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Abstract: Diameters and crystallinity of multi-walled carbon nanotubes (MWCNTs) dependent
on reduction temperature of the Fe–Co/MgO catalyst were investigated. MWCNTs were
synthesized by catalytic chemical vapor depositing and the Fe–Co/MgO catalyst was fabricated
by using a sol-gel method. According to Raman analysis, transmission electron microscopy and
thermogravimetric analysis, the diameter distribution of MWCNTs was broadened with increasing
reduction temperature of the Fe–Co/MgO catalyst and crystallinity was improved. The above results
are attributed to an increased size and enhanced crystallinity of metal catalyst particles by increasing
reduction temperature.
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1. Introduction
Carbon nanotubes (CNTs) have been studied as an important nanomaterial since its first
discovery in 1991 [1]. Due to an excellent electrical conductivity and prominent mechanical properties,
CNTs have been attracted a lot of attention in their potential applications such as field-effect transistors,
field emission devices, electronic sensors, transparent electrodes, and composite materials [2–7].
For various applications of CNTs, the control of the growth and properties of CNTs is inevitably
necessary because CNTs indicate quietly different electrical, mechanical, and material properties
according to the diameter and crystallinity [8–10]. Therefore, it is still an interesting task to control
the diameter and crystallinity of CNTs exactly during the growth of CNTs. Several methods have
been developed for the synthesis of CNTs, such as arc-discharge, laser ablation methods, and catalytic
chemical vapor deposition (CCVD) [11–13]. Among them, CCVD was considered to be typical and
meaningful way to synthesis of CNTs with large scale, low coast, and mass production compared with
the other methods [14–16]. There have been many reports for the catalyst effect on the growth and
properties of CNTs using the CCVD method [17–20]. Most of the previous works mainly presented
the growth of CNTs according to catalyst species, catalyst composition, and catalyst fabrication
technique [15,21,22]. On the other hand, it is very difficult to find detailed study for properties of CNTs
dependent on reduction temperature of the catalyst until now. Therefore, in this work, we deeply
focused the reduction temperature effect of the catalyst on the growth of CNTs to understand a growth
behavior of CNTs.
2. Results & Discussion
2.1. Characterization of Fe–Co/MgO Catalyst after Reduction
Energy-dispersive X-ray spectroscopy (EDX) analysis was carried out to confirm the concentration
of elements of the Fe–Co/MgO catalyst prepared at various reduction temperatures. Some organic
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the MgO support material (Figure 3e). The size of metallic catalyst particles was much increased
and the uniformity of the particle size became poor according to increased reduction temperature.
The agglomeration of metallic catalyst particles became stronger at a higher reduction temperature,
resulting in the large size and the non-uniform size. The size distribution of metallic particles was
presented in the range of 6.3~12.9, 8.2~24.8, 15.0~38.8, and 11.6~57.7 when reduction temperature of
catalyst was increased from 600 to 900 ◦ C. This result is well agreed with XRD analysis, which showed
the size of metallic iron particles calculated by Scherrer equation. The representative value of the metal
catalyst size obtained from TEM analysis is similar to the calculated value of the metal catalyst by
Scherrer equation.
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Figure 2. X-ray Diffraction (XRD) analysis of Fe–Co/MgO catalyst as various reduction temperature.

