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ABSTRACT

The preparation of carbon nanotube (CNT) materials with high purity is critical for many potential applications. These materials not only need
to be free of carbonaceous impurities but also have uniform diameters. Within the CNT family, double-walled carbon nanotubes (DWNTS), as
the simplest member of multiwalled carbon nanotubes, have demonstrated good potential in many bulk applications. However, the synthesis

of DWNTs with uniform diameter and high purity is still a challenge. Here, a method to prepare high-purity DWNTSs using iron disilicide (FeSi 2)
as catalyst is demonstrated. Over 90% of CNTs in the sample were DWNTs with a narrow diameter distribution in the range of 4 =5 nm. An
additional advantage of using FeSi ; as catalyst is to simplify the process to prepare suitable catalyst because commercially available FeSi 2

can be used directly without any further treatment.

Carbon nanotubes (CNT) is a family of materials that conditioning catalyst and a two-step purification process.
possesses appealing properties for many potential applicaHowever, controlling the diameter of DWNTs is still a
tions. However, the preparation of CNT samples with high challenge.

purity is still a challenge. The words “high purity” here have In this report, we present a simple CVD method to
two meanings. One is that the materials are free of carbon-synthesize DWNTs with narrow diameter distribution. The
aceous species other than CNTs and the other is that thecatalyst used in the experiments was iron disilicide (BeSi
sample only consists of CNTs with the same number of walls The as-produced materials showed a DWNT percentage of
and/or diameter. The diameter of CNT is an important more than 90% without any purification and a DWNT
parameter, for it not only determines the energy gap of the diameter of 4.5+ 0.5 nm. We believe such narrow
semiconducting CNTs? but also modulates the interaction distribution of nanotube diameters arise from the property
between CNTs and adsorbed molecules such,d<sBarlier of the unique catalyst, FeSiwhich has an orthorhombic
experiments have demonstrated that preparing identicalcrystal structure in which the iron and silicon atoms are
catalyst particles is an effective way to obtain uniform CNT distributed evenly32* Such a fact provides the possibility
samples using chemical vapor deposition method (C¥D). to generate very uniform iron particles on the surface of FeSi
The diameters of CNTs are known to be proportionally under appropriate conditions. Another advantage of the
related to the sizes of the catalyst partidésAlthough catalyst is that Fegis commercially available and can be
researchers have been able to synthesize CNTs with narrowused as catalyst without any further treatment.

diameter distribution using narrowly distributed catalyst The FeSi powder used in our experiment was ordered
particles in CVD process, the preparation of catalyst particles from Alfa Aesar (CAS no. 12022-99-0) and was loaded on
with uniform size is not trivial and very time-consumitig? a Si wafer as catalyst. The powder was crushed into smaller
At the same time, double-walled carbon nanotubes (DWNTS), pieces by pressing another flat Si wafer on top of the sample.
as the simplest member of the family of multiwalled carbon Synthesis of DWNTs was carried out in a 2.5 cm diameter
nanotubes (MWNTS), have attracted attention recentR?. tube furnace. The optimal procedure is described as follow-
However, the raw materials produced were typically mixtures ing: the FeSi powders were first heated under 0.5 L/min
of DWNTs and single-walled carbon nanotubes (SWNTSs), air flow; after the growth temperature (90G) was reached,
which were also contaminated with catalyst particles and the samples were heated under an air flow for 20 min; then
amorphous carbon or even some MWNTSs. Recently, Endothe system was purged with Ar to remove the air followed
et al® reported that more than 95% pure DWNT bundles by the introduction of carbon feeding gas, which consisted
were synthesized by the methane CVD method with a of methane (1500 sccm), ethylene (30 sccm), apd380
sccm). After a growth time of 10 min, methane and ethylene
* Corresponding author. E-mail: j.liu@duke.edu. were turned off and the system was cooled down to room
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Figure 1. (A) SEM and (B) TEM images of sample prepared with
FeSj as catalyst.

temperature under the protection of Fihe nanotubes grown
on the catalysts supported on Si wafer were directly imaged
with scanning electronic microscopy (SEM). Transmission
electronic microscopy (TEM) samples were prepared by
sonicating the wafer in ethanol and drop-drying the suspen-
sion on TEM grids.

