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Abstract: The choice of a catalyst for carbon nanotube (CNT) growth is critical to controlling the
morphology and chirality of the final product. Plasma-enhanced chemical vapor deposition (PECVD)
can alleviate the requirements of the catalyst, i.e., they must be active for both the decomposition
of the source gas and graphitization in the conventional thermal CVD. However, it is still not well
understood how the catalytic activity of the graphitization affects the yield and quality of CNTs.
In this paper, we systematically investigated the influence of the catalytic activity of graphitization by
tuning the composition of Fe1−xMnxO (x = 0–1) nanoparticles as catalysts. As the Mn component
increased, the number of CNTs decreased because Mn has no catalytic function of the graphitization.
The quality of CNTs also affected by the inclusion of the Mn component. Our study may provide
useful information to develop a new catalyst for CNT growth in PECVD.
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1. Introduction

The carbon nanotube (CNT) has been widely studied since its discovery [1,2] due to its excellent
properties such as high thermal conductivity [3], toughness [4] and high carrier mobility [5–9]. Several
kinds of synthetic methods have been established to grow the CNTs, for instance, arc discharge [10,11],
laser ablation [12] and thermal chemical vapor deposition (CVD) [13–21]. The thermal CVD is currently
the most widely used technique for the CNT production due to its high yield, high quality and ease of
use. Two primary methods of HiPCO [22] and super-growth [23] were invented by Nikolaev et al.
and Hata et al., respectively, for the mass production of the single-walled CNT (SWCNT). After the
invention of these two methods, many researchers tried to synthesize SWCNTs with single chirality for
over ten years because the chirality determines the electronic property of the SWCNT. (6, 5) SWCNTs
with chirality in a proportion higher than 50% were produced using the CoMo catalyst supported by
porous silica [14,24]. When using the FeRu catalyst, the chirality depends on the reaction temperature;
(6, 5) SWCNTs and a mixture of (8, 4) and (7, 5) SWCNTs are synthesized at 600 ◦C and 850 ◦C,
respectively [15]. In 2014, (6, 6) SWCNTs were grown using singly capped ultrashort SWCNTs that
were synthesized via barrel-shaped organic molecules (C96H54) [25]. A single chirality (12, 6) in a
proportion more significant than 92% was achieved for the SWCNT growth using the W-Co nanocrystal
catalyst [26]. For further improvement of the quality of CNT, many researchers are still intensively
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exploring the catalysts for the SWCNT growth because the SWCNT growth with a higher selectivity is
desirable for electronic applications.

However, searching for a new catalyst is very challenging due to the strict requirements for the
catalyst for the thermal CVD, which must possess both functions of decomposition of the source gas
and graphitization of the carbon species [27–30]. The plasma-enhanced CVD (PECVD) can alleviate
such strict requirements for the CNT growth because a high energy plasma makes active carbon species.
Another advantage of the PECVD is that the amount of supplied ionized carbon species onto the
surface of the catalyst can be tuned by applying a voltage to the substrate. Kato et al. demonstrated
that the chirality distribution and growth rate of the SWCNTs in the PECVD could be controlled by
tuning the size of the nanoparticles (catalysts) and the flow rate of H2 [31,32]. Although many articles
reported the low-temperature synthesis of CNTs, synthesis of free-standing CNTs and synthesis of
horizontally aligned CNTs by PECVD [33–36], it is still not well studied how the catalytic activity of
the graphitization influences the yield and morphology of CNTs.

The purpose of this study is to systematically investigate how catalytic activity affects the yield
and morphology of CNTs, which must be well understood before searching for a new catalyst for
the CNT growth. In order to achieve this purpose, Fe1−xMnxO (x = 0–1) was selected as a catalytic
nanoparticle because it is well-known that Fe is a suitable catalyst in the thermal CVD while Mn is
not. Furthermore, it is easy to tune the chemical composition, which is x by controlling the synthetic
conditions. Our study may provide useful information to develop a new catalyst for CNT growth.

2. Materials and Methods

The Fe1−xMnxO nanoparticles that were synthesized according to Hou [37] were used for the
catalyst of the CNT growth. It was confirmed that the same procedure to make FeO nanoparticles can
be used for the synthesis of the Fe1−xMnxO nanoparticles if the corresponding ratio of the acetylacetone
complexes (starting materials) is used except when x = 1 (pristine MnO). We found that the MnO
particles synthesized following the same procedure as Hou reported [37] were large (~200 nm).
Therefore, the hot injection method [38,39] was used for preparing the MnO nanoparticles. The ratio of
the acetylacetone complexes in the source materials is summarized in Table 1.