Figure 3 shows transmission electron microscope (TEM) images of catalyst particles within the
Fe–Co/MgO catalyst with different reduction temperature. We also observed metallic catalysts (dark
spherical particles) which showed about 1.9 atomic % ratio of Fe to Co by TEM-EDX on the MgO
support material (Figure 3e). The size of metallic catalyst particles was much increased and the
uniformity of the particle size became poor according to increased reduction temperature. The
agglomeration of metallic catalyst particles became stronger at a higher reduction temperature,
resulting in the large size and the non-uniform size. The size distribution of metallic particles was
presented in the range of 6.3~12.9, 8.2~24.8, 15.0~38.8, and 11.6~57.7 when reduction temperature of
catalyst was increased from 600 to 900 °C. This result is well agreed with XRD analysis, which showed
the size of metallic iron particles calculated by Scherrer equation. The representative value of the
metal catalyst size obtained from TEM analysis is similar to the calculated value of the metal catalyst
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2.2. Analysis of Synthesized MWCNTs Using Catalyst Reduced at Different Temperature
Figure 4 shows scanning electron microscope (SEM) images of CNTs grown by using the
Fe–Co/MgO catalyst with different reduction temperature. Except for the reduction temperature of
the catalyst, the growth conditions of CNTs such as growth temperature, a reaction gas flow rate and a
reaction time were the same in all experiments. From SEM observation, the curly and entangled CNTs
were grown on the catalysts without carbon particles. The average diameter of CNTs is increased with
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Figure 6 shows the high resolution TEM (HRTEM) images of as-grown MWCNTs with different
reduction temperature. The HRTEM images reveal that MWCNTs have parallel multiple layers of a
graphene sheet with an inside hollow in all samples. With increasing reduction temperature from 600 to
900 ◦ C, the MWCNTs indicate average numbers of graphene sheets from 10 to 46. It reveals that the
numbers of graphene sheets follow the outer diameter of CNTs. In addition, when the reduction
temperature goes up, the graphene sheets indicate well-ordered and higher crystallinity structure
(Figure 6 inset). It is considered that higher crystallinity of graphite sheet is mainly caused by more
active reaction of carbon atoms inside a higher crystalline Fe catalyst particle. The surface of an outer
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Figure 5. TEM image of the as-synthesized MWNCTs using catalysts reduced at (a) 600, (b) 700, (c)
800, and (d) 900 °C; (e) for histograms of diameter distributions.

Figure 6 shows the high resolution TEM (HRTEM) images of as-grown MWCNTs with different
reduction temperature. The HRTEM images reveal that MWCNTs have parallel multiple layers of a
graphene sheet with an inside hollow in all samples. With increasing reduction temperature from 600
to 900 °C, the MWCNTs indicate average numbers of graphene sheets from 10 to 46. It reveals that
the numbers of graphene sheets follow the outer diameter of CNTs. In addition, when the reduction
temperature goes up, the graphene sheets indicate well-ordered and higher crystallinity structure
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Figure 6 shows the high resolution TEM (HRTEM) images of as-grown MWCNTs with different
reduction temperature. The HRTEM images reveal that MWCNTs have parallel multiple layers of a
graphene sheet with an inside hollow in all samples. With increasing reduction temperature from 600
to 900 °C, the MWCNTs indicate average numbers of graphene sheets from 10 to 46. It reveals that
the numbers of graphene sheets follow the outer diameter of CNTs. In addition, when the reduction
temperature goes up, the graphene sheets indicate well-ordered and higher crystallinity structure
(Figure 6 inset). It is considered that higher crystallinity of graphite sheet is mainly caused by more
active reaction of carbon atoms inside a higher crystalline Fe catalyst particle. The surface of an outer
wall of MWCNTs shows formation of amorphous graphite sheet due to reaction of residual gas at
lower temperature after power off.

FigureFigure
6. High
resolution
of of
TEM
ofMWCNT
MWCNT
using
catalysts
reduced
at(b)
(a)700,
600,(c)(b)
6. High
resolution
TEMimages
images of
using
catalysts
reduced
at (a) 600,
800,700, (c)
◦
800, and
(d)
900
°C,
respectively.
and (d) 900 C, respectively.