SEM and TEM images of the sample are shown in Figure
1. Representative high-resolution transmission electronic
microscopy (HRTEM) images are shown in Figure 2.
Examination of many such TEM images revealed that the
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Figure 2. (A and B) HRTEM images of samples prepared with
FeSp as catalyst and (C) diameter distribution of DWNTS.

To understand the effect of the oxidation step, systematic
studies were performed to study the effects of different

samples consist mainly of DWNTS, and the average diameterparameters on the quality of the products. It was found that

of DWNTs was around 4.5 0.5 nm.

The results showed that Fe$an be an effective catalyst
for the growth of CNTs. At first, it may look surprising
because the formation of FeSias reported to be a negative
factor in CNT growth?526 For example, when an Fe film
was deposited on Si wafer without Si©oating was used
as catalyst, the yield of CNTs were usually very low due to
the formation of iron silicide. Thus a buffer layer such as
TiN or SisN4 was needed between the Fe film and Si wafer
to prevent Fe from reacting with $i26However, the major

a proper oxidation of Fegcrystal was critical for the growth

of uniform DWNT samples. More carbonaceous impurities
were obtained when the oxidation time was too long (Figure
S1A, Supporting Information). Inhomogeneous distribution
of Fe and Si in the oxide layer after a long time oxidation
may be responsible for the low purity. There were also more
carbonaceous impurities and very low DWNT vyield in the
samples synthesized without the oxidation step (Figure S1B,
Supporting information). XPS spectra show that there are
oxide layers on the surface of the Fe8iystals even without

difference between these early experiments, and our approactoxidation at high temperature. However, the oxide layer

is the addition of a short oxidation step before the growth

formed at room temperature is thin and may not be

of CNTs. X-ray photoelectron spectra (XPS) suggested that continuous because in the XPS spectra of the sample; other

such an oxidation step converted the surface of Fagstals
into a thin oxide layer. We believe such an oxide layer is a
critical component that provides a route to form stable and
uniform catalyst nanopatrticles for DWNT growth. In the XPS
spectra of the oxidized FeSsamples, the peaks at 724.5
and 710.8 eV can be attributed to Fe;2@and Fe 2p, of
Fe(lll) from FeO;s, respectively, while the peaks in the range
of 714—720 and 728733 eV are the satellite peaks of Fe-
(1) (Figure 3A).27:280nly one Si peak is shown at 103 eV,
which can be attributed to Si(IV) from Si@QFigure 3B)2%0

2418

than peaks from Fe(lll) and Si(IV), there are also peaks at
719.4, 706.6, and 99 eV. These peaks can be attributed to
Fe 2psn, Fe 2pp3t2%and Si 2p°3%4in FeSp, respectively
(Figure 4). XPS spectra also show that on surfaces of,FeSi
crystals without oxidation, the ratio of Si/Fe is 6 and about
75% of Fe is from FgOs;, and the ratio of Si/Fe in oxidized
FeS} crystals is 60. These results suggest that a low Fe
concentration at the FeSiurface is important to obtain small
but uniform Fe particles. After a proper oxidation step, the
FeSp crystals were coated with uniform oxide layers and
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Figure 3. XPS spectra of (A) iron and (B) silicon in FeSifter
oxidation. The plots from top to bottom are original (black),
simulated (red), and splitted spectra (blue) in both (A) and (B). In
the splitted spectra of (A), peaks labeled with I, which are at 710.8
and 724.5 eV, are attributed to Fe(lll) from J&; peaks labeled
with I, which are in the range of 714720 and 728733 eV, are
satellite peaks of peak I. Only one peak at 103 eV is shown in (B),
which suggests all the silicon is Si(IV) in the form of SIO

the Fe concentration in oxide layers was also lowered to a

proper level. Raman data of the raw CNT samples also
confirm the importance of a proper oxidation. The G/D ratio
of DWNT samples synthesized from Fe8rystals without
oxidation was 7.87 while the G/D ratio of DWNT samples
from FeSj crystals oxidized for 20 min is 12.5 (Figure S2,
Supporting Information). The increase of G/D ratio with
oxidation suggests that DWNT samples with higher purity
were obtained.

