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ABSTRACT

By applying electrical current with heat, we succeeded in improving the graphitization of single
wall carbon nanotubes (SWCNTSs) without increasing the diameter and wall number. At 800 °C,
150 A cm™ (1150 W cm'z) for 1 min, we achieved a 3.2-times increase in Raman G- to D-band
ratio, a 3.1-times increase in electrical conductivity (from 25.2 to 78.1 S cm'l), a 3.7-times
increase in thermal conductivity (from 3.5 to 12.8 W m’! K'l), and even a 1.7-times increase in
dispersibility (from 1.7 to 2.9 mg L™). The electrical and thermal conductivities did not only
increase simultaneously, but relative increases for the electrical and thermal conductivities
were identical across our experimental range, that stems from defect healing without change in
diameter and wall number. In contrast, a significant increase in diameter and wall number was
observed when current was not applied. These results demonstrate the importance of applying

current to improve the graphitization of SWCNTs while maintaining their structure as

SWCNTs.
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No practical material can be free from defects, and in many cases defects represent the
bottleneck for the application of a material. For example, the development of carbon fibers
was a 40 year struggle against defects to improve the fabrication process to first remove the
micron-scale, then the sub-micron-scale, and finally the nanoscopic defects.'” At each level,
when the defects were removed, the tensile strength of carbon fibers increased from ~2 GPa
and finally reaching ~10 GPa, and now has reached the current status where the aircrafts are
largely composed of carbon fiber composites.”* However, even with the most advanced
modern technologies, carbon fibers contain a high level of atomistic defects as evidenced by

the fact that the structure cannot be defined at the atomic scale.

In contrast, single wall carbon nanotubes (SWCNTs) have the potential to possess a
perfect structure down to the atomic-scale, because the chemical structure can be completely
defined by its chirality. However, in practice, SWCNTs include many defects. For example,
an ideal SWCNT is predicted to possess a tensile strength of ~400 GPa but experimental on
macroscopic fibers have only demonstrated tensile strengths of ~3 GPa.>”’ Similarly, the
thermal conductivity for SWCNTs is expected to be ~6600 W m™ K™ at room temperature,
but the thermal conductivity of a SWCNT bundle (diameter: 10nm) has only been measured to
be ~150 W m™" K™' at room temperature.g'9 In addition, the ampacity has been theoretically
estimated to be as high as 10" A cm™ but only 10'-10° A cm™ has been measured.'""?
SWCNTs grown by high temperature processes, like arc discharge and laser ablation, have
been shown to be relatively defect-free, but SWCNTSs grown by chemical vapor deposition
(CVD) have shown to contain more defects, and this fact is acknowledged as a significant
bottleneck for their usage.”>’> CVD technology has improved over the decades, and a few

16-18 .
However, in

approaches have succeeded in growing SWCNTs with high crystallinity.
general, high crystallinity results in a reduction in yield as demonstrated by the inverse

relationship between the crystallinity and the yield.19
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Therefore, significant effort has been invested to develop post processes of CNTs to
remove the defects created during the synthesis stage analogous to the treatment of carbon
fibers. Post processes as represented by high temperature treatments, the standard post process
for carbon fibers, have been successfully adopted for multi-walled carbon nanotubes
(MWCNTs).> For example, Showa Denko K.K. has improved the crystallinity of their
MWCNTs-vertically grown carbon fibers (VGCFs) (diameter: 150 nm) by the Addison high
temperature treatment and succeeded in commercializing them for use in Li-ion batteries,

representing one of the most significant applications of CNTs. 20

From a scientific standpoint, there have been a number of reports on the heat treatment
of CNTs. For example, Mattia et al. reported the heat treatment of MWCNTs at 1200-2000°C
and reported an increase in Raman G- to D-band ratio (an indicator of crystallinity) and a two-
times improvement in the electrical properties.”’ Zhao and Jin et al. demonstrated the rapid
graphitizing of MWCNTs at 2000-2800 °C in an argon (Ar) atmosphere resulting in an
improvement in CNT purity and the crystallinity, and a ~2.0 and ~1.5 times increase in the
electrical conductivity and thermal diffusivity, respectively.22’ * In addition, Musso et al.
annealed a vertically aligned MWCNT mat at 1500-2000 °C in an Ar ambient achieving an

