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It is well-known that carbon nanotubes (CNTs) have unique properties: thermal conduc-
tivity of 3000 W/m-K, electrical resistivity of (5 to 50) uQ-cm, and tensile strength of about
50 GPa [1-4]. These promising properties have attracted the interest of researchers studying
CNT-polymer composites in a variety of fields including electromagnetic wave shielding,
heat spreaders, and high strength structures [5-9]. Despite this effort, there has been limited
improvement in the thermal conductivity and mechanical properties of composite materials.
One of the most fundamental problems in improving the properties of CNT-based compos-
ites has been controlling the CNT diameter and length. Change in the diameter of carbon
nanotubes directly affects CNT characteristics, and CNTs with larger diameters are known
to have increased defect density and diminished CNT characteristics [10]. Kis and Zett] [11]
found that the Young's modulus of CNT decreases with decreasing particle diameter. Fujii et
al. [4] experimentally demonstrated that the thermal conductivity of CNTs decreased rapidly
from (3000 to 500) W/m-K when the diameter increased from (8 to 30) nm.

It was proposed that the diameter of as-grown carbon nanotubes was defined by the size of
the catalysts used in chemical vapor deposition (CVD). Cheung ef al. [12] achieved diame-
ter-controlled synthesis of carbon nanotubes using size-adjusted Fe catalyst on a silicon sub-
strate. Moreover, Ding et al. [13] reported that CNT diameters were similar to the sizes of the
Fe particles after synthesis simulation using iron clusters of various sizes. Based on these,
many researchers have tried to synthesize CNTs of various diameters to research the proper-
ties of CNT-reinforced composites according to their diameters. As a result, single-walled
carbon nanotubes (SWNTs), which are known to be excellent, high-quality multifunctional
fillers, have limited applicability due to their low purity and high cost. Commercial CNTs
with diameters in the range 10-30 nm solved the cost problem, but their applications for
reinforced composites were limited due to their low crystallinity. Thin CNTs with small
diameters (e.g., < 10 nm) and higher crystallinity than commercial CNTs, were proposed as
alternatives to solve this problem [14-16], but thin CNTs have not yet been commercialized
for use in composites.

For this paper, we investigated the effect of fine catalyst composition on carbon nanotube
structure, diameter, crystallinity and yield for low diameter CNT synthesis. Then, once the
polyamide composites had been characterized according to the CNT diameters and contents,
these were used to select CNTs with more suitable diameters for composites.

The materials used for catalyst were as follows. Ammonium molybdate tetrahydrate
(98.5 % assay), iron(III) nitrate nonahydrate, citric acid anhydride, and magnesium nitrate
hexahydrate were purchased from Daejung Chemicals & Metals Co., Ltd. (Korea). All re-
agents were of extra pure grade and were used without further purification. The gases used
for synthesis of CNTs were methane, hydrogen, and argon gas. All gases (99.5 % purity)
were purchased from Hankook Special Gas Co., Ltd. (Korea). The polyamide used for the
polymer matrix, named elvamide 8063, is soluble in ethanol and was purchased from Du-
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pont, Ltd. (USA). Ethanol with 98.5 % purity for dissolving the
polyamide was purchased from Daejung Chemicals & Metals
Co., Ltd. (Korea).

To control the CNT diameter, catalysts were synthesized at
600°C using a combustion method [17]. The procedure for cata-
lyst preparation was as follows. All catalysts were prepared based
on 100 g of magnesium nitrate and 35 g of citric acid. Portions
of ammonium molybdate and iron nitrate were weighed so that
the molar amount of Mo would be in the range (0.01 to 0.10)
mol and the molar amount of Fe would be in the range (0.01
to 0.02) mol. Then, ammonium nitrate, magnesium nitrate, and
citric acid (in this order) were added to 100 g of boiling water.
Iron nitrate was dissolved in 30 mL of ethanol and added last.
The aqueous solution in which the four salts were dissolved was
boiled and vigorously mixed for about 20 min using a magnetic
stirrer. Then, the solution was put in a furnace pre-heated to 600
°C for 15 min to prepare catalyst powder. To prevent oxidation
of the catalysts, the stainless steel vessel was capped during the
combustion process. About 20 % of the carbonated citric acid
(compared to the total catalyst calculated) remained due to vessel
capping. This resulted in a brown catalyst rather than yellow or
slightly red catalyst. The catalyst powder was pulverized for 20
s using a household blender to obtain a fine catalyst powder. A
Thermal-CVD reactor (Atech System, Ltd., Korea) was used for
CNT synthesis. The CVD reactor was heated to 920 °C (synthesis
temperature) under argon gas. After a catalyst was put into the re-
actor, a mixture of hydrogen (at 1 SLM) and methane (at 3 SLM)
were supplied instead of argon, and were kept flowing for 40 min
to synthesize CNTs. After the reactor cooled down to 300°C, the
as-grown CNT powders were collected. The yield of synthesized
CNT was calculated by the CNT content relative to the catalyst
input, and calculated according to the following formula.

