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(�) 

 

 

 
(�) 

 

�����	 27. Raman spectra 
�� MWNTs (as-grown) ��	�
�������������� (�-�) 1, 6, 12 

��� 18 h �������
�  

 

 

 

�������	 3. Raman shift ��� intensity ratios ��	���!�� Raman spectra 

 

Synthesized 

time (h) 

D-band 

(cm-1) 

G-band 

(cm-1) 

Shoulder 

(cm-1) 

ID/IG IS/IG 

1 

6 

12 

18 

1,349 

1,351 

1,349 

1,348 

1,575 

1,578 

1,573 

1,577 

1,604 

1,606 

1,604 

1,606 

0.84 

0.90 

1.17 

2.37 

0.21 

0.21 

0.22 

0.27 
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Electrical property 
 

          I-V curves 
�� MWNTs ����"����"��
�
�� graphite powder ���������������

��	 28 #$	����
�%&���' ����������� *�" resistivity ��	��	���	�+������
� 1 h ���:������& 

0.53 ohm.cm �����
� graphite powder ���:���' � 1.06 ohm.cm ��������
� hot 

pressed sintered CNTs ���:���' � 10-4 ohm.cm [26] �
 ;��� ;�:�!���<�!�� inter-tubes 

contact ��	�:���
� [27]  

 

 

 

 

 

 

 

 

 

 
�����	 28. I-V curves 
�� MWNTs (as-grown) ��� graphite powder 
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Intensity ratio ��� electrical resistivity  
 

          �����	 29 ����"����"��
�����:�� ID/IG ��� resistivity 
�� MWNTs (as-grown) 

#$	�����=$�����><	�
$ ;�
�� ID/IG ��� resistivity �����������
����������	�><	�
$ ;� ����

�:��� defect ��<����
$ ;����" #$	��:�!���<�!������� OH radical ��	��<����
$ ;����!���

�����" ordering 
�� carbon atoms �� MWNTs [28,29]  

 

 
 

�����	 29. ID/IG ��� resistivity 
�� MWNTs (as-grown) ��	��������
���������:�� ? 

����	�
���
��� 
 

          ��!�������
�������� Fe-deposited dots �� substrates ��	��' � stainless steel 

��� glass slide *�"���  spark ���"��� Fe ��	 applied voltages �:�� ? !�� surface 

analysis >��:� RMS values, mean roughness ��� maximum height ���:��><	�
$ ;�

���!�������
 ;������ spark ��	�><	�
$ ;� ���!���� ;"
�>��:� RMS values ��� height 


�� dots �������:������:� applied voltages ������������ ;��:�����=�
�������� 

CNTs �� stainless steel ��� glass substrates *�"��:�@�  catalyst ��� �����<�*�
�� 

CNTs �� Fe-deposited dots #$	����
�%&�����"�:����$	�
�� sphere ��<�
$ ;�����+�

�<A��� *�" CNTs ��	�
������������� ;���
 ;�@�<�������*����� *�" growth rate ���:�
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Growth of carbon nanoflowers on glass slides using
sparked iron as a catalyst
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Abstract

Carbon nanotubes (CNTs) were grown on glass slides using iron as a catalyst. By using 6 kV voltage, iron wire with 0.5 mm in diameter was
sparked for 1, 2, 10 and 100 times to form iron dots/islands on the slides. CNTs were subsequently grown in a gas mixture of 10 ml/s Ar and
0.1 ml/s C2H2 at a temperature range of 700–900 K for 300 s (5 min). In scanning and transmission electron microscopies, the CNTs grown on iron
dots appear like flowers composed of carbon with hexagonal structure. In addition, the effects of oxide and gold sputtering on the growth of CNTs
were studied. Both have no major influence on the growth.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Carbon nanotubes; Sparked iron; Glass slides

