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High-yield bamboo-shaped carbon nanotubes (BCNTs) have

been produced by using cresol as the precursor, for the first time

and there are almost no straight CNTs or amorphous carbon

found in the product: the role of cresol in promoting the growth

of BCNTs is discussed; improved cycle stability and electric

conductivity of the BCNTs as an anode additive in a lithium ion

battery are achieved.

As an important member of the carbon nanotube family,

bamboo-shaped carbon nanotubes (BCNTs), with separated

hollow compartments, have been widely investigated to ex-

plore their unique structure-associated properties.1–4 BCNTs

possess a high percentage of edge–plane sites along the surface,

and are thus expected to exhibit improved electrochemical

characteristics compared with their straight CNT counterparts

with smooth, more basal plane-like regions.5,6 In particular,

BCNTs also showed a faster electron transfer rate and a

greater number of electroactive sites than single-walled carbon

nanotubes in the biosensing of guanine and adenine.7

Several techniques have been used to prepare BCNTs, such

as plasma enhanced chemical vapor deposition (PECVD),8,9

radio frequency magnetron sputtering,10 electric arc dis-

charge,11 powder pyrolysis,3,7,12,13 substrate growth,1,2,14–16

ball milling17 and the exploding method,18 and significant

progress has been made recently. However, most of these

approaches have apparent disadvantages, for example, expen-

sive equipment,8–10 low yield,11 poor growth control3,18 and

often they are not suitable for continuous production.1,2,14–16

The manufacturing of high purity materials in large quantity

remains a real technical challenge. In this context, to eliminate

the co-existence of ‘normal’ straight multi-walled CNTs

(MWNTs) and amorphous carbon in a controllable and

reproducible manner, whilst achieving all BCNTs, will be of

technical importance.3,4 Existing reports use methane,1,8 gra-

phite rods,10,11 ruthenium(III) acetylacetonate,3,19 iron(II)

phthalocyanine,13 etc. as precursors and, to the best of our

knowledge, cresol has not been applied as a precursor. We will

report that cresol is not a simple replacement chemical for the

growth of CNTs, but a novel, efficient and on-purpose

precursor for high-yield BCNT production.

The experimental setup and procedure are similar to that

described previously for the synthesis of FeNi-filled CNTs,20

but cresol rather than dichlorobenzene was used as the carbon

source. In a typical process, ferrocene was dissolved in 10 ml

cresol to form a solution with a concentration of 0.06 g ml�1

which was fed into the CVD reaction tube by a syringe pump

at a constant rate of 0.12 ml min�1, for 30 min. A mixture of

Ar and H2 at flow rates of 2000 sccm and 300 sccm, respec-

tively was used as the carriage gas. A quartz plate was placed

in the middle of reaction tube (860 1C) for sample collection,

for later characterization and evaluation by using a scanning

electron microscope (SEM, JEOL JSM-6460LV) and a trans-

mission electron microscope (TEM, JEOL-2010).

Electrochemical testing samples were prepared by mixing

BCNTs (5 wt%), natural flake graphite (85 wt.%, Chenzhou,

China) and polyvinylidene fluoride (PVDF 10 wt.%). The

mixture was dissolved in N-methylpyrrolidone (NMP) and

casted on a copper foil which was dried at 80 1C for 8 h and

then dried in vacuum at 120 1C for 12 h. Lithium foil was used

as the counter electrode and 1 M LiPF6 dissolved in a mixture

of ethyl methyl carbonate (EMC) and dimethyl carbonate

(DMC) (1 : 1 in volume) as the electrolyte. The working and

the counter electrodes were separated with a Celgard 2400

separator. The cell was galvanostatically cycled between 0 and

2.00 V vs. Li/Li+ at 0.2 1C.

SEM observations show that the products are mainly

entangled CNTs with lengths 44 mm (Fig. S1(a)w), with a

pronounced bamboo-like appearance (Fig. S1(b)w). TEM ex-

aminations have confirmed that nearly all of the CNTs are

bamboo-shaped, with no straight CNTs or amorphous carbon

‘impurities’ (Fig. S2a and S2bw and Fig. 1(a)). Fig. 1(a) also

exhibits the existence of some Fe catalyst particles (arrowed).

