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BABSTRACTIl Vertically aligned carbon nanotubes (V-CNTs) with controlled diameter, and nitrogen-
containing CNTs (NCNTs) were prepared by a catalytic chemical vapor deposition method using highly
active and size-classified nanoparticles, and a nitrogenation process with pretreatment by ultraviolet light
irradiation, respectively. We present the thermal and electrical conduction properties of V-CNTs, the chemical
bonding states of NCNTs, and the electrical conductivity of CNT yarns spun from these. The thermal
diffusivity of V-CNTs was ca. 5 x 10 m*s ', which is in the same order as that for isotropic graphite. The
electrical resistance of the V-CNTSs also shows a 7" temperature dependence, which implies that the
conduction of electrons is dominated by a three-dimensional Mott variable range hopping mechanism. The
reduction in the electrical conductivity of NCNT yarns compared to that of CNT yarns is attributed to the
formation of chemical bonding sites such as pyridinic and pyrrolic sites and a reduction of crystallinity via

the nitrogenation process.

BKEYWORDSII Carbon Nanotubes, Nanoparticles, Nitrogen, Yarns, Vertically Aligned,
Diameter-controlled, Chemical Vapor Deposition, Thermal Diffusivity,

Electrical Conductivity

1. Introduction

Carbon nanotubes (CNTs)(l) are one of the most
promising materials in nanotechnology applications,
because it has been theoretically predicted(2'4) and
experimentally confirmed that individual CNTs have
high thermal conductivity(s) and low resistivity,(6)
similar to those of diamond and copper. The properties
of CNTs are strongly dependent on factors such as
diameter, chirality, growth orientation, dopant site,
defects, and number density.(2’7) Therefore,
nanotechnology applications of CNTs require control
of the CNT microstructure. For instance, it has been
demonstrated in various studies that the use of
diameter-controlled and liquid-phase synthesized
nanoparticles (NPs) as catalysts is very useful to
control the microstructure of CNTs.*” In this paper,
the term “microstructure” is used to refer to the
diameter, wall number, chemical bonding sites, and
vertical alignment of CNTs.

Vertically aligned CNTs (V-CNTs) have been
expected to exhibit extraordinary thermal and electrical
conduction properties(m) or be used as a starting

material for the production of yarns with high tensile
strength.(m There have been a number of reports on
V-CNT formation using thermal or plasma-enhanced
catalytic chemical vapor deposition (CCVD)
methods."*" The synthesis of millimeter-scale length
V-CNTs was easily achieved by water (H,0)-assisted
thermal CCVD, the so-called “supergrowth” method."?
However, little has been reported regarding the
simultaneous pursuit of diameter control and vertical
alignment of CNTs using NPs to date.

The significant point to be clarified here is whether
the properties of ‘bulk CNTs’ such as V-CNTs and
CNT yarns useful in practical applications are
comparable to those of the individual CNTs. Although
much research has been conducted on the applications
of V-CNTs and CNT yarns, the question of how to
realize the intrinsic and superior properties of
individual CNTs in each application is still open.
Therefore, with respect to the applications, it is of
significant importance to optimize the properties of
bulk CNTs as well as those of individual CNTs.
However, there have only been several experimental
studies on the thermal" and electrical conductivity(16’17)
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of V-CNTs grown by the supergrowth or other
methods.

In order to gain insight into the benefit of V-CNTs,
we firstly examined the formation of vertically aligned
and diameter-controlled CNTs from highly active and
size-classified NP catalysts prepared by a liquid-phase
process.(lg'zz) Secondly, we clarified the thermal and
electrical properties of V-CNTs.? Nitrogen-containing
CNTs (NCNTs) were then prepared by a nitrogenation
process, and the chemical bonding sites of the NCNTs
and the electrical conductivity of NCNTs yarns were
experimentally evaluated.””

