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Abstract  

Researchers have demonstrated that the alignment of single-walled carbon nanotubes 

(SWNTs) on the surface of the single crystal substrate is due to guided growth along 

either step edges (graphoepitaxial) or certain directions in the atomic lattice (epitaxial), 

with only one of the two alignment modes predominates in different research system. For 

the SWNTs grown on quartz surface, the growth of perfectly aligned array and other 

shapes were induced by the epitaxial effect. Here we report the finding that water vapor 

introduced during catalyst annealing process can change the alignment mode of the 

SWNTs on the quartz surface by modifying the surface status of both the catalyst and the 

substrate. Zigzag shaped nanotube arrays can be obtained by enabling both alignment 

modes simultaneously through adjusting water vapor concentration, changing the 

oxidation state of the metal catalyst and/or modifying the morphology of the substrate 

surface. These findings provide important insights into mechanism of guided growth of 

complex nanotube shapes, for potential applications including electronics, photodetection, 

sensing, and other devices. 

Introduction  

The combination of attractive charge transport and mechanical properties
1, 2

 in SWNTs 

make them excellent candidates for electronic applications, such as flexible electronics,
3
 

high-speed and power-efficient logic electronics.
4
 Large scale of horizontally aligned 

SWNT arrays and other unique complex geometries are all considered as attractive 

building blocks.
5-7

 Besides expanding the conventional application of SWNTs in flexible 

devices, bent part of the SWNTs were also found to allow for the electric spin control and 

coupling and thus benefit applications in spin-based electronics and quantum 

computation.
8, 9

 Researchers have shown that bends can be used to provide electrical 

control of confined spins, while spins confined in straight segments remain insensitive to 

electric fields.
10

 However, controlled and reproducible placement and alignment of 

complex SWNT geometries on the substrates remain fundamental issues that need to be 

solved for real implement of SWNTs in practical devices. 

Several strategies have been reported to organize SWNTs into various well-defined 

geometries. Post-synthetic organizing strategies usually implement liquid flow alignment, 

which produce SWNT arrays composed of short tubes with limited perfection of 
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alignment.
3, 11-13

 Furthermore, complex nanotube geometries, such as rings and loops, 

have been formed by using affinity templates and microfluidics.
14, 15

 Although each of 

these methods has potential, they still need improvement to offer the levels of perfection 

useful in electronics. In contrast, chemical vapor deposition (CVD) growth of SWNT 

array and other complex geometries on crystalline and non-crystalline substrate can 

produce pristine, long and low-defect nanotubes.
16-20

 The most promising approach is 

considered to be the guided growth on surface of single crystal substrates, where the 

nanotubes can be aligned by atomic steps or lattice directions. The best growth results of 

aligned SWNT arrays have been reported on quartz, with perfectly controlled levels of 

alignment, linearity, average lengths of hundreds of micrometers, and densities as high as 

100 SWNTs/µm.
17, 21

 Surface-directed growth have yielded many well defined horizontal 

configurations of SWNTs, such as kinked and wavy nanotubes templated by kinked 

atomic steps, sawtooth nanofacets and artificial step structures, nanotube serpentines 

grown by combining surface- and flow-directed growth, and SWNTs adapting the shape 

of “multiple section stick”.
20, 22-26

 

These facts validate the important role played by the surface structure in guiding the 

alignment of the nanotubes. In all the cases, nanotubes grew either along the atomic 

lattice or the surface steps.
22, 27-29

 Nanotubes formed the minimum-energy configuration 

by replicating the shape of the underlying surface features due to either epitaxial or 

graphoeptixial effect. However, density of the nanotubes was relatively low, and 

properties such as frequency and amplitude of each curved/bent unit was difficult to 

control.  Improvement of the selectivity of specific configuration and the linearity of the 

straight part is strongly needed to benefit the following device fabrication. Therefore, it is 

essential to clearly understand the working mechanism of each aligning mode, and 

further explore the possibility of combing different modes to controllably synthesize 

complex configurations of SWNTs.  

Here we present a method to selectively synthesize a uniquely complex geometry of 

SWNTs, which bend at multiple points with regular angles. These nanotube structures 

have been frequently observed but not produced in high yield previously. We also 

proposed a mechanism of water vapor induced self-organization, in which epitaxial and 

graphoepitaxial effects compete with each other while guiding the growth of the zigzag 

shaped SWNTs. Based on the deep understanding of the aligning mechanism, fine control 

of the morphology of the zigzag nanotubes was realized by adjusting the catalyst 

composition and the concentration of water vapor in catalyst pretreatment.   

