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Large-scale synthesis and characterization of super-

bundle single-walled carbon nanotubes by water-

assisted chemical vapor deposition 

Yu Zhao,
a
 Jihoon Choi,

b Paul Kim,
b
 Weidong Fei

c
 and Cheol Jin Lee,

a,b,*
 

A large-scale synthesis of water-assisted single-walled carbon nanotubes (SWCNTs) was 

investigated over Fe-Mo/MgO catalysts by catalytic chemical vapor deposition of ethylene. 

Introduction of water vapor into a reactor induced super-bundle SWCNTs (SB-SWCNTs) and 

dramatically improved the product yield of SWCNTs from 40 to 206 wt%. By adding water 

vapor, the average diameter of the SB-SWCNTs was increased from 1.5 to 3.0 nm and 

distribution of the diameter became wider. The Raman peak intensity ratio (IG/ID) of the 

SWCNTs, which indicates the crystallinity and defect degree of SWCNTs, showed an almost 

constant value of 8 regardless of water vapor concentration. The possible growth mechanism of 

SB-SWCNTs was discussed. 

 

 

Introduction 

Carbon nanotubes (CNTs) have been extensively explored owing to 

their unique properties for various applications. Because of excellent 

electrical properties, large mechanical strength, and a high aspect 

ratio,1-3 single-walled CNTs (SWCNTs) have been considered an 

attractive material for various applications such as carbon nanotube 

fibers, 4-6 flexible transparent films,7, 8 nanoscale transistors,9 field 

electron emitters,10 super capacitors,11 and sensors.12  

In the past two decades, the synthesis of SWCNTs has been studied 

using various techniques such as arc discharge,13 laser ablation,14 

high-pressure CO disproportionation process,15 aerosol technique,16 

thermal chemical vapor deposition (CVD),17 and catalytic CVD 

(CCVD).18-20 For various applications of SWCNTs, the large-scale 

synthesis of high-quality SWCNTs is inevitably necessary, and the 

price of SWCNTs has been a bottle neck for several applications. 

Therefore, it is still very challenging to synthesize large-scale and 

high-quality SWCNTs with cheap cost. In the last decade, extensive 

efforts have been made to increase the product yield of SWCNTs 

using diverse methods. Among them, introductions of water vapor or 

O2 gas during synthesis has been considered as an important method 

for the large-scale synthesis of SWCNTs.21-25 Hata et al. reported the 

large-scale synthesis of SWCNTs on substrates using thermal 

CVD.21 They claimed that adding a certain amount of water vapor 

greatly enhances the growth rate of vertically aligned SWCNTs. 

Wen et al. also showed a relatively high product yield of SWCNTs 

with a narrow diameter distribution by introducing a small amount of 

O2 gas using CCVD.24 It is well known that among various synthesis 

methods for SWCNTs, the CCVD method has attracted much 

attention because it promises a comparatively large-scale, high-

purity, controllable, and cost-effective growth as compared to other 

methods. Therefore, the water-assisted CCVD or oxygen-assisted 

CCVD became a significant candidate to synthesize large-scale and 

low-cost SWCNTs. Nevertheless, only a few groups have reported 

the water-assisted CCVD method or the oxygen-assisted CCVD 

method for realizing the large-scale synthesis of SWCNTs.23, 24 

Moreover, the product yield of SWCNTs using the water-assisted 

CCVD or oxygen-assisted CCVD did not show significant results 

less than several tens percent.25 Therefore, the further study is still 

needed to fully understand a water-assisted growth mechanism of 

SWCNTs in order to realize a high product yield of SWCNTs. 

Here, we demonstrate a large-scale synthesis of super-bundle 

SWCNTs (SB-SWCNTs) with a high yield over Fe-Mo/MgO 

catalysts using water-assisted CCVD. The formation and a high 

product yield of SB-SWCNTs are studied as a function of water 

vapor concentration. In addition, the possible growth mechanism of 

SB-SWCNTs is discussed. 

 

Experimental 

Fabrication of catalysts 

The catalysts were prepared by a conventional impregnation 

process.20, 26-28 Fe(NO3)3·9H2O (Aldrich, 99.99%) and a Mo solution 

(Aldrich, ICP/DCP standard solution, 9.8 mg/mL of Mo in H2O) 

were mixed with MgO powder (Kanto Chemical, BET 42 mg2/g) in 

ethanol and dried by evaporation. A molar ratio of Fe/Mo/MgO of 

1:0.1:12 was used to fabricate a catalyst precursor. Then, the catalyst 

precursor was calcined in a tube furnace at 700 °C for 7 h in ambient 

air. 

