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a b s t r a c t

Current carbon nanotubes (CNTs) are typically synthesized with micrometer lengths, low dispersion and
low purity and thus oppose their applications in many fields. In this study, we make the first report on
using a Fe compound (FeS) as a catalyst for controlling the length of CNTs to be less than 300 nm. This is
achieved by dissolution of a proper proportion of ferrocene and thiophene in alcohol and pyrolysis of this
solution at high temperature. Sulfur, resulting from the decomposition of thiophene, is shown to play key
roles in promoting the growth of CNTs and limiting their length. The reason is suggested to be that FeS
retards the dissociation of carbon source and diffusion of carbon in it as compared with pure Fe. Short
CNTs from the present direct synthesis and from our previous solid-state cutting are used as an electrode
material in Li-ion batteries and catalyst supports in fuel cells. Compared with conventional long CNTs,
Li-ion battery
Fuel cell

short CNTs show much better electrochemical performance. Due to the simplicity of the present synthetic
technique, it may be used for mass production of short CNTs. Furthermore, the application of such a new
material may be investigated in wide areas such as information technology, biomedicine, environmental
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and energy industries.

. Introduction

Since the landmark paper on carbon nanotubes (CNTs) [1], they
ave attracted much attention on many applications because of
heir unique mechanical, physical and chemical properties [2,3].
owever, before these properties can be fully used, several tech-
ical hurdles must be overcome. One of such hurdles concerns
he length control. Current CNTs are typically synthesized with

icrometer lengths where they are bound into macroscopically
ntangled ropes or masses. This contradicts with the requirements
f many projected applications for short and highly dispersed CNTs
ith lengths of a few hundred nanometers or less. For example,
NT agglomerates do not provide the three-dimensional networks
eeded to efficiently carry mechanical loads or provide useful
ransport properties for a composite. Highly entangled CNTs that
re difficult to disperse uniformly in fluids and melts would give
uid suspensions and composites that have only slight improve-

ents in their mechanical or transport properties. In meantime,

ighly entangled CNTs cannot show their advantage of high surface
rea and hollow inner space. Thus, exploration of CNTs with a short
ength and high dispersion is of paramount scientific and tech-
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ological importance and would fill the large gap between small
pheroidal fullerenes and long CNTs.

In order to prepare short CNTs, a number of cutting meth-
ds have been practiced to shorten long ones either mechanically,
hemically, or as a combination of these. Mechanical cutting is
nduced by ball-milling [4,5] or sonication with an abrasive [6].
hemical cutting is achieved by partially functionalizing the tubes
ith fluorine and then pyrolysis at high temperature [7]. A combi-
ation of mechanical and chemical cutting is ultrasonically induced
utting in an oxidizing acid [8,9]. But these cutting processes often
nvolve destruction of the graphitic structure, inhomogeneous cut-
ing with remaining long CNTs, difficulty in elimination of the
mpurities such as amorphous carbon produced, and a significant
oss of raw material (50 wt.% or even higher). Recently, a new
pproach was reported to cut the conventional long and entan-
led CNTs by depositing NiO [10] or Fe2O3 [11] particles on CNTs
rst and then inducing a chemical reaction between them at high
emperature. This cutting approach based on such a solid-state
eaction has advantages of producing CNTs with a short length
<300 nm), a narrow length distribution, high dispersion, and a low

aterial loss over previous ones based on a gaseous or liquid-state

eaction.

There have been many reports about the synthesis of CNTs using
e as catalyst and sulfur to enhance the growth. But the CNTs
btained always have long lengths of several micrometers. Direct
ynthesis of short CNTs has appeared difficult. This is because the

http://www.sciencedirect.com/science/journal/03787753
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rowth rate of CNTs is very fast using the current techniques of laser
blation, arc discharge, and chemical vapor deposition (CVD) [2].
or example, using carbon isotope labeling, the growth rate in cat-
lytic CVD was measured to be 360 nm s−1 at 690 ◦C but 820 nm s−1

t 710 ◦C [12]. For the current synthesis of CNTs, nanometer-sized
etal particles are usually present. It is generally believed that such

atalytic growth involves the decomposition of carbon-containing
as on one side of a catalyst particle, subsequent diffusion of car-
on atoms through the volume or surface of the particle, and then
recipitation of CNT on its other side [13,14]. Since the diffusivity
f carbon in catalyst particles apparently affects the growth rate of
NTs, conventional fast growth may be suppressed and short CNTs
ay be synthesized if a new catalyst with a low diffusivity of car-

on is used. An immediate consideration for such a catalyst may be
compound of the widely used transition metal of Fe, Ni or Co.