1. Introduction

Since the discovery of carbon nanotubes (CNTs), they have
been intensively studied by a number of researchers. The CNTs
show very interesting properties and can be used as nan-
otip for scanning tunnelling microscopy (STM) [1], electron
sources of ultra-high luminance light-source devices [2], inter-
connection of nanostructures [3], household light bulbs [4],
nanoelectronics [5], flat panel displays [6], nanofilaments and
nanobeads [7], single-walled carbon nanotube (SWNT) bucky-
paper/epoxy resin matrix nanocomposites [8] and many others.
They can be grown by several methods. Among them are chemi-
cal vapor deposition (CVD) [9–11], graphite arc-discharge [12],
electrophoresis [13], laser pulse power [14] and hydrothermal
[15,16]. The CVD is regarded as one of the most promising
method used for the CNT growing. Fe, Co and Ni are known
as the most effective catalysts used in this process [10]. Their
functions are to promote the decomposition of carbon precur-
sors, diffusion of carbon atoms, formation of metastable carbides
and graphitic sheets and others [10]. For the present research,
an iron wire was sparked to form catalytic dots/islands on glass
slides. By using the CVD method, CNTs were grown in flowing

∗ Corresponding author. Tel.: +66 53 240 989; fax: +66 53 892 271.
E-mail addresses: schthongtem@yahoo.com, sthongtem@hotmail.com

(S. Thongtem).

Ar containing C2H2 at high temperature. Then, the effects of the
catalyst, temperature, oxide formation and Au sputtering on the
CNT growing were studied.

2. Experiment

A glass slide was used as a substrate and its composition anal-
ysed by energy-dispersive X-ray spectrometry (EDX) is shown
in Table 1. The slide was degreased with alcohol prior to the test.
By using 6 kV, Fe wire with 0.5 mm in diameter was sparked
to form Fe dots/islands. The Fe-deposited slide was hung in a
high temperature reaction chamber into which Ar was fed for
removal of air. The slide was heated in 10 ml/s Ar until the test
temperature was obtained at 700–900 K and 0.1 ml/s C2H2 was
added for 300 s (5 min). The growth of CNTs was done at 1 atm
pressure. At the conclusion of the process, the slide was left to
cool down in the flowing Ar to room temperature and further
analysed using a scanning electron microscope equipped with
EDX and a transmission electron microscope operated at 15.0
and 200.0 kV, respectively.

3. Results and discussion

3.1. Effect of catalyst

The slide used for the study composes of Na, Mg, Al, Si, Ca
and O showing that it composes of oxides of the metals. The

0921-5093/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.msea.2005.09.125
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Table 1
EDX analysis (K line) of the glass slide

Element wt.% at.%

O K 47.68 61.17
Na K 8.72 7.78
Mg K 2.70 2.28
Al K 0.29 0.22
Si K 35.42 25.89
Ca K 5.19 2.66

Total 100.00 100.00

slide was used as a substrate for growing of CNTs at 900 K but
no CNTs were detected. This shows that CNTs cannot be grown
on the slide without any catalysts. Therefore, Fe was deposited
on glass slides by sparking for 1, 2, 10 and 100 times to form
catalytic dots. After sparking for 100 times, the dots dispersed
in all directions. Their sizes are decreased with the increasing of

distance. The number of the dots are increased with an increasing
of the sparking number. However, the former can be collided
by the latter and they are fastened together. Then, CNTs were
subsequently grown at 900 K and the selected scanning electron
microscopy (SEM) images are shown in Fig. 1. It was found that
the sparking number did not play a role on the CNT growing.
The Fe-deposited dots are similar to part of a sphere. Therefore,
the CNTs were grown in all directions and are similar to flowers.
They compose of a variety of shapes and sizes. The CNTs on the
large dots are longer than those on the small dots. This shows
that CNTs grow from the large dots before from the small dots
and that CNTs grow on the large dots faster than they grow on
the small dots. For the present condition, no CNTs can be grown
on 1 �m dot (Fig. 1a). This shows that CNTs are likely to grow
on the dots that are larger than 1 �m. In addition, no CNTs can
be grown on the 50 nm Fe-deposited dots sparked for 100 times
(Fig. 1d) either. The experimental time might be too short to
obtain the long CNTs that can be detected by the SEM.

Fig. 1. Fe-deposited dots with CNT growing at 900 K (SEM images). Sparking for (a) 1, (b) 2, (c) 10 and (d) 100 times.
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3.2. Effect of temperature

To determine the minimum temperature which CNTs can be
grown, the glass sparked for 100 times was used for CNT grow-

ing at 700, 750, 800, 850 and 900 K. The results are shown in
Fig. 2. At 700 K, a few of CNTs started to grow on Fe-deposited
dots; especially, for those that are equivalent to or larger than
1 �m in diameter. At 750 K, some CNTs were clearly grown but

Fig. 2. SEM images of the CNTs grown on Fe-deposited dots at (a) 700, (b) 750, (c) 800, (d) 850 and (e) 900 K.