 

Synthesis of SWCNTs 

Fig. 1 shows a schematic diagram of the CCVD equipment with 

a water vapor supplying system. For water vapor introduction, 

Ar gas (the carrier gas, flow rate of 50–130 sccm) was supplied 

to a water bubbler that was kept at room temperature. The front 

side of an alumina boat was opened to effectively introduce 
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water vapor to the catalyst. The water vapor concentration was 

measured by a water sensor (Illinois Instrument, Model 410) 

that was directly connected to the exhaust line of a quartz tube 

reactor. The synthesis of SWCNTs was carried out in the quartz 

tube reactor (inner diameter: 24 mm, length: 500 mm) mounted 

in a tube furnace. The Fe-Mo/MgO catalyst was put into the 

alumina boat at the center of the reactor tube. The quartz tube 

reactor was purged by Ar gas while the quartz tube reactor was 

heated up to 750 °C. When the temperature of the quartz tube 

reactor reached 750 °C, water vapor and a mixture gas (total 

flow rate of 1000 sccm), which consisted of Ar gas, H2 gas 

(flow rate of 50 sccm), and C2H4 (flow rate of 35 sccm), were 

separately introduced into the reactor for 10 min. After 

finishing the SWCNT growth, the quartz tube reactor was 

cooled to room temperature in an Ar gas atmosphere. 

 

Fig. 1 Schematic diagram of CCVD equipment with a water 

vapor supplying system. 

 

Characterization of SWCNTs 

Scanning electron microscopy (SEM, Hitachi, S4800) and 

transmission electron microscopy (TEM, JEOL, JEM-2011) 

were used to characterize the morphology, structure, and 

diameter of the SWCNTs. Micro-Raman spectroscopy (Horiba, 

HR-800) was used to characterize the diameter, defect degree, 

and crystallinity of the SWCNTs. Thermogravimetric analysis 

(TGA, TA Instrument, Q50) was performed to understand the 

purity and thermal stability of the SWCNTs. 

 

Results and Discussion 

Fig. 2a shows a typical SEM image of the as-grown SWCNTs 

without water vapor. Many entangled and randomly oriented 

SWCNTs are observed. Fig. 2g shows a magnified SEM image 

of the as-grown SWCNTs shown in Fig. 2a. The density of the 

SWCNTs is low and most of the SWCNTs are entangled and 

laid down on the support materials.20, 26-28 Fig. 2b–f show SEM 

images of the as-grown SB-SWCNTs with water vapor 

concentrations of 1300–2300 ppm. The images show long and 

large-diameter super bundles. The diameters of the bundles are 

in the range of 500 nm to 2 µm, and the length is more than 

several hundred micrometers. Super bundles of SWCNTs are 

not observed when the water vapor concentration is less than 

1200 ppm. Fig. 2h shows a magnified SEM image of SB-

SWCNTs with a water vapor concentration of 1600 ppm. The 

diameters of the SB-SWCNTs are uniform and most SWCNTs 

are quasi-aligned along the bundle axis. It is considered that an 

appropriate amount of water vapor can activate the catalysts by 

removing amorphous carbon through oxidization. As a result, 

many catalysts can contribute to the growth of SWCNTs and 

also have a long lifetime, resulting in super growth of 

SWCNTs. On the other hand, without water vapor, most of the 

catalysts may be poisoned due to the accumulation of 

amorphous carbon coating.29 

 

Fig. 2 (a) SEM image of SWCNTs without water vapor. (b–f) 

SEM images of SB-SWCNTs with water vapor concentrations 

of 1300, 1600, 1800, 2100, and 2300 ppm, respectively. (g) 

High-magnification SEM image of SWCNTs without water 

vapor. (h) High-magnification SEM image of SB-SWCNTs 

with a water vapor concentration of 1600 ppm. 
 