Table 1. The ratio of acetylacetone complex in the source materials to prepare Fe1−xMnxO nanoparticles
was shown in the first and second rows. acac stands for acetylacetone. The volumes of oleylamine
and oleic acid (solvents) are both 5 mL. Chemical compositions evaluated by energy-dispersive X-ray
spectroscopy and X-ray diffractionwere shown in the third row and fourth row, respectively.

Fe(acac)3/mmol Mn(acac)3/mmol x by EDS x by XRD

(i) 2.0 0 0 0
(ii) 1.0 1.0 0.5 0.5
(iii) 0.17 1.8 0.97 0.9
(iv) 0 2.0 1 1

We found that FeO nanoparticles were reduced into Fe nanoparticles during PECVD by the active
species generated in the plasma, which was confirmed by acquiring an electron diffraction pattern
of the nanoparticles after the PECVD as shown in Figure 1. The inset shows a transmission electron
microscope (TEM, JEM-2010, JEOL, Tokyo, Japan) image of the Fe nanoparticles attached to the CNTs.
We further confirmed with a scanning electron microscope (SEM, JSM-6500F, JEOL, Tokyo, Japan) that
there was no significant difference in the CNT growth in both cases when we used FeO nanoparticles
with and without hydrogen treatment as shown in Figure 2a,b. Therefore, we did not carry out any
special treatment, such as hydrogen treatment to reduce FeO into Fe in this study.
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Figure 1. An electron diffraction pattern of the Fe nanoparticles after Plasma-enhanced chemical 
vapor deposition (PECVD). Inset shows the TEM image of nanoparticles attached to the carbon 
nanotubes (CNTs). Scale bar in the inset shows 100 nm. 

 
Figure 2. The surface morphology after the CNT growth with (a) and without (b) hydrogen treatment. 

The specially designed PECVD chamber that can directly monitor the temperature under a high 
bias voltage using a thermocouple was utilized in this study. The detailed geometry of the PECVD 
chamber was described in the previous report [40]. A SiO2(285 nm)/Si wafer was cut into several 1 × 
1 cm2 pieces and cleaned by the RCA method [41], then an Al2O3 layer was deposited by sputtering, 
if necessary. The oxide nanoparticles dispersed in a hexane solution were dip-coated on the substrate 
in a glove box. The substrates were transferred to the chamber as quickly as possible because the 
monoxide nanoparticles are gradually oxidized in air. After the substrates were introduced into the 
PECVD chamber, then the chamber was evacuated. When the pressure reached 1 × 10−4 Pa, the 
substrate was heated to 650 ºC, then methane (CH4) was introduced into the chamber. The pressure 
was adjusted to 70 Pa that is the optimal pressure to form a stable plasma. The radiofrequency plasma 
was turned on, and the power was fixed at 20 W. A bias voltage (−200 V) was applied to the substrate, 
and the shutter was opened to start the PECVD. After a 10 min reaction, the shutter was closed to 
stop the growth of the CNTs. The plasma and the heater were turned off to avoid any undesired 
reaction while cooling. 

XRD (Rint Ultima 2000, Rigaku, Tokyo, Japan) was measured to identify the nanoparticles with 
Cu Kα radiation (λ = 0.154056 nm). A TEM (JEM-2010, JEOL, Tokyo, Japan) and an SEM (JSM-6500F, 
JEOL, Tokyo, Japan) were used to observe the morphology of the nanoparticles and CNTs. An energy 
dispersive X-ray spectrometer (EDS) attached to the TEM was used to conduct the elemental analysis. 
The structural order of the CNTs was analyzed by Raman spectroscopy (Renishaw Invia) with a 532 
nm excitation laser. 

3. Results and Discussion 

The dispersity of the nanoparticles on a substrate is very important to make dense CNTs [42,43]. 
Hence we examined the dispersity on the six kinds of substrate: SiO2/Si(100), SiO2/Si(100) with 
scratches, Si(100), 7º off Si(100), a molybdenum plate and Al2O3/SiO2/Si. Only the Al2O3/SiO2/Si 
substrate was effective to uniformly disperse the FeO nanoparticles as shown in Figure 3a. The FeO 
nanoparticles on a SiO2/Si substrate aggregated, forming large clusters as seen in Figure 3b. Such 
aggregation also occurred when using the other four substrates (not shown). The dispersity of Fe 

Figure 1. An electron diffraction pattern of the Fe nanoparticles after Plasma-enhanced chemical vapor
deposition (PECVD). Inset shows the TEM image of nanoparticles attached to the carbon nanotubes
(CNTs). Scale bar in the inset shows 100 nm.

