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Abstract. Microporous and mesoporous molecular sieve materials with different channel structures
and pore sizes were applied as supports for Fe-loaded catalysts to catalytically synthesize carbon
nanotubes. The deposited carbon materials were characterized by the TEM technique. It was shown
that the structures and pore sizes of supports greatly influence the forms and quality of the deposited
carbon materials. The larger the pore size of the support used, the larger the diameter and pore size
of the carbon nanotubes formed. It seems that the growth of carbon nanotubes can be orientated by
the one-dimensional mesoporous structure of hexagonal mesoporous molecular sieve materials.
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1. Introduction

The synthesis of the fullerene molecule (“buckyball”) corresponding to a molecular-
cage arrangement of sixty-carbon atomggf@vith the form of a “soccer ball” [1]
intensely stimulated research on carbon-based and other materials with particular
nanoscale shapes and forms and thus gave rise to a new chapter in carbon chemistry
and a new branch of material science. Publications abgu&@ so numerous that

we can not enumerate them. An important milestone in development of this whole
new class of carbon materials is the discovery by lijima [2, 3] of tubular structures
made of carbon, i.e., carbon nanotubes, at the beginning of the 1990s. Because
carbon nanotubes appear perfectly graphitized, just like the fullerene molecules,
and possess diameters in the range of 1-25 nanometers, they were speculated to fit
well as components in submicrometer-scale devices and nanocomposite structures
that are likely to be very important in emerging technologies [4]. Thus, a lot of
progress has been made in the synthesis and purification of carbon nanotubes and
in the investigation of their electronic, electric, transport, optical, magnetic and

* Author for correspondence.
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mechanical properties [5-15], as well as the introduction of guest atoms into tu-
bules to form molecular wires [16—23], chemical conversion of carbon nanotubes
into nanorods of other materials [24] and in possible technological applications
[25-29].

Carbon nanotubes can be conventionally synthesized using several methods
[30, 31], but these tubules always form together with significant amounts of other
carbon products such as fibers and soot. Consequently, their purification is a very
difficult problem and no simple chemical method is usually effective enough for
their complete separation. Moreover, the length of carbon nanotubes produced by
the arc-discharge method is normally shorter thaani and the low yield of the
process makes the product expensive [32]. Another more important problem is that
the characterization and applications of nanotubes have been hampered because
of their uncontrolled diameters and random growth patterns. Recently, a catalytic
synthesis method, which formerly focused mainly on the prevention of “coke”
formation on the surface of catalysts and the growth of carbon filaments [33-36],
has been developed to prepare carbon nanotubes on G¢a2i37]. The catalytic
production method [38] enables the synthesis of carbon nanotubes to be conducted
under relatively mild conditions. Zeolite materials are widely used as catalysts,
absorbents and supports for catalysts. Heragdl first reported the use of zeolites
(NaY, HY and ZSM-5) as catalyst supports to synthesize carbon nanotubes and
the chemical separation of the carbon nanotubes formed from the catalyst particles
[39], but the growth directions and pore size still remained uncontrollable. Recently
it has been reported that aligned carbon nanotubes can be synthesized by using
iron or other metal nanoparticles embedded in mesoporous silica or porous alumna
template as a catalyst [14, 15]. Since zeolites are porous materials with regular
crystal structures and pore arrangements, they are speculated to act differently from
other solid materials. However, many aspects of the catalytic production of carbon
nanotubes using zeolite supports remain uninvestigated, especially the effect of the
pore size of the zeolite support on the growth direction and diameter/pore size of
the carbon nanotubes formed. Here we present our initial report of an investigation
to adjust the diameter of the carbon nanotubes formed by tailoring the pore sizes of
mesoporous molecular sieve materials and altering the pore sizes of microporous
molecular sieve Nay.