Raman spectra were used to analyze the diameter, crystallinity, and 

defect degree of CNTs. Fig. 3a shows the Raman spectra of the as-

grown SB-SWCNTs according to the water vapor concentration. The 

Raman spectra are characterized by three main peaks, the G-band 

(related to C–C stretching within the graphene plane, ~1590 cm-1), 

the D-band (originating from the disordered lattice at the graphene 

sheets, ~1300–1350 cm-1), and the radial breathing mode (RBM). All 

as-grown CNT samples show clear peaks in the RBM range and in 

the second-order D band, which provides clear evidence of 

SWCNTs. The peak intensity ratio (IG/ID) is generally used to 

evaluate the quality of CNTs. The IG/ID ratio of the as-grown SB-

SWCNTs shows a constant value of ~8 regardless of water vapor 

concentration, as shown in Fig. 3b. This means that the water vapor 

mainly doesn’t affect the crystallinity or the defect degree of the SB-

SWCNTs. 
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Fig. 3 (a) Raman spectra of as-grown SB-SWCNTs according to the 

water vapor concentration. (b) IG/ID ratios of as-grown SB-SWCNTs 

as a function of the water vapor concentration. 

 

We investigated RBM peaks of SB-SWCNTs in order to calculate 

diameters of individual SWCNTs. Raman analysis for RBM peaks 

was performed using excitation laser wavelengths of 488 and 514.5 

nm. Fig. 4 shows details of RBM peaks of SWCNTs without water 

vapor and with a water vapor concentration of 1600 ppm.  

Fig. 4 RBM peaks of SWCNT samples obtained using two 

excitation laser wavelengths (λex): (a) 488 and (b) 514.5 nm. 

 

It is well known that the frequency range at the RBM is 

strongly dependent on the diameters of SWCNTs, and the 

smaller wavenumber of a peak means a larger diameter of 

SWCNTs. In general, the expression, d (nm) = 248/w (cm-1), 

can be used to calculate the diameters of SWCNTs, where d is 

the diameter of SWCNTs and w is the wavenumber of peaks.30 

Fig. 4  shows RBM peaks at 92.78, 198.16, 221.83 cm-1 using 

λex = 488 nm, and at 116.28, 177.38, 201.38 cm-1 using λex = 

514.5 nm. The peaks are correspondent to diameters of 2.67, 

1.25, 1.10, 2.13, 1.40 and1.23 nm, respectively. The SB-

SWCNTs show that the intensity of RBM peaks are increased 

regardless of excitation laser wavelength at a low-frequency 

range below 150 cm-1, whereas RBM peaks are diminished or 

disappeared at a high-frequency range between 150 and 300 

cm-1. This means that the diameters of the SB-SWCNTs 

increased with increasing water vapor concentration during the 

reaction.  

TGA and derivative thermogravimetry (DTG) were carried out 

in order to investigate the purity and thermal stability of the as-

grown SWCNTs. Fig. 5 shows the TGA and DTG curves of the 

as-grown SB-SWCNTs according to the water vapor 

concentration. As shown in Fig. 5a, the carbon content of the 

SWCNTs without water vapor was approximately 30 wt%, but 

the carbon content of the SB-SWCNTs increased dramatically, 

reaching 75 wt% at the water vapor concentration of 1600 ppm. 

This value is approximately 2.5 times higher than that of 

SWCNTs without water vapor. However, once the water vapor 

concentration exceeded 1600 ppm, the carbon content 

decreased due to the enhanced oxidation effect. The maximum 

carbon content of SB-SWCNTs was much higher than that 

reported in previous works, in which the carbon content 

increased from 15 to 21 wt% by adding water vapor 23 and from 

24 to 28.6 wt% by adding O2 gas.24 Fig. 5b shows that the DTG 

peaks of SB-SWCNTs with water vapor have a slight shift 

towards higher temperatures. The high-intensity peaks with 

narrow width indicate that the SB-SWCNTs had high purity 

and high thermal stability, and the product yield of SB-

SWCNTs was the highest at the water vapor concentration of 

1600 ppm. The DTG curves show that the SWCNTs without 

water vapor decomposed at a temperature of 550 °C, whereas 

the SB-SWCNTs had a maximum decomposition temperature 

of 600 °C. It is well known that small-diameter SWCNTs are 

more easily oxidized at lower temperatures than large-diameter 

SWCNTs.31 Based on the Raman spectra results, the 

crystallinities of SWCNTs and SB-SWCNTs are similar 

regardless water vapor concentration. Therefore, the DGT 

result indicates that the diameters of the SB-SWCNTs were 

larger than those of SWCNTs without water vapor. 

 

Fig. 5 (a) TGA and (b) DTG curves of as-grown SB-SWCNTs 

according to the water vapor concentration. 