Experimental methods  

Growth of horizontally aligned SWNT arrays on quartz wafers. Cu catalyst precursor 

used in the study was a solution of 1.0 mM CuCl2/poly vinylpyrrolidone (PVP) in ethanol. 

CoMo catalyst precursor solution was prepared by adding molybdenum acetate 
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(CH3COO)2Mo and cobalt acetate hydrate (CH3COO)2Co·4H2O) into ethanol so that the 

concentration of Co and Mo over the total solution is 0.02 wt% and 0.08 wt%, 

respectively. The molar ratio of Co: Mo is 1:3(denoted as Co1Mo3). The mixture was 

then sonicated for 2 h and diluted by 10 times before use. CoMo catalyst with Co: Mo 

molar ratio of 1:1 precursor solution (denoted as Co1Mo1) was prepared in the same way 

by making the concentration of Co and Mo over the total solution as 0.04 wt% and 0.06 

wt%, respectively. The catalyst precursor solution were patterned on ST-cut quartz 

wafers (purchased from http://www.universitywafer.com) following a procedure 

previously described.
18

 The catalyst annealing process included two parts: Firstly the 

quartz wafers were calcinated at 775°C in air for 15 min to remove polymer and carbon 

impurities; after the wafers were cooled down to room temperature, the furnace was 

heated to 775°C, and the wafers dwelt at 775°C for 15 min in H2 atmosphere. The 

following CVD growth of SWNTs was carried out at 900°C. A mixed gas of H2 at ∼180 

standard cubic centimeters per minute (sccm), and Ar flow through an ethanol bubbler at 

∼80 sccm were introduced into the system. The ethanol bubbler was soaked in the 

mixture of ice/water and kept at the temperature of 0− 2°C. After 15 min of growth, the 

Ar gas channel was terminated, and the furnace was cooled down to room temperature 

while protected by H2. When needed for annealing, water vapor was produced in situ by 

making tiny controlled H2 explosion during the calcination at 775
o
C. The H2 flow was 

introduced at ~180 sccm for varied short time, so the amount of water could be adjusted 

through varying the duration of H2 introduction. Here 5 s of introduction of H2 resulted in 

a water concentration of ~0.3 g/L, 10 s of introduction corresponds to ~0.7 g/L, and 20 s 

of introduction gives ~1.3 g/L. The detailed calculation about the determination of the 

exact water concentration was listed in Electronic supplementary information (ESI). 

Characterization. A scanning electron microscope (SEM, FEI XL30 S-FEG, operated at 

1.5 kV), an atomic force microscope (AFM, Digital Instruments Multi-Mode SPM 

Nanoscope IIIa, operated in tapping-mode), and a high-resolution transmission electron 

microscope (HRTEM, Tecnai F20 FEG-TEM, operated at 200 kV) were used to 

characterize the produced SWNTs. For HRTEM characterization, the samples were 

transferred from quartz wafers onto the Cu grids covered by holey carbon film 

(purchased from Electron Microscopy Sciences). 

Results and discussion 

We first noticed a frequent appearance of zigzag shaped carbon nanotubes (CNTs) when 

we used Co1Mo3 as catalyst and introduced water vapor during the catalyst annealing, 

such as those shown in Fig. 1B. Each kinked nanotube consisted of a series of short, 

straight but misaligned segments, orientated with angles around 42
o
 to the direction of 

linear tubes. Unlike the growth of perfectly aligned SWNT arrays, production of large 

amount of the kinked nanotubes could not be satisfactorily explained by the previous 

guided growth mechanism where only one alignment mode, either atomic steps 
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(graphoepitaxial) or lattice (epitaxial) mode. It is worth noticing that the quartz substrate 

we used have a miscut angle of 5
o
. This induces the spontaneous formation of 

periodically spaced parallel atomic steps and grooves that have a relative angle of 45
o
 to 

the lattice direction. Based on this fact, we hypothesized that the zigzag shaped CNTs 

could grow under the guidance of two competing forces, which are the epitaxial effect 

from the lattice and the graphoepitaxial effect from the atomic steps. The formation of 

these structures could only be driven by interaction between the nanotube and the surface 

instead of the gas flow, due to the fact that the same set of geometries could always be 

obtained regardless of the relative position of the lattice to the gas flow. In our hypothesis, 

the nanotubes first grow along the atomic lattice until they meet steep step or groove, 

then proceed by following these nanofacets either as single tube or as bundles for a short 

length, and repeatedly switch between the epitaxial and graphoeptaxial growth modes 

afterwards. (Fig. 1A).  