2. Experimental
2.1. MATERIALS

A commercially available zeolite from the Petrochemical Institute of Fushun, China,
with an atomic Si/Al ratio of 2.49 and unit cell parameter of 2.468 nm was used
directly as the zeolite support. In order to investigate the effect of pore size of Y-
type zeolite samples on the diameter and quality of the carbon nanotubes formed, a
portion of NaY was steamed at 873 K for 4 h as described in ref. [40]. The product
obtained was called SDY and was then divided into two portions. One portion of
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SDY was used directly as a kind of support and the other was then treated with
a solution of (NH),SiFs (0.5 M) at 363 K for 2.5 h, the procedure developed by
Skeels and Breck [41], followed by filtration, washing and drying at 383 K in an
oven for 2 h. The sample obtained in this manner was designated as FSY.

The synthesis of zeolite KL has been described previously [42]. By means of
self-assembly of surfactants, pure hexagonal siliceous mesoporous molecular sieve
materials, called SIMCM-41 and SiHMS respectively, were synthesized and post-
treated to remove templates as described in Refs. [43—-45].

2.2. PREPARATION OF CATALYSTS

Fe/SIHMS was prepared in the following manner: a known amount of
Fe(NG;)3-9H,0 was dissolved in a known amount of distilled water to prepare
a solution of Fe(N@)s, into this solution a known amount of acetic acid (HAc)
was added until the ratio of Fe to HAc was 1:2 (mole). The pH was then adjus-
ted to between 5.0-6.0 with stirring and a known amount of SIHMS was added
with stirring to obtain a slurry with composition (in weight): SIHMS;®: Fe

= 1:10:0.05. The prepared slurry was then immediately heated to 323 K and
maintained at that temperature for 2 h with stirring, then the temperature was
further increased to 353 K and maintained at that value under stirring until the
slurry dried. Then the sample was further dried at 383 K in an oven for 2 h. In
order to investigate the effect of zeolite molecular sieve materials with different
structures and pore sizes on carbon nanotubes, Fe/SIMCM-41, Fe/NaY, Fe/USY,
Fe/FSY and Fe/KL were also prepared using a similar procedure.

2.3. SYNTHESIS OF CARBON NANOTUBES

The catalytic decomposition of acetylene was carried out in a fixed bed flow reactor
at atmospheric pressure. A ceramic boat containing 30 mg of catalyst was placed
in a quartz tube (inner diameter 33 mm, length 70 cm) and the tube was placed in
a tubular electric furnace. The catalyst was heated at a rate of 5 K/min from room
temperature to 773 K in a nitrogen flow (60 mL/min) and then maintained at that
temperature for 2 h. The temperature was then further increased to 973 K using a
rate of 10 K/min. At this temperature the reaction mixture (10%i£and 90%

N,) was introduced. Various reaction times and gas feeds were employed.

3. Characterization Methods

The nature of the carbon deposit on the catalysts was investigated by transmission
electron microscopy (TEM) (JEOL 200 cx). The pore sizes of carbon nanotubules
were also determined by the TEM technique. The SEM pictures of samples were
taken with a Hitachi X-650.
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Table I. The textural properties and composition of the catalysts used

Catalysts Si/Al  Feloaded Pore size FA
(mol)  (wt. %) (nm) (n?/g)
Fe/NaY-d-2 25 50 ~0.7°, ~1.36¢ 697
Fe/SDY 3.8 5.0 ~0.°, ~2.64 532
Fe/FSY 4.5 5.0 ~0.7°, ~2.64 442
Fe/KL 2.9 5.0 ~0.7° 287
Fe/SIHMS(12§ - 5.0 2.9 1031
Fe/SIHMS(18) — 5.0 3% 1029
Fe/SIMCM-41  — 5.0 3B 1042

@ Surface area by pNadsorption.

b Diameter of window.

¢ Diameter of supracage pore measure&??b(e MAS NMR method.

d Diameter of secondary pore measured-®Xe MAS NMR method.

€ The numbers in parentheses are the carbon numbers in the chain of
the primary amines as template.