Yield CNT = (amount of CNT gained — amount of catalyst)
/ amount of catalyst

To investigate the diameter distribution of the as-grown
CNTs, they were dispersed in ethanol and dropped onto a
carbon-coated nickel TEM grid. CNTs were observed using a
TEM (Jeol JEM-2100, Jeol, Japan). The average diameter and
diameter distribution of the CNTs were obtained by measuring
the diameters of approximately 100 CNTs from TEM images.
The CNT morphology was analyzed using FE-SEM (Hitachi
S-4800, Hitachi Hi Tech. Co., Japan) without any treatment.
The length of the CNTs was analyzed using SEM after filtering
ultrasonic-dispersed CNTs with 200 nm pore-size polycarbonate
membrane. The crystallization of pristine CNTs was measured
using Raman (532 nm, Horiba LabRam-HR, Horiba, Ltd., Ja-
pan). The degree of crystallization was the peak area ratio from
D-peak (around 1350 cm™) to G-peak (1580 cm™) in the Raman
spectra. For calculation of peak area, curve fitting was carried
out using the Lorentz distribution method. To determine the in-
terlayer spacing and crystallinity of CNTs, a wide angle X-ray
diffraction device (XRD, X'pert-PROMPD powder Diffractom-
eter, PANalytical, Netherlands) equipped with a rotation anode
using CuKa radiation (A =0.1532 nm) was used. All CNTs were
purified before measuring. For the pore analysis, the amount of
N, gas adsorbed was measured at 77 K with relative pressure (P/
P,) using BELSORP (Microtrac BEL Co., Ltd., Japan). The spe-

DOI: http://dx.doi.org/10.5714/CL.2018.26.095

96

cific surface area was calculated from the isothermal adsorption
curve using the BET equation. Prior to measurement, all CNTs
were outgassed at 300°C for 2 h to obtain a residual pressure of
less than 107 Torr.

CNT-Polyamide composites were produced through solution
blending while changing the CNT content from 1 phr (parts per
hundred rubber) to 50 phr. The polyamide-ethanol solution was
prepared by slowly adding polyamide to ethanol to reach 10
wt% and stirring vigorously for 4 h at 60°C. To minimize the
influence of the remaining catalyst and acid on the composites,
3 mol nitric acid aqueous solution was used to remove the used
catalyst. The dissolved metal ions and acid were removed by
several washings with deionized water. The purified CNTs were
ground in water for two hours using a 6000 RPM homogenizer.
Crushed CNTs were only filtered, and then were used for mix-
ing without drying to prevent agglomeration. The dispersion of
CNTs in the polyamide was accomplished using 60 % output
of 700 W bar-type ultrasound for 60 min. The mixed solution
of CNTs and polyamide was put into cold water and solidified.
Then the mixture of CNT-polyamide was dried at 100 °C for 12
h. The dried CNT-polyamide composites were compressed to
400 kgf using a hot press in the range 150—180 °C to produce 1
mm-thick CNT-polyamide composites. To observe the disper-
sion state of CNTs in the composite material with an optical mi-
croscope (BX51, Olympus Co.), specimens were prepared by
pressing a few drops of polyamide-ethanol solution containing
dispersed CNT on a polyimide film.