2. Experimental

2.1 Preparation of Catalyst and Substrate

A schematic flow of the CNT growth process is
shown in Fig. 1. Iron (Fe)-oxygen (O), Fe-vanadium
(V)-0, and Fe-titanium (Ti)-O NPs stabilized by oleic
acid/oleylamine were prepared by a reduction method
using iron(I1I) acetylacetonate (Fe(acac);), VO(acac),,
and TiO(acac), as metal precursors, respectively.(lg'zo’zs)
The as-synthesized NPs can be easily dispersed in
hexane. The centrifugal classification of NPs*' is
facilitated by fractional precipitation through the
sequential addition of ethanol to a hexane solution of
NPs. The resultant precipitation was redispersed in
hexane. The supernatant solution was also centrifuged
under the same conditions, and the subsequent
fractionated NPs were redispersed in hexane. Hexane
dispersion of each fractionated NP was obtained by
repeating the process. The NPs were supported on a
10 x 10 mm” silicon (Si)/mesoporous silica (MPS)
substrate by dip-coating. Details of the Si/MPS
preparation have been described elsewhere.*” The

Surfactant Molecule
Nanoparticle (NP) Catalyst

Mesoporous Silica (MPS)

Fig.1 Schematic flow for the CNT growth process.

concentration of the NP solution was controlled for the
self-assembled monolayer deposition of NPs. The
surfactants on the NPs (Fig. 1) were finally removed
by a 10 min plasma pretreatment to improve the
catalytic activity of the NPs.

2.2 Growth and Nitrogenation of CNTs

V-CNTs were grown on Si/MPS substrates by a
CCVD method using Fe-O, Fe-V-0, and Fe-Ti-O NPs
as catalysts, under constant gas flow of C,H, as a
source, H, or Ar/H, as carrier gases, and a small
amount of H,O as a growth-promoting agent. The
temperature and total gas pressure were maintained at
700—900°C and 267 Pa during the growth, respectively.

Vertically aligned NCNTs (V-NCNTs) were prepared
from pristine V-CNTs by ultraviolet light (UV)
irradiation and subsequent nitrogenation with
ammonia gas (NH;), which has been described
elsewhere.* CNTs oxidized by UV irradiation are
referred to here as OCNTs. V-NCNTs without the
oxidation treatment were prepared as a reference
sample. Already-spun CNT yarns were nitrogenated to
produce NCNT yarns.

2.3 Characterization of NPs and CNTs

The arrangement of NPs on the substrate prior to the
CNT growth was observed by field emission scanning
electron microscopy (FE-SEM). The composition of
the NPs was determined using inductively coupled
plasma atomic emission spectrometry (ICP-AES).

The height and morphology of the V-CNTs were
measured using FE-SEM and optical observation of
the cross-sectional surface. Furthermore, in situ optical
imaging (Fig. 1) enabled direct measurement of the
growth height and growth rate, which was calculated
from the height and sampling time.”” Feedback
control of the growth rate was conducted with
reference to the measured growth rate trend by
changing growth parameters such as the growth
temperature, pressure and gas flow rate.”” The bulk
density of V-CNTs was estimated from the difference
in the volume and mass before and after growth. The
mean diameters of the NPs and CNTs were measured
using transmission electron microscopy (TEM), and
are denoted by dyp and dqyr, respectively. For the
preparation of TEM samples, CNTs were removed
from the substrate, dispersed in ethanol and then
dropped on TEM grids and dried under vacuum. The
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crystallinity of V-CNTs was examined by TEM and
Raman spectroscopy using a laser excitation energy of
5.14 eV.

The thermal diffusivity of the V-CNTs was evaluated
by the laser flash method at room temperature in air.
The electrical resistance of the V-CNTs was measured
using the direct-current four-terminal method at
temperatures from 7 to 270 K. The experimental
details have been described elsewhere. >

Nitrogen incorporation into the CNTs was examined
by X-ray photoelectron spectroscopy (XPS)
composition analysis. The chemical bonding states of
NCNTs and OCNTs were assigned according to
Fourier transform infrared spectroscopy (FTIR)
analysis. The electrical conductivity of CNT yarn and
NCNT yarn was compared by nitrogenation of the
same CNT yarn.(24)

3. Results and Discussion

3.1 Growth of V-CNTs from Highly Active NPs

Figure 2 shows FE-SEM images of Fe-O, Fe-V-O
(V: 10 mol%), and Fe-Ti-O (Ti: 10 mol%) NPs on
substrates after removal of surfactants by plasma
treatment and cross-sectional FE-SEM images of
CNTs grown from the NPs for 10 min. V-CNTs were
grown only from Fe-V-O and Fe-Ti-O NPs, whereas
the Fe-O NPs resulted in the growth of a small amount
of random CNTs with unaligned morphology with

a)