 
Figure 1. (A)Schematic view of water induced growth of kinked SWNTs (left) versus normal guided 

growth (right) on miscut ST-cut quartz. Directions of atomic steps and lattice are indicted with green and 

blue arrows respectively. With either Cu or CoMo as the catalyst, water vapor was discovered to have 

strong effect on the alignment mode; SEM observation of kinked SWNTs (B) and perfectly aligned 

SWNTs(C). 

 

 

To test this hypothesis and the generality of this water-vapor-assisted method, copper-

based catalyst, a commonly used catalyst for surface growth of CNTs, was employed to 

grow CNTs under the same annealing and growth condition. Similar kinked CNT arrays 

were successfully synthesized with high yield by using the Cu catalyst, as revealed by 

SEM and AFM, respectively (Fig. 2).  A tip-growth mechanism is thus confirmed 

because a stationary particle cannot push nanotubes forward in such a manner. If the 

catalyst nanoparticle stays on the substrate without moving together with the tip of the 

elongating nanotube, the guiding from the substrate will function through interacting with 

the tip of the nanotube. Thus, for the same tube tip, it is impossible to have different 

interactions with the crystal lattice and uniformly distributed steps on the substrate. AFM 

images showed that the perfectly aligned nanotubes grew along the direction of lattice, 
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which is x direction of the ST-cut quartz. Without water vapor treatment, good alignment 

was obtained even when the atomic steps have height of 1- 3 nm and orientate 

approximately 42
o
 to the lattice direction. With water treatment, more kinked nanotubes 

were observed. Instead of going randomly, the misaligned parts of kinked nanotubes went 

mostly along the steps.  

 
Figure 2. SEM images of SWNTs grown by using Cu-w (A), Cu (B), Co1Mo3-w (C), and Co1Mo3 (D) 

as catalyst respectively; and corresponding AFM images of SWNTs grown by using Cu-w (E), Cu (F), 

Co1Mo3-w (G), and Co1Mo3 (H) as catalyst respectively; Green and blue arrows indicate the direction 

of atomic steps and lattice respectively; The AFM image sizes are 8 × 8 um. The dark stripes in (D) were 

caused by the charging effect under the e-beam of SEM. Water vapor concentration used for all 

experiments were 0.7 g/L. 

As has been mentioned, treatment with water vapor is key to the growth of kinked 

nanotubes. For convenience, the catalyst that has been treated with water vapor is 

denoted as Co1Mo3-w or Cu-w, respectively. Kinked nanotubes grown by Cu-w had both 

aligned and bent parts with better linearity than that of the Co1Mo3 grown nanotubes, as 

exemplified in Fig. 2.  Cu-w grown kinked nanotubes made turns at angles within a 

narrow range of ~37
o
 to ~49

o
, centering at 42

o
, which is exactly the angle between the 

steps and lattice direction of the substrate. By contrast, Co1Mo3-w produced kinked 

nanotubes with almost every part curly using the same concentration of water vapor, 

while Co1Mo3 could yield well aligned nanotube arrays with high degree of linearity.  

One of the primary conclusions could be obtained by analyzing the AFM height images is 

that, turning character of the nanotubes correlated with its diameter. The small-diameter 

nanotubes had better alignment, longer part of the tube perfectly aligned along the lattice, 

and most of the bent part going exactly along the steps. Meanwhile, nanotubes with larger 

diameters made turns more sharply, and had longer misaligned parts. The largest 

measured diameter of the nanotube was more than 10.0 nm, which makes this kind of 

nanotubes probably be bundles instead of single nanotubes. This prediction is later 

confirmed by HRTEM characterization of the kinked nanotubes. The exact relation 

between the alignment and the nanotube diameter for different catalyst and annealing 

conditions were summarized in Fig. 3. For nanotubes grown by Co1Mo3-w catalyst, 

Page 5 of 11 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



bending is more likely to happen when the tubes have diameters larger than 1.4 nm. Cu-w 

catalyzed system has the same trend and almost the same threshold diameter. Besides, 

bending tubes were rarely observed outside the catalyst pattern area in both Cu and 

Co1Mo3 catalyzed system.  For Cu catalyst, the nanotubes only start to bend when their 

diameters exceed 3.2 nm, which is considered as bundles. However, in the case of 

Co1Mo3, all of the nanotubes with diameter bigger than 1.3 nm bent.  