Measurement of the electric resistivity of nano-composite
sheets ~ Imm thick and 150 mm in diameter was carried out at
room temperature using a conventional four point probe tech-
nique (Loresta-GP M610, Mitsubishi Chemical Co., Japan).
Rectangular samples 22 mm thick and of different thicknesses
were prepared for thermal conductivity. To determine the ther-
mal conductivity of composites, the same samples of different
thicknesses were measured twice using a thermal conductivity
meter (ThermoCon M100, Metrotech Co., Ltd., Korea) in accor-
dance with the ASTM D 5470 standard. In this method, thermal
conductivity is defined as the ratio of heat flux to the associated
thermal gradient under one-dimensional heat conduction condi-
tions. This measurement could be envisioned as thermal conduc-
tion between two parallel, isothermal surfaces of area A, at tem-
peratures T, and T, separated by a layer of composites having a
thickness with a steady state power of Q. Thermal conductivity,
k, was thus defined as

k=Qx X/ ((Ty~T) ¥ A)

Tensile specimens were prepared by cutting the composites
with a specimen cutter knife to the type V dimensions in ac-
cordance with ASTM D 638-03. The tensile properties of the
composites were measure using an Instron-3382 (Instron, USA)
at a cross-head speed of 5.0 mm/min. All measurement was con-
ducted at room temperature and the average value reported was
obtained from three independent samples.

Diameter control of the CNTs was achieved by adjusting the
ratio of the amount of Fe-Mo used to the amount of magnesium
oxide used as a support. In order to determine the proper Fe
content in the catalysts, the amount of Fe was varied in the range
0.01-0.05 mol. Through SEM observation, it was confirmed that
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Fig. 1. The characteristic of as-grown CNTs according to the portion of
Mo in Mo-Fe/MgO catalysts. (a) Diameter distributions, (b) Raman spectra,
and (c) Yields.

CNTs or carbon nano fibers (CNFs) having a diameter of 30 nm
or more, were present in CNT samples with 0.03 mol or more
of Fe. The optimal amount of Fe was determined to be in the
range 0.01-0.02 mol. CNTs were synthesized by changing the
Mo content from (0.01 to 0.10) mol while the Fe content was
fixed at (0.01 and 0.02) mol, respectively.

Fig. 1 shows the diameter distribution, crystallinity, and yield
of CNTs synthesized with increasing molybdenum content at the
two different iron contents. From Fig. 1(a), the rate of change of
the CNT diameter slightly increases with low Mo content, but
the rate of change of diameter according to iron content differs
significantly at high Mo content. In the case of 0.02 mol of iron,
the increases in the diameter and diameter distributions were not
relatively wide. In the case of 0.01 mol of iron, the diameter dis-
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tribution of the CNTs was very broad and the average diameter
was also dramatically increased. Looking more closely at the
graph, it can be seen that the mean diameter and diameter dis-
tribution are similar when the amount of Mo is below 0.04 mol.
However, at 0.05 mol of Mo, the average diameter is similar
but the diameter distribution is different. Moreover, the average
diameter is 6 nm and 12 nm for 0.07 mol of molybdenum. When
the molybdenum content was increased to 0.10 mol, the average
diameter and the diameter distribution were found to be 25 nm
and 10-35 nm, respectively, in 0.01 mol of iron content. On the
other hand, in the case of 0.02 mol of iron, the average CNT di-
ameter was as small as 10 nm and the diameter distribution was
as narrow as 7-13 nm. Raman spectra of the kinds of CNT are
shown in Fig. 1(b). The crystallinity of CNT is generally defined
by the ratio of the integrated D-peak intensity (Ap) to the inte-
grated G-peak intensity (Ag; i.e., Ap/Ag) in the Raman spectrum
of CNT. From the graph, it can be seen that, as the content of
Mo increased, the crystallinity of both iron catalysts decreased.
Moreover, the rate of decline of the crystallinity at high iron
content occurred with Mo content of 0.03 mol or less. The Ap/
A value was less than 0.06 at all Fe contents. This indicates that
the CNT had very high crystallinity. The crystallinity difference
between CNTs of the two iron catalysts began to be observed
at 0.04 mol, and the crystallinity difference became larger as
the Mo content increased. That is, in the case of 0.07 mol of
Mo, the degree of Ap/As was 0.24 and 0.16, respectively. The
crystallinity further decreased at 0.10 mol of Mo, and the A, and
Ag values were 0.30 and 0.18, respectively. This tendency was
similar to those of the mean diameter and diameter distribution
with variation of the Mo content, as mentioned above.