Catalysts2018,
2018, 8,
8, x361
Catalysts
FOR PEER REVIEW

6 of 96 of 9

Raman analysis was used to determine the degree of graphitization of CNTs. Figure 7a shows
Raman analysis was used to determine the degree of graphitization of CNTs. Figure 7a shows
Raman spectrum of the as-grown MWCNTs by using a 514 nm laser. Raman spectrum of CNTs shows
Raman spectrum of the as-grown MWCNTs by using
a 514 nm laser. Raman spectrum of CNTs shows
−1) induced by a degree of graphitization and the other
two main peaks, one is the G-band (1589.2 cm
−
1
two main peaks, one is the G-band (1589.2 cm ) induced by a degree of graphitization and the other
is the D-band (1352.9 cm−−11) indicated a degree of disorder of the graphite structure or the present of
is the D-band (1352.9 cm ) indicated a degree of disorder of the graphite structure or the present of
amorphous
carbon deposited on the surface of outer wall [32]. The intensity ratio of G- and D-band
amorphous carbon deposited on the surface of outer wall [32]. The intensity ratio of G- and D-band
(I(IG/I/I
D) can be regarded as an index for an overall information of crystallinity of CNTs. The IG/ID ratio
G D ) can be regarded as an index for an overall information of crystallinity of CNTs. The IG /ID ratio
obtained
indicates an
anincrease
increasefrom
from1.08,
1.08,1.17,
1.17,
1.31
1.35,
respectively,
as reduction
obtainedfrom
from Figure
Figure 7a
7a indicates
1.31
to to
1.35,
respectively,
as reduction
temperature
as shown
shownin
inFigure
Figure7b.
7b.This
Thisresult
resultmeans
means
that
catalyst
reduced
a higher
temperature increases
increases as
that
thethe
catalyst
reduced
at aat
higher
temperature
is
more
favorable
to
get
better-graphitized
CNTs.
temperature is more favorable to get better-graphitized CNTs.

Figure 7.

(a) Raman spectroscopy (b) I /I

ratio (c) thermogravimetric analysis (TGA) and

Figure 7. (a) Raman spectroscopy (b) IGG/ID Dratio (c) thermogravimetric analysis (TGA) and (d)
(d) derivative thermogravimetric (DTG) analysis of MWCNTs according to reduction temperature of
derivative thermogravimetric (DTG) analysis of MWCNTs according to reduction temperature of Fe–
Fe–Co/MgO catalyst.
Co/MgO catalyst.

TGAanalysis
analysiswas
wasused
usedtotodetermine
determinethe
thecarbon
carboncontent
contentand
andpurity
purityofofas-grown
as-grownMWCNTs
MWCNTsand
TGA
and understand
overall
crystallinity
of MWCNTs.
7c shows
a comparative
TGA weight
understand
overall
crystallinity
of MWCNTs.
FigureFigure
7c shows
a comparative
TGA weight
loss curve
loss curve of the as-grown MWCNTs. Purity of as-grown MWCNTs was about 86.5, 92.2, 93.4,
of the as-grown MWCNTs. Purity of as-grown MWCNTs was about 86.5,◦ 92.2, 93.4, and 93.1%,
and 93.1%, respectively at reduction temperature of 600, 700, 800, and 900 C and the burn-out
respectively at reduction temperature of 600, 700, 800, and 900 °C and the burn-out temperature of
temperature of MWCNTs was increased as the reduction temperature increases. The derivative
MWCNTs was increased as the reduction temperature increases. The derivative thermogravimetric
thermogravimetric (DTG) curve also shows that relative crystallinity of MWCNTs becomes higher with
(DTG) curve also shows that relative crystallinity of MWCNTs becomes higher with increasing
increasing reduction temperature as shown in Figure 7d. This result reveals that the higher crystalline
reduction temperature as shown in Figure 7d. This result reveals that the higher crystalline metal
metal catalysts induce the higher crystalline CNTs due to better graphitization of graphene sheets.
catalysts induce the higher crystalline CNTs due to better graphitization of graphene sheets.