increase in stiffness and macroscopic compressive strength.24

When SWCNTs are exposed to similar high temperature processes (“heat only”
processes), improvement in the crystallinity has been reported, but simultaneously it invokes a
structural change in terms of an increase in both diameter and wall number.”?* This is a
critical problem because a wall number increase for SWCNTs means that they are no longer
SWCNTs. For example, Yudasaka et al. reported the heating of SWCNTs (HiPCO) at 1000-
2400 °C in a vacuum and Ar, and the diameter and wall number of the SWCNTSs increased to
double-walled CNTs (DWCNTs) and even MWCNTSs at temperatures above 1900 °C.> 2

Molecular dynamics simulations by Lopez et al. have shown that the diameter and wall
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number increases due to the thermal coalescence of adjacent SWCNTs by a physical
“patching-and-tearing” mechanism.”’”*® Therefore, to date, there has been no post growth
processes that can remove the defects and improve the SWCNT crystallinity without also

increasing the diameter or wall number.

In this article, to address this important issue, we propose an original post-process where
electrical current (current density: ~240 A cm™, Electrical power density: ~2000 W cm™) was
passed current through a macroscopic SWCNT sheet at high temperatures (room temperature
to ~2000 °C) (Fig. la). This process was enabled by controlling thermal expansion and
electrical discharge associated with these severe conditions. Importantly, we found this
treatment could selectively remove the defects while preserving the diameter and wall number,
a result which differs from heat-only treatments which result in increases in both the diameter
and wall number. As a result, we observed a 3.1-times improvement in the crystallinity
(Raman G- to D band ratio from 4.2 to 13.1), a 3.1-times increase in electrical conductivity, a
3.7-times increase in thermal conductivity, and a 1.7-time increase in dispersibility. We
believe that it is significant that an improvement was observed in every important aspect to
use the treated SWCNTs for real applications, and thus could open up an opportunity to
achieve highly graphitized and high performance SWCNTs from economical and high
production synthesis processes.

Thermal expansion and electrical discharge were obstacles in applying high current
densities at elevated high temperatures. For example, insufficient contact between the
electrodes and sample easily resulted in electrical discharge; furthermore, if the electrodes and
sample were first placed in contact and heated, thermal expansion of the electrodes would
cause damage to both the samples and electrodes. Moreover, when high electrical current was
passed through the CNTs, the local temperature further increases which invokes additional
thermal expansion. These issues not only prevented the progression of experiments, but also

made it impossible to achieve consistent and reproducible experimental results because the
5
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contact resistance between the CNTs and electrodes varied due to variations in samples and

treatment condition.

(a) (b)
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Fig. 1 (a) Conceptual representation of the heat&current post-synthesis process. (b) Digital

photograph of the device. (c) Schematic representation of the primary interior components.

Inset: Sample treatment zone, and (d) treatment process.

In order to overcome these problems, we developed custom-made equipment that could
pass through large electrical current densities though the SWCNTSs at various ambient while
maintaining high temperatures (Fig. 1b). The equipment was composed of vacuum chamber
equipped with a high frequency induction heating system, isotropic carbon electrodes that
treated samples of 10 x 10 mm?, and connected to a high current (both DC and AC) power
supplies (Fig. 1c). Our equipment could perform treatments at different ambient (vacuum,
neutral gases, and H,) and apply currents up 266 A at 120 V, at elevated temperatures up to
2000 °C. The key technology developed was the two probe electrodes with co-planar contact
surfaces where the one was fixed while the other could be advanced by stepper-motor at

desired positions for spacing adjustment. First, the electrodes were brought to a close distance
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(~5.0 mm) without contact and the temperature was raised to ~30 °C below the target
temperature to allow for thermal expansion. Second, while measuring the electrical resistance
between the two electrodes (infinite at the beginning), the upper electrode was slowly moved
towards the SWCNT and lower electrode and stopped when achieving a resistance of one ohm
(Fig. 1d). In this way, we could achieve a very reliable and reproducible soft contact between
the SWCNT sheets at different high temperatures.