 

 

Fig. 6 (a) TEM image of SWCNTs without water vapor. (b) 

High-magnification TEM image of SWCNTs without water 

vapor. (c,d) TEM images of SB-SWCNTs with a water vapor 

concentration of 1600 ppm. (e,f) High-magnification TEM 

images of SB-SWCNTs with a water vapor concentration of 

1600 ppm. 
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TEM observation was conducted in order to evaluate the 

morphology, structure, and diameter of the SWCNTs. Fig. 6a 

and b show typical TEM images of the as-grown SWCNTs 

without water vapor, which mainly consisted of small bundles 

with diameters in the range of 5–20 nm. Occasionally, a few 

isolated SWCNTs were observed, as shown in Fig. 6b. The 

isolated SWCNTs normally exhibited larger diameters (1.8–2.5 

nm) than the SWCNTs within the small bundles (1.0–1.5 nm). 

Fig. 6c and d show TEM images of SB-SWCNTs with a water 

vapor concentration of 1600 ppm, indicating an individual 

super bundle with highly densely packed SWCNTs. The 

diameter of the super bundle is in the range of several hundred 

nanometers. Fig. 6e and f show high-magnification TEM 

images of SB-SWCNTs that have large diameters in the range 

of 2.2–4.0 nm. All SWCNTs within the super bundle show a 

clean surface without amorphous carbon material. 

 

Fig. 7 shows a histogram of the diameter distributions of 

SWCNTs according to the water vapor concentration. The 

diameters were obtained from TEM images using 52 individual 

SWCNTs. A Gaussian curve was used for determination of the 

distributions of average diameter, standard deviation (SD), and 

full-width at half-maximum (FWHM). By adding water vapor, 

the diameters shifted towards large sizes with wider 

distributions. The average diameter increased from 1.5 to 3.0 

nm, the SD increased from 0.19 to 0.41, and the FWHM 

increased from 0.45 to 0.97. It is thus confirmed that the TEM 

observation of the diameters of the SWCNTs agree with the 

Raman RBM results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 Diameter distribution of as-grown SWCNTs according to 

the water vapor concentration. 

 

In this work, we evaluated the product yield (ratio of the mass 

of carbon nanotubes to the mass of catalyst) using the following 

formula: 

 

Product	yield	%� � 	
������������	������������

������������
	 100%     (1) 

 
where Massproduct is the weight of the final product, including 

catalysts and carbon, and Masscatalyst is the weight of the 

catalysts. Fig. 8a shows the product yield of the as-grown 

SWCNTs as a function of the water vapor concentration. The 

product yield of SWCNTs without water vapor was 40 wt%. It 

dramatically increased to 206 wt% at the water vapor 

concentration of 1600 ppm, a value that is five times larger than 

that of SWCNTs without water vapor. Interestingly, the product 

yield gradually decreased with water vapor concentrations over 

1600 ppm. This result indicates that higher water vapor 

concentration may induce the active oxidation of catalysts 

resulting in increasing the poisoning effect of catalysts. Fig. 8b 

compares the product yields of the SWCNTs. The product yield 

of our SB-SWCNTs was much higher than that of SWCNTs 

previously reported. 23, 25, 27, 32-38 The high product yield of SB-

SWCNTs may be attributed to the high density of catalyst 

nanoparticles with a suitable size and also the long lifetime of 

catalyst nanoparticles with water vapor. 

 

Fig. 8 (a) Product yield of as-grown SB-SWCNTs as a function 

of the water vapor concentration. (b) Comparison of the product 

yield of SWCNTs. 23, 25, 27, 32-38  

 