Another important step that affects the quality and purity
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Figure 4. XPS spectra of (A) iron and (B) silicon in FeSiithout
oxidation. The plots from top to bottom are original (black),
simulated (red), and splitted spectra (blue) in both (A) and (B). In
the splitted spectra of (A), there are new peaks labeled with Il
which are at 706.6 and 719.4 eV, are attributed to Fe in FeSi
Other than the peak at 103 eV, there is one more peak in the splitted
spectra of (B), which are at 99 eV and are attributed to Si infeSi

hydrogen directly after the oxidation step. Addition of a
separate reduction process using hydrogen resulted in more
carbonaceous impurities, which might be due to the broader
distribution of iron particles, as shown in TEM images. This
may result from over-reduction of F@; (Figure S3, Sup-
porting Information).

On the basis of these discussions, we outline the growth
mechanism of DWNTs with FegStatalysts as follows: first,

of the as-prepared samples is the reduction of the catalystsa homogeneous layer of #&; and SiQ mixture is produced
before the growth. We have discovered that the best sampleson the surface of Fegipowders by oxidation, then iron
were obtained by introducing carbon feeding gas mixed with nanoparticles are obtained by the reduction th&ge the
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Figure 5. Mechanism of DWNT synthesis with FeSis catalyst.

that these bundles were grown from a closely positioned iron
particle array formed on certain lattice facets of kLeBid
these nanotubes were growing together. If true, the nucleation
efficiency of these nanoparticles is much higher than
separated nanoparticles. The understanding of such high
il nucleation efficiency would be important for the development

: of a CVD process for nanotube production with high yield

TSR /4 and good uniformity. More studies are currently underway
100nm SR 2l to optimize the process and study such possibilities.
e VAN In summary, we demonstrated that FgeSvhich was

previously reported as inactive for nanotube growth, can be
Figure 6. Bundles consisting of short DWNTSs with similar length.  used to grow high-purity DWNTSs after introducing a proper

oxidation step before growth. The DWNTs materials pre-
oxide layer by the presence of hydrogen, and finally these pared using such a catalyst is not only of high purities but
iron nanoparticles catalyze the growth of DWNTSs (Figure also possess narrow diameter distribution. There are two
5). advantages of using FeSis catalyst compared with other

Because the iron and silicon atoms are distributed evenly catalysts. One is that uniform iron particles can be easily

at atomic scale in Fegiuniform iron nanoparticles can be obtained from FeSithrough proper oxidation and reduction.
obtained after appropriate oxidation and reduction. In our The other is that commercial Fe®an be employed without
experiments, only one set of experiment conditions were any further treatments. More interestingly, the observation
discovered for the growth of DWNTSs with average diameter of closely packed DWNTSs bundles with similar length may
around 4.5 nm. However, other combinations of the oxida- prove to be an indication of a catalyst with very high
tion, reduction, and growth conditions may also exist that nucleation efficiency. Understanding such a catalyst will
will yield other types of nanotubes with uniform diameter enable its use to develop a CVD process for nanotube
and high purity. It is also possible that certain crystalline production with high yield and high uniformity.
facets of FeSiunder our growth conditions produce highly
uniform and close-packed catalyst nanoparticles that are Acknowledgment. The work is supported by a grant from
suitable for the growth of aligned nanotube bundles. In TEM DOE (DE-FC36-05G015103) as part of the Center of
images of our DWNT samples, it is easy to find small Excellence for Carbon-Based Hydrogen Storage. We thank
bundles of DWNTSs that consist of short DWNTs with similar  Mr. Tom McNicholas for proofreading during the preparation
length (Figure 6 and Figure S4 in Supporting Information) of the manuscript.
and diameter. Because the overall length distribution of the
DWNTs is broad, it is surprising that the DWNTSs in such Supporting Information Available: TEM images of
bundles are of similar length. One possible explanation is sample prepared with a long oxidation of 30 min and without
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oxidation; Raman of sample synthesized with a 20 min (17) Hiraoka, T.; Kawakubo, T.; Kimura, J.; Taniguchi, R.; Okamoto,

oxidation step; TEM images of sample prepared with a
separate reduction process of 5 and 10 min; bundles consist

of short DWNTs with similar length. This material is

available free of charge via the Internet at http://pubs.acs.org.
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