212 S. Thongtem et al. / Materials Science and Engineering A 423 (2006) 209–213

Fig. 3. The CNTs grown at 900 K on Fe-deposited dots (SEM images). (a) One
week after sparking. (b) Sparking and leaving in alcohol for 24 h prior to the
growth.

Fig. 4. SEM images of the CNTs grown on Au-sputtered slide.

they are quite short. The CNTs are longer at the higher temper-
ature. For each temperature, some CNTs are short and some are
long. Growth rate of the CNTs is increased with an increasing
of the temperature. The maximum growth rate is at 900 K with
the maximum value of 2.14× 10−2 �m/s.

Fig. 5. (a) TEM image and (b) electron diffraction pattern of the CNT grown at
900 K.
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3.3. Effect of oxide formation

Effect of oxide coated on Fe-deposited dots was studied.
Instead of sparking and immediate growing the CNTs as above,
glass slides were sparked for 100 times and left for oxide for-
mation on the dots at a variety conditions before growing the
CNTs at 900 K. The results are shown in Fig. 3. Comparing to
the CNTs obtained by sparking and immediate growing at the
same temperature as shown in Fig. 2(e), oxides coated on Fe-
deposited dots can play only a minor role to control the CNT
growing.

3.4. Effect of Au sputtering

Fe was sparked on the Au-sputtered glass slide. Then, CNTs
were subsequently grown at 900 K. The result is shown in Fig. 4.
It was found that the CNTs can be grown on Fe-deposited dots
of the Au-sputtered slide as well.

3.5. Characteristics of the CNT

The CNTs grown at 900 K were put into a beaker containing
deionised water. After ultrasonic vibration, the CNT-dispersed
water was dropped on a copper grid and dried in ambient atmo-
sphere. By using transmission electron microscopy (TEM), the
CNT was studied. TEM and electron diffraction (ED) are shown
in Fig. 5. The surface of the CNT is irregular showing that it is
not perfect. It contains some defects and disordering atoms. The
diameter to thickness ratio of the CNT is 8:1. The ED pattern
shows four concentric rings corresponding to (0 0 0 2), (1 0 1 1),
(0 0 0 4) and (1 1 2 0) planes. The strongest ring diffracts from
(0 0 0 2) plane. Comparing to the JCPDS [17], the diffraction
pattern corresponds to carbon with hexagonal structure. The
diffraction rings are diffuse showing that the CNT composes
of disordering atoms.

4. Conclusions

No CNTs can be grown on the glass slide without the catalyst.
After sparking of Fe on the slides, the CNTs can be grown on

the catalytic dots although the temperature is as low as 700 K.
Growth rate is increased with an increasing of the temperature.
The maximum growth rate is at 900 K. For the present research,
carbon with the hexagonal structure was detected. The oxide
formation on the catalytic dots can play only a minor role on the
CNT growing.
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1

 

INTRODUCTION

Since the discovery of multiwalled carbon nano-
tubes (MWNTs) by Iijima in 1991 [1], synthetic meth-
ods have been widely investigated such as arc-dis-
charge [2], chemical vapor deposition (CVD) [3], and
laser vaporization [4]. To exploit their chemical and
mechanical properties for industrial purposes, large-
scale synthesis and low cost are necessary. Among
these, CVD has shown to be suitable for scaling up car-
bon nanotubes (CNTs) [5–9]. To synthesize CNTs, a
number of powders were used such as Al

 

2

 

O

 

3

 

 [5], MgO
[6], and zeolite [9–12]. The flat substrates were silicon
[13, 14], aluminum [15, 16], and copper [17]. For the
present research, large-scale CNTs were synthesized by
ethanol vapor decomposition over ball-milled iron
oxide coated copper sheets.

EXPERIMENTAL

A mixture of ball-milled Fe

 

2

 

O

 

3

 

 powder and ethanol
was applied to 60 

 

×

 

 170 mm

 

2

 

 copper sheets. Each sheet
was rolled and put in a tube furnace, as shown in Fig. 1.
The sheet was heated up in argon until the test temper-
ature was 650

 

°

 

C. Then ethanol vapor was supplied to
the sheet using 10 ml/s bubbling argon. At the end of
the process, the furnace was turned off. The copper
sheet was left to cool to room temperature in argon. By
using HCl (1 M) for treatment, black powder was
obtained on the sheet. The product was analyzed using
a scanning electron microscope (SEM) equipped with
an energy dispersive x-ray (EDX) analyzer, an x-ray

 

1

 

The text was submitted by the authors in English.