Fig. 1(c) shows the yields of CNT according to the Mo con-
tent. Yield was calculated as the ratio of the amount of CNT
recovered to the amount of input catalyst. The degree of increase
in yield showed similar shapes when content was low (0.04
mol), but the difference in yield started to increase at 0.06 mol
of Mo. Specifically, the yield was about 70 % with 0.03 mol Mo,
(200 and 150) % with 0.04 molar Mo. The yields at 0.06 mol Mo
were about (680 and 460) %, respectively, which is about 200
% difference. The yields with 0.10 mol of Mo were (1900 and
900) %. The yield with 0.01 mol of Fe was about twice that with
0.02 mol of Fe. As the Mo content increased, the diameters and
yields of CNT increased and the crystallinity decreased. These
results suggest that Mo accelerates the growth rate of CNT to
a larger diameter and at the same time increases the generation
of defects in the CNT walls, resulting in higher synthesis yield
but lower crystallinity of the CNT. Tang et al. [18] studied the
optimum conditions for SWNTs by changing the composition of
Mo and Co in the Mo-Co/MgO catalyst system. The yield was
11 % when Co was fixed at 0.05 moles. As the content of Mo
increased from (0.01 to 0.10) mol, the yield of CNT increased
from (40 to 270) %. The almost invisible MWNTs at 0.01 mol
accounted for the majority of above 0.75 mol Mo. According to
other researchers [19,20], in the case of a catalyst in which the
amount of Mo is 5-10 times that of Fe or Co in the Fe-Mo/MgO
and Co-Mo/MgO catalysts, the diameter of CNTs was 10-30
nm, and the CNT yield was about 2000 %. CNTs with larger di-
ameters were thought to have been synthesized using a catalyst
with a Mo/Fe ratio higher than a specific value. The ratio of Mo/
Fe was estimated to be ‘5’ or less in this study. That is, in this
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Fig. 2. (a) TEM images, (b) Diameter distributions, (c) Length distributions, (d) Raman spectra, and (e) XRD patterns of four selected CNTs.

paper, CNTs with an average diameter of less than 10 nm and a
more uniform diameter distribution were obtained with < 0.05
mol Mo for0.01 mol Fe, and < 0.10 mol Mo for 0.02 mol Fe.
Four CNTs with different diameters but uniform distribution
were chosen to determine the effect of diameter on the properties
of composite materials. Fig. 2 shows the (a) TEM, (b) diameter
distribution, (c) length distribution, (d) Raman spectra, and (e)
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XRD for the four selected CNTs. Fig. 2(b) shows the diameter
distribution of the four CNTs, as measured in the TEM images.
It can be seen that each of the four CNTs had a diameter distri-
bution of (1-3, 3-7, 7-13, and 10-30) nm, respectively. To dis-
tinguish these CNTs, they were named 2 nm, 5 nm, 10 nm, and
20 nm CNTs, respectively. TEM images in Fig. 2(a), shows that
dozens of 2 nm CNTs were aggregated and that the 5 nm CNTs



Fig. 3. (a) Optical microscope images of four CNTs in composites and (b)
SEM images after homogenizer-milling

consisted of several types of aggregations. The (10 and 20) nm
CNTs, having large diameter, have almost no aggregated CNTs.
The length distributions of CNTs extracted from dozens of SEM
images are shown in Fig. 2(b). As a result of the length measure-
ments, it was determined that the average length was about 4.3
um for 2 nm CNT, 5.6 um for 5 nm CNT, 6.4 um for 10 nm
CNT, and 4.9 um for 20 nm CNT. Moreover, the maximum fre-
quency length for almost all CNTs was about 4—6 um. For 20 nm
CNTs with relatively low crystallinity, the number of CNTs with
length of 1 pm or less was very large. The crystallinity of the
CNTs was calculated by comparing A, and A from the Raman
spectra in Fig. 2(c). The crystallinity of 2 nm CNTs was 0.05,
which was almost ten times greater than that of 20 nm CNTs.
The value of Ap/Ag for 5 nm CNTs was almost 0.11 and that
for 10 nm CNTs was 0.19. Fig. 2(d) shows the XRD patterns of
the CNTs used, which show almost the same diffraction C(002)
peak at 20 of 25.6-26.1° corresponding to a d-spacing between
graphene sheets of 3.43-3.45 A. As the CNT diameter increased,
the inter-wall distance C (002) decreased. The FWHMSs of the C
(002) peak were 3.5, 3.3, and 3.2 for (5, 10, and 20) nm CNTs,
respectively. The C (100) peak was found around 43.2° due to
the lateral correlation of the graphite layer. From the nitrogen
adsorption isotherms (not shown here), the specific surface area
(SSA) of each CNT was obtained. The SSA of the four sizes of
CNTs was (595, 496, 374 and 265) m?/g according to increasing
order of CNT diameter. The reason why the difference in spe-
cific surface area between (2 and 5) nm CNT is not very large is
related to the formation of CNT aggregations.