To test the above idea, we explored the feasibility of using an
ron compound as the catalyst for growing CNTs and controlling
he length. FeS was chosen to be used as a catalyst since they can
e obtained from ferrocene and thiophene easily. We give the first
eport on a simple but effective technique involving FeS for direct
ynthesis of short and high-dispersion CNTs. This technique takes
he advantages of floating catalyst and the use of alcohol as the
arbon source. That is, both ferrocene and thiophene are dissolved
n alcohol and the solution is sprayed into the reaction zone. Thio-
hene is added at such a high quantity that FeS is formed. As will be
hown, it is convenient to continuously produce short and highly
ispersed CNTs. When such short CNTs are used as an electrode
aterial in Li-ion batteries and a catalyst support in fuel cells, they

re found to show much better performance than conventional long
NTs.

. Experimental

.1. Preparation

Short CNTs were synthesized by spray pyrolysis. The experimen-
al setup consisted of an electric furnace, a quartz tube (30 mm in
nner diameter and 1.2 m in length), and a sample collector. A quartz
apillary was used for solution supply and spraying. Ferrocene and
hiophene were dissolved in ethanol at a concentration of 20 g L−1

nd 50 mL L−1, respectively. In a typical experiment, the quartz tube
as flushed with Ar first in order to eliminate oxygen from the

eaction chamber, and then heated to a temperature from 950 to
100 ◦C. After 15 min holding at the temperature, Ar flow was initi-
ted at a rate of 120 L h−1. Subsequently, the ethanol solution was
upplied by an electric squirming pump. The supplying rate was
djusted to be 50 mL L−1. After a few hours, the supply of ethanol
as terminated and the reaction chamber was cooled gradually

o room temperature. Pyrolysis products were collected in a glass
ottle connected to the quartz tube. The as-grown samples were
urified in an acid solution at 110 ◦C for about 1 h to remove ferrous
articles. The acid used was a concentrated HNO3 with a concen-
ration of 65 wt.%. But this acid was diluted by an equal volume of
2O before use.

.2. Characterization

X-ray diffraction (XRD) experiments were conducted on differ-
nt CNT samples. The X-ray diffractometer (Bruker D8 Advance,

ruker AXS, Germany) was operated at 40 kV and 40 mA.
ickel-filtered Cu K� radiation was used in the incident beam.
ransmission electron microscopy (TEM, JEM-100CX) was used to
tudy the microstructure and morphology of long and short CNTs.
he samples were dispersed in ethanol by means of a sonicator

e
a
2
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nd scooped up with an amorphous carbon film for TEM obser-
ations. High resolution TEM (HRTEM, JEM-2010F, accelerating
oltage 200 kV) and energy dispersive spectrum (EDS) were used to
tudy the structure of CNTs and the chemical compositions of par-
icles at the tips of CNTs. Raman spectroscopy was recorded using
n Ar+ ion laser at 514.5 nm wavelength (Renishaw InVia plus, Ren-
shaw plc, U.K.) to assess the graphitic structure of CNTs. The main
eatures in the Raman spectrum are the disorder-induced D band at
350 cm−1 and the G band corresponding to the graphitic structures
t 1580 cm−1. The intensity ratio of these bands was calculated
iving a semi-quantitative indication of the defect concentration
n nanotubes. Thermogravimetric analysis was performed using a
iamond TG/DTA 6300 instrument in an atmosphere of air.

