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tubes® carbon nanotubes}!! and crystalline nanowiré%

have been used as templates. Oxide nanotubes are synthe-
sized by the coating of these templates with oxide, followed
by the removal of them.

The advantage of template method is that shapes of formed
nanotubes can be controlled by those of templates. For
example, SiQ nanotubes with various shapes have been
synthesized®'*However, except for Sig) there have been
few investigations in shape-controlled synthesis of oxide

" nanotubes. One of the reasons for the difficulty in shape-
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Since the discovery of carbon nanotubéise design and

that there is a limited template with various nanoscale

structures. Until now, only organogels were used as templates

for the shape-controlled synthesis of oxide nanotubes.
Here, we report a simple shape-controllable synthesis of

synthesis of nanoscale materials such as nanotubes, nang?xide nanotubes (Zr9 Al,Os, and SiQ) using carbon
wires, nanoparticles, and nanoribbons have been vigorouslynanofibers as templates. Recently, carbonaceous matareials
investigated. In particular, nanotubular materials have drawnhave been utilized as templates for the preparation of
increasing attention due to their specific mechanical, electri- Nanoscale materials. For example, mesoporous spheres of

cal, and chemical propertiés? The template approach is a

metal oxides and zeolite ZSM-5 with unique supermicropores

representative synthesis method for oxide nanotubes. Poroudvere synthesized using mesoporous cardtfsnd hollow

anodic alumin&,organogel$,hydrogels] cholesterol nano-
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thesiezed using activated carbon fibers as tempta@arbon T - .

nanofiber is well-known as one of the nanoscale carbon- =~ . ':\ : (a) (b)

aceous materiaf$.A large amount of them can be produced 2 N1

by the decomposition of hydrocarbons or carbon monoxide \-ﬁ ‘*\_‘

over Ni, Co, or Fe catalysts. In addition, straight, bent, thin, \‘- g 3

and helical carbon nanofibers can be produced by the control \h

of reaction condition3® 2! If these carbon nanofibers with _ & i y

different shapes could be used as templates, oxide nanotubes = ' =

with a variety of structures would form. O L o \\ ( a)
Carbon nanofibers used as templates in the present study % (c) PR\

are as follows: VGCF (vapor grown carbon fibers, Showa L\. "\

Denko Co.), CNC1 (carbon nanocoils, Microphase Co., Ltd.), ! %

CNC2 (carbon nanocoils manufactured in Takikawa Labora- ) : N

tory, Toyohashi Campus Innovation Inc.), and CNT (carbon : _ .

nanotubes produced through the propane decomposition over i ’ WA \ \
Fe/AlLO; catalysts at 973 K, homemade). These templates & -—Aﬂ:\ A

were placed in a suction filtering unit (Buchner funnel with Figure 1. TEM images of (a) VGCF, (b) Zr@nanotubes, (c) ADs
filter paper), and a precursor diluted with organic solvent nanotubes, and (d) SiManotubes. The number of coating processes is 20.
(Zr(O"Pr); (150 mM) in GHsOH, Al(O%Bu); (150 mM) in ' e scale bars represent 200 nm.

CCl,, or SiCl, (500 mM) in CCl) was dropped into the 1000
carbon nanofiber templates. Immediately, precursor solution

infiltrated into the space of the fibrous structure. Excess

precursor solution was removed by filtration. Obtained 800
samples were dried in air at 393 K (for the synthesis ofZrO
and ALO3 nanotubes) or with the air flow at 293 K (for the
synthesis of Si@nanotubes). By this drying processHz-

OH or CCl, present in the space of the fibrous structure was
vaporized. The precursor remained and was adsorbed on the
surface of the templates. The precursor adsorbed on the (b)

templates was immediately hydrolyzed by the water vapor ”00 JWWW

in air. Consequently, the carbon nanofiber templates were

intensity / cps
H
8
é
—~
QO
N

covered with a thin oxide and hydroxide. This coating (c)
process was repeated 180 times. The carbon nanofiber : : | | | ’ ,
templates were removed by the calcination in air at 1023 K 0 20 30 40 50 60 70 80
for 4 h. 26 / degree

First, synthesis of straight nanotubes using VGCF as T'9uré 2- XRD patterns of (a) r@ (b) Al2Os, and (c) SIQ nanotubes.

templates was investigated. Figure 1a shows a TEM image
of VGCF templates. The shape of VGCF was straight, and
most of their diameters ranged between 100 and 200 nm.
Figure 15-d shows TEM images of Zr)Al:Os, and SIQ 4y oy pattern of Zr@nanotubes, it is clear that most of
nanotubes formed using VGCF as the template, respectwely.them are monoclinic structure and that a small amount of
TEM images strongly suggested that the shapes of nanotube§nem are tetragonal Structu@ In the case of A,
were similar to those of VG.CF template;. _The sh.apes of nanotubes, very weak diffraction lines corresponding to
formed nanotubes were straight, and their inner diameters ALO firmed? indicating that walls of A0
were ranged from ca. 100 to 200 nm. Wall thickness ofZzro /- \'2-3 Were coniirmed, indicating that wafis o AlOs
nanotubes consist of small crystallitesyefl,Os. In the case