SWCNTs (diameter: 2.9 nm, carbon purity: > 99.9 %, CNT purity: 93-95 %) were
vertically aligned forests synthesized by the water-assisted chemical vapor deposition (Super-
Growth CVD) method. SWCNTSs were virtually free from metal impurities that would have
seriously influenced the experimental results as previously 1rep0rted.29 The SWCNT forest was
removed from the substrate, and the SWCNTSs were laid flat into an aligned SWCNT sheet
possessing a high density and two flat parallel surfaces, an important point to avoid poor
electrical contact with the electrodes. It should also be noted that the orientation of the
SWCNTs in the “aligned SWCNT sheet” were virtually perpendicular to the current flow.

We found that passing electrical current at high temperatures (“heat&current” treatment)
through the SWCNT sheets could improve the crystallinity by healing defects without causing
increase to the diameter and wall number, while significantly improving electrical and thermal
conductivities. The best treatment condition was found to be 150 A cm™ (1150 W cm'z) at 800
°C for 1 min in Ar gas flowing (1000 sccm) as determined by the increase in electrical and
thermal conduction. Transmission electron microscope (TEM) images of the heat&current
SWCNTs compared to the as-grown SWCNTSs showed an increase in straightness of the wall
that indicated defect healing (Fig. 2a). In addition, the average diameter and wall number of the
as-grown SWCNTs (diameter: ~2.9 nm, wall number: 1.0) and heat&current SWCNTs were
virtually unchanged. Macro-Raman spectroscopy (Fig. 2b) (sampling area: 100 um) of the
heat&current SWCNTSs compared to the as-grown SWCNTs showed an increased graphitic-to-

disorder band (Raman G- to D-band) ratio from ~4.2 (as-grown) to ~13.1 (heat&current) and a
7
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higher G- to D-band ratio than that for only heat-treated SWCNTs (Fig. 2b). The increase in
the Raman G- to D-band ratio indicates an improvement in the SWCNT graphitization, which
is in agreement with the TEM results showing straighter SWCNTSs. Further, comparison of the
radial breathing mode spectra (RBM) for the as-grown, heat, and heat&current SWCNTs

showed identical peaks and intensities providing evidence of no change to the diameter.
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Fig. 2 (a) Transmission electron microscope images, (b) Raman spectra, and (c) electrical and

thermal conductivities of the as-grown, heat and heat&current treated SWCNTs.

Significantly, we observed an increase in both the electrical and thermal conductivities of
the heat&current treated SWCNTs compared with the as-grown and heat-only treated
SWCNTs, i.e. comparing to as-grown SWCNTs, the thermal conductivity increased ~3.7 times
from 3.5 to 12.8 W m™' K™' and the electrical conductivity increased ~3.1 times from 25.2 to
78.1 S cm™ (Fig. 2¢). The electrical conductivity was measured by the four probe method, and

the thermal conductivity was calculated from the thermal diffusivity, measured by thermowave

8
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analysis, specific heat and density. We think that the simultaneous increase in both the thermal
and electrical conductivity is important and results from defect healing without structural
change. Electrical and thermal conductivity have a complex dependence on the diameter and
wall number and typically do not increase simultaneously. For example, an increase in the

diameter and wall number has shown increase in the electrical conductivity but not the thermal
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Since the thermal expansion and electrical discharge were controlled, the experimental
results were reliable and reproducible. This enabled the mapping of the dependence of
properties (electrical and thermal conductivities, Fig. 3a, 3b) and the structure (Raman G- to
D-band ratio, Fig. 3c) as functions of the temperature (room temperature to 2000 °C) and
electrical current density [0 to 240 A cm™” (2000 W ¢cm™)]. The Raman RBM spectra at each of
these experimental treatment conditions showed identical profiles providing strong indication
that the diameter of the SWCNTSs was unaffected (Fig. 3d). The two-dimensional plots showed
the experimental treatment range with the electrical current density on the x-axis, the
temperature on the y-axis, the origin being the as-grown material (Fig. 3e). The high current
density-high temperature region (grey) was inaccessible due to experimental limitations and
the low-current density-low temperature region (blue) resulted in no change. There are several
important results which arise from these mappings. First, we observe a range in the
experimental treatment region centered at 800 °C and 150 A cm? (1150 W cm™) where a
significant improvement was observed in all aspects, i.e. graphitization change, electrical
conductivity and thermal conductivity. Second, when the current treatment was carried out
without heating, even when applying the maximum current density, we only observed a
minimal change in the structure which highlights the importance of the combination of both
heating and electrical treatments. Third, the overall dependencies of each of the mappings
followed a similar behavior, characterized by a single peak (positioned at the same
experimental condition for each map), like the apex of a mountain, surrounded by a steady
decrease in all directions.

