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arious groups have explored the

potential of using unique hollow

structures’~® from graphitic carbon,
such as carbon nanotubes, for building mul-
tifunctional nanostructures’ " useful in a
large number of applications.'>~ 7 However,
current technologies are significantly lim-
ited by the difficulty of tailoring morphol-
ogy and aspect ratio of individual nanoscale
units.'®2! Here, we demonstrate the de-
sign and fabrication of a new generation of
hollow carbon nanostructures with unprec-
edented control in their length/diameter
(L/D) aspect ratio, morphology, and dimen-
sion. We have been able to create, for the
first time, morphologies which were chal-
lenging to make before, such as nanocups
(L/D aspect ratio is 1—2), nanorings (L/D as-
pect ratio is less than 1 with open caps),
and continuous films of connected nano-
cups. Our approach for fabricating these
structures is shown schematically in Figure
1. For the synthesis of such highly engi-
neered low aspect ratio carbon nanostruc-
tures, we developed a precisely controlled
rational approach for creating extremely
short nanochannels (channel diameter can
be in the range of 30—100 nm) inside an an-
odized aluminum oxide (AAO) template,
that has a 10°—10° times smaller L/D as-
pect ratio compared to conventional AAO
nanochannels. Once the template with de-
signed short nanochannels is generated, we
deposit the graphitic cup morphologies by
the pyrolysis of acetylene at the tempera-
ture of 660 °C, without the use of any cata-
lyst material. To make the graphitic nano-
ring morphology and to produce fully
separated and length controlled nanocups,
Ar ion milling was used. Also, we have used
these unique nanocontainer geometries
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ABSTRACT The synthesis of carbon nanostructures, with interesting morphologies, has created a revolution

in nanotechnology; carbon nanotube is a case in point, but other nanoscale morphologies of graphitic carbon could

provide compelling uses. In particular short structures, including very short nanotubes, have proven impossible

to be grown by existing techniques due to the difficulty in controlling and terminating growth during initial stages.

Here we present architectures engineered from graphitic carbon, having up to 10° times smaller length/diameter

(L/D) ratios compared to conventional nanotubes, revealing unique morphologies of nanocups, nanorings, and
large area connected nanocup arrays. Such highly engineered hollow nanostructures were fabricated using
precisely controlled short nanopores inside anodic aluminum oxide templates. The nanocups were effectively
used to hold and contain other nanomaterials, for example, metal nanoparticles, leading to the formation of

multicomponent hybrid nanostructures with unusual morphologies. The results reported here open up possibilities

to integrate new morphologies of graphitic carbon in nanotechnology applications.

KEYWORDS: short carbon nanotubes - nanocups - nanorings - nanocontainer

(cups) to contain and hold various metals
of nanogram quantities. The templates can
be removed by chemical etching to obtain
isolated cups, rings, and connected arrays of
these, having nanoscale dimensions.

RESULTS AND DISCUSSION

Figure 2 shows the scanning electron
microscopy (SEM) and transmission elec-
tron microscopy (TEM) images of carbon
nanocup arrays, connected with a continu-
ous graphitic layer that holds them to-
gether. This film of connected nanocups
produced by our method has three remark-
able features in their structure and mor-
phology. First, as shown in Figure 2a, a two-
dimensional graphitic film with highly
porous surface is achieved by connecting
the highly dense and ordered arrays of
nanocups together. Second, the resulting
film of the nanocup arrays is flexible and re- . )

L. X Published online Xxxxxxxxx 00, 0000
mains intact even under strong physical de-  10.1021/nn9001903 ccC: $40.75
formation as shown in Figure 2b. Third,
through the control of nanopore
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Figure 1. Schematic illustrating the fabrication process and result-
ing architectures of a connected arrays of nanocup film, individu-
ally separated nanocups, nanorings, and metal
nanoparticle—nanocup heterostructures.