.3. Electrochemical test

The electrochemical properties of short and long CNTs as anodes
n Li-ion cells were evaluated. The cells for charge/discharge tests
onsisted of Li foils as reference and counter electrodes and CNTs as
orking electrodes. The working electrodes were prepared by coat-

ng a slurry consisting of 90 wt.% active material, 5 wt.% Super P as
onductive substance, and 5 wt.% polytetrafluoroethylene (PTFE) as
inder on a foam Ni plate. Then, the foam Ni plate was hydrauli-
ally pressed into 0.3 mm thickness under a pressure of 6 MPa. All
he electrodes were dried for 12 h at 120 ◦C in vacuum, and had a
otal weight of 3–5 mg. The electrolyte used was 1 M of LiPF6 dis-
olved in a 1:1 by volume of ethylene carbonate (EC) and dimethyl
arbonate (DMC) mixture. The Li/CNT cells were assembled as coin
ypes in an argon-filled glove box (O2 < 1 ppm, H2O < 1 ppm). Gal-
anostatical charge and discharge were controlled between 0.005
nd 3.0 V vs. Li/Li+ on a cell test instrument (LAND CT2001 A, Wuhan
ingnuo Electronic Co., China) at ambient temperature.

For the application as the catalyst support in fuel cells, Pt
anoparticles were deposited on long and short CNTs. In a typ-

cal experiment, CNTs were sonicated in ethylene glycol to form
lurry, which was heated up to a desired temperature around 140 ◦C.
hen, chloroplatinic acid (H2PtCl6) dissolved in ethylene glycol
as dropped slowly into the CNT slurry. The ethylene glycol here

cts both as a reducing medium as well as a surfactant prevent-
ng the conglomeration of Pt nanoparticles. The reaction mixture
as refluxed for 3 h at 140 ◦C. After cooling to room temperature,

he Pt/CNT catalyst was filtered, washed with deionized water and
ried for following tests.

The electrochemical activities of the catalysts were charac-
erized by cyclic voltammetry (CV) technique in a conventional
hree-electrode cell at ambient temperature. To prepare a work
lectrode, the catalyst was ultrasonically mixed with ethanol and
% Nafion isopropanol solution for 30 min first. The slurry was then
oated on a glassy carbon cylinder with a diameter of 3 mm. The
mount of catalyst loading on the electrode was controlled to be
.4 mg cm−1. A saturated calomel electrode (SCE) and a large-area
t plate were used as the reference electrode and counter elec-
rode, respectively, and 0.5 M H2SO4 was used as the electrolyte.
he CV profiles were recorded at a scan rate of 100 mV s−1 from the
otential of −0.24 to 1.0 V vs. SCE.

. Results and discussion

.1. Direct growth of short CNTs
Direct growth of short CNTs involved FeS-catalyzed pyrolysis of
thanol. Fig. 1a shows the TEM image of the sample synthesized
t 1100 ◦C with the ferrocene and thiophene concentrations being
0 g L−1 and 50 mL L−1, respectively. It can be seen that CNTs are
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ig. 1. TEM images and XRD patterns of the as-grown (a and c), and purified (b and
e2O3 may result from the oxidation of ferrous phases. TG curves of the as-grown a

bout 200–500 nm in length and 20–30 nm in diameter. At the tips
f most CNTs, there are catalytic particles. After purification, CNTs
re open at both ends and have lengths generally less than 300 nm.
hey are highly dispersed and do not form large agglomerates in
he whole sample (Fig. 1b). XRD analyses elucidate the presence
f FeS in all samples (Fig. 1c), and with increasing temperature,
he peak for FeS becomes stronger. At the same time, the peak of
e is very weak, suggesting that there are few Fe catalytic parti-
les in the samples. After purification, only graphite peaks could be
dentified (Fig. 1d), indicating complete elimination of ferrous par-
icles. This observation is supported by thermogravimetric analysis
Fig. 1e). For the as-grown sample, FeS might have reacted with

xygen and generated iron oxide. This may be responsible for the
esidual weight observed. But for the purified sample, no residual
eight is observed after complete oxidation, suggesting that FeS
ad been removed completely during purification. The result from
aman spectrum shows that the ratio of the intensity of the G mode

o
a
a
C
s

ort CNTs. Note: the presence of FeS in samples prepared at different temperatures.
rified short CNTs (e) and Raman spectrum of purified short CNTs (f).

o that of the D mode (IG/ID) is about 1.3, and thus also suggests that
he short CNTs have a good graphitic structure (Fig. 1f).