Fig. 3 is a micrograph showing a 200-fold magnification
of a composite material having CNT content of 0.1 wt%. It
was used to examine the dispersion state of each CNT in the
composites. From Fig. 3(a), it can be seen that (2 and 5) nm
CNTs have a large number of agglomerates. Compared with
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Fig. 4. Properties of CNT-polyamide composites prepared according to
CNT diameter and content: (a) Electrical resistance, (b) Thermal conductiv-
ity, and (c) Tensile strength.

(10 and 20) nm CNTs, the agglomeration was relatively de-
creased. Fig. 3(b) is a SEM image used for length analysis.
It can be seen that the 2 nm CNTs still have a relatively large
number of aggregations after milling, while the 20 nm CNTs
are much smaller.

Fig. 4 shows the properties of CNT-polyamide composites in-
cluding such as (a) electrical resistance, (b) thermal conductivity,
and (c) tensile strength according to the CNT diameter and con-
tent. As shown in Fig. 4(a), as the content of CNTs as a conduc-
tive filler increases, the resistance of each composite decreases
sharply regardless of the diameter of CNTs; at saturation the re-
sistance was around 1 Q. Generally, as the content of conductive
filler increased, the composite, which was an insulator, gradu-
ally turned into a conductor. This was due to the formation of a
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continuous path or conductive network through which electrons
could travel through the conductive filler. When the conductive
network was formed, that is, when the electrical resistance value
of the composite material was generally about 10° Q, the content
of the conductive filler was regarded as a percolation threshold
value [21]. From Fig. 4a, CNT-polyamide composites with a di-
ameter of 10 nm or less have a threshold value of 5 phr or less,
although there was a slight difference depending on the diameter
when estimating the threshold value of CNTs having different
diameters. On the other hand, the relatively large 20 nm CNTs
showed a threshold value between (7 and 10) phr. Threshold
values of CNT were different according to CNT used and mix-
ing method, but when CNT was dispersed in epoxy, it showed a
low threshold of 0.01-0.10 % [22]. In the cases of polyethylene,
polypropylene, and polycarbonate composites, threshold values
were about 1-3 % [23]. In contrast, the threshold value of poly-
amide was relatively high, about 4-7 % [24,25]. Ha et al. [26] re-
ported that the polyamide composites had high threshold values
because they were involved in the hydrogen bonding of repeated
methylene groups in the polyamides. The hydrogen bond inhib-
ited the dispersion of CNT in the polyamide polymer, and the
resistance of the composite was not easily lowered even if CNT
was added above the critical value. The 10 nm CNT composite
had a resistance value of less than 100 Q at 7 phr and the electric
conductivity was almost saturated at 10 phr. On the other hand,
the resistance of composites with (2 and 5) nm CNTs was nearly
100 Q at 10 phr and was saturated at 20 phr. However, the 20
nm CNT composites exhibited a resistance value of about 100 Q
at 20 phr and a saturation value of 1 Q at 40 phr. The (2 and 5)
nm CNTs were expected to show lower resistance values among
the composites because of the relatively large number of CNTs
with the same content. However, 10 nm CNTs were suitable for
composites. This is due to the formation of aggregations of (2
and 5) nm CNTs, as shown in Fig. 2. Hou et al. [14] reported that
SWNTs have good crystallinity, but SWNT composites exhibit
low electrical conductivity due to low dispersion and formation
of aggregations. In addition, if the diameter is larger, the electri-
cal conductivity of the composite is reduced due to its low crys-
tallinity and low aspect ratio (length to diameter ratio) despite its
relatively high dispersion.