 
Figure 3. Comparison of templated growth behavior of SWNTs catalyzed by Co1Mo3 and Cu catalyst 

annealed with/ without water treatment. Plots of the percentage of SWNTs aligned along the lattice 

direction as a function of SWNT diameter. SWNT diameters were generated from 8 × 8 µm AFM scans 

of >200 individual SWNTs. 

 

Knowing the composition of the samples, which is the amount of the SWNT, double-

walled carbon nanotubes (DWNT) and few-walled carbon nanotubes (FWNT), and 

bundle of nanotubes, is important to the understanding of the bending mechanism. 

HRTEM was used to give precise information on the composition of the samples, 

because AFM cannot distinguish between bundle and a single tube especially when the 

diameter is not quite large. We used a modified transfer technique (descripted in ESI) to 

transfer the CNTs from quartz substrate onto the TEM grid. In normal transfer, 

evaporation of the solvent disturbs the layout of the nanotubes because of the capillary 

effect when the tubes are not in tight contact with the substrate. Therefore, baking at high 

temperature, instead of solvent based dissolving, was used to remove the mediate 

polymer. This approach made the nanotubes maintain their original configuration even 

over the holey carbon film on the TEM grid. HRTEM characterization showed that 100% 

of the nanotubes were single-walled, of diameters ranging from 0.8 to 2.2 nm, with no 

DWNTs or FWNTs found.  
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Figure 4. Typical HRTEM characterization result of Co1Mo3-w grown SWNTs (A- B) and Cu grown 

SWNTs (C-D). Both system yielded high-quality SWNTs with clean surface. The influence of 

graphoepitaxial effect on the forming and guided growth of big bundles was verified. Bundles appeared 

with a very high frequency in Co1Mo3-w grown sample. The forming of bundle is believed to account 

for the large diameter detected by AFM, such like the big bundle with a diameter of 6 nm shown in (B).  
 

Although quantities of nanotubes found under TEM were limited due to the lower 

density of the kinked tube sample, we were still able to obtain two facts: One is that 

catalyst treated with water still grew SWNTs, although the nanotubes did not have as 

good linearity as the nanotubes grown by normally annealed catalyst; and the other is that 

water treatment of catalyst produced more bundles, which have diameters as big as 6 nm 

(Fig. 4B). The presence of SWNTs was also confirmed by the abundance of RBM signal 

and G-band in Raman spectra (ESI). This observation explains why such large diameter 

“tube” was observed in the Co1Mo3-w system by AFM. It is speculated that, the big 

bundles were too large to be aligned by either the steps or the lattice. Their overall 

rigidity, however, was increased, so they could climb over more steep steps when bent 

away from the lattice direction. This is in agreement with the finding that the bundles or 

the tubes with bigger diameter could make turns with bigger turning angle and longer 

length of misaligned part.  

Analysis of the annealing process is going to help with understanding the role played 

by water vapor treatment. In general, Cu precursor decomposed and formed CuO clusters 

during calcination, which were reduced to metallic Cu during subsequent reduction step. 

According to earlier studies, the Co1Mo3 catalyst forms Co-molybdate-like species, 

which remains this interacting phase even after the reduction, and begins converting to 

metallic Co and Mo carbide under reaction condition.
30

 The annealing was carried out at 

775
o
C, which is a temperature high enough to make water a weak oxidizer.

31
 Water vapor 

treatment was proved to be able to oxidize metal catalyst.
32

 Therefore, introduction of 

water vapor is believed to make more of the metal catalyst oxidized, suggesting that both 

Cu and Co remains as partially reduced clusters for longer time through the whole growth 
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process. In addition, wettability of the particle is strongly related to its oxidation state. It 

has been experimentally observed that oxidized metal nanoparticles could spread on the 

support surface (alumina, silica, carbon), because of increased wetting.
33

 Related research 

on the supported catalytic particles also showed that addition of water vapor accelerated 

overlapping and eventual coalescence of particles, and the migration of catalytic particles 

on the substrate surface often occurred along steps and was discontinuous.
33

 When these 

partially oxidized particles act as the tip leading the growth of the nanotubes on the 

quartz substrate, it is expected that the following nanotubes would bend frequently, grow 

along the steps and form bundles more easily at or close to the edges. Owing to the more 

Co-molybdate-type initial state, Co1Mo3-w catalysts produce nanotubes that had more 

kinks and formed more bundles. Partially reduced state of the catalyst could also be a 

possible reason for the short length of the nanotubes obtained, because the totally reduced 

metallic state is desired for more efficient growth of nanotubes. 