Fe-ONP

b) Fe-V-O NP

respect to the substrate. This is because Fe-V-O and
Fe-Ti-O NPs are more highly active toward the
production of V-CNTs than Fe-O Nps. (1529

V-CNTs with an outer mean diameter of 4.3 0.7 nm
were grown from the Fe-Ti-O NPs (dyp =3.8 £ 0.6 nm),
and were mainly double- and triple-walled (single: 2%,
double: 43%, triple: 50%, quadruple: 5%).(18) V-CNTs
with deyr = 3.7 £ 0.6 nm were grown from the Fe-V-
O NPs (dyp =3.1 + 0.5 nm); the percentages of single-,
double- and triple-walled CNTs were 14, 74 and 12,
respectively.(19) Figure 3 summarizes the relationship
between the diameters of the NPs and CNTs in the
present study together with other data,(®%1%19:21:2933)
V-CNTs with diameters almost identical to that of the
initial NPs were grown with a relatively smaller
standard deviation in a relatively smaller diameter
range, compared to the V-CNTs grown from gas-phase
synthesized NPs reported in other studies.®**” In
particular, both the use of centrifugally classified NPs
(dyp = 2.8 £ 0.4 nm) and optimization of the growth
temperatures were found to be effective for control of
the CNT diameter (denr =3.1£0.5 nm).(21’22)

The V-CNT growth height after 10 min using Fe-Ti-
O (Ti: 20 mol%) NPs and a small amount of H,O was
three times larger than typical growth without H,O
addition.”” H,O vapor is known to act as a protective
agent against amorphous carbon coating on catalyst
particles, and thus the suitable addition of H,O vapor
should enhance and maintain the activity of the
catalyst."¥ The time evolution of the V-CNT growth

€) FeTi-O NP

Fig. 2 FE-SEM images of a) Fe-O, b) Fe-V-0, and c¢) Fe-Ti-O NPs on substrates after removal
of surfactants by plasma treatment, and cross-sectional images of grown CNTs. Inset
shows an inclined FE-SEM image in which a few CNTs were observed.
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height was measured with an in situ optical imaging
system (Fig. 4).(27’28) The length and bulk density of
V-CNTs grown at 700°C for approximately 60 min
were in the range of 0.75—1.22 mm and 20—33 kg'm’3,
respectively (Table 1).

The percentage of the total number of single-,
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Fig.3 Relationship between NP and CNT diameters in the
present study and other studies. 71819212933
The dashed line indicates the one to one
correspondence between the diameters of NPs and
CNTs. The solid and open polygons denote random
CNTs and V-CNTs, respectively. The error bars,
which are shown only in the case of V-CNTs,
indicate the standard deviation of each mean
diameter.
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Fig.4 Time evolution of the growth height and rate
measured by in situ optical imaging.(27’28) The inset
shows a cross-sectional optical image of as-grown
V-CNT on Si/MPS substrate with a typical SEM
image of the center area of a V-CNT.

double-, triple-, and quadruple-walled CNTs in the
grown CNTs, and the mean outer and inner diameters
of V-CNTs grown without H,O were measured by
TEM (Fig. 5) as ca. 90%, 5.9 £ 1.5 and 4.2 £ 0.9 nm,
respectively, whereas those of the H,0O-assisted
V-CNTs were ca. 90%, 5.6 £ 1.1 and 4.0 = 0.8 nm,
respectively. Furthermore, the D band to G band
Raman intensity ratio (/p/I) of the H,O-assisted CNTs
was 0.77, while that of the CNTs grown without H,O

Table 1 Thermal diffusivities of as-grown V-CNTs,
isotropic graphite(34) and the supergrowth
SWNTs"” measured by the laser flash method.

Sample Length Density Thermal Diffusivity
(mm) (kg-m™) (m*-s)

#1 0.75 22.8 5.1 X 105

#2 0.91 19.6 3.6 X 107

#3 1.09 26.1 55X 105

#4 1.22 32.8 6.3 X 105
Isotropic Graphite ¢9 ca. 1.0 X 10+
Supergrowth SWNTs 0.75-1.0 X 104

(as-grown, solid) 4%

s A

Fig.5 Typical TEM images of V-CNTs, synthesized
a) with and b) without H,O addition.
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was 0.63. There was no significant difference between
the two specimens; therefore, H,O-assisted growth was
found to have no influence on the microstructure of the
V-CNTs grown in our system. In addition, the I;,//; at
each measurement point corresponding to the initial,
intermediate, and final growth stages was the same.
Thus, a small amount of H,0 addition had no effect on
the crystallinity of the V-CNTs during growth.
Therefore, in the present work, we analyzed the
thermal and electrical properties of H,O-assisted
V-CNTs.