We found that we could deepen our understanding by rearranging the maps into two
Ashby plots where the x- and y-axes were the absolute value and relative values of the
electrical and thermal conductivities, respectively, with colors indicating the Raman G- to D-
band levels of Raman spectra (Fig. 3f). Interestingly, we found that the data fell on to a single

straight line with slope one. This behavior would not occur if the electrical and thermal

10

Page 10 of 18



Page 11 of 18

Nanoscale

conductivities changes were influenced by changes in diameter and wall numbers since the
structural dependence on these properties differ.’ Therefore, we take this experimental results
as direct evidence that the property change reflect an improvement in the crystallinity arising

from defect healing induced by the heat treatment and electrical current flow.
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Fig. 4 Histograms of the (a) wall number and (b) diameter distribution. Process temperature

effect on (c) electrical and (d) thermal conductivities.

To understand the contribution of current treatment, we compared the results of the
heat&current treatment to the heat only treatment. In contrast to the heat&current treatment
(at the optimum current density), the SWCNT sheet treated only by heat showed significant
change. To demonstrate this, we plotted histograms of the wall number and diameter, as
analyzed by TEM, for the as-grown, heat&current (800 °C, 150 A cm'z, 1 min, in Ar), and

heat (2000 °C, 2 h in Ar) SWCNT sheets (Fig. 4a, 4b). The distribution of the diameter and

11
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wall number for the heat&current treated SWCNT sheets were nearly identical providing
direct evidence that the heat&current treatment did not invoke changes to the diameter and
wall number. In contrast, the heat treated SWCNT sheets showed a significant increase in both
average diameters, from ~2.9 nm to ~5.0 nm, and average wall number from ~1.0 to ~2.4. To
be clear, SWCNT sheets treated by heat only were no longer SWCNTs. Further comparison of
the heat&current (at the optimum current density) and heat treatment was carried out by
plotting the increases in electrical conductivity and thermal conductivity versus the heat
treatment temperature (Fig. 4c, 4d). Both methods did increase both properties, but in both
cases, the heat&current treatment method achieved a higher improvement. Furthermore, the
required heat&current treatment process temperature was over ~900 °C lower than that for the
heat only treatment.

While the precise mechanism of defect healing without structural change is unknown,
we will provide a tentative explanation. It is well known that electrons ballistically transport
through SWCNTs but are scattered significantly at defect sites.’> ** This means that when
electrons are passed through CNTs, the major resistance originates from the defect sites, and
most of the consumption of the energy is concentrated at those locations. TEM observation
has shown that electrons can induce structural changes at the defect sites, commonly known as
the knock-on phenomenon.34 More directly, in-situ TEM observations of SWCNTs with a
current flow have shown defect healing invoked by the passage of electrical current.” Further,
defects caused by the knock-on damage have been observed to migrate and coalesce. % We
interpret that a similar process is occurring locally at the defect sites for the heat&current
treatment resulting in defect heating. In contrast, for heat treatments the energy is distributed
uniformly to every atom and not locally to the defect sites. We interpret that this difference is
the reason why we see no change in diameter and wall number for the heat&current treatment,
but do so for the heat treatment. Furthermore, previous reports have attributed the

improvement of electrical conductivity of SWCNT buckypapers exposed to a thermal

12
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treatment on the improvement of inter-tube contacts, ! %% However, in these reports, the
thermal treatment was used for both carbonaceous impurity removal as well as defect healing,
and so the removal of impurities results in a measurable decrease in mass and would likely
result in improved inter-tube contacts. As discussed above, the purity of our samples is
exceptionally high, and we do not observe a measurable change in mass after heat&current
treatment. Therefore, we attribute the improvement in properties to the improvement in
crystallinity.