3. Experimental Section
3.1. Fabrication of Catalyst and the Growth of MWCNTs
The catalyst with mole ratio at Fe:Co:MgO = 2:1:5 was fabricated by a sol-gel method [33,34].
Magnesium nitrate hexahydrate [Mg(NO3)2·6H2O], iron nitrate nonahydrate [Fe(NO3)3·9H2O] and
cobalt nitrate hexahydrate [Co(NO3)2·6H2O] were mixed in 50 mL of deionized water. Then, the citric
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3. Experimental Section
3.1. Fabrication of Catalyst and the Growth of MWCNTs
The catalyst with mole ratio at Fe:Co:MgO = 2:1:5 was fabricated by a sol-gel method [33,34].
Magnesium nitrate hexahydrate [Mg(NO3 )2 ·6H2 O], iron nitrate nonahydrate [Fe(NO3 )3 ·9H2 O] and
cobalt nitrate hexahydrate [Co(NO3 )2 ·6H2 O] were mixed in 50 mL of deionized water. Then, the citric
acid was inserted to the mixture to make a homogenous solution. The solution was stirred at 80 ◦ C for
30 min, and it was baked in the oven at 120 ◦ C for 12 h. As a result, the solution became to a catalyst
powder. Finally, the catalyst powder was reduced by using a furnace in H2 (100 sccm) ambient from
600 to 900 ◦ C for 1h in a quartz tube (inner diameter 2.5 inches). For the growth of CNTs, an alumina
boat containing 15 mg of the Fe–Co/MgO catalyst was loaded at the middle position of a quartz tube
(inner diameter 1 inch) and then the reactor was heated up to growth temperature of 750 ◦ C in the Ar
flow (300 sccm). When reactor temperature reached at 750 ◦ C, the mixed gas of ethylene (150 sccm)
and H2 (30 sccm) was introduced into the quartz tube for 30 min to grow CNTs. After finishing the
CNT growth, the reactor was cooled to room temperature in Ar atmosphere.
3.2. Characterization of Catalyst and MWCNTs
The fabricated catalyst was characterized by X-ray Diffraction (XRD, SmartLab, Neu-Isenburg,
Germany) to examine the crystallite size and the crystal phase. XRD analysis was performed with Cu
Kα (λ = 1.54 Å) at 45 kV and 200 mA, and XRD patterns were obtained in the 2θ ranging from 5 to 90◦
and a measurement time of 2 s per point.
Energy-dispersive X-ray spectroscopy (EDX) and scanning electron microscope (SEM) were
performed on a Hitachi 4800 (Tokyo, Japan). An accelerating voltage of 15 kV was employed for EDX
and SEM analysis. EDX characterization of catalysts after reduction was performed in order to get
element information about their chemical composition.
The synthesized CNTs were analyzed by transmission electron microscope (TEM, FEI TECNAI
G2 F30ST, Waltham, MA, USA), Raman spectroscope (HR-800 with a laser wavelength of 514 nm
and power of 1.67 mW, Kyoto, Japan) and thermogravimetric analysis (TGA, TA Q50 instrument,
New Castle, DE, USA). TEM analysis was carried out to verify a diameter distribution and structural
of graphene sheets of CNTs, Raman was performed to evaluate crystallinity of CNTs and TGA a was
performed in air ambient at 60 mL/min with a heating rate of 10 ◦ C/min to obtain carbon content and
overall crystallinity of CNTs.
4. Conclusions
The reduction temperature effect of the Fe–Co/MgO catalyst on the diameter and crystallinity
of MWCNTs have been studied. Reduction temperature of the Fe–Co/MgO catalyst directly affects
the size and crystallinity of metal catalyst particles, which determine properties of MWCNTs such
as a diameter and crystallinity. With increasing reduction temperature, metal catalysts had a larger
particle size and better crystallinity, resulting in the growth of MWCNTs with a widened diameter
distribution and improved crystallinity. The synthesized MWCNTs showed increased diameters in
the range of 8~15, 10~26, 14~32, and 10~65 nm, respectively by increasing reduction temperature
of the Fe–Co/MgO catalyst from 600 to 900 ◦ C, and enhanced crystallinity (IG /ID ratio) of 1.08,
1.17, 1.31, to 1.35, respectively. These results indicate that reduction temperature of catalyst is very
important parameters to control properties of MWCNTs. We believe that our results can be very
helpful to understand and control characteristics of CNTs in order to synthesize optimized CNTs for
various applications.
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