The weight percentage of Fe particles in BCNTs is B17 wt%,

calculated based on thermogravimetric analysis (Fig. S3w).
Considering the density of iron is 4 times of that of carbon,20

the volume fraction of Fe particles in BCNTs should be less

than 5%. This shows the high-purity nature of as-prepared

BCNTs. High-resolution TEM (HRTEM) study has showed

that the walls of BCNTs are composed of intense bending and

curling defects and clearly visible individual compartments.
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The interlayer space is B0.3580 nm (see Fig. 1(b)), which is

larger than that of planar graphite (B0.3350 nm), and that of

straight CNTs (B0.3400 nm). This can be attributed to a

combination of tubule curvature and van der Waals force

interactions between successive graphitic layers.21

In order to verify the role of cresol in the BCNTs growth,

controlled experiments were carried out by using xylene as a

carbon precursor, which resulted in no BCNTs but well-

aligned straight CNTs (see Fig. S4w). It was obvious that

due to the involvement of the [OH] group in cresol, the

pyrolysis routes of the two precursors would be different. It

is likely that xylene and cresol may contain dominant species

at some stage via the following process:22

ð1Þ

ð2Þ

Here C5 and C6 denote the 5- and 6-carbon rings, respec-

tively; and [H] denotes the active hydrogen atom. As shown in

eqn (1) the 6-carbon species, presumably arranged into hexa-

gon rings, would favour the growth of straight CNT walls as

they are constructed by 6-carbon rings. When 5-carbon rings

(pentagons) are introduced into the hexagon networks, as

shown in eqn (2), graphitic stacking in CNTs will become

irregular, (e.g. bamboo-shaped CNTs, heterojunctions,

etc.).23,24 Typically, in contrast to heptagons, 5-carbon penta-

gon rings are capable of constructing positive curvatures, thus

promoting the formation of cone-like shapes in CNTs,25 which

is in agreement with the TEM results (Fig. 1). In this context,

the pyrolysis of cresol might have well played a role in

supplying a sufficient amount of pentagons, thus leading to

the growth of BCNTs. The strain introduced by the pentagons

renders the BCNTs defective and thus chemically reactive.26

Fig. 2 is a Raman spectrum of the as-prepared BCNTs. The

intensity of the D-band is higher than that of the G-band,

indicating the extensive defects contained in the BCNT

structures.

The electrochemical performance of the BCNTs was eval-

uated against the commercial carbon black (CB) and straight

MWNTs, as an anode additive, and the results of the cycle

performance are shown in Fig. 3(a). The capacity of CB and

Fig. 1 Morphology of BCNTs (a) low-magnification TEM image,

where the arrows show the positions of Fe catalyst particles (b)

HRTEM image.

Fig. 2 Raman spectrum (633 nm excitation) of the BCNT sample.

Fig. 3 Electrochemical characteristics of samples (a) cycle perfor-

mances and (b) electrochemical impedance spectra of 5 wt% BCNTs,

5 wt% straight multi-walled CNTs (MWNTs) and 5 wt% carbon

black in graphite anode materials.

This journal is �c The Royal Society of Chemistry 2008 Chem. Commun., 2008, 2046–2048 | 2047



MWNT anodes begin to decrease after 9 cycles; whilst the

BCNT anode remains stable after 20 cycles. Fig. 3(b) exhibits

the electrochemical impedance spectra (EIS) of the BCNT,

MWNT and CB samples. They both show combinations of

depressed semicircles at high- and mid-frequencies and

straight line features at low-frequencies. Interpretation of the

EIS was based on the equivalent circuit shown in the inset of

Fig. 3(b), where Cd, Zw, Rct and Rs denote the capacitance of

the double layer, Warburg impedance, charge-transfer resis-

tance and solution resistance, respectively.

The high-frequency semicircle in the EIS is attributed to the

solid electrolyte interface (SEI) film and contact resistance,27

and the mid-frequency semicircle to the Rct on the electrode/

electrolyte interface. The point of the semicircle decreasing is

believed to be the total electrical resistance of the electrode

materials, electrolyte resistance and electric leads.28,29 Thus,

based on Fig. 3(b), the total electric resistance of the BCNTs

sample is 9.3 O, onlyB1
3 of the CB sample’s (28.0 O) andB1

2 of

the MWNT sample’s (17.1 O). This reduced resistance could

lead to a much improved efficiency in battery assemblies. We

believe that such a significant decrease in resistance may arise

from two main factors: higher electron transfer kinetics of the

BCNTs compared to that of CB and MWNTs due to the

better wetability, more edge–plane-like sites and oxygen func-

tional groups,3 and the easy formation of three-dimensional

electrical conduction networks, which is similar to the effect of

general CNTs reported in our previous work on cathode

additives in lithium ion batteries.30

In summary, we report that high-yield and high purity

BCNTs have been generated via pyrolosis of cresol. We

attribute the easy formation of 5-carbon rings during cresol

pyrolysis as having a key role in the BCNT growth. As an

anode additive in lithium ion batteries, BCNTs show much

improved cycle stabilities and higher electric conductivity than

the commercial CB. Considering the simplicity and high-

efficiency of this process, we believe that cresol-generated

BCNTs are excellent electrode additives for applications in

lithium ion batteries.
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