 

diffractometer (XRD) combined with JCPDS software
[18], a transmission electron microscope (TEM), a
thermogravimetric analyzer (TGA), and a Raman spec-
trometer. The carbon yield was estimated using the
equation:

 

,

 

where 

 

W

 

CNTs

 

 is the weight of the as-grown CNTs, with-
out the catalyst, and 

 

W

 

C

 

 is the approximate weight of
the catalyst.

RESULTS AND DISCUSSION

A TEM image of the product is shown in Fig. 2.
Multiwalls were clearly detected. External and internal
surfaces are rough due to the presence of oxygen and
water vapor from the ethanol decomposition. The prod-
uct is composed of some disordering atoms. Generally,
roughness is the surface property to enhance mechani-
cal interlocking between the tubes and the matrix for
reinforcement of composite materials.

Some catalytic particles were detected at the tips
and indicated by arrows in Fig. 3. This shows that a tip
growth mode is dominant. The diameters are in the
range 30–50 nm. CNTs were also synthesized using as-
received Fe

 

2

 

O

 

3

 

 powder (results not shown). Their diam-
eters were 100–300 nm. Ball milling can induce
stresses and cracks in Fe

 

2

 

O

 

3

 

 powder, which acts as a
nanosized catalyst and influences the CNT diameter. A
80 ml of CNTs synthesized by a single batch is shown
in the beaker. EDX analysis shows that the atomic per-

Carbon yield wt%( ) WCNTs/WC 100×=
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Abstract

 

—Carbon nanotubes (CNTs) were synthesized on ball-milled Fe

 

2

 

O

 

3

 

 coated copper sheets by the cat-
alytic decomposition of ethanol vapor at 650

 

°

 

C. TEM, SEM, and EDX revealed the presence of 30–50 nm
diameter multiwalled carbon nanotubes with catalytic particles at their tips. CNTs, 

 

α

 

-Fe, and Fe

 

3

 

C were
detected by XRD. Raman and TG analyses show that the product is CNTs with less than 10 wt % residues. The
carbon yield was the maximum at 354 wt %.
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Fig. 1. 

 

Schematic diagram of CNT synthesis.
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Fig. 2. 

 

TEM image of the as-grown product synthesized by flowing ethanol vapor and argon over a ball-milled Fe

 

2
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 coated copper
sheet.
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Fig. 3. 

 

SEM image of the as-grown product with 80 ml CNTs synthesized by a single batch.
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centages of carbon, oxygen, and iron are 97, 2.5, and
0.5, respectively.

The XRD spectra of the as-grown and purified prod-
ucts are shown in Fig. 4. Peaks of CNTs, 

 

α

 

-Fe, and
Fe

 

3

 

C were detected. This shows that Fe

 

2

 

O

 

3

 

 reacted with
ethanol to form Fe and Fe

 

3

 

C. The strongest peak of the
CNTs diffracting from the 002 plane is at 

 

26.2°

 

. Com-
paring between the as-grown and purified products, the

XRD intensity of the latter is the highest. The presence
of 

 

α

 

-Fe and Fe

 

3

 

C peaks is in accord with the SEM
detection of catalytic particles at the tips. These show
that CNTs grew by the decomposition of Fe

 

3

 

C into Fe
and graphite [18].

The Raman spectrum of the as-grown CNTs ana-
lyzed using the 488 nm excitation wavelength is shown
in Fig. 5. The D and G bands were detected at 1344 and
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Fig. 4. 

 

XRD spectra of as-grown and purified products synthesized for a variety of reaction times.
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Fig. 5. 

 

Raman spectrum (488-nm excitation wavelength) of
as-grown CNTs.
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Fig. 6. 

 

TGA curves of as-grown CNTs or MWNTs synthe-
sized on as-received and ball-milled Fe

 

2

 

O

 

3

 

 powders.

 

MWNTs prepared from
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1572 cm

 

–1

 

, respectively. The intensities of the two
peaks are almost equal due to the effect of surface
roughness and the small amount of the amorphous
phase in the product.

