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ABSTRACT

A novel template synthesis of bone-shaped (dumbbell-shaped, dogbone-shaped) nanomaterials is demonstrated. Porous anodic alumina (PAA)
templates with uniform nanochannels were fabricated using a four-step anodization process and used to form bone-shaped carbon nanostructures
with stem and end diameters and lengths of 40 nm, 70 nm, and 5 gm, respectively. These nanomaterials, which we refer to as bone-shaped
T-CNTs (templated carbon nanotubes), have potential application in nanocomposites, where improved strength and toughness through mechanical
interlocking is anticipated.

Nanocomposites, where nanoscale inclusions are embeddetevel entanglement was found to dominate binding energy
within a matrix material, have attracted increasing researchand frictional force effects in determining the efficiency of
attention in recent years. Reviews of such composites usingload transfer between the polymer and the nanottbks.
nanoclays;# nanotubes$;” and other nanostructuresare this paper, we demonstrate the fabrication of bone-shaped
available in the literature. Here we will limit our focus to carbon nanostructures. On the basis of experimental results
carbon nanotubepolymer composite systems, where re- for composites with macro-sized bone-shaped fibers, these
searchers have found that the addition of small amounts of nanostructures are projected to enhance nanoscale mechanical
carbon nanotubes can appreciably enhance the mechanicahterlocking load-transfer mechanisms.

properties of the nanocomposite compared to those of the  The concept of bone-shaped short (BSS) fiber compésites
unreinforced poly_mer. For example, the_tensne strength of 155 peen the subject of a recent review arfiEEhe approach
polystyrene was increased 25% by adding only 1 wt % of jhyolves creating short fibers having a constant-diameter
multiwalled carbon nanotubes (MWCNTS)Although prom-  iyiermediate (stem) section and enlarged ends. Several model
ising, .the mechanical properties obtained in thesg initial composite systems with macro-sized inclusions have been
experiments have not achieved those values predicted bystudied, including BSS nickel fiber-reinforced polymer
H H icti i i 14 . . . .

theoretical calculations or atomistic simulatidfis: matrix composites, BSS polyethylene fiber-reinforced poly-

The effective development of nanotube-reinforced poly- ester matrix composites, and BSS steel wire-reinforced
mers is contingent on the ability to disperse th_e nanotubesconcrete! Experimental results on these systems suggest
uniformly within the polymer and the effectiveness of 4t an optimized bone-shaped morphology has the potential
nanotube-polymer load-transfer mechanisiisSpecifically, 5 improve both the strength and toughness of composite
nanotube-polymer load transfer will play an importantrole gy stems significantl§:-23 For short-fiber composites, strength
in the optimization of the mechanical properties of these g 1oyghness typically have an inverse relationship; strong
materials. One method of enhancing the load transfer in theseiarfaces that promote high load transfer (and hence
systems is to strengthen the chemical interactions at thegyrength) cannot relieve stresses in front of an approaching
interface. Considerable efforts to functionalize carbon nano- crack and thus have low fracture toughness. However
tubes to enhance thheselg e(fjfects aflre oagbﬁh’é.An.otherf o hereas systems with a weak interface have higher fracture
means to improve the load-transfer characteristics of the ., ,hness characteristics due to the energy-dissipating mech-

[)na:terlal '?hto faC|I|ttatt()a nanogcalel mech?:nlcal |nterlo§k|n|g anisms of fiber-matrix sliding, they typically have reduced
etween the nanotubes and polymer. For one particu arstrength due to the ease of fiber pull-out from the matrix.

nanotube-polymer system, researchers have found that a key The advant fthe b haped hol for short

factor in load transfer across the interface is the helical fib € advantage o h € r(])ne-sl aped rn;)orp odogy"or SI ord-

conformation of the polymer around the NT. This molecular- Iber comppsnes 'S that the enlarged i €r ends aflow loa
to be effectively transferred from the matrix to the reinforcing
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macro-sized bone-shaped fibers, we sought to synthesize(a
bone-shaped nanostructures for nanocomposite applications
Analogous to the macro-sized BSS samfitésdescribed
above, we believe that bone-shaped nanostructures will
provide an additional load-transfer mechanism via mechan-
ical interlocking of the enlarged ends within the matrix. This
will likely result in additional mechanical property enhance- (b)
ment for nanocomposites. The unique geometry of these
nanostructures is also likely to be advantageous for other
applications, such as field-effect transistéfs.