Detailed HRTEM and EDS studies of as-grown CNTs are pre-
ented in Fig. 2. As shown, the short CNTs are made up of graphitic
ayers, and the particle encapsulated at the tip also has a crystalline
tructure and contains Fe and S with an atomic ratio of 1:1. The
nterplanar spacing was measured to be about 0.3 nm, which is
onsistent with the spacing for (2 0 0) plane of FeS. The Cu peak
riginated from the Cu grid used for preparation of TEM sample.
his observation suggests that the particle encapsulated is probably
eS.

Thiophene concentration was found to have a profound effect

n the experimental result. In the case that no thiophene was
dded, the sample consisted of mainly long nanofibers (>1 �m)
nd some Fe nanoparticles embedded in the fibers with very few
NTs (Fig. 3a). With the addition of thiophene of 30 mL L−1, the
ample contained both long carbon fibers as in the sample without
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ig. 2. TEM image of an as-grown CNT with an encapsulated particle (a), lattice fri
article (e).

hiophene addition and short CNTs as in the sample with the addi-
ion of thiophene of 50 mL L−1 (Fig. 1). In the case that a high
hiophene concentration of 100 mL L−1 was introduced, the sample
ncluded carbon particles only (Fig. 3b).

.2. Origin of Short CNTs

The present study provides first evidence that when a high con-
ent of thiophene was added (50 mL L−1 in the present system), FeS
ormed as shown by XRD (Fig. 1c) and EDS (Fig. 2e). The formation
f FeS promoted the growth of CNTs instead of CNFs and limited
heir lengths to be less than 300 nm. In previous studies, however,

much lower content of thiophene was included and the forma-

ion of FeS was not identified. Although the growth of CNTs was also
romoted, their lengths were in the range of micrometers [15,16].

Now the origin of the important role played by sulfur in promot-
ng the growth of CNTs in the present experiments is considered.

s
t
o
f
f

f the encapsulating layer (b), the tube wall (c) and the particle (d), and EDS of the

t is well known that Fe is a very active catalyst for the growth of
arbon nanofibers at 1100 ◦C (Fig. 3a). Its activeness might be so
igh that the catalytic pyrolysis of hydrocarbon molecules could be
ery fast and sufficient carbon might be generated for the growth
f nanofibers. When thiophene was added, however, sulfur atoms
ould combine with Fe atoms to form FeS at high temperature.
his would decrease the catalytic activity of Fe particles and the
ecomposition of alcohol. Consequently, fewer carbon atoms were
roduced and the growth of CNTs was favored (Fig. 1).

In addition to the activity of the catalytic particle, the size of
he catalytic particle should be also considered as a factor deter-

ining the growth of nanofibers or nanotubes. A previous study

howed that the product consisted of nanofibers when the size of
he metal particle was above 20 nm but nanotubes when the size
f the metal particles was less than 20 nm [17]. The addition of sul-
ur could induce the fragmentation of metal particles and thus be
avorable for growing CNTs (Fig. 1).
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Fig. 3. TEM images of the carbon nanofibers (a) and carbon particles (b) synthe-
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the Crev for the long CNTs is 188 mA h g , but those for the short
CNTs and the cut ones are 502 and 577 mA h g−1, respectively. Evi-
dently, the Crev increases significantly with shortening the length of
CNTs. At the same time, the irreversible capacities for both short and
cut CNTs increased, which may be associated with the open ends,
ized without and with 100 mL L−1 thiophene additions, respectively. Compare these
amples with the short CNT sample synthesized with 50 mL L−1 thiophene addition
hown in Fig. 1.

The second important role played by sulfur is its effect on lim-
ting the length of CNTs. Unlike the previous CNTs with lengths
n the micrometer range, the present CNTs have lengths in the
anometer range (Fig. 1). A number of previous studies suggested
hat the growth rate of CNTs is very fast [2,11]. The growth may
e considered to consist of processes of dissolution, diffusion and
recipitation of carbon atoms in the catalytic particle. With the for-
ation of FeS, all these processes would be much slower than in

ure Fe. This could result in an overall growth rate much slower
han that for the pure Fe case. Considering the gas flow rate of
20 L h−1, heating length of ∼70 cm, reactor diameter of ∼3 cm,
nd CNT length of ∼300 nm, the growth rate is estimated to be
20 nm s−1 in the present experiment. This rate is more than one
rder of magnitude slower than previously reported values.