The TGA curves of CNTs or MWNTs synthesized
on the as-received (A) and ball-milled (B) Fe

 

2

 

O

 

3

 

 pow-
ders are shown in Fig. 6. The curves for the A-CNTs
and B-CNTs show weight losses over the range of 497–
953 and 497–741

 

°

 

C due to carbon evaporation. The
above explanation shows that the A-CNTs are larger
than the B-CNTs. Therefore, the oxidation or evapora-
tion rate of the A-CNTs is less than that of the B-CNTs.
Above 953

 

°

 

C for the A-CNTs and 741

 

°

 

C for the
B-CNTs, weights are constant. The total weight losses
are 90.4 and 93.5 wt %, respectively.

The carbon yield of the B-CNTs using 1.0 g ball-
milled Fe

 

2

 

O

 

3

 

 as a function of the reaction time is shown
in Fig. 7. The carbon yield increased to the maximum
value of 354 wt % (3.18 g as-grown CNTs) in 6 h. The
optimum yield is in accord with the maximum XRD
intensity of purified CNTs at 6 h as well. At longer reac-
tion times, the carbon yield decreased slowly due to the
decrease in catalytic activity.

CONCLUSIONS

CNTs were successfully synthesized by the cata-
lytic decomposition of ethanol vapor over Fe

 

2

 

O

 

3

 

 pow-
der on copper sheets. They grew by a tip growth mech-
anism and were multiwalled. Fe

 

2

 

O

 

3

 

 powder was trans-
formed into Fe and Fe

 

3

 

C nanosized particles. The
maximum carbon yield was 354 wt % (3.18 g as-grown
CNTs) at 6 h, in accord with the maximum XRD inten-

sity of the purified CNTs synthesized over the same
reaction time. TGA showed weight losses due to carbon
evaporation.
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Abstract

Multi-walled carbon nanotubes (MWNTs) were synthesized by infusing alcohol into a tube furnace. A nickel catalyst preparation was made
by a reduction reaction of NiO powder by ethanol vapor at 450 ◦C for 30 min before the MWNT synthesis at 700 ◦C for 1–18 h. The as-grown
MWNTs were characterized by scanning electron microscopy, transmission electron microscopy, X-ray diffraction and Raman spectroscopy. Large
quantities of MWNTs, having a diameter in the range of 20–50 nm can be produced from ethanol vapor without a carrier gas by this technique.
A method to measure an electrical resistance of bulk MWNTs was carried out under stress between two conducting plates. The result shows an
exponentially correlation between the resistivity and the D-band/G-band intensity ratio, suggesting that the measuring method provides a simple
tool to monitor the degree of structural defects of MWNTs.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Carbon nanotubes; Chemical vapor deposition; Electrical resistivity

1. Introduction

Since the discovery of carbon nanotubes (CNTs) by Iijima
[1], the field has been developed rapidly because of their unique
electronic and mechanical properties. Depending on the detailed
atomic structure they are either metallic or semiconducting, as
well as a very large Young’s modulus in their axial direction [2].
Thus, there are many potential applications of CNTs, such as
reinforcement in composite materials [3], hydrogen storage for
fuel cells [4,5], electrodes in batteries and capacitors [6,7], field
emitting devices [8–10], probe tips for scanning probe micro-
scope (SPM) [11] and gas-sensing devices [12,13].

CNTs can be synthesized by various techniques such as arc
discharge, laser ablation and chemical vapor deposition (CVD)
[14,15]. Among these synthesis methods, the CVD has shown
to be the most potential method to scale up CNTs at a low cost
[16–20]. Ethanol, known as a very promising candidate of a low
raw material cost by using alcohol catalytic CVD (AC-CVD)
was reported by Maruyama et al. [20]. From these facts, sev-
eral research groups have used ethanol as the carbon source to
produce single-walled carbon nanotubes (SWNTs) [20–24] and

∗ Corresponding author. Tel.: +66 53 941922x610; fax: +66 53 892271.
E-mail address: singjai@chiangmai.ac.th (P. Singjai).

MWNTs [25,26] by various CVD methods such as thermal CVD
[20], hot-filament CVD [21], cold-wall CVD [22,23] and pulsed
laser vaporization [24].