C 2019, 5, x FOR PEER REVIEW 3 of 10 

 
Figure 1. An electron diffraction pattern of the Fe nanoparticles after Plasma-enhanced chemical 
vapor deposition (PECVD). Inset shows the TEM image of nanoparticles attached to the carbon 
nanotubes (CNTs). Scale bar in the inset shows 100 nm. 

 
Figure 2. The surface morphology after the CNT growth with (a) and without (b) hydrogen treatment. 

The specially designed PECVD chamber that can directly monitor the temperature under a high 
bias voltage using a thermocouple was utilized in this study. The detailed geometry of the PECVD 
chamber was described in the previous report [40]. A SiO2(285 nm)/Si wafer was cut into several 1 × 
1 cm2 pieces and cleaned by the RCA method [41], then an Al2O3 layer was deposited by sputtering, 
if necessary. The oxide nanoparticles dispersed in a hexane solution were dip-coated on the substrate 
in a glove box. The substrates were transferred to the chamber as quickly as possible because the 
monoxide nanoparticles are gradually oxidized in air. After the substrates were introduced into the 
PECVD chamber, then the chamber was evacuated. When the pressure reached 1 × 10−4 Pa, the 
substrate was heated to 650 ºC, then methane (CH4) was introduced into the chamber. The pressure 
was adjusted to 70 Pa that is the optimal pressure to form a stable plasma. The radiofrequency plasma 
was turned on, and the power was fixed at 20 W. A bias voltage (−200 V) was applied to the substrate, 
and the shutter was opened to start the PECVD. After a 10 min reaction, the shutter was closed to 
stop the growth of the CNTs. The plasma and the heater were turned off to avoid any undesired 
reaction while cooling. 

XRD (Rint Ultima 2000, Rigaku, Tokyo, Japan) was measured to identify the nanoparticles with 
Cu Kα radiation (λ = 0.154056 nm). A TEM (JEM-2010, JEOL, Tokyo, Japan) and an SEM (JSM-6500F, 
JEOL, Tokyo, Japan) were used to observe the morphology of the nanoparticles and CNTs. An energy 
dispersive X-ray spectrometer (EDS) attached to the TEM was used to conduct the elemental analysis. 
The structural order of the CNTs was analyzed by Raman spectroscopy (Renishaw Invia) with a 532 
nm excitation laser. 

3. Results and Discussion 

The dispersity of the nanoparticles on a substrate is very important to make dense CNTs [42,43]. 
Hence we examined the dispersity on the six kinds of substrate: SiO2/Si(100), SiO2/Si(100) with 
scratches, Si(100), 7º off Si(100), a molybdenum plate and Al2O3/SiO2/Si. Only the Al2O3/SiO2/Si 
substrate was effective to uniformly disperse the FeO nanoparticles as shown in Figure 3a. The FeO 
nanoparticles on a SiO2/Si substrate aggregated, forming large clusters as seen in Figure 3b. Such 
aggregation also occurred when using the other four substrates (not shown). The dispersity of Fe 

Figure 2. The surface morphology after the CNT growth with (a) and without (b) hydrogen treatment.

The specially designed PECVD chamber that can directly monitor the temperature under a high
bias voltage using a thermocouple was utilized in this study. The detailed geometry of the PECVD
chamber was described in the previous report [40]. A SiO2(285 nm)/Si wafer was cut into several
1 × 1 cm2 pieces and cleaned by the RCA method [41], then an Al2O3 layer was deposited by sputtering,
if necessary. The oxide nanoparticles dispersed in a hexane solution were dip-coated on the substrate
in a glove box. The substrates were transferred to the chamber as quickly as possible because the
monoxide nanoparticles are gradually oxidized in air. After the substrates were introduced into
the PECVD chamber, then the chamber was evacuated. When the pressure reached 1 × 10−4 Pa,
the substrate was heated to 650 ◦C, then methane (CH4) was introduced into the chamber. The pressure
was adjusted to 70 Pa that is the optimal pressure to form a stable plasma. The radiofrequency plasma
was turned on, and the power was fixed at 20 W. A bias voltage (−200 V) was applied to the substrate,
and the shutter was opened to start the PECVD. After a 10 min reaction, the shutter was closed to stop
the growth of the CNTs. The plasma and the heater were turned off to avoid any undesired reaction
while cooling.

