of the CNT yarn—CF/GC hybrid (6.2 x
10> Qm) is an order of magnitude higher than that of
the CNT yarn alone (7.9 x 107° Qm). These results imply
that CF/GC contributes to the lowering of the electrical
conductivity of the hybrid structure due to its relatively
high electrical resistance compared to CNT yarn. Despite
the increased electrical resistance of the CNT yarn—
CF/GC hybrid, its electrical properties are comparable to
previously reported CNT yarns and fibers (Table 1).°
A self-heating 3w technique was utilized to measure
the thermal conductivities of the CNT yarn—CF/GC
hybrid and bare CNT yarn.”*** The 3w signal correlates
to the thermal conductivity through eq 1,
3ppR/
VSw, ms — % (1)
where L, R, and S are the distance, electrical resistance,
and cross-sectional area of the sample, respectively.
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Figure 3. Electrical and thermal characterization of the CNT
yarn—CF/GC hybrid fiber and bare CNT yarn. (a) Current—
voltage (/—V) curves for the CNT yarn—CF hybrid fiber (red)
and bare CNT yarn (blue). The electrical resistance, extracted
from the reciprocal of the I—V slope, is 6.2 x 107> Qm for the
CNT yarn—CF/GC hybrid fiber and 7.9 x 10~® Qm for the bare
CNT yarn. (b) Resistance at the temperature range 2125 °C
for the CNT yarn—CF hybrid (®) and the bare CNT yarn (H).
The temperature coefficients (R') obtained from the slope of
the fitted line are 1.97 and 8.7 2/°C for the CNT yarn—CF/GC
hybrid and the bare CNT yarn, respectively. (c) Third harmonic
voltage as a function of input current for the CNT yarn—CF/GC
hybrid (®) and the bare CNT yarn (H). Thermal conductivities,
calculated from eq 1, are 20.7 W/mK for the CNT yarn—CF
hybrid and 64.1 W/mK for the bare CNT yarn.

R = (OR/OT) is the temperature gradient of the resis-
tance at the chosen temperature, and k is the thermal
conductivity.***® For obtaining the thermal conductiv-
ity based on eq 1, the temperature coefficient of the
resistance needs to be estimated. The temperature
coefficient can be measured from the slope of the
linear dependency between the resistances and tem-
perature of the CNT yarn—CF/GC hybrid and bare CNT
yarn. Here, we collected the data in the temperature
range 21—-25 °C, which is close to the measurement
temperature of the 3w signal. As shown in Figure 3b,
the measured resistances and temperature coefficients
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Figure 4. (a) Mechanical tensile stress—strain curves for the
CNT yarn—CF/GC hybrid fiber (red), CF/GC (blue), and bare
CNT yarn (green). The tensile test was performed at room
temperature with a strain rate of 1 um/min. Tensile strains
to failure are 1.7%, 1.6%, and 6.3% for the CNT yarn—CF/GC
hybrid fiber, CF/GC, and bare CNT yarn, respectively.

are 49.5 Q and 8.7 €2/°C for the CNT yarn and 178.5 Q
and 1.97 Q/°C for the CNT yarn—CF/GC hybrid. The
third-harmonic voltage measurement data were mea-
sured at a frequency of 100 Hz. The 3w signals start
appearing at 150 uA for bare CNT yarn and 342 uA for
the CNT yarn—CF/GC hybrid wire (Figure 3c). The
thermal conductivities calculated with eq 1 were ob-
tained to be 20.7 and 64.1 W/mK for as-spun CNT yarn
and the CNT yarn—CF/GC hybrid, respectively. We
suspect several mechanisms for the lower thermal
conductivity of the bare CNT yarn: tube—tube junc-
tions, intertubular scattering of phonons, and Umklapp
scattering (anharmonic scattering).** On the other hand,
in the case of the CNT yarn—CF hybrid, defect scattering
remains dominant over Umklapp scattering.*’

To demonstrate improved tensile strength of the
CNT yarn—CF/GC hybrid, tensile testing was performed
(Instron Electopulse) using a strain rate of 1 um/min.
Figure 4 shows the stress—strain curves, measured
tensile strengths, and Young's modulus (Table 1) for
bare CNT yarn, CF/GC (CF/GC was fabricated without
CNT core by carbonization of SU-8), and the CNT
yarn—CF/GC hybrid. The wide disparity between the
theoretical tensile strength of a single CNT and our
experimental value of CNT yarn (68.17 MPa) originates
in disorder within the CNT and inhomogeneity gener-
ated from the spinning process (Figure 1e). Shown in
Figure 4, the CNT yarn—CF hybrid wire has over 11
times higher tensile strength (807 MPa) than bare CNTs
(68 MPa) and 4 times higher than CF/GC (210 MPa). The
Young's modulus of the hybrid wire is also significantly
increased 5 times compared to CF/GC and 4000 times
compared to CNT yarn (Table 1).