3.2 Thermal and Electrical Properties of V-CNTs

Table 1 presents the thermal diffusivity for various
V-CNTs; that for the V-CNTs grown in the present
study were from 3.6 x 10°t06.3x 10° m>s ', which
is of the same order as isotropic graphite(34) and the
supergrowth single-walled CNTs (SWNTS).(IS) The
thermal conductivity of V-CNTs was estimated to be
approximately 1 W-m K using the specific heat
capacity for graphite (710 J-kgfl-Kfl) and the bulk
density of V-CNTs (Table 1). Low thermal diffusivity
of V-CNTs may be caused by low crystallinity (///:
ca. 1) and thermal resistance induced by a large number
of contacts between CNTs on a 1 mm long CNT.

Figure 6 shows the temperature dependence of the
normalized electrical resistance of CNTs, measured
both parallel (R)) and perpendicular (R) to the tube
longitudinal axis. The resistance in both directions was
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Fig. 6 Temperature dependence of the normalized
electrical resistance of CNTs, both perpendicular
(o) and parallel (o) to the tube longitudinal axis.

The inset shows the temperature dependence of

anisotropy (R /R).

increased with decreasing temperature. The
temperature dependence of electrical resistance is
characteristic of semiconductors, which is in
agreement with previous reports.(l6’35) The anisotropy
(R,/Ry) was gradually increased with decreasing
temperature and became pronounced below 15 K, as
shown in the inset of Fig. 6. V-CNTs have a large
number of intertube and interbundle contacts, and the
anisotropy indicates that significant scattering may
occur at the contacts as a result of intertube energy
barriers. At low temperature 7, when the barrier is
greater than the thermal energy (kz7T, where kj is
Boltzmann’s constant), a localized electron on the
CNT is unlikely to hop across a barrier. The marked
increase in the anisotropy at low 7T reflects differences
in the perpendicular and parallel hopping rates. The
phonon-induced tunneling phenomenon between the
localized states can be explained using Mott’s law.®”
The logarithmic plots of resistance versus 7' " shown
in Fig. 7 are linear (dotted lines), which implies that
the electronic conduction is mainly dominated by Mott
variable range hopping (VRH) in 3D."%73% The
prepared V-CNTs have intertube and interbundle
contacts and low thermal diffusivity; therefore, 3D
VRH may occur between localized states linked to
defects in the tubes and tube contacts.

3.3 Nitrogen Incorporation into CNTs and
Conductive Properties of CNT Yarns

Figure 8(a) shows a schematic of the process flow
for CNT synthesis with XPS results for the C/N/O
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Fig.7 Logarithmic plot of normalized electrical resistance
(In(R/R (270 K))) versus T’ 4 for specimens both
perpendicular (0) and parallel (0) to the tube axis.
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atomic ratios. Nitrogen is effectively incorporated in
CNTs via UV irradiation prior to nitrogenation. The O
1s spectrum of OCNTs was composed of two peaks at
ca. 532.0 (O1) and 533.5 eV (02) that have been
assigned to c=0“" and c-0,“" respectively
(Fig. 8(b)). On the other hand, the decrease in the
intensity of these peaks in the NCNTs spectrum
indicates that the oxygen-containing functional groups
were decreased after nitrogenation. The N 1s spectrum
of V-NCNTs consisted of four peaks at ca. 398.3 (N1),
399.7 (N2),401.0 (N3), and 403.9 eV (N4) (Fig. 8(c)),
which were assigned to (N1) pyridinic,*"*? (N2)
pyrrolic,(4l) and (N3) quaternary sites,*"** and (N4)
oxides or shake-up satellites originated from z bonds,
respectively.