There are some technical difficulties of electrical resistiv-
ity measurements on an individual CNT as well as the results
are very sample-dependent [27,28]. Thus, Ma et al. [29] have
investigated an electrical conductivity of hot-pressed sintered
CNTs. The electrical properties and the associated measure-
ment techniques of bulk, bundles or ropes of CNTs provide
an alternative approach to study a macroscopic scale of both
basic science and applications of CNTs [29,30]. In this work,
MWNTs have been synthesized by an infusion CVD method
using ethanol as the carbon source. The method to measure
electrical resistivity of the bulk MWNTs at room temperature
has been demonstrated to monitor the degree of their structural
defects.

2. Experimental

A schematic view of the infusion CVD apparatus is shown
in Fig. 1. The experiment started with a valve-controlled grav-
ity flow of infusing 0.2 ml/min ethanol into a tube furnace
containing 0.5 g nickel oxide powder. The ethanol was then
evaporated at its boiling temperature to a vapor form at a

0921-5093/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.msea.2006.06.042
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Fig. 1. Schematic diagram of the infusion CVD apparatus.

Fig. 2. Schematic diagram of the electrical resistance measurement.

pressure in which the ethanol vapor-flowing tube furnace was
occurred. Nickel oxide was reduced by the ethanol vapor at
450 ◦C for 30 min before the MWNTs were synthesized at
700 ◦C for 1–18 h. The structure, morphology and quality of
the as-prepared product were characterized by using scanning
electron microscopy (SEM, JEOL JSM-6335F), transmission
electron microscopy (TEM, JEOL JEM-2010), X-ray Diffrac-
tometer (XRD, Bruker D8 Advance) and Raman spectroscopy
(HORIBA JOBIN YVON T64000). An experimental set-up for
the electrical resistance measurement of the as-grown sample
is shown in Fig. 2. The amount of 20 mg MWNTs was placed
into the insulating block area of 10 mm× 10 mm and thickness
of 100 �m, estimated from an assumed microscopic density of
2.0 g/cm3. The measurements were carried out under the com-
pressive stress of 3 MPa between two copper plates to obtain I–V
curves of the MWNTs and a known sample (graphite powder,
Sigma–Aldrich, −325 mesh, purity >99.99%).

3. Results and discussion

SEM image of the as-grown MWNTs (6 h) is shown in Fig. 3,
given the tube diameter in the range of 20–50 nm with the aver-
age size of approximately 27 nm and the length of greater than
10 �m. It is noted that a contrast between the tube center and the
tube wall of an individual MWNT is apparently seen as well as
some bright patches of their cross-sectional orientations. How-
ever, some bright particles of Ni catalyst were barely observed

Fig. 3. SEM image of the as-grown MWNTs at the synthesis time of 6 h.

which resulted from a high MWNT to catalyst weight ratio and
a high growth rate (1.34 g/h).

Fig. 4 shows the XRD patterns of the as-grown MWNTs
(1–18 h). The peak at 26.2◦ comes from carbon and the small
peaks at 44.5◦, 51.8◦ and 76.4◦ correspond to the FCC structure
of the Ni catalyst. The MWNT peak increased with the synthesis
time whereas those of nickel decreased, suggesting that the XRD
result is in good agreement with the SEM image. Furthermore,
the broad MWNT peak, especially from the 18 h synthesized
sample reveals greater structural defects.

TEM image and (inset) the associated selected area electron
diffraction pattern (SADP) of an individual MWNT are shown
in Fig. 5. The fringes of graphite layers show the MWNT struc-
ture with some degree of disorder and defects. The hexagonal
structure of MWNTs has been confirmed by the corresponding
crystallographic (0 0 2), (1 0 1), (0 0 4) and (1 1 0) planes.

Fig. 6 shows Raman spectra of the as-grown MWNTs and the
three Lorentzian peak fits at the synthesis times of 1–18 h. The

Fig. 4. XRD patterns of as-grown MWNTs at the synthesis times of 1–18 h.
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Fig. 5. TEM image and the associated SADP of an individual MWNT.