The porous properties of supports were investigated by a low temperature ni-
trogen sorption technique on a Micromeritics ASAP 2000 instrument. Before each
measurement was conducted, the sample was calcined in a muffle stove at 673
K for 4 h, then introduced into the instrument and retreated under high vacuum
(P<0.3 Pa) at 623 K for 4 h. The sorption data were analysed using the BJH
method assuming of cylindrical pores [46]. For Y-type zeolites, which exhibit a tri-
dimensional channel structure, the BJH model is less than ideal for investigating
the inner supercage; for these samples an additiéh& NMR measurement [47]
was conducted. This latter method has been clearly demonstrated to be a powerful
technique for the characterization of porous materials, especially zeolites.

4. Results and Discussion

4.1. THE TEXTURAL PROPERTIES AND COMPOSITION OF THE CATALYSTS
USED

The textural properties and compositions of used catalysts are shown in Table |.
After steam treatment and chemical corrosion, some secondary pores were created.
Because their size is nearly double those of the supercages, these secondary pores
were believed to have developed via the connection of two adjacent supercages.
Besides these secondary pores, there are larger pores with pore sizdsnaf
(and~10.5 nm in SDY). For FSY, owing to the presence of additional corrosion
due to F, the number of pores with diameters e nm and~10.5 nm were
decreased and pores with sizes in the range of 30—-90 nm were present instead (see
Figure 1).
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Figure 1. Pore size distribution of (a) NaY, (b) SDY and (c) FSY, obtained by low temperature
nitrogen sorption with the BJH model.

The TEM pictures shown in Figure 2 clearly demonstrate the mesostructure of
SIHMS and SIMCM-41. All three samples exhibit a one-dimensional hexagonal
channel structure. From Table | and Figure 2, we can also see that the pore size of
this kind of mesoporous materials can be tailored by changing the chain length of
the surfactant used as the template.

4.2. FORMS OF DEPOSITED CARBON MATERIALS

Carbon materials produced by either arc discharge or thermal deposition of hy-
drocarbon are usually in the form of carbon nanotubes, carbon nanofibers and/or
amorphous carbon. As shown in Figure 3, all three forms were found on Fe/NaY
in our experiment (this is also true for other samples). Which kind of carbon pre-
dominates depends on the structure of the support, the preparation method of the
catalyst and the synthesis conditions for carbon nanotubes. An obvious property of
the carbon nanotubes formed on Fe/NaY catalysts is that almost all the tips of the
tubes are open, indicating that the interaction between the catalyst particles and the
supports is strong [36].
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Figure 2. TEM pictures of (a) SIHMS(12), (b) SIHMS (18) and (c) SIMCM-41.

4.3. EFFECT OF STRUCTURE AND PORE SIZE OF SUPPORTS ON THE OPTIMAL
REACTION TIME

It was found that carbon nanotubes could be produced on a Fe/NaY catalyst over
a wide range of reaction times that ranged from 2 min to 1.5 h (see Figure 4). For
a reaction time of less than 2 min, the amount of carbon nanotubes produced was
very low. At reaction times over 1 h, as a result of the homogeneous decomposition
of acetylene, the amount of deposited amorphous carbon was increased rapidly. As
reported by Hernadét al. [39], this effect is partly due to deactivation of catalyt-
ically active sites as a function of reaction time and to the increasing surface area,
which favours homogeneous decomposition of the reactant. However, the optimal
reaction time range in our experiments was found to be wider than that reported by
Hernadiet al. [39], probably due to the difference in reaction conditions employed
(Fe content in catalysts, gas feed, etc.).
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Figure 3. Forms of deposited carbon materials on Fe/NaY. (a) Carbon nanotubes, (b) carbon
nanofiber, (¢) amorphous carbon.