The vertical thermal conductivity of the CNT-polyamide
composite is shown in Fig. 3(b). As the CNT content increases,
the thermal conductivity of the composite gradually increases.
The thermal conductivity of composites using small diameter
CNTs such as 2-10 nm CNT, reached almost 2.4 W/m-K at 40
phr and this was about 1500 % higher than the thermal conduc-
tivity of neat polyamide. In contrast, the 20 nm CNT composite
had a thermal conductivity of 1.7 W/m-K at 40 phr CNT, about
an 1100 % increase. However, the increase was smaller than ex-
pected. The thermal conductivity increase rate of (2, 5, and 10)
nm CNT was (0.53-0.56, 0.57-0.61, and 0.56-0.60) W/m-K,
respectively. On the other hand, the rate of increase in thermal
conductivity for 20 nm CNT was 0.38 W/m-K. The Lewis-
Liesen model was used to predict the thermal conductivity ac-
cording to the CNT diameter and content. As a result, the com-
posite thermal conductivity according to diameter was estimated
to be from (1.5 to 2.0) W/m-K at 10 phr and from (4.0 to 6.0)
W/m-K at 40 phr. The explanation for the difference between
the calculated value and the experimental value can be deduced
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from a review paper [27]. The thermal interface resistance phe-
nomenon was the biggest of the bottlenecks in the manufacture
of CNT-polymer composites with excellent thermal conductiv-
ity. There was high thermal resistance between CNT and the ma-
trix polymer. There was also thermal resistance between CNTs
due to low thermal contact efficiency and contact area. For this
reason, the thermal contact area of 2 nm CNTs was smaller than
of 10 nm CNTs, and the heat resistance was relatively higher.
Therefore, 2nm CNT composites showed lower thermal conduc-
tivity than 10 nm CNT composites did. In addition, 20 nm CNTs
are shorter than 10 nm CNTs, resulting in relatively poor thermal
contact efficiency. This degraded the thermal conductivity of the
composite material.

Fig. 3(c) shows the tensile strength of CNT-polyamide
composites according to the CNT diameter and content. The
elongation of the composite material was 5 mm/min. Tensile
tests could not be carried out because the composites with
CNT content of 30 phr or more is too fragile. The tensile
strength of neat polyamide was measured up to 37 MPa and
the tensile strength of CNT-added composites increased to
60 MPa according to CNT diameter. The strength of smaller
diameter CNTs such as (2 and 5) nm CNTs, decreased with
increasing CNT content. Composites of (10 and 20) nm
CNTs with large diameters showed a continuous increase in
strength up to 20 phr. As described above, because CNTs in
the composite material are relatively large, the tensile proper-
ties of the small-diameter CNTs were not improved and they
casily agglomerated. The 20 nm CNTs was easily cut in the
homogenizer and during sonification due to their low crystal-
linity, the result of many defects.

To control the CNT diameter, CVD synthesis for CNTs
with different diameter distributions was carried out by in-
creasing Mo. As Mo was enriched in Mo-Fe/MgO catalysts,
both the diameter and yield of CNTs increased, but the crys-
tallinity decreased. However, if the Mo content was increased
above a specific ratio to Fe, the synthesized CNT would have
a higher yield, wider diameter distribution, and lower crystal-
linity. To investigate the relationship between CNT diameters
and the properties of the composites, four CNTs with dif-
ferent diameter distributions were selected to produce poly-
amide composites. The properties of the composites were
evaluated using electrical resistance, thermal conductivity,
and tensile strength. The characteristics of the composites
prepared with CNTs with an average diameter of 10 nm or
less, were superior to those composites in which CNT had an
average diameter of 20 nm. Among the CNTs with a diameter
of 10 nm or less, CNTs having an average diameter of 10 nm
was considered to be most suitable for use in composite ma-
terial. It showed a threshold of electrical resistance of 5 phr
or less, a thermal conductivity of 2.4 W/m-K at 40 phr, and a
tensile strength of 60 MPa at 20 phr.
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