nanotube was ca. 30 nm, aqd that of;@J and SiQ of SiO, nanotubes, clear peaks were not confirmed; that is,
nanotubes was 20 nm. Wall thickness of nanotubes could ; o
their walls are amorphous. Specific surface areas of nano-

be controlled by the number of coating processes. The yieldstubes were estimated throuah nitroaen adsorption at liquid
of ZrO,, Al,Os and SiQ nanotubes (i.e., the weight of e 9 9 P q
) ; . . N, temperature. Specific surface areas of Zr&l,0;, and
obtained of oxide nanotubes normalized to the weight of used .. .
. SiO; nanotubes are 30, 263, and 22/gq respectively. The
VGCF template) were 1.8, 0.58, and 0.98, respectively. In . . . .
crystallite size for Zr@ nanotubes calculated using their

addition, most of the formed oxide had nanotubular structure, i ; is al h :
indicating that hydrolysis of precursors occurred only on the SPecilic surtace area (18 nr_n) 's almost same as that estimated
by Scherrer's equation using XRD patterns (20 nm).

surface of the VGCF templates.

To investigate the crystal structure of nanotubes, X-ray
diffraction patterns (XRD) were measured. Figure 2 shows
XRD patterns of Zr@ Al,Os, and SiQ nanotubes. From
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to bulk of carbon nanofiber changes as a function of their
diameter. Therefore, it is considered that the wall of formed
oxide nanotubes would thicken as the diameter of carbon
nanofiber becomes larger. CNT templates have a smaller
diameter than VGCF templates. This would be the reason
why the wall thickness of Zr@nanotubes in Figure 3b is
smaller than that in Figure 1b.

A TEM image shown in Figure 3c indicates that CNC1
have a coiled structure as implied by the name. Coll
diameters and pitches of CNC1 were uniform. Figure 3d
shows a TEM image of Zrenanotubes formed using CNC1
as templates. Clearly, formed Zranotubes showed a
helical structure, reflecting the shapes of CNC1. CNC2
contained carbon nanocoils with different coil diameters and
pitches (Figure 3e). Therefore, a variety of helical oxide
nanotubes were formed (Figure-3j when CNC2 was used
as the template. Helical oxide nanotubes with various inner
diameter, coil diameter, and coil pitches were observed. It
was the first time that these helical ZfQAl,05, and SiQ
nanotubes were synthesized. TEM images suggest that a
variety of attractive nanotubular materials can be fabricated
by using carbon nanofibers as templates.

The formation of helical oxide nanotubes is worth
mentioning. A lot of nanotubular materials have been
synthesized, but the formation of helical nanotubes was few.
As mentioned above, the main reason could be that there is
limited template with coiled structure. Until now, only
organogels were used as templates for the synthesis of helical
y % r : nanotubes, and helical SiCand TaOs nanotubes were
Figure 3. TEM and SEM images of (a) CNT, (b) ZgOnanotubes Obtaine('iz.s_zg A$ for micrOtUb,es’ Ti,@ microtubes were
synthesized using CNT (the number of coating processes is 40), (c) CNC1, Synthesized using carbon microcoils as templ&teghe
(d) ZrO; nanotubes synthesized using CNC1 (the number of coating present study has demonstrated that carbon nanofibers could

processes is 40), (e) CNC2{) SiO, nanotubes synthesized using CNC2 ; ; ;
(the number of coating processes is 20). ( and k) Zr@notubes act as effective templates for the synthesis of oxide nanotubes

synthesized using CNC2 (the number of coating processes is 10), and (1) With various helilcal structures. _
Al,03 nanotubes synthesized using CNC2 (the number of coating processes  In the synthesis of oxide nanotubes, coating of templates

is 20). T?e scaledbgrs shown in pan_elsla and b; e; and c, d-dnepiresent with oxide is the most important process. In general,
30 nm, 1um, and 200 nm, respectively. templates are coated by the-sgkl polycondensation process

Figure 3a shows a TEM image of CNT templates. The using metal alcoxides. A lot of Sinanotubes have been
shapes of CNT were bent, and they were-16 nm in synthesized through the sejiel polycondensation process
diameter. The inner diameters of Zr@anotubes formed  Of tetraethyl orthosilicate (TEOS,) since the polycondensation
using CNT were 1815 nm (Figure 3b). As mentioned ©Of TEOS is moderate and easily controlled. In contrast,
above, oxide nanotubes formed using VGCF as templatesinvestigations in the synthesis of other oxide nanotubes are
were 106-200 nm in inner diameter. These results strongly few, because formation of oxide on the surface of template
suggest that the inner diameter of oxide nanotubes can bePnly is difficult through the setgel process. In fact, synthesis
controlled by the diameters of carbon nanofiber templates. of Al20s and ZrG nanotubes is much less than that of 5iO
By the way, the wall thickness of Zevanotubes in Figure ~ hanotubes. The present study demonstrated that various oxide
3b is smaller than that in Figure 1b. However, the number Nanotubes could be synthesized by the adsorption and
of coating cycles for the sample in Figure 3b was larger than hydrolysis of precursors on the surface of carbon nanofiber
that in Figure 1b. This could be explained due to the templates only. In addition, our coating process of templates

difference of diameter of templates. The proportion of surface IS Simple as compared with a previously reported method.
In summary, a shape-controlled fabrication process for
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