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Compounds to Decrease the Waviness of Carbon Nanotube Arrays  
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In this study, we present a method for controlling the waviness of carbon nanotube (CNT) arrays by adopting a two-phase 

catalytic system. In addition, we investigate the relationship between the catalyst state and the synthesis process of CNT 

arrays. As catalysts, we use two iron halides, iron(II) chloride and iron(III) chloride, combined in different ratios. The 

catalysts decompose and react with a silica surface on the substrate during the chemical vapor deposition process. The 

decomposed ions oxidize and precipitate over the substrate. An increased iron(III) contribution decreases the waviness of 

CNT arrays. Furthermore, we demonstrate that the catalyst state affects the alignment, diameter, length, and waviness of 

CNTs. 

Introduction 

Carbon nanotubes (CNTs) have been considered for use in 

numerous applications because of their remarkable properties.
1-5

 

The development of CNTs as reinforcement material has attracted 

attention in composite science. However, some limitations of CNTs 

such as their poor dispersity in polymer matrixes, poor alignment, 

and short aspect ratio prevent their practical use. To overcome 

these limitations, many research groups have been developing well-

aligned and high-aspect-ratio CNTs. Indeed, some groups have 

reported centimeter-scale CNT arrays. The composite materials 

prepared using these high-aspect-ratio CNTs exhibit high-volume 

fractions and enhanced mechanical properties. However, the size of 

these composites depends on the array size. This dependence is 

particularly important because large-scale, well-aligned CNT sheets 

are commercially demanded.  

In 2002, Li et al. developed a spinnable CNT array.
6
 The directly 

spinnable CNTs provide a promising approach to the development 

of high-performance CNT composites. Indeed, composites 

fabricated using directly spinnable CNTs exhibited drastically 

enhanced mechanical properties compared with those fabricated 

using powder-like CNTs.
7-11

 Thus, many groups developed 

composites with a large aspect ratio and spinnable CNT arrays. 

However, the fabrication of composites with spinnable CNT arrays is 

difficult because of these arrays’ limited availability. Only a few 

groups have achieved spinnable CNT arrays.
12-14

 Thus, the process 

of fabricating highly spinnable CNT arrays is challenging.  

Among the numerous factors that affect the synthesis of spinnable 

CNT arrays, the waviness of a CNT array is the most important 

because the dry-spinning process depends on the surface contact 

with neighboring CNTs to function through van der Waals forces. 

Consequently, the interactions between twisted CNTs are not 

sufficient for the spinning to occur because twisted CNTs cannot 

make surface contact with one another. Thus, CNT arrays should 

have a straight morphology. In addition, CNTs’ spinnable fibers do 

not carry the load simultaneously and cannot be densely packed, 

thereby adversely affecting the properties of the resulting CNT 

composites, such as their strength, stiffness, and conductivity.  

In this work, We have synthesized CNT arrays with controlled 

morphology by adopting a two-phase iron halide system. We 

studied the relationship between the catalyst chemical state and 

morphology of the CNT arrays, which affected their degree of 

spinnability. 

Experimental 

Fabrication of CNT arrays and sheets. The CNT arrays were 

synthesized using a modified version of Inoue’s method.
15-16

 The 

CNT arrays were synthesized at 825 °C by a chemical vapor 

deposition (CVD) process in which acetylene (C2H2) was used as a 

carbon source. We used two types of iron(II/III) chloride with 

various compositions (xFeCl3:(1−x)FeCl2) as catalysts. Other 

conditions for the growth of CNT arrays were investigated, including 

various temperatures, gas ratios, and gas flow rates. To investigate 

the spinnability of the arrays, we fabricated super-aligned sheets 

using a spindle machine.  

Characterization. The morphology of the synthesized CNT arrays 

was observed by field-emission scanning electron microscopy (FE-
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SEM, Hitachi S-4700) and field-emission transmission electron 

microscopy (FE-TEM, JEOL 2100F, 200 kV). The spinnability of each 

CNT array was tested by directly pulling a CNT sheet away from the 

array using a spindle rotating system. The graphitic characteristics 

of the CNT arrays were analyzed by Raman spectroscopy (LabRAM 

HR Evolution, Horiba) under ambient conditions using a 523-nm 

YAG laser. The purity of the CNTs was determined by 

thermogravimetric analysis (TGA, TGA-6300; SII, Japan). The surface 

properties of the catalyst on the substrate were determined by X-

ray photoelectron spectroscopy (XPS; Kratos Nova; Shimadzu, 

Japan). 

Results and discussion 

Using two types of iron(II/III) halides combined in different 

ratios as [xFeCl3:(1−x)FeCl2], we easily optimized the catalyst 

conditions for low-waviness CNT growth. 

Figure 1 shows SEM images of the synthesized CNT arrays. The 

diameter of the synthesized CNTs ranged from 60 to 30 nm 

and their length varied from 1.2 mm to 600 nm, respectively. 