Fig. 9 presents a schematic diagram of the possible growth 

mechanism of SB-SWCNTs using water-assisted CCVD.39 

During calcination at 700 °C for 7 h in ambient air, O2 

molecules adsorbed on catalyst nanoparticles diffuse into the 

nanoparticles, which then oxidize the catalyst nanoparticles on 

the MgO support material. Consequently, during the growth 

process, the oxidized catalyst nanoparticles are reduced in the 

H2-rich environment, and some of them are agglomerated into 

larger particles on the MgO support material, which is known 

as the “Ostwald ripening” phenomenon.40 As a result, both the 

average diameter and the diameter distributions of the catalyst 

nanoparticles increase, whereas the density of the catalyst 

nanoparticles decreases. Some ripened catalyst nanoparticles 

lose their catalyst activity due to encapsulation by an 

amorphous carbon coating, so-called catalyst poisoning, 

resulting in unsuccessful CNT growth. Therefore, only a few 

catalyst nanoparticles with small diameters are available to 

grow SWCNTs. On the other hand, by adding water vapor, the 

surface of the catalyst nanoparticles can be kept active because 

amorphous carbons are easily removed from the catalyst 

nanoparticles, extending the lifetime of catalyst nanoparticles 

during growth of SWCNTs. The water vapor can also react 

with the MgO support materials and induce the formation of 

hydroxyl-terminated groups on the surface of the MgO support 

materials.40, 41 Surface-bound hydroxyl groups retard the effect 

of Ostwald ripening and induce a uniform size of catalyst 

nanoparticles with high density. Therefore, the density of active 

catalyst nanoparticles is significantly increased by adding water 

vapor. For the synthesis of SB-SWCNTs, high density of active 

catalyst nanoparticle with a suitable size is inevitably necessary, 

and also the active catalyst nanoparticles have to keep a long 

lifetime. 
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Fig. 9 Schematic diagram of the growth mechanism of SB-

SWCNTs using water-assisted CCVD. 

 

Fig. 10a and b show bright-field (BF) and dark-field (DF) TEM 

images, respectively, of catalyst nanoparticles after thermal 

annealing in H2/Ar gas for 90 s without water vapor. The sizes 

of the catalyst nanoparticles are non-uniform, and most of them 

have large diameters over 8 nm, which are too large to initiate 

the nucleation of SWCNTs. Only a few catalyst nanoparticles 

have relatively small diameters of less than 5 nm. This result 

means that most of catalyst nanoparticles are agglomerated 

during thermal annealing without water vapor, so called 

ripening behavior.40 Fig. 10c and d show BF and DF TEM 

images, respectively, of catalyst nanoparticles after thermal 

annealing in H2/Ar gas for 90 s with a water vapor 

concentration of 1600 ppm. The uniform-sized catalyst 

nanoparticles (4–6 nm) are well distributed on the surface of the 

MgO support material. It is difficult to find agglomeration of 

catalyst nanoparticles. 

 

Fig. 10 (a) Bright-field and (b) dark-field TEM images of 

catalyst nanoparticles on the MgO support material after 

thermal annealing in H2/Ar gas for 90 s without water vapor. (c) 

Bright-field and (d) dark-field TEM images of catalyst 

nanoparticles on the MgO support material after thermal 

annealing in H2/Ar gas for 90 s with a water vapor 

concentration of 1600 ppm. 

 

Fig. 11a shows an SEM image of SB-SWCNTs grown on the 

plate-shaped MgO support material (white arrow), evidence of 

bi-directional growth (black arrows). Fig. 11b shows a TEM 

image of SB-SWCNTs grown on the plate-shaped MgO support 

material. The black plate is the MgO support material (white 

arrow). In this work, the Fe-Mo/MgO catalysts were fabricated 

by an impregnation method, in which the support materials 

were not spherical but rather plate-shaped. Therefore, catalyst 

nanoparticles can be formed on both sides of the plate-shaped 

MgO support materials. As a result, we were able to produce a 

high density of SB-SWCNTs with bi-directional growth on the 

surface of MgO support materials. 

 

Fig. 11 (a) SEM image of SB-SWCNTs grown on the plate-

shaped MgO support material (white arrow), indicating bi-

directional growth (black arrows). (b) TEM image of SB-

SWCNTs grown on the plate-shaped MgO support material. 

The black plate is the MgO support material (white arrow). 

 

Conclusion 

We demonstrated the synthesis of SB-SWCNTs using water-

assisted CCVD of ethylene over Fe-Mo/MgO catalysts. By 

introducing water vapor into the reactor, it was possible to 

enhance catalyst activity and also to prevent the coalescence of 

catalytic particles. The synthesis of SB-SWCNTs is mainly 

attributed to high density and long lifetime of active catalysts 

due to the water vapor effect. By adding water vapor, the 

product yield of SB-SWCNTs was dramatically improved (206 

wt%) as compared to that of SWCNTs without water vapor (40 

wt%). The average diameter of the SB-SWCNTs increased 

from 1.5 to 3.0 nm and the distribution of diameters was wider. 

The IG/ID ratio of SWCNTs, which indicates the crystallinity 

and defect degree of SWCNTs, showed an almost constant 

value of 8 regardless of the water vapor concentration. The SB-

SWCNTs follow a base growth mechanism and indicate bi-

directional growth at several micrometer plate-shaped support 

materials. 
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