To verify the assumption above, we used Co1Mo1 catalyst, which has been found to have 

both metallic Co and Co-molybdate-like species after reduction.
30

 Compared with 

Co1Mo3 catalyst and Cu catalyst, the new Co1Mo1 catalyst has less Co-molybdate-like 

state. As shown in Fig. 5, Co1Mo1 could grow nanotubes that had similar degree of 

alignment with nanotubes grown by Cu catalyst under the same condition.  

 
Figure 5. SEM images of SWNTs grown by using Co1Mo1 catalyst with water introduced during 

annealing. Compared with the nanotubes grown by Co1Mo3 catalyst, the SWNTs shown here have 

better level of linearity for both aligned and bent parts, as well as lower percentage of the kinked 

nanotubes.  
 

Different from previous report on the growth of aligned SWNTs,
34

 the substrate we used 

did not undergo annealing process, and the atomic steps formed because of the miscut 

angle. This 5
o
 miscut angle provides a unique environment to observe the growth of the 

regularly kinked SWNTs. In order to elucidate how the surface morphology influences 

the orientation of the nanotubes, we intentionally annealed the quartz substrate to create 

more atomic steps according to the pervious report.
27

 The surface morphology change 

brought by the annealing was investigated by AFM and shown in ESI. For simplicity of 

the discussion, we did not introduce water during annealing. As shown in Fig. 6, Cu and 

Co1Mo3 catalyst could produce well aligned SWNT arrays on both pristine and annealed 
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substrate. However, arrays on the annealed substrate showed shorter tube length and 

lower density for both kinds of catalysts. These results suggest that too many steps do 

hinder the movement of the catalyst particles but don’t affect the alignment of the 

nanotubes. This observation also confirmed the tip growth mechanism and the essential 

role of water on the formation of kinked nanotubes.  

Analysis of the impact of water on the morphology of the substrate surface was also done 

for better understanding. As shown by the section analysis in Fig.S3 and Fig. S4, water 

treatment made the steps and grooves deeper in both Cu-w and Co1Mo3-w catalyzed 

system. The deepened steps and grooves produced more kinking on the nanotubes when 

the catalyst was treated by water.  

 

Figure 6. Effect of deepening steps on the guided growth of SWNTs on quartz substrate with different 

catalyst. SEM images of SWNTs grown by Cu on pristine quartz (A) and on annealed quartz (B); and 

SEM images of SWNTs grown by Co1Mo3 on pristine quartz (C) and on annealed quartz (D). The 

substrates were annealed at 900
o
C for 8h to steepen the steps.  

  

Conclusions   

Through controlling the oxidation state of the catalyst, we produced zigzag shaped 

SWNTs arrays, which is desirable for the fabrication of nanocircuits and the research on 

the properties of the bending points, on single crystal quartz substrate wit high yield 

through a combination of epitaxial and graphoepitaxial guiding. The SWNTs were grown 

following a surface-bound and tip-growth mechanism, and the misalignment is caused by 

the combination of oxidized state of the metal catalyst and the relatively steep atomic 

steps and grooves. The introduction of water during annealing alters the oxidation state of 

the catalyst and enhances the steps and grooves, which cooperatively promote the growth 

of the zigzag shaped nanotubes. The unique zigzag architecture of nanotube arrays 

provide an important platform to study the transporting properties of bent nanotubes. In 

addition, the understanding of alignment mechanism could help the synthesis of novel 

complex nanotube arrays and benefit the fabrication of nanocircuits.   
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Electronic supplementary information (ESI) :  

Transfer method of SWNTs grown on ST-cut quartz onto SiOx/Si wafers, water 

concentration calculation, statistic on the diameter distribution of both aligned and kinked 

SWNTs in Cu and CoMo catalyzed system, investigation of etching effect of water on 

quartz substrate under high temperature, Raman characterization of SWNTs, and 

investigation of influence of annealing on surface morphology of quartz substrate.  
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