XRD (Rint Ultima 2000, Rigaku, Tokyo, Japan) was measured to identify the nanoparticles with
Cu Kα radiation (λ = 0.154056 nm). A TEM (JEM-2010, JEOL, Tokyo, Japan) and an SEM (JSM-6500F,
JEOL, Tokyo, Japan) were used to observe the morphology of the nanoparticles and CNTs. An energy
dispersive X-ray spectrometer (EDS) attached to the TEM was used to conduct the elemental analysis.
The structural order of the CNTs was analyzed by Raman spectroscopy (Renishaw Invia) with a 532 nm
excitation laser.

3. Results and Discussion

The dispersity of the nanoparticles on a substrate is very important to make dense CNTs [42,43].
Hence we examined the dispersity on the six kinds of substrate: SiO2/Si(100), SiO2/Si(100) with
scratches, Si(100), 7◦ off Si(100), a molybdenum plate and Al2O3/SiO2/Si. Only the Al2O3/SiO2/Si
substrate was effective to uniformly disperse the FeO nanoparticles as shown in Figure 3a. The FeO
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nanoparticles on a SiO2/Si substrate aggregated, forming large clusters as seen in Figure 3b. Such
aggregation also occurred when using the other four substrates (not shown). The dispersity of Fe
nanoparticles on the Al2O3/SiO2/Si substrate was maintained even though the substrate was heated to
650 ◦C. To demonstrate how the Al2O3 layer influences a final product, the PECVD was carried out
for the substrates with and without the Al2O3 layer. The density of CNT synthesized with the Al2O3

layer (Figure 4a) was much higher than that without the Al2O3 (Figure 4b) because the aggregation
lowered the activity of the nanoparticles. This result clearly illustrates that the Al2O3 layer is useful for
suppressing the aggregation of the FeO nanoparticles and for the dense CNT growth. The suppression
of the aggregation can be explained by the rough surface of the Al2O3 layer, which prevents the
particles from moving on the surface. It is noteworthy that the Al2O3 does not show the catalytic
function for the CNT growth because nothing formed when the Al2O3/SiO2/Si substrates without FeO
nanoparticles were used. This result also indicates that only the function of graphitization is required
in PECVD because no CNT grew at 650 ◦C and the CNT growth was observed at above 800 ◦C when
the conventional thermal CVD was carried out.
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Figure 4. The surface morphology after the CNT growth (a) with Al2O3 layer and (b) without
Al2O3 layer.

Figure 5 shows TEM images of four kinds of nanoparticles prepared as mentioned in the
Experimental section. Since we focus on the catalytic function of the graphitization of nanoparticles,
minor differences in the size and shape of nanoparticles can be ignored. The exclusion of the
size and shape effects was justified by [44–47] those reported that multi-walled carbon nanotube
(MWCNT) could be synthesized using nanoparticles with any shape when the size is smaller than
~100 nm. Therefore, the catalytic activities of Fe1−xMnxO particles were examined merely by tuning
the composition ratio of the nanoparticles. The Mn ratios (x) were evaluated by TEM-EDS as x = 0.5
and 0.97 for (ii) and (iii), respectively (see Table 1). XRD patterns of four nanoparticles were obtained
to identify the nanoparticles and to evaluate the compositional uniformity of the alloy as shown in
Figure 6a. All nanoparticles were identified as fcc-structure monoxides from (111), (200), (220), (311),
and (222) peaks. The shoulder peak at 34.5◦ for the pristine FeO is due to the surface oxidation of the
FeO nanoparticles while acquiring the XRD pattern. Similar air oxidation was also observed in the
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previous study [37]. No peak splitting indicates that Fe and Mn were uniformly distributed in the
Fe1−xMnxO nanoparticles. The (200) peaks were extracted to see the peak shift in Figure 6b clearly. The
minimum variation of the peak shift is larger than the angular resolution, and the chemical composition
can be calculated based on Vegard’s law that is formulated as follows

aFe1−xMnxO = (1− x)aFeO + xaMnO,

where aFe1−xMnxO is the lattice constant of Fe1−xMnxO, aFeO is one of the pristine FeO (0.2139 nm) and
aMnO is one of the pristine MnO (0.2223 nm). The Mn ratios (x) of (ii) and (iii) were calculated as 0.5 and
0.9, respectively. These results are consistent with the chemical compositions evaluated by TEM-EDS
analysis. It is concluded that the chemical composition of Fe1−xMnxO nanoparticles can be controlled
by adjusting the ratio of the acetylacetone complexes in the source materials. The x estimated by both
TEM-EDS and XRD are summarized in Table 1.
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as indicated in Table 1.