Table 1
Fits to the Raman spectra for the as-grown MWNTs (1–18 h) including three
Lorentzians for each spectrum

Synthesis
time (h)

D-band
(cm−1)

G-band
(cm−1)

Shoulder
(cm−1)

ID/IG IS/ID

1 1349 1575 1604 0.84 0.21
6 1351 1578 1606 0.90 0.21

12 1349 1573 1604 1.17 0.22
18 1348 1577 1606 2.37 0.27

three Lorentzian peak fits indicate the peak centers at approx-
imately 1349, 1576 and 1605 cm−1 which are the disorder-
induced vibrational mode (D-band), the in-plane carbon stretch-
ing mode (G-band) and the G-band shoulder (IS) associated with
structural defects [31], respectively. The D-band/G-band inten-
sity ratio (ID/IG) increased with the synthesis time whereas the
IS/ID ratio was considered to be unchanged (see Table 1).

Bulk resistance of MWNTs as the Ohmic I–V characteris-
tic is shown in Fig. 7. It is clearly seen that the resistance

Fig. 6. Raman spectra of the as-grown MWNTs and the three Lorentzian peak fits at the synthesis times of (a) 1 h, (b) 6 h, (c) 12 h and (d) 18 h.
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Fig. 7. I–V curves of the as-grown MWNTs and the graphite powder as a known
sample.

increases linearly with the synthesis time. The lowest resis-
tivity was estimated to be 0.53 � cm at the synthesis time of
1 h whereas that of graphite powder as a known sample was
twice, i.e. 1.06 � cm. It should be noted that these measure-
ments are highly repeatable and precise from run to run, i.e.
with an error from the mean resistivity of less than 1%. How-
ever, the resistivity of the MWNTs measured by this technique
was three orders of magnitude greater than that of the hot-pressed
sintered CNTs (10−4 � cm) [29]. This can be attributed by the
poor inter-tube contacts [30], which resulted from the relatively
low compressive stress between two copper plates. Comparisons
between bulk MWNT resistivities, measured at room tempera-
ture by this technique and by others are summarized in Table 2
[32,33]. As discussed above, the resistivity of bulk CNTs may
depend on the measuring condition, however, our measuring
method is a relatively simple tool to quantify a resistivity of bulk
CNTs.

Fig. 8 shows a comparison of the ID/IG ratio and the resistiv-
ity of the as-grown MWNTs, the exponentially correlation was
observed. The result has been demonstrated that the more syn-
thesis time (>1 h) by this present method, the more structural
defects of CNTs were observed. A possible explanation was
given that the as-grown CNTs were degraded by an accumula-
tive amount of the decomposed OH radicals. Since, the too-high

Table 2
Comparisons between bulk resistivities of MWNTs, measured at room temper-
ature by this technique and by some previous works

Result from Measuring condition Resistivity (� cm)

This work CNTs under stress between two
conducting plates

(5–8)× 10−1

Ma et al. [29] Hot-pressed sintered CNTs (2–3)× 10−4

Li et al. [32] Four-point method of CNT ribbons (4.4–12.6)× 10−4

Qin et al. [33] Four-point method of sintered CNTs
compact

(1.2–1.6)× 10−2

Fig. 8. Comparison of the ID/IG ratio as the degree of structural defects and the
electrical resistivity of as-grown MWNTs.

amount of such an oxidizer in the reactor would also attack the
ordered carbon in the form of CNTs at the high temperature
[20,34].

Detailed insights into the mechanism of the CNT growth
from ethanol were preliminary discussed, for example in the
case of SWNTs by Maruyama et al. [20]. Generally, C atoms
and OH species are decomposed on the catalyst surface from
alcohol molecules. In the case of this work, the infusion CVD
is done at atmospheric pressure in which a relatively high
concentration of carbon atoms is obtained and the catalyst
size is much greater than a typical SWNT diameter, there-
fore, the MWNT growth is preferential in this sense. We
believe that, the growth mechanism of MWNTs is probably gov-
erned by the hollow-cored growth [35]. Namely, after adsorp-
tion and decomposition of ethanol molecules at the Ni sur-
face, diffusion of carbon atoms along the external surface is
faster than the interior, hence, graphitic hollow-cored CNT is
formed.

4. Conclusion

MWNTs have been successfully synthesized from ethanol
vapor in the large-scale production system without a carrier gas
by the infusion CVD method. The technique for the electrical
resistivity measurement of the bulk MWNTs has been demon-
strated. The exponentially correlation of the resistivity and the
ID/IG ratio was observed, suggesting that the measuring method
provides the simple tool to monitor the degree of structural
defects of CNTs.
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