A possible strengthening mechanism is stress gra-
phitization at the interface between the CNT yarn core
and CF/GC. This indicates that the strong interaction
between the CNT yarn and CF/GC is generatesd from
effective graphitization during carbonization of the
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TABLE 1. Comparative Summary of Physical Characteristics with Best Records

Young's modulus (GPa) tensile strength (GPa) electrical resistivity (mQ - cm) thermal conductivity (W/mK)

CNT yarn (present study) 0.018
CNT yarn— CF/GC hybrid fiber (present study) 70
CNT yam 2637
carbon fiber 290¢

0.068 0.79 207
0.800 6.2 64.1
33 0.015° 635°
5.65¢ 60° 1380

“Twisted CNT fiber spun by using hand-held spindle.>" ®lodine-doped SWCNT yam.> lodine-doped CNT yarn.>2 ¢ Commercialized carbon fiber, Amoco T-40.%°
¢ Commercialized carbon fiber, Mitsubishi K637. In the case of carbon fiber heat-treated at 3000 °C, resistivity is 0.66 mQ -cm.*® "Benzene-derived fiber (BDF) heat-treated at

3000 °C>3

SU-8 photoresist. Basically, the CNT yarn has inhomo-
geneity and torsional stress originating from the spin-
ning process as shown in previous work3> The
interfacial energy between the CNT yarn core and the
cured SU-8 photoresist was also generated during the
curing process of SU-8. Moreover, the interfacial en-
ergy is also generated as temperature is increased for
carbonization by the different thermal expansion of
CNT and SU-8. These accumulated stresses on the
interface between the core and outer shell can work
as driving forces for local graphitization of SU-8 even at
a low temperature (600 °C).*% This is the direct result of
the stresses on the interface induced by thermally acti-
vated crystallization during graphitization. As a conse-
quence, carbonized SU-8 on the surface of CNT yarn can
have a better graphitic nature in spite of carbonization at
low temperature. This is in agreement with the results of
XRD characterization. The stress graphitization under low-
temperature carbonization enables the reinforced tensile
strength of the CNT yarn—CF/GC hybrid fiber.

CONCLUSIONS

In summary, a unique hybrid CNT yarn—CF/GC
core—shell fiber has been successfully created using

METHODS

Creating CNT Yarn. SWCNTs and DWCNTs were grown using
the flow chemical vapor deposition (CVD) method. To dissociate
the catalysts and remove the amorphous carbon on the CNTs, a
purification process was undertaken using oxidation (air condi-
tions at 400 °C for 1 h) and a two-time soaking process (in a 30%
hydrogen peroxide solution for 72 h and in a 37% hydrogen
chloride solution for another 24 h). Subsequently, the CNT
samples were rinsed with DI water until neutralized. By soaking
the purified CNT bundle in 98% sulfuric acid for 24 h, the bundle
loosens and spreads into a thin film, enabling a small amount of
CNT, in ribbon form, to be peeled off from the thin film. A pulling
force was applied to the two ends of the ribbon to overcome the
tension forces of the sulfuric acid as the CNT ribbon is taken out
of the sulfuric acid solution. The ribbon was then dipped into DI
water to expel the residual acid and left to dry, causing the
ribbon to shrink and become denser as the water evaporated.

Fabrication of C(NT Yarn—CF/GC Hybrid. CNT yarn was completely
immersed in a solution of negative photoresist (SU-8 2015,
Microchem) diluted with cyclopentanone (22% weight ratio)
and pulled out at a speed of 1 mm/s. The SU-8-coated CNT yarn
was prebaked at 75 °C for 5 min in an oven to remove the
solvent, exposed to a 365 nm UV lamp (21 mW/cm?, Cole-
Parmer) for 2 min, and then baked in an oven at 75 °C for 2 min
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a facile multistep process (coating SU-8 photoresist on
CNT yarn and low-temperature carbonization). The
higher electrical conductivity of the CNT yarn remedies
the shortcomings of CF/GC and the better properties of
the CF/GC make up for the lower thermal and mechan-
ical properties of the CNT yarn via hybridization. The
stress graphitization enhances the mechanical properties
of the CNT yarn—CF/GC hybrid fiber compared to as-
produced CNT yarn and CF/GC. This synergistic combina-
tion within the hybrid fiber can be a strong potential for
applications of the hybrid fibers. All the physical properties
of the hybrid fiber are comparable to the previously
reported characteristics of CNT yarns and fibers, shown
in Table 1.354649=53 The hybrid core—shell fiber still has
somewhat lower tensile strength and electrical and
thermal conductivity than the best records. However,
even under low carbonization temperature, the harmo-
nious combination of CNT yarn and CF/GC compensates
for their own drawbacks via hybridization without any
chemical doping and additional processes. Further
studies to tailor the physical properties—electrical con-
ductivity and mechanical strength—should be con-
ducted to create high-performance, multifunctional
carbon fibers of the future.

to cross-link the SU-8. To obtain the desired thickness, this
coating process was repeated twice under the same conditions.
The coated CNT yarn was heated in air to 350 °C at a ramping
rate of 5 °C/min, held for an hour to stabilize the coated SU-8,
and then cooled. Next, the stabilized sample was heated to
600 °C in high vacuum (order of 10~° Torr) at a ramping rate of
5 °C/min and held for an hour before cooling.

Characterization of Electrical and Thermal Conductivities. The four-
point probe third-harmonic method was utilized to eliminate
the contact resistance and avoid the spurious signals it causes. A
lock-in amplifier (Standford Research System SR850) was used
to obtain the 3w signals by amplifying the small voltage and
removing the noise, and an ac current source (Keithley 6221)
was used to provide a stable current supply. All the measure-
ments including resistance, temperature, and 3w signals were
done under high vacuum (p < 10~ Torr) in a Janis Research ST-
500 cryogenic probe station to reduce radial heat losses
through gas conversion.

Mechanical Testing. Tensile mechanical testing was performed
using an Instron ElectroPulse E3000 equipped with a 5 kN load
cell (ISO11566:1996). The gage length of the fiber samples for
the tensile test was 80 mm. All tests were carried out at room
temperature and at a strain rate of 1 um/min. The diameters of
the fibers were measured at the fractured ends using SEM after
testing. Young's moduli were taken as the slope of a line fitted to
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the initial linear regime of the stress—strain curves. The diameters
measured by SEM for the CNT yarn—CF/GC hybrid, CF/GC (CF/GC
was fabricated without a CNT core by carbonization of SU-8), and
bare CNT yarn were ca. 25, 35, and 75 um, respectively.
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