However, it should be noted that superfluous sulfur atoms could
over the entire surface of a catalytic particle and prevent the
ecomposition of alcohol and the adsorption of carbon atoms on
he catalytic particle. In this case, CNTs could not grow and carbon
toms could only be adsorbed on the catalytic particle to form car-
on spheres. The observed carbon particles with the addition of a
igh content of thiophene (100 mL L−1) (Fig. 3b) might have this
rigin.

Except for some catalytic particles which can be easily removed
ith mild purification, the present CNTs were produced in high
urity without H2. The reason why the alcohol is a better carbon
ource for CNTs than other hydrocarbons may be related to the role
f decomposed OH radicals as suggested before [18]. It is known

hat an OH radical efficiently eliminates the amorphous carbon
n the purification process of CNTs using H2O2 [19]. Since an OH
adical from an alcohol molecule is decomposed on the catalyst
urface, it will attack nearby carbon atoms with a dangling bond to

F
r

ources 186 (2009) 194–200

orm CO. Then, seeds of amorphous carbon are efficiently removed
n its very early stage. Hence, the OH radical prohibits the gen-
ration of byproducts, and only the CNTs can survive under this
ondition.

.3. Applications of short CNTs

To show their potential applications, the present short CNTs
rom direct growth are used as an electrode material in Li-ion
atteries and a catalyst support in fuel cells. For comparison, con-
entional long CNTs and the short ones from our solid-state cutting
11] are also included. Fig. 4a and b illustrate the TEM images of
hese CNTs. The long CNTs have a diameter of 20–30 nm and a length
n the range of 1–5 �m. However, after cutting, CNTs with a short
ength of ∼300 nm and good dispersion are obtained (Fig. 4b). Many
nalyses showed that the solid-state cutting induced little destruc-
ion of the graphitic structure and a low material loss of ∼15 wt.%
11].

.3.1. Application in Li-ion battery
The short CNTs from direct growth, the cut ones, as well as

he conventional long ones were used as electrode materials in Li-
on batteries. Fig. 5a–c show the first two cycles of discharge and
harge curves of these three different CNT materials at a current
ensity of 25 mA g−1. The reversible capacity (Crev) is defined as
he charge capacity in the first cycle, and the irreversible capacity
Cirr) is the difference in capacity between the first discharge and
he first charge, resulting from the decomposition of electrolyte to
orm solid electrolyte interface (SEI). From Fig. 5, it can be seen that

−1
ig. 4. TEM images of conventional long CNTs (a) and the cut CNTs from solid-state
eaction (b).
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ig. 5. Performance of different CNTs in Li-ion batteries. Discharge/charge curves of
rst and second cycles at a current density of 25 mA g−1, and charge capacities of lo

hortened length and increased surface area. The initial coulombic
fficiency (CE) for the long CNTs was 31% but about 40–49% for the
hort CNTs. It can be seen that the CE of short CNTs increased, in
pite of a higher Cirr.

The charge capacities of long and short CNTs as a function of
ycle number are shown in Fig. 5d. It can be clearly seen that
he short CNTs have a higher lithium extraction capacity than the
ong CNTs. After 20 cycles, the charge capacity becomes stable.
his stable capacity is about 230 mAh g−1 for the short CNTs but
42 mAh g−1 for the long CNTs, suggesting a better cyclic perfor-
ance for the short CNTs.
The short CNTs and the cut ones show similar electrochemical

roperties which are much better than those for the conventional

ong CNTs. The reason for this may be that the insertion/extraction
f Li ions into/from short CNTs is facilitated by the shortened length
f the tubes. Moreover, short CNTs have much more edges (open
nds) than long CNTs per unit length. Thus, it would be much eas-
er for Li ions to intercalate/deintercalate into/form the graphitic

c
c
h
i
o

able 1
ist of the characteristics of different CNT-based catalysts.

amples Pt particle size (nm)a Pt surface area (m2 g−1)b

t/long CNTs 4.14 67.7
t/cut CNTs 3.65 76.8
t/short CNTs 3.92 71.5

a Lc = 0.9�/(ˇ cos �), where Lc is average crystallite size, � the X-ray wavelength, � the (2
b S = 6000/�Lc, where Lc is average crystallite size (nm), S the surface area (m2 g−1), and
c ˛ = Q/(mˇ), where ˛ is the electroactive surface area of Pt (m2 g−1), Q the charge for hy
ith shadow in Fig. 4c (mC cm−2), m the quantity of Pt used (=0.4 × 10−3 g cm−2 in the pr