In this letter, we demonstrate a general utility synthesis
procedure for the templated fabrication of bone-shaped
nanomaterials. Specifically, we have developed a novel (c)
procedure for the creation of porous anodic alumina (PAA)
films2526 using a modified four-step anodization process.
Although other multistep anodization processes have been
presented in the literatuféour modified four-step process
produces PAA films with a close-packed array of uniform (d)
bone-shaped nanochannels (coexisting with funnel-shaped
nanochannels as discussed below). These PAA films are ther
available as a template for the deposition of a suitable
precursor. To demonstrate this procedure, bone-shaped
carbon nanostructures were synthesized via pyrolysis of (e)
ethylene inside the PAA film. The as-synthesized bone-
shaped carbon nanomaterials have a stem diameted0f
nm, a diameter at the two widened ends-af0 nm, and an
overall length of~5 um. As discussed below, the bone-

shaped nanostructure geometry can be varied by apprOprI'Figure 1. Schematic drawing of the fabrication procedure for a

ately selecting the PAA film fabrication parameters and paa film having bone-shaped nanochannels. (a) Formation of the
precursor deposition conditions. porous alumina layer after the first anodizatio_n. (b) Removal of
The fabrication procedure for a PAA film having bone- the porous anodic alumina layer. (c) Formation of the ordered

shaped nanochannels is schematically shown in Fiqure 1 porous alumina layer after the second anodization. (d) Chemical
P y 9 ‘etching to widen the nanochannels. (e) Third anodization creates

High-purity aluminum foil (Alfa Aesar, 0.5 mm thick,  fynnel-like nanochannels. (f) Fourth anodization at higher anod-
Puratronic, 99.998%) was subjected to a four-step anodiza-ization voltage to widen the opposite ends of the nanochannels.

tion. The first anodization was carried out at a constant (9) Protective-layer coating. (h) Removal of the aluminum layer.
voltage of 40 V in 0.3 M oxalic acid at 18C for 5 h (a). (i) Removal of the protective layer.

The resulting thin alumina film was then stripped off in a

mixture of phosphoric acid and chromic acid (47.2 mL of at 10°C for roughly 30 min (h%” Removal of the nail polish
CrO; + 7 mL of HsPO, + 145.8 mL of HO) at 85°C for layer using acetone (i) leaves a clean PAA film for the
40 min (b). This strip-off process exposed well-ordered subsequent carbon deposition process.

concave patterns on the aluminum substrate that act as self- The as-fabricated PAA film was cut into several pieces
assembled masks for the second anodization prée&sehe using a razor blade for characterization in a scanning electron
second anodization was performed for 5 min under the samemicroscope (SEM; LEO 1525). Figure 2 shows SEM
conditions as in the first anodization step, creating partial micrographs of the cross section of the PAA film. Figure 2a
nanochannels having a diameter-e40 nm and a depth of  shows that the film is composed of three portions (i.e., End1,
~350 nm (c). The interpore distance here is approximately End2, and the intermediate stem). As illustrated in Figure 1,
100 nm. These nanochannels were then widened in 0.1 MEnd1 and End2 were widened by different methods. End1
HsPQ, at 40 °C for 25 min (d), which increases the was widened by chemical etching, whereas End2 was
nanochannel diameters 1670 nm. After this pore-widening  widened by an increase in the anodization voltage. Figure
step, the third anodization was carried out for 40 min under 2b is the enlarged view of Endl, showing that each
the same conditions as in the first anodization step to createnanochannel was widened after chemical etching. The funnel-
funnel-like nanochannels (e). The fourth anodization was like shape of the pore is clearly visible in the image. Figure
carried out at a higher voltage (80 V) in 0.04 M oxalic acid 2c is the enlarged view of End2, showing that only a few
at 17 °C for 3 min to widen the opposite ends of the nanochannels were widened and continued to grow during
nanochannels (f). Nail polish (Sally Hansen Maximum the fourth anodization step as indicated by the arrows. It is
Growth) was then coated on the top surface of the PAA film well known that during the anodization process the pore
(9), which serves as a protective layer for the subsequentdiameter D) and interpore distanced;) in the anodic
etching of the aluminum substrate in a Cet8hsed solution  alumina are each directly proportional to the anodization
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Figure 3. (a) Schematic drawing of cell/pore arrangement in the
PAA film. White circles represent the original pores formed during
/ the first anodization. Gray circles represent the positions where the
original pores can continue to grow and be widened if the
anodization voltage is doubled. Lines ABB', and CC indicate
200nm three possible cleavage planes when fracturing the PAA film. (b)
Cross section of the cleavage plane alond.BB) Cross section

of the cleavage plane along CChe cross-section of the cleavage
Figure 2. SEM micrographs of the bone-shaped PAA film cross plane for AA is illustrated in Figure 1i.

section. (a) Overall image of the PAA film showing three

nanochannel regions: Endl, the intermediate stem, and End2. (b) ¢ jgea| geometry of anodic alumina can be represented
High-magnification image of End1, showing that each nanochannel