Both the diameter and length of the CNTs decreased as the 

values of x increased. The CNTs were straighter with increasing 

values of x. The waviness angle of the CNTs decreased from 

40° to 0°.  

 
Figure 1. SEM images of the effect of catalyst composition 

[xFeCl3:(1−x)FeCl2]: (a),(f) x = 0; (b),(g) x = 0.3; (c) x = 0.5; (d) x = 0.7; 

and (e) x = 1. 

Among numerous factors that affect waviness, catalyst 

imbibition inside the CNTs is a significant cause of defects. 

Specifically, it results in defects in the graphene layers. When 

the catalyst imbibition ceased, some graphene layers closed 

while other graphene sheets grew continuously. These halted 

catalyst points resulted in the curling of the CNTs (Figure 2), 

which explains the catalyst degradation during the CVD 

process. The catalyst particles also existed on the root of the 

CNT detached from substrate, producing only very weak 

adhesion strength on the substrate. Consequently, the 

catalysts are well imbibed into the inner part of the CNTs. 

Thus, increasing catalyst reactivity and/or adhesive strength on 

the substrate is very important for fabricating high-quality 

CNTs. Increasing the values of x resulted in a straight CNT 

morphology, meaning that the catalyst was not present in the 

middle inner spaces. These results indicate that CNTs with low- 

or no-defect graphene structures are grown in the presence of 

FeCl3, as also confirmed by the TGA results. After combustion 

in air, the residual amount decreased from 10% to 1% as the 

values of x increased. 

Figure 2. TEM images of the synthesized CNTs. 

Raman spectroscopy is a nondestructive technique suitable for 

the structural and electrical characterization of CNTs. All the 

Raman spectra show two primary Raman bands at 

approximately 1350 and 1580 cm
−1

; these bands are 

characteristic of a disordered (D-band) and sp
2
-hybridized (G-

band) carbon material, respectively (Figure 3). In general, the 

G-band indicates the presence of highly crystalline graphitic 

layers, whereas the D-band indicates the existence of defects 

in the graphitic layer.
17

 Therefore, the integrated intensity 

ratio between the G-band and D-band (IG/ID) is a measure of 

the crystallinity of carbon materials.  

The IG/ID ratio was the largest for the CNTs grown with x = 1, 

which indicates that these CNTs are of higher quality 

compared to the other samples. Indeed, the IG/ID ratio 

increased from 2.0 to 2.8 with the values of x. The IG/ID ratio 

exhibited a strong correlation with the degree of waviness; the 

Raman spectra of the well-aligned regions exhibited a high 

IG/ID ratio, whereas the spectra of the wavy regions exhibited a 

low IG/ID ratio. These results indicate that the wavy regions 

contain more defects than the well-aligned regions and that 

the waviness is an intrinsic characteristic of individual CNTs. In 

particular, the appearance of a peak at approximately 1617 

cm
−1

 (the D′ peak) indicates increased disorder.
18

 Compared 

with the D′ peak intensity for CNTs grown using the x = 1 

catalyst, that of the sample prepared using the x = 0 catalyst 

was greater. This result is in exact accordance with the 

aforementioned considerations. 
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Figure 3. Raman spectra of CNTs prepared using 

[xFeCl3:(1−x)FeCl2] catalysts with various values of x (inset: 

change of the IG/ID ratio, where IG and ID represent the 

intensities of the G- and D-band, respectively). 

The size and density of the catalysts determine the properties 

of the resulting CNTs, including their diameter, length, and 

crystallinity, as well as the density of their arrays. Therefore, 

we investigated the size and distribution of the catalyst 

particles on the substrate by annealing the CVD reaction at 

825 °C to confirm the effect on the catalyst chemical state. The 

grain size of the iron particles of the FeCl3 over the substrate 

was smaller than the grain size of the iron particles of FeCl2 

(Figure S1). The grain size at x = 0.5 exhibited greater variation 

than the particles prepared using single components, which 

means that variation of the catalyst’s composition can be used 

to control its distribution density and the particle size. The two 

iron halides have different melting points: 306 °C for FeCl3 and 

677 °C for FeCl2. Consequently, as the temperature increases, 

precipitation occurs twice. Therefore, the catalyst morphology 

changed compared with that obtained when only one type of 

iron chloride was used, as shown in the laser microscopy 

images (Figure S1). 

In addition, the chemical reactivity between the active metal 

and the oxide support layers also affects the particle size 

distribution and adhesive strength of the catalyst on the 

substrate.
19

 Ding et al.
20

 have reported that iron ions are highly 

reactive and impregnate toward SiO2-based support materials 

under a reducing atmosphere. In our experiments, the iron 

compounds also decomposed and reacted with the silica 

surface on the substrate during the CVD process. The 

decomposed ions oxidized and precipitated over the substrate, 

resulting in numerous etched pits. The iron ions with different 

charge states should exhibit different kinetic energies; thus, 

highly charged iron ions should be quickly reduced and should 

form metallic iron and/or iron oxide compounds. 