Very different from Fe/NaY, growth of carbon nanotubes on mesoporous mo-
lecular sieve materials was limited to a relatively narrow range of reaction time.
For Fe/SIHMS(12), few carbon nanotubes were observed for a reaction time of 10
min (Figure 5a). Up to about 30 min, the amount of carbon nanotubes increased
greatly as shown in Figure 5b. However, if the reaction time was too long, the
deposited carbon materials were mainly carbon nanofiber and amorphous carbon
(see Figure 5c¢). We believe that the difference between the preferable reaction
times for Fe/NaY and Fe/SIHMS(12) reflects the different channel structures and
surface areas of NaY and SiIHMS(12). NaY shows a relatively small surface with a
window of ~0.7 nm, a portion of the channels will be blocked by deposited Fe(lll)
species and a Fe(lll) species will be substantially precipitated on the outer surface.
However, the channel structure for SIHMS is one-dimensional and its window
(i.e., the pore size) and surface area are much larger than those of NaY, thus the
Fe(lll) species can be distributed widely on the inner surface of the SIHMS. This
is indicated by the lighter color (yellow) of Fe/SIHMS(12) relative to that (brown)
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Figure 4. TEM pictures of carbon nanotubes formed on Fe/NaY after different reaction times.
(a) 2 min, (b) 10 min, (c) 1 hand (d) 1.5 h.

of Fe/NaY. Based on the above phenomena, we speculate that the carbon nanotube
growth on Fe/SIHMS(12) seems to initiate on the inner surface and takes more time
to be observed than that for Fe/NaY, for which carbon nanotubes form on the outer
surface. For this reason, carbon nanotube growth in Fe/SIHMS(18) is observed at
an even longer time (1 h, see Figure 6) than that for Fe/SIHMS(12), because the
pore size of SIHMS(18) is larger than that of SIHMS(12).

4.4. EFFECT OF STRUCTURE AND PORE SIZE OF SUPPORTS ON GROWTH OF
CARBON NANOTUBES

Although it was very recently reported that the growth directions or sizes can be
controlled by catalytic synthesis of carbon nanotubules in the pores of a Fe/silica
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Figure 5. TEM pictures of carbon nanotubes formed on Fe/SiIHMS(12) after different reaction
times. (a) 10 min, (b) 30 min and (c) 1 h.

substrate [14], it is not easy to control the arrangement and pore size in an amorph-
ous porous silica substrate. Another promising method to obtain an aligned growth
of the carbon nanotubules with given pore size is chemical vapour deposition based
synthesis of carbon nanotubes using an alumina membrane [15]. Unlike amorphous
porous materials, the pore sizes of crystalline zeolite materials can be tailored by
various treatment methods, such as chemical corrosion, steaming, change of the
components in samples, use of different templates, etc. For this reason, we attemp-
ted to adjust the pore size of carbon nanotubes by adjusting the pore size of the
zeolite supports.

Table 1l shows that, although the loaded Fe content is same for all the Fe/Y-type
zeolite catalysts, the pore size of carbon nanotubes formed on them varies with the
supports. The pore size of carbon nanotubes formed on Fe/NaY is~dlynm.
However, after adjusting the pore size of the support, the pore size of the carbon
nanotubes formed is changed. From Table Il it is evident that after the steaming
treatment, not only were secondary pores (2.64 nm in diameter, see Tables | and
II) created by connecting two adjacent supercages (1.34 nm in diameter), but also



220 N. HE ET AL.

N nps

[a)

(b)

Eill nmm

(c)

Figure 6. TEM pictures of carbon nanotubes formed on Fe/SiIHMS(18) after different reaction
times. (a) 10 min, (b) 30 min and (c) 1 h.

some pores with larger size were formed in support SDY (see Figure 1b, obtained
by the BJH model). The diameter and pore size of the carbon nanotubes formed on
Fe/SDY correspondingly increase 123 and~14 nm, respectively. When SDY

was further treated with a (NP SiFs solution, as a result of the removal of partial
framework aluminum species, some pores with a larger size than that before the
treatment were formed (see Figure 1c and data for FSY in Table ). Itis interesting
that the diameter~27 nm) and pore size~(17 nm) of carbon nanotubes formed

on FSY were again observed to be larger than those of carbon nanotubes formed
on Fe/SDY, respectively.