As the dispersion of SWCNTSs represents an important process for the CNT material to
be used in applications, the effect of current&heat treatment on the dispersion was
characterized. In general, as the SWCNTs are laid down to form a solid sheet, a significant
decrease in dispersibility was expected which would prevent applying the treated SWCNTSs to
real applications. To this end, a family of SWCNT dispersions was prepared by high pressure
jet milling (60 MPa) of SWCNTSs (as-grown, heat treated at 1500, 1750, 2000 °C for 2 h, and
heat&current SWCNT at 800 °C and 150 A cm™ for 1 min) in methyl isobutyl ketone (MIBK).
Jet milling was chosen because it has shown to efficiently exfoliate the CNTs while
minimizing damage.’’ Raman spectroscopy of the samples before and after dispersion showed
no change in the G-band to D-band ratio and RBM spectra, directly showing that the jet
milling dispersion did not induce observable damage to the SWCNTs (Supplemental Fig. S1).
The ability to disperse was quantified as the concentration of SWCNTs in the dispersed
solution from ultraviolet-visible (UV-vis) absorbance (Fig. 5). We found that the dispersibility
significantly decreased (~50%) for the heat treated SWCNTs. In difference, and contrast to
our expectation, we found that the dispersibility of the heat&current treated SWCNT sheets
did not decrease, but instead increased 1.7-times compared with the as-grown SWCNTs. At
this moment, we do not completely understand the underlying reason for this phenomenon.
Since the density of the heat&current treated SWCNT sheets was ~10-times higher than that

of the SWCNT forests, the Van der Waals interaction between the CNTs should be stronger

13
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and resulting in decreased dispersibility. We hope that these results will invoke further studies

to understand this important point.

Heat&current

Dispersed concentration (mg L)

As-grown 1500°C 1750°C 2000°C  Heat&current
(800°C, 150Acm’?,
1min)

Fig. 5 Plot of the dispersed SWCNT concentration for different treatments. Inset: Digital

photograph of dispersions.

Conclusions

We have developed a post-synthetic process for SWCNTs where electrical current was applied

at high temperatures to selectively remove the defects without invoking change in the structure.

The application of current was crucial to prevent an increase in diameter and wall number,
therefore preserving SWCNTs as SWCNTs. Importantly, we found an improvement of
performance in every important aspect for real applications. At the optimum process
conditions, a 3.2-times increase in Raman G- to D-band ratio, a 3.1-times increase in electrical
conductivity, a 3.7-times improvement of thermal conductivity, and a 1.7-times increase in
dispersibility were achieved. We would like to note that there is still much room for
improvement, as the CNTs were not oriented along the current path, but were normal to the

current flow. In this regard, we envision that our approach would be suited to improve

14
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crystallinity of SWCNT fibers since the direction of the CNT alignment and current flow
could be easily matched. We believe that we have succeeded in demonstrating an approach to
improve the crystallinity of SWCNTSs by a post-process to overcome one of the major

limitations of SWCNTs toward real application analogous to that of carbon fibers.

Experimental Methods
CNT Synthesis

SWCNT forests were synthesized in a 1” tube reactor from Al,O; (40 nm) / Fe (1.8 nm)
catalysts sputtered on silicon wafers with ethylene (100 sccm) and water (~100-200 ppm)
using He with H; as carrier gases at a total flow of 1 liter per minute at 750 °C. The forest
consists of aligned SWCNTs with high selectivity (99% single wall) and was very sparse (mass

density: ~0.04 g/cm).”’

Characterization

Raman G- to D-band ratios of the SWCNT sheets were characterized by Raman spectroscopy
using a Thermo-Electron Raman Spectrometer at an excitation wavelength of 532 nm. The
electrical and thermal properties were characterized as previous report.”””' Electrical
conductivity of the fabricated aligned SWCNT sheets was calculated from the measured sheet
resistance using a commercial four probe electrical measurement tester (Mitsubishi chemical,
Loresta-EP MCP-T360) and the average cross-sectional height. Thermal diffusivity (in plane)
of SWCNT sheets was measured at room temperature in air by a thermowave analyzer (TA3,
Bethel Co., Ltd). The specific heat was estimated by differential scanning calorimetry (DSC,
EXSTAR X-DSC7000, Hitachi High-Tech Science Corporation). The change in wall number

and diameter of CNTs were evaluated by transmission electron microscopy (TEM, TOPCOM
15
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EM-002B). The number of SWCNTs used in the TEM estimation of the diameter and wall

number (n) is n=87 of as-grown, n=82 of heat, n=80 of heat&current.
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