=0.21 mC cm−2).
d u = ˛/S, where u is the utilization ratio of Pt, ˛ is the electroactive surface area (m2 g−1
rtion/extraction into/from conventional long (a), short (b), and cut CNTs (c) for the
short CNTs as a function of cycle number (d).

heets in short CNTs than those in long CNTs, thus showing higher
eversible and irreversible capacities.

.3.2. Application in fuel cell
The present CNTs are also used as a catalyst support for proton

xchange membrane fuel cells. Fine Pt particles are found to uni-
ormly deposit on all CNT materials. A typical example is shown
n Fig. 6a for the case of the short CNTs. XRD patterns show that
t particles deposited on all CNT materials have the same exposed
attice planes (Fig. 6b). The mean size of Pt particles is estimated
o be about 4 nm on all CNT materials from the Scherer’s formula
Table 1).

Fig. 6c illustrates the electrochemical activities of the prepared

atalysts with a Pt deposition of 45 wt.%. As can be seen, the Pt
atalysts based on short and cut CNTs demonstrate much higher
ydrogen desorption/adsorption peaks and thus much higher activ-

ties than the Pt catalyst based on long CNTs. Calculations based
n the cyclic voltamograms (Fig. 6c) show that the electroactive

Electroactive surface area (m2 g−1)c Pt utilization ratio (%)d

17.3 25.5
33.4 43.5
24.8 34.7

2 0) peak position, and ˇ represents FWHM value.
� represents Pt density (21.4 g cm−3).

drogen desorption without the contribution from the electric double layers marked
esent study), and ˇ the charge required to oxidize a monolayer of H2 on bright Pt

), and S the surface area of Pt (m2 g−1).
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ig. 6. Results of catalysts based on long, short and cut CNTs. (a) TEM image of Pt pa
f the three catalysts, and (d) comparison between the present and commercial (JM
ate was 100 mV s−1. The electric double layer is arrowed in (c), and the shaded are
xchanged during the electro-adsorption/desorption of H2 on Pt sites. Similar mark

urface area of the Pt catalyst based on short CNTs is much larger
han that based on long CNTs (see Table 1). Furthermore, the present
atalyst illustrates an apparently higher activity than the commer-
ial catalyst from Johnson Matthey (JM) Co. (Fig. 6d).

As a support for Pt catalyst, short CNTs also show better perfor-
ance than long CNTs. The reason for this may be that the CNTs
ith short length prepared here can be well dispersed in solu-

ion. This is an important requirement for uniform deposition of
t nanoparticles on the surface of CNTs and for uniform deposition
f the catalyst particles on the electrode. Severe entangling of long
NTs usually leads to the opposite results. Furthermore, shorter
NTs have a lower stacking density and thus more secondary pores.
hese secondary pores may provide more channels for electrolyte,
nd facilitate the diffusion of H+ in the catalyst layer to contact with
t nanoparticles. As a result, the utilization ratio of Pt nanoparti-
les is sharply enhanced (Table 1), and the electrochemical activity
s improved.

. Conclusions

In conclusion, CNTs with ultra-short length of about 300 nm,
igh dispersion and high purity can be prepared from direct growth.
he direct growth involves in situ formation of the catalyst of FeS.
his iron compound may retard dissolution and diffusion of carbon
hen compared with pure Fe, and thus play a key role in limiting

he length of CNTs. The present short CNTs from direct growth have

he same characters as the short ones from solid-state cutting, and
oth show much better performance as an electrode material in Li-

on batteries and as a catalyst support in fuel cells than conventional
ong CNTs. The present synthetic technique may be used for mass
roduction of short CNTs to be applied in wide areas.

[
[
[

[

deposited on short CNTs, (b) XRD patterns of all catalysts, (c) cyclic voltamograms
alysts. The Pt loading on each electrode was 0.4 mg cm−2, and the potential sweep
esents the contribution of the double layer charge to the overall amount of charge
an be applied for other catalysts in both (c) and (d).
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