Figure 9 shows the FTIR difference spectra for
OCNTs and NCNTs obtained by subtraction of the IR
spectrum for pristine CNTs. The bands at around (I)
1000-1200, (IT) 1500-1600, (IIT) 1600—1700, and (IV)
3000-3500 cm ' in the OCNT spectrum have been
assigned to (I) vC—O—C, (II) IR-activated vC=C, (III)
vC=0, and (IV) vO-H, respectively.(43) After
nitrogenation, bands (I1I) and (IV) disappeared and the
intensity of the band II shoulder at around 1500—1580
cm ', which is close to the previously reported band
assigned to the heteroaromatic ring of graphitic carbon
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Nitrogenation 0: 0.4
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N:0 ] Sample
0:0.4
Pristine C:853 C:943
N:0.5 > N: 4.2
V-CNTs Oxidation |(Q:14.2 | Nitrogenation” | .15
V-OCNTs V-NCNTs
(b)O1s (c)N1s
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Fig. 8 (a) Schematic representation of the process flow for
CNT synthesis, XPS atomic ratios C/N/O, and XPS
(b) O Is and (c) N 1s spectra of obtained samples.
Ratios of the peak areas are also shown.

nitride,(44) was increased. The decrease of band I after
nitrogenation was relatively small; therefore, the ether
groups may be less reactive toward NH; than the C=0
and C—OH groups. The peaks related to C=N and N—H
groups, which are generally detected at around 2200—
2300 and 3000-3500 cmfl, respectively, were not
observed.

On the basis of the XPS and FTIR studies, the
oxygen-containing functional groups were expected to
react with NH; to introduce nitrogen covalently as
hetero atoms in the aromatic rings composing the tube
framework, mostly at pyridinic and pyrrolic sites rather
than at quaternary sites. The cylindrical structure was
preserved even after nitrogenation, as confirmed by
TEM, although disordering of the tube structure was
promoted as indicated by the increase in the intensity
ratio of Ip/l; (Raman spectra) from 1.0 to 1.4.

The electrical conductivity of the CNT yarn with a
diameter of ca. 10 pm was 4.2 x 10* S m ™' and was
decreased to 2.8 x 10* S m ™' via the nitrogenation
process, which contrasts with the increase of electrical
conductivity for nitrogen doping by direct synthesis
routes reported previously,(45’46) one of which showed
the peak for quaternary sites as the most intense in the
N 1s spectrum.(46) We assume that the decreased
electrical conductivity in the present work is caused by
a more predominant influence of disordering in the
tube structure rather than by incorporated nitrogen.

Unassigned
CO;

1

lIOCNTs Unassigned 1
800 1600 1400 I

|
\/\‘Vu
4000 3500 3000 2500 2000 1500 1000
1

Intensity (arb. units)

Wavenumber/cm™

Fig. 9 FTIR difference spectra for OCNTs and NCNTs
obtained by subtraction of the IR spectrum for
pristine V-CNTs. The insert shows the same spectra
in which the wavenumber region around bands II
and III was enlarged to clearly show the decrease
of band III and increase of the band II shoulder, as
indicated by the arrow.
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Incorporation of nitrogen with lower concentrations
may cause less disordering and possibly enhance the
electrical conductivity, as discussed in the previous
report.(47) Otherwise, the nitrogen incorporated at
pyridinic and pyrrolic sites would have no effect to
increase the electrical conductivity, unlike nitrogen
incorporation at quaternary sites. However, the
catalytic activity of pyridinic sites™ and a vertically
aligned morphology with relative high surface area
could be beneficial for other applications.

4. Conclusions

V-CNTs composed of diameter-controlled CNTs
were synthesized by a CCVD method using highly
active and size-classified Fe-V-O and Fe-Ti-O NPs as
catalysts. The thermal diffusivity of the V-CNTs was
of the same order as that of isotropic graphite and the
estimated thermal conductivity was lower than that of
an individual CNT reported previously.(s) The
temperature dependence of electrical resistance is
characteristic of semiconductors and the anisotropy
(R;/Ry) gradually increases with decreasing
temperature. The low thermal diffusivity and electrical
properties of V-CNTs suggest that 3D Mott VRH may
occur between localized states linked to defects in the
tubes and intertube contacts. Cylindrical NCNTs with
vertically aligned morphology were successfully
prepared by a solventless nitrogenation process with
UV pretreatment. Nitrogen atoms occupied mostly
pyridinic and pyrrolic sites of the CNTs and the
crystallinity and electrical conductivity were reduced
via the nitrogenation process.
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