(appearing dark in the image) was widened by chemical etching. &S @ honeycomb structure, which is characterized by a close-
The funnel-like shape of the pore can be clearly identified. (c) packed array of columnar hexagonal cells, each containing
Higher-magnification image of End2 grown at double the original a central pore normal to the substr&té®28The dimensions
anodization voltage, showing that only select nanochannels con-of the PAA films are tunable, to a certain extent, by the film
tinued to grow at the wider diameter. The arrows in this image ¢ joation parameters. For example, the cellipore size is
indicate the pores that have been widened during the fourth . o
anodization step. determined by several factors, such as the anodization voltage
and electrolyte type. The thickness of the PAA film is
controlled by the anodization tinté Figure 3a is a schematic
voltage?® Therefore, an increase or decrease in the anod-of the top view of the pore/cell arrangement. As discussed
ization voltage leads to a redistribution of pore and cell previously, because the interpore spadipgs proportional
populations. For example, increasing the anodization voltageto the anodization voltag¥ (i.e., dn = k V, wherek ~
will result in the termination of the growth of certain pores 2.5-2.8 nm/V)2?2° an integer multiple increase in the
so that the remaining pores can continue to grow at a largeranodization voltage will result in the nedy; being an integer
diameter. Decreasing the anodization voltage will cause themultiple of the original interpore distance. Thus, the resultant
initiation of smaller pores, resulting in the formation of pore arrangement will still be ordered. As an example, the
branched nanochannéfs. gray regions in Figure 3a represent positions where the pores
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will be widened and continued to grow if the voltage is
doubled during the anodization. On the basis of this
configuration, it can be estimated that the yield ratio of bone-
shaped to funnel-shaped nanochannels is 1:3. Also showr
in Figure 3a are three possible cleavage planes that can be
produced upon fracture of the PAA film. Clearly, the cross-
sectional view of the PAA film will vary with the cleavage
plane. If the fracture occurs along AAthen the cross-
sectional view will be that shown in Figure 1i. If the fracture
occurs along other paths (e.g., B&3 CC), then a different
morphology will be observed (Figure 3b and c).

For the formation of bone-shaped carbon nanostructures, "\
the PAA film was placed in a tube furnace (Lindberg), heated ®
to 700 °C, and kept fo 1 h in the presence of flowing
ethylene (Air Products CP min. purity 99.8%; 20 sccm) and
argon (Air Products research grade, purity 99.995%; 20
sccm). The thermal decomposition of the precursor ethylene —_
gas in the nanochannels of the PAA film results in carbon
deposition on the channel wafi53? Depending on the
deposition time and conditions, tubelike or rodlike nano-
structures can be synthesizZ8d? After the deposition was
completed, the PAA film was dissolved ugi® M NaOH
at 40 °C for 24 h, leaving the free-standing, bone-shaped =
carbon nanostructures. Although here we demonstrate tem-'
plated carbon bone-shaped nanostructures, we note that thi: e o A
technique can be adapted to create a wide range (e.g., Ni. = B & '
Ag, metal oxide, etc.) of bone-shaped nanostructéfes. ST Dot

These carbon nanostructures were then characterized b)\%\.ﬁi '
transmission electron microscopy (TEM; Hitachi HF2000, S 400RMm :
H8100). Figure 4a shows a TEM image of a bundle of bone- = se—————
shaped and funnel-shaped carbon nanostructures. End1 an: :
End2 can be easily distinguished from the stem in the image. @3

structure. From the image, we conclude that it is hollow. &%
Although not identical to the BSS macroscale fibers (which &
typically have more “stubby” endy, we suggest the — EINIHAE
nomenclature “bone-shaped T-CNTs” (templated carbon RESARESANS ;
nanotubes). The ensemble of fabricated bone-shaped T-CNT: ""b{\:;&&"‘_ W) .\» R A AT i e
are qui i i ~ i A A W A A N S

quite uniform, with lengthd § of ~5 um and diameters A \\ '.x-.{i VY AL o
of ~40 and~70 nm, respectively, for the intermediate stem §* "t?‘-:\es-\*:“t‘:ﬁ ‘\\é« : A LR A

_ \ _ L ""\'-':"-’3‘*‘)&} A :

(Dsteny and widened end region®§nq9. Figure 4c shows a Q}m{"{\“ﬁg:‘ﬁ W g :
close view of the joint portion between the stem and the SO N R e e W, i
widened end. The wall thickness is approximately 10 nm. 2T ‘-_.‘ &1 R
A representative lattice image of the as-synthesized T-CNT e R "
is shown in Figure 4d. Rather than perfect graphitic layers, | A
disordered carbon layers are observed, indicating that the!
T-CNTs have a turbostratic (not fully graphitized) structifre.
The inset in Figure 4d is the selected area diffraction (SAD) |
pattern. The 002 diffraction has the appearance of a pair of
small arcs (indicated by white arrows in the inset), confirming !
the low crystallinity of these bone-shaped T-CNTs. The !
fraction of sp-bonded atoms estimated from the electron
energy-loss spectroscopy (EELS) spectrum is approximatelyFigure 4. (a) TEM image of a bundle of bone-shaped and funnel-

0.73 which again confirms that the as-synthesized carbon ?_hé%e_lfj (T)(;rl\llzﬁ (b) TE?Ahimfige of an ifgdiVidual t;lone-Shapeéi
o ; o - .(c image of the joint portion between the stem an
nanostructures are not fully graphitized. It is not surprising the widened end. (d) Lattice image of an as-synthsized bone-shaped

that these T-CNTs have low crystallinity, as no catalyst was T-CNT showing a turbostratic structure. (The inset is the corre-
used during their synthesis. Post-synthesis graphitization ofsponding SAD pattern.)
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these T-CNTs at 2800C may improve their mechanical
properties’l32
By varying the anodization and deposition parameters, it

1:3. This paper was originally published ASAP on 7/16/2003.
The corrected version was reposted on 7/18/2003.
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