dimensions (diameter and length) we can precisely de-
sign and tailor the geometry and structure of the nano-
cups such as length, diameter, L/D aspect ratio, and
their wall thickness. Figure 2c is a representative high
magnification SEM image of a nanocup array, arranged
in a highly ordered fashion with 100 nm diameter and
200 nm lengths. Shown in Figure 2d is the TEM image of
arrays of connected nanocups (80 nm diameter and 80
nm length), clearly showing the formation of nanoscale
cup geometry as well as a connected nanocup struc-
ture with 10 nm wall thicknesses. The image also indi-
cates the flexibility of the two-dimensional nanocup ar-

Figure 2. SEM and TEM micrographs of a two-dimensional carbon
nanocup film structure after removing the AAO template. SEM im-
ages show (a) the bottom of highly dense carbon nanocup arrays con-
nected with a thin graphite layer, (b) a two-dimensional and flexible
film of carbon nanocups, and (c) the side view of carbon nanocups (100
nm diameter and 200 nm length) connected with a graphitic layer of
10 nm thicknesses. Scale bars are 200 nm. (d) A TEM image shows con-
nected arrays of carbon nanocup film with 80 nm diameter and 80
nm length. A scale bar is 50 nm.
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ray films with a polycrystalline and disordered graphitic
structure of their lattice.

To synthesize individual nanocup and nanoring units
with the full control over their L/D aspect ratio, Ar ion mill-
ing (300 V accelerating voltage and 55 mA emission cur-
rent) was conducted on the connected arrays of nanocup
film deposited in the AAO templates. A striking change
in the structure and morphology of the nanocup films
was observed during Ar ion irradiation as shown in Fig-
ure 3. After a few seconds (70 s) of Ar ion irradiation on the
two-dimensional nanocup films, etching of a graphitic
layer connecting the arrays of individual nanocups oc-
curred and resulted in individually separated nanocup
structures. Different lengths of nanocups could be ob-
tained by controlling the ion milling time used for etch-
ing of the preformed nanocup films. Figure 3 panels a and
b are SEM images of highly dense and completely sepa-
rated nanocups with controlled L/D aspect ratio of 3 and
1, respectively. As the ion irradiation time increases be-
yond 70 s, the preferential etching of the bottom gra-
phitic layer of carbon nanocups was initiated resulting in
nanoscale tubular ring morphology. Figure 3 panels c and
d are SEM images of multilayered and individually sepa-
rated graphitic nanoring structures, respectively. The sec-
ond layer of the nanoring arrays (Figure 3c) as well as
the top surface of the supporting AAO templates (Figure
3d) could be observed through the nanoscale pores orig-
inating from the hollow ring morphology of nanorings
formed by the Ar ion milling process. Detailed informa-
tion on the morphological changes, from the connected
nanocup films to the separated nanocup and nanoring
structures, could be obtained by a TEM observation. Fig-
ure 3e shows side and top views of separated nanocups.
It should be noted that graphitic carbon layers connect-
ing individual nanocup structure were fully removed by
the Ar ion-milling process. Also a high resolution TEM im-
age (Figure 3f) of carbon nanorings indicates that the bot-
tom layers of carbon nanocups were completely etched
forming the ring geometry. It can be assumed that ener-
getic Ar ions, traveling parallel to the short tubular axis of
nanocups, preferentially etch the curved bottom layer of
the nanocups by the Ar ion irradiation.

To elucidate the lattice structure and graphitization
of the nanocup and nanoring structures, we have used
Raman spectroscopy with a 532 nm laser excitation in the
spectral range of 1200—1700 cm™, in which we com-
monly observe the G band, ascribed to tangential modes
of the graphene structure, and the disorder-induced D
band, activated by the presence of defects.?>? Figure
4panels a and b show the result of Raman spectra ob-
served from typical multiwalled carbon nanotubes
(MWNTSs), our nanocup, and nanoring structures of simi-
lar diameter. First, we have observed that the peak inten-
sity ratio (Ip/lg) has doubled as the structure changes
from long MWNT (10 pm length) to extremely short nano-
ring structures (40 nm length). This result indicates a
higher degree of disorder?* in the nanoring structures

www.acsnano.org



Figure 3. SEM images showing architectures of individual carbon nanocup and nano-
ring structures fabricated using an Ar ion milling process on the connected arrays of car-
bon nanocup film: (a) nanocups with the L/D aspect ratio of 3, (b) nanocups with the
L/D aspect ratio of 1, (c) multilayered carbon nanoring arrays, and (d) single-layered
nanoring arrays. Scale bars are 100 nm. TEM images from tailored carbon nanostruc-
tures clearly reveal nanoscale (e) cup and (f) ring morphology. Scale bars are 100 nm and