Consequently, increasing values of x resulted in a decreased 

number of etched pits on the SiO2 layer. Figure 4 shows the 

surface roughness of the substrate after the CVD process. This 

result is in exact accordance with the aforementioned 

considerations. 

 
Figure 4. Laser microscopy images of substrates after CNTs 

were grown using [xFeCl3:(1−x)FeCl2] catalysts with various 

values of x: (a) x = 0, (b) x = 0.3, (c) x = 0.5, (d) x = 0.7, and (e) x 

= 1. 

To investigate the catalyst state more specifically, we analyzed 

the substrate using XPS (Figure 5). The Fe 2p spectrum 

contained four dominant peaks: Fe 2p3/2, Fe 2p1/2, and their 

satellite peaks. The location of the 2p3/2 peak varied between 

709.6 and 711.1 eV depending on the catalyst composition. 

This shift of the binding-energy values can be interpreted in 

terms of the changing oxidation states of the iron or in terms 

of electron density. For x = 0, the Fe 2p peaks correspond to 

Fe2SiO4 (Fe
2+

). Fe
2+

 ions react with SiO2 to produce an 

intermediate structure of fayalite (Fe2SiO4). However, Fe
3+

 ions 

do not form this structure. With increasing values of x, the 

peak appears at 711.1 eV, which indicates that both Fe
2+

 and 

Fe
3+

 are present, likely in the form of Fe3O4; a peak associated 

to Fe metal was also observed.  

Teblum et al.
21

 investigated the effects of iron oxide catalysts 

on the alignment of CNTs. They reported that the catalyst 

activity increased in the following order: FeO < Fe2O3 < Fe3O4 < 

metallic Fe. Consequently, metallic Fe exhibits the highest 

reactivity toward the synthesis of CNTs. In this work, the 

intensity of the metallic Fe peak increased with the values of x, 

indicating that the catalyst activity also increased with x. In 

general, the reduction of Fe occurs in the sequence Fe2O3 → 

Fe3O4 → FeO → Fe. The Fe ions (2+/3+) reacted with SiO2 

under the reducing atmosphere and were reduced to iron 

oxide and/or Fe(0) particles. These results were confirmed by 

the shifts and splitting of the peaks in the Si 2p and O 1s 

spectra (Figure S2).  
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Figure 5. Fe 2p XPS spectra of substrates after CNTs were 

grown using [xFeCl3:(1−x)FeCl2] catalysts with various values of 

x: (a) x = 0, (b) x = 0.3, (c) x = 0.5, (d) x = 0.7, and (e) x = 1. 

The synthesized CNT forests were used to fabricate super-

aligned sheets using a spindle machine. As we explained 

before, the general mechanism of the spinning process is 

surface contact between CNTs by van der Waals forces. If an 

array had waviness, CNTs could not spin because of insufficient 

contact. Thus, CNTs should exhibit a straight morphology. As 

observed in our results, arrays with high values of x resulted in 

a straighter morphology such that they exhibited higher 

spinnability compared with arrays prepared using low values 

of x (Figure 6). 

 
Figure 6. SEM images of the spinnable fibers responsible for 

the waviness of the CNT arrays: (a) straight arrays and (b) wavy 

arrays. 

In addition, the preparation of well-aligned CNT sheets 

requires an appropriate density of CNTs on the substrate. 

Because the CNTs are too densely packed, they will release 

from the array in bundles, as shown in Figure 7a (Scheme 1).  

 
Figure 7. SEM images of CNT sheets forming (a) high-density 

and (b) intermediate-density forests. 

Bundled CNTs exhibit increased strength; however, bundling is 

unfavorable to our purpose because it disturbs the 

impregnation of the polymer matrix during the preparation of 

composite materials. However, if the density of the CNT array 

is too low, the CNTs cannot spin because they cannot contact 

one another. Thus, the spacing between CNTs is an important 

factor that affects their spinning properties, as shown in Figure 

7b. For these reasons, the CNT arrays should exhibit an 

appropriate density and a straight morphology to maximize 

the interactions among the CNTs. This relationship is 

illustrated in Scheme 1. Using two different catalyst 

compositions, we can easily control the density of the arrays. 

 

Scheme 1. Proposed relationship between spinnability and 

CNT array conditions. 

Conclusions 

We have developed a unique method for synthesizing 

spinnable CNT arrays by changing the catalyst’s chemical state. 

We surmised that the catalyst’s chemical state affected its 

reactivity, size, and distribution on the substrate. 

Consequently, the synthesized CNTs exhibited different 

diameters, lengths, densities, and waviness. The waviness of 

CNTs strongly affects their spinning properties. The CNT array 

with a straight alignment was highly spinnable; however, that 

with a wavy alignment was poorly spinnable. Thus, for the 

synthesis of spinnable CNT arrays, CNT arrays must be highly 

aligned without wavy regions. Moreover, an appropriate 

density of CNT arrays is desirable to prevent bundling during 

the spinning process. All these properties can be controlled via 

the catalyst state. 
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