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Abstract The growth of bamboo-like multiwalled carbon

nanotubes (MWCNTs) over Cu/Al2O3 catalyst by chemical

vapor deposition under atmospheric pressure using ethanol

as the carbon source has been demonstrated. The obtained

MWCNTs are dominant with bamboo-like morphology. The

morphologies, graphitization degree, and microstructures of

the products were characterized by transmission electron

microscopy, X-ray diffraction, Raman spectroscopy, field

emission scanning electron microscopy, high-resolution

transmission electron microscopy, and selected area electron

diffraction. The results show that the combination of Cu/

Al2O3 catalyst and ethanol was critical for the growth of

bamboo-like MWCNTs. The possible factors causing the

formation of bamboo-like structures were also discussed.

Introduction

As typical one-dimensional nanomaterials, carbon nano-

tubes (CNTs) have attracted wide research interests

because of their excellent electrical, mechanical, and

physico-chemical properties as well as their potential

applications [1–5]. In recent years, following the extensive

research of the preparation of CNTs, many novel shapes of

CNTs were discovered, for example, bamboo-like [6–8],

conical [9], Y shape [10], etc. Unlike conventional straight

CNTs, bamboo-like CNTs consist of a series of separated

hollow compartments. Owing to their unique structure,

bamboo-like CNTs possess excellent electrical properties

and could be potentially used in many fields [11, 12]. CNTs

with bamboo-like structure have been prepared by a variety

of methods such as arc discharge [13], pyrolysis of orga-

nometallic precursors [11], solventhermal synthesis [14],

and chemical vapor deposition (CVD) [6–8]. However, in

most above cases, a mixture of bamboo-like and conven-

tional straight CNTs (or other morphologies of CNTs) was

always obtained [13, 15]. Among these methods of prep-

aration of bamboo-like CNTs, CVD possesses simple and

low-cost features. Therefore, it would be necessary for

developing a CVD growth of CNTs with dominant bam-

boo-like morphology in order to study the properties and

applications of bamboo-like CNTs.

Generally, Fe, Co, and Ni are considered as the effective

catalyst components in CVD growth of CNTs, while other

metal elements are thought of as low activity components

because of their poor carbon solubility or multiple carbide

phases [16]. However, in recent years, non-iron group metal

elements such as Au, Ag, Pt, Pd, Re, and Ru have shown

catalytic active in CVD growth of CNTs [11, 12, 17–19]. It is

worth to note that, study of the growth of CNTs over non-

iron group catalyst is of great significance. It not only will

promote further understanding of the growth mechanism of

CNTs, but also may facilitate the research on novel mor-

phologies of CNTs. Compared with the case of iron group

catalysts, only few works have been reported for copper

catalyzing synthesis of CNTs. For instance, CNTs have been

synthesized on an alkali-element-modified Cu catalyst [20].

Synthesis of multiwalled carbon nanotubes (MWCNTs) has

been achieved on Cu catalyst with a Lewis super acidic

site [21]. Highly activated Cu nanoparticles can catalyze

growth of single-walled carbon nanotubes (SWCNTs) [22].
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However, as far as we know, there is no report on synthesis

of MWCNTs with bamboo-like morphology over non-

modified Cu catalyst.

In this work, a facile and efficient CVD process has been

developed to synthesize dominant bamboo-like MWCNTs.

The reaction was carried out over the non-modified Cu/

Al2O3 catalyst using ethanol as carbon source under atmo-

spheric pressure between 750 and 850 �C. The morphol-

ogy, microstructure, and graphitization degree of the

products were characterized.

Experimental details

As a catalyst support, Al2O3 was synthesized according on

a similar procedure in the literature [23]. Typically, 1.6 g

NH4HCO3 and 37.5 g Al(NO3)3 � 9H2O were dissolved in

200 mL distilled water, followed by slow addition of

aqueous ammonia (10 wt%) under stirring until pH of

solution reached about 8. The products were filtered, dried

at 120 �C for 12 h, then calcined at 550 �C for 4 h, and

finally ground to obtain Al2O3 powder.

Cu/Al2O3 catalysts were obtained through impregnating

as-prepared Al2O3 with copper(II) acetate monohydrate.

The solid residue was dried at 80 �C for 12 h and calcined

at 550 �C for 4 h. The Cu/Al2O3 catalysts were obtained

with copper contents of about 5.0 wt%.