The above phenomena clearly demonstrate the effect of the pore size of supports
on the diameter and pore size of the carbon nanotubes formed. This effect can also
be demonstrated by comparing the data for Fe/SIHMS or Fe/SIMCM-41 with those
for Fe/KL As mentioned above, Fe/SIHMS or Fe/SIMCM-41 possesses a one-
dimensional channel structure and large pore sizes, thus they are active catalysts
for the synthesis of carbon nanotubes. However, although KL also has a one-
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Table Il. Effect of pore size of supports on the size of carbon nanotubes

Catalysts Si/Al Feloaded Pore size Carbon/cat. Diameter of nanotubes (nm)
(mol) (wt.%) (nm) (wt.%) Outer Inner

Fe/NaY-d-2 25 50 ~O.7,b ~1.36 20.2 ~17 ~10

Fe/SDY 38 5.0 ~0.7P ~2.64 251 ~23 ~14

Fe/FSY 45 5.0 ~0.70 ~2.64 30.2 ~27 ~17

Fe/KL 29 50 ~0.7° 145 Very few carbon nanotubes

Fe/SIHMS(12§ — 5.0 2.9 35.3 ~45 ~13

Fe/SIHMS(18) — 5.0 3% 36.7 ~50 ~17

Fe/SIMCM-41 - 5.0 38 54.2 ~44 ~15

@ Surface area by Nadsorption.

b Diameter of window.

¢ Diameter of supracage pore measure(ﬁﬂ)(e MAS NMR method.

d Diameter of secondary pore measured-ByXe MAS NMR method.

€ The numbers in parentheses are the carbon numbers in the chain of the primary amines as
template.

dimensional channel structure, Fe/KL shows very low activity for the catalytic
synthesis of carbon nanotubes. This can be attributed to the fact that KL has no
supercages like those in NaY and also because of its small windevdaf nm.
Moreover, from the data for Fe/SIHMS(12), Fe/SIHMS(18) and Fe/SIMCM-41
listed in Table Il, we also see that the larger the pore size of the support, the larger
the diameter and pore size of the carbon nanotubes produced.

From all the above, we come to the conclusion that it is possible to adjust the
diameter and pore size of carbon nanotubes by tailoring the pore size of the zeolite
supports employed.

4.5. EFFECT OF STRUCTURE OF SUPPORTS ON GROWTH DIRECTION OF
CARBON NANOTUBES

Control of the pore size and growth direction of carbon nanotubes is of great
significance. Although Fe/NaY is a very active catalyst for the growth of carbon
nanotubes, the carbon nanotubes still grow at random. This is because the channel
structure of NaY is tri-dimensional, that is, its channels are not aligned in one
direction. Moreover, its small windows, as mentioned above, do not favour the
aligned growth of carbon nanotubes. Careful observation of the TEM pictures of
carbon nanotubes formed on Fe/HMS or Fe/SIMCM-41, indicated that, although
on the edge of these two catalysts the growth direction of carbon nanotubes is ran-
dom, nanotubes were observed to grow almost in the same direction in the central
part of each catalyst. Figure 7 shows carbon nanotubes grown on Fe/SIHMS(12)
and Fe/SIMCM-41 (both pictures were taken in the respective central regions).
Many black rings or white spots are present in both pictures. Assuming the catalyst
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Figure 7. TEM npictures of carbon nanotubes formed on (a) Fe/SiIHMS(12) and (b)
Fe/SIMCM-41.
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particle is laid parallel to the plane of the paper, we believe that these black rings
and white spots are images of the pores of carbon nanotubes which have grown
vertically from the catalyst. No similar phenomenon was observed for Fe/NaY,
Fe/SDY and Fe/FSY. Based on the above observations, we suggest that a one-
dimensional mesoporous structure can be employed to orientate the growth of
carbon nanotubes to a certain degree.
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