50 nm, respectively.

due to the Ar ion irradiation and lower L/D aspect ratio.
The second noticeable change in Raman spectra is the
blue-shift (upshift) of G band peak position (Figure 4a).
For MWNT and carbon nanocup structures, the usual G
band is observed around 1600 cm™'.2* However, G band
spectra of nanorings with 60 and 40 nm lengths were re-
corded at 1607 and 1612 cm™', respectively. Such blue-
shift of G band modes in the nanoring structures appears
by D’ peak merges in the G band.?® The D’ band is at
~1620 cm ™! and associated with the maximum in the
2D phonon density of states in graphene.?2?° The mer-
gence of G and D’ bands were obviously confirmed in full
widths at half-maximum (FWHM:s) of individual G band
spectrum. The FWHMs of nanoring structures were
slightly broadened from 28 to 44 wave numbers.
The increase of Ip/lg and the blue-shift of G band
peak position might be caused by nanocrystalliza-
tion of graphitic structure.?® To understand these en-
gineered graphitic nanostructure further, we also
measured contact angle change of deionized water
on continuous nanocup film before (Figure 4c) and
after (Figure 4d) Ar ion milling process. As shown in
Figure 4c, the contact angles of water droplet on the
connected nanocup film are ranged from 69° to 73°
indicating the hydrophobicity of nanocup structures.
However, after Ar ion irradiation on the connected
carbon nanocup film, the contact angles between
surface of engineered graphitic nanostructures and
deionized water droplet were dramatically reduced
to 0° showing hydrophilic property as shown in Fig-
ure 4d. This might be due to the high density of dis-
orders and nanocrystallized graphitic lattice formed
from the Ar ion irradiation.?”
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The open nanoscale cup
geometry as well as their gra-
phitic nature make carbon
nanocup structures a power-
ful template to act as con-
tainer systems at the nano-
scale. We have successfully
inserted various metals inside
the nanocups by using an
e-beam evaporation followed
by a thermal annealing pro-
cess under an Ar environ-
ment. Figure 5 shows a collec-
tion of diverse carbon
nanocup structures holding
gold and lead inside. During
the annealing process, the de-
posited metal inside the
nanocups could be thermally
re-evaporated into small
metal nanoparticles seen in-
side the nanocups. As shown
in Figure 5 panels c and d, we
were also able to control the
size of inserted metal nanoparticles by controlling the
thickness of a metal film deposited. In SEM images, one
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™ Nano-Cup 1
= Nano-Cup 2

= Nano-Ring |
N B Nano-Ring 2
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Figure 4. (a) Micro-Raman spectra (using 532 nm wavelength
laser probe) taken from MWNTs (10 wm length), long nano-
cups (180 um length), short nanocups (60 nm length), long
nanorings (60 nm length), and short nanorings (40 nm length)
(b) Histogram of the intensity ratio between the D band and
G band (Ip/lg) of each structure. Ip/lg is increased from 0.34 to
0. 81 as the structures change from MWNTs to short nanorings.
Optical images showing contact angle change of deionized
water from (c) 72.38° to (d) 0° before and after Ar ion irradia-
tion on connected carbon nanocup film.
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Figure 5. A collection of various carbon nanocup-based heterostructures. Ordered arrays of gold nanoparticles were formed
selectively inside pores of both (a) carbon nanocup film structure and (b) individual nanocup and nanoring structures. The
size of metal nanoparticles inside of nanocup structures can be controlled by adjusting the thickness of a deposited metal
film. (c) Lead nanoparticles (10— 15 nm diameters) formed directly from the