Growth of MWCNTs was carried out in a quartz tube

(4.5 cm of inner diameter and 110 cm in length) with a

tube furnace as the reactor. A total of 50 mg Cu/Al2O3

catalyst was put into a quartz boat located at the center of

the reactor. The reactor was heated up to the designed

temperature at a heating rate of 10 �C/min in N2 (99.999%)

atmosphere. N2 gas saturated by ethanol was then induced

into the quartz tube at a flow rate of 400 mL/min. After

reacting for 120 min, the reactor was cooled down in N2. In

order to remove the disturbance of catalyst support Al2O3,

the products were dipped in hydrofluoric acid (40%) for

24 h, and then dried at room temperature.

The products were characterized by transmission electron

microscopy (TEM, JEM 200CX), X-ray diffraction (XRD,

Thermo ARL X’TRA), Raman spectroscopy (Almega Dis-

persive Raman, kexc = 532 nm), field emission scanning

electron microscopy (FESEM, SIRION-100), and high-res-

olution transmission electron microscopy (HRTEM, JEM-

2010) equipped with the selected area electron diffraction

(SAED) device.

Results and discussion

Figure 1 shows the typical TEM images of MWCNTs

grown over Cu/Al2O3 catalyst at 700, 750, 800, and

850 �C, respectively. The diameter distributions of

MWCNTs were 20–50, 40–90, 30–80, and 50–90 nm,

and the percentages of bamboo-like MWCNTs were 40, 85,

95, and 90% for 700, 750, 800, and 850 �C, respectively.

Obviously, except for Fig. 1a (at 700 �C), other TEM

Fig. 1 TEM images of

bamboo-like MWCNTs grown

over Cu/Al2O3 catalyst at

a 700 �C, b 750 �C, c 800 �C,

and d 850 �C
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images show that the products were dominated with bam-

boo-like MWCNTs. It is also clearly shown that the hollow

compartments of bamboo-like tubes have a uniform size.

However, the bamboo-like morphology of CNTs produced

at 700 �C was not completely grown. It indicates that the

reaction temperature plays a key role in the formation of

the bamboo-like structures and the favorite reaction tem-

perature exceeds over 700 �C. There is no significant dif-

ference of bamboo-like morphology among MWCNTs in

Fig. 1b–d and this indicates that the growth of dominant

bamboo-like MWCNTs can be achieved between 750 and

850 �C.

In order to investigate the crystal structure of the Cu

catalyst particles and the bamboo-like MWCNTs, fresh

catalyst and final products were characterized by XRD. As

shown in Fig. 2A, XRD pattern of fresh Cu/Al2O3 catalyst

reveals that the diffraction peaks of Al2O3 exist, but there

are no obvious diffraction peaks of Cu species (e.g., CuO

or Cu2O, etc.). The possible reason for this case is that Cu

species are not in crystal state or the amount of Cu catalyst

particle is below the detection limits. In Fig. 2B–E, except

for the case of 700 �C, the products synthesized at other

three temperatures have a diffraction peak at about

2h = 26� and the peak is corresponding to graphite carbon

(002) reflection. The intensity of this peak increased with

the increase of the growth temperature. It indicates that

growth of bamboo-like MWCNTs over Cu/Al2O3 catalyst

takes place at temperature higher than 750 �C (including

750 �C). This result is consistent with TEM observations in

Fig. 1. For all products, two clear diffraction peaks appear

at 2h = 43.2� and 50.4� which can be indexed as (111) and

(200) reflections associated with the face-centered cubic

(fcc) phase of Cu, and the diffraction peaks of Al2O3 dis-

appear due to corrosive effect of hydrofluoric acid. XRD

results suggest that non-crystal state or dispersive Cu

species have been converted to highly crystalline fcc metal

phase during the growth of bamboo-like MWCNTs. The

change of Cu species in the existence state may be related

to the production mechanism of bamboo-like MWCNTs.

Raman spectroscopy is a very effective technique for

characterizing the quality of CNTs [24, 25]. Figure 3

shows the Raman spectra of MWCNTs grown over Cu/

Al2O3 catalyst at 750, 800, and 850 �C, respectively. In the

spectra, the peaks at 1347 cm-1 correspond to polycrys-

talline graphite and disordered carbon (D-band). There are

also other peaks located at 1580, 1589, and 1601 cm-1 for

MWCNTs prepared at 750, 800, and 850 �C, respectively.

The peak located at around 1590 cm-1 is related with one

of the E2g mode of single crystalline graphite (G-band).