Figure 7 shows the surface morphologies of the substrates after the PECVD was carried out for all
nanoparticles. The density of CNT decreased as Fe ratio decreased, then finally, nothing formed when
the pristine MnO nanoparticles were used. The number density of CNT was roughly estimated from
SEM images as 48 µm−2 for (i), 24 µm−2 for (ii) and 4 µm−2 for (iii). This result shows that the number
of catalytic sites of graphitization decreased as the Mn ratio increased, which means that the catalytic
activity of graphitization can be tuned by adjusting the composition ratio. It should be noted that the
possibility of the existence of pure FeO nanoparticles in samples (ii) and (iii) is not likely considering
the XRD result (Figure 6) that shows no phase separation. Samples (i) and (ii) were scrutinized by
TEM and Raman spectroscopy to clarify the quality of the CNTs.

Figure 8a,b show the TEM image and the electron diffraction pattern of the CNTs for samples (i)
and (ii). The tubular structure was seen for both samples, and most of the nanotubes were MWCNTs.
The average number of graphene layers on the wall was calculated as 12 by assuming the interlayer
distance of graphite (0.336 nm). The electron diffraction analysis shows the ring pattern attributed to
the graphitic layered structure of (002) plane, which is from the side walls parallel to the direction
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of the electron beam [2,48]. The average diameters of the samples (i) and (ii) were estimated from
Figure 8 as 18 ± 13 nm and 29 ± 14 nm, respectively. We concluded from this result that the diameter
of the CNT was determined by the size of nanoparticles, not the chemical composition.
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and (ii).

Raman spectra of the samples (i) and (ii) were also obtained to elucidate the quality of CNTs as
shown in Figure 9. The quality of CNTs can be evaluated by calculating the intensity ratio of D peak
(ID) and G peak (IG) because the G band is assigned to the intrinsic vibrational mode of CNT, on the
other hand, the D band is assigned to the defect mode [49,50]. ID/IG was calculated as 0.7 for sample
(i) which is comparable to the reported value (0.2–0.7) of CNT with high quality [49,50] while ID/IG

was calculated as 1.7 for sample (ii) which is much larger than that of the sample (i). A large ID/IG of
the sample (ii) indicates the inclusion of the amorphous component. Fe in Fe0.5Mn0.5O nanoparticles
might not be mobile enough to make a nanotube with excellent crystallinity because the MnO is not
reduced in the plasma environment and does not melt at this temperature (the melting point of the
MnO is 1650 ◦C). Lowering the catalytic activity of graphitization due to the inclusion of the MnO
caused the formation of the amorphous component. Combining this result and the fact that the number
density of CNT decreased as Mn component increased, we concluded that only high catalytic activity
of graphitization was required to grow CNT in PECVD because high energy plasma decomposed
the source gas. Raman of radius breathing modes (RBM) was also observed for the sample (i) at the
region between 150–250 cm−1 as shown in the inset of Figure 9 while no RBM was seen for sample (ii).
The RBM proved that the existence of the SWCNTs with a diameter of 1–2 nm. The formation of the
SWCNTs is probably because FeO nanoparticles were the smallest among four kinds of nanoparticles;
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hence, there was a chance to grow SWCNTs. On the other hand, SWCNT was not produced when
using Fe0.5Mn0.5O nanoparticles due to the large size.C 2019, 5, x FOR PEER REVIEW 7 of 10 
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4. Conclusions

We studied how the catalytic activity of graphitization influences the growth of CNT using
Fe1−xMnxO nanoparticles as catalysts in PECVD. The number density of CNT decreases as the ratio of
Mn increases, which shows that the catalytic activity can be tuned by controlling the composition ratio.
Our results show that only the catalytic function of graphitization affects the yield and quality of CNTs.
Although Fe or Ni is recognized as one of the best catalysts in PECVD, the decomposition function Fe
or Ni possesses is not actually needed. We believe that our study will encourage researchers to search
for a new catalyst with the high catalytic activity of graphitization, which is not necessary to show the
catalytic activity of decomposition of a source gas.
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