The intensity ratios of D-band to G-band (ID/IG) are 1.75,
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Fig. 3 Raman spectra of bamboo-like MWCNTs grown over Cu/

Al2O3 catalyst at (A) 750 �C, (B) 800 �C, and (C) 850 �C. Arrows

show the accurate position of peaks
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Fig. 2 (A) XRD pattern of fresh Cu/Al2O3 catalyst and XRD patterns

of bamboo-like MWCNTs grown over Cu/Al2O3 catalyst at (B)

700 �C, (C) 750 �C, (D) 800 �C, and (E) 850 �C
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1.48, and 1.72 for MWCNTs prepared at 750, 800, and

850 �C, respectively. In general, bamboo-like MWCNTs

have stronger D-band and larger ID/IG values due to more

defects, curves, and dislocations of graphitic sheets [11],

and that is consistent with the aforementioned data. How-

ever, the ID/IG value of the MWCNTs grown at 800 �C is

smaller than that grown at the other two temperatures. It

indicates that the MWCNTs grown at 800 �C have rela-

tively high quality with fewer defects.

For further research, the morphologies and microstruc-

tures of bamboo-like MWCNTs grown at 800 �C over Cu/

Al2O3 catalyst were carefully investigated by FESEM,

TEM, HRTEM, and SAED. The results are shown in

Figs. 4 and 5. In FESEM image (Fig. 4a), CNTs with

smooth outer wall are observed while branched nanotubes

can also be found partially. Figure 4b shows that bamboo-

like and branched structures appear simultaneously. Bam-

boo-like MWCNTs consist of nested-cone compartments

with nearly equal size (about 30–50 nm of inner diameter

and 40–60 nm in length) and are accompanied with

Y-junction bifurcations. Moreover, bamboo-like MWCNTs

with an open end can be seen, as marked with arrow in

Fig. 4b, indicating that some tubes might be broken in the

preparation of TEM sample under ultrasound treatment. In

previous papers [10, 14], such branched structures could be

observed occasionally, and often associated with bamboo-

like structures. It is suggested that the formation of unique

Y-junction bifurcation structures may be related to

changing growth environment of graphite layers at a

different location on the catalyst particle surface [26].

Different morphologies of catalyst particles are displayed

in Fig. 4c, d. The two typical morphologies are plug-like

and needle-like. Plug-like catalyst particles are commonly

observed in the end of conventional MWCNTs. However,

as far as we know, needle-like morphology of catalyst

particles is relatively rare [20]. Such unique morphology

reflects the quasi-liquid characteristic of Cu catalyst par-

ticles in the growth of bamboo-like MWCNTs, because Cu

nanoparticles would exist in a quasi-liquid form due to

their lowering melting point (about 850 �C) [27]. More-

over, it should be noted that encapsulated residual catalyst

metallic impurities in CNTs have certain toxicity for

organism. This remains major obstacles in the utilization of

CNTs in many areas of science and technology. Many

reports focused on removal of metallic impurities in CNTs

[28–31]. Therefore, the toxicity and removal of residual Cu

catalyst particles in bamboo-like MWCNTs need to be

further investigated.

The microstructures of bamboo-like MWCNTs grown at

800 �C over Cu/Al2O3 catalyst are shown in Fig. 5. The

HRTEM image in Fig. 5a reveals that the as-prepared

CNTs have outer walls containing 9–12 nm thick graphite

layers while the graphite layers of inner compartment only

have a thickness of about 4 nm. Moreover, graphite layers

of the wall on both sides of CNTs are arrayed in herring-

bone shapes with an angle (a) of about 35� between the

tube axis and the graphite layer planes. Such a phenome-

non is prevalent in bamboo-like MWCNTs [7] and may be

Fig. 4 Representative

morphologies of bamboo-like

MWCNTs grown at 800 �C

over Cu/Al2O3 catalyst:

a typical FESEM image, b TEM

image of Y-junction bifurcation

structures, c TEM image of

plug-like catalyst particles, and

d TEM image of needle-like

catalyst particles

J Mater Sci (2009) 44:4040–4046 4043

123



correlated with the growth modes. The results in Fig. 5b

show that the spacing of graphite layers is about 0.345 and

0.343 nm for outer walls and inner compartment, respec-

tively. These values are close to that (0.34 nm) of con-

ventional MWCNTs, which correspond to the (002) plane

lattice parameter of graphite layers. Some disorder of

graphite layers in outer walls and inner compartment can

be found in Fig. 5a, b, indicating that the bamboo-like

MWCNTs possess more defects, curves, and dislocations

on graphitic sheets. Moreover, it is worth to note that the

thickness of compartment graphite layers is not uniform

and much thinner than that of sidewalls, as marked with

arrow in Fig. 5a. Interestingly, non-uniformity of graphite

layers covering the surface of the encapsulated catalyst

particle was found, as marked with arrow in Fig. 5c. This

widespread phenomenon in our results suggests that the

formation of inner compartment graphite layers in bamboo-

like MWCNTs may be related to the uneven diffusion and

deposition of carbon on catalyst particle. Furthermore,

through SAED analysis in Fig. 5d, the conversion of Cu

catalyst particles into single crystal with fcc phase has been

confirmed. The result is in good agreement with foregoing

XRD patterns in Fig. 2B–E.

Based on the previous reports about Cu catalyzing CNTs

[20, 21], the assistant role of Lewis acid/base or nano-size

activation effect was necessary for catalysts. However, the

Cu/Al2O3 catalyst in our case has not been specially

modified in acid–base properties and particle size. This

implies that the combination of Cu/Al2O3 catalyst and

ethanol as carbon source is critical in the growth of bam-

boo-like MWCNTs. For comparison, catalytic growth of

carbon materials has been examined using methanol or

acetylene as the carbon source at 800 �C over Cu/Al2O3

catalyst, but no MWCNTs were obtained, as shown in

Fig. 6. This greatly supports our hypothesis. It is well

known that Cu-based catalysts are popularly employed in

the ethanol dehydrogenation reactions [32]. Moreover,

ethanol has higher reactivity than other usual carbon source

such as CO and methane, because of lower activation

energy for ethanol decomposition [33]. This may be a

possible reason for effects of ethanol in our case. It might

be attributed to the more effective activation of ethanol

over Cu/Al2O3 catalyst than methanol and acetylene in the

same reaction conditions.

To the best of our knowledge, growth mechanism of

bamboo-like MWCNTs is not entirely clear so far. Many

Fig. 5 Microstructures of

bamboo-like MWCNTs grown

at 800 �C over Cu/Al2O3

catalyst: a, b, and c HRTEM

images, d SAED pattern of a

catalyst part
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authors proposed the possible mechanism on the basis of

their experimental results. Smith et al. [34] put forward

that bamboo morphology in carbon nanotubes may be the

result of subtle changes in the growth conditions near the

seed metal. Wu et al. [9] pointed out that formed conical

nanoparticles lead to growth of bamboo-like CNTs. Zhao

et al. [35] suggested that the difference between the carbon

surface and bulk diffusion in the catalyst causes the peri-

odic compartment structures in the bamboo-shaped CNTs.

In our study, it can be seen that catalyst particles were

encapsulated on closed-end bamboo-like MWCNTs in

Figs. 4c, d and 5c. These observations suggest that the

growth mode of bamboo-like MWCNTs over Cu/Al2O3

catalyst may be consistent with the tip-growth mode in the

classical VLS (vapor-liquid-solid) mechanism [36]. More-

over, Cu catalyst nanoparticles tend to form needle-like

(conical) morphology owing to lower melting point. Also,

non-uniformity of diffusion and deposition of carbon on Cu

catalyst particle possibly exists according to the VLS

mechanism. These factors may be the causes of bamboo-

like MWCNTs. Of course, the exact growth modes of

bamboo-like MWCNTs over Cu/Al2O3 catalyst need to be

further investigated.

Conclusions

The growth of bamboo-like MWCNTs over Cu/Al2O3

catalyst by CVD under atmospheric pressure using ethanol

as the carbon source has been demonstrated. The obtained

MWCNTs showed dominant bamboo-like morphology.

The morphologies, graphitization degree, and microstruc-

tures of the products were systematically studied. The

results show that the combination of Cu/Al2O3 catalyst and

ethanol was critical for the growth of bamboo-like

MWCNTs. The possible factors causing the formation of

bamboo-like structures were also discussed. This study

provides a facile and effective method to synthesize dom-

inant bamboo-like MWCNTs. The majority bamboo-like

structure obviously differs from the past mixture situation

of bamboo-like and conventional straight CNTs. It should

be beneficial for further investigating the unique structures,

properties, and applications of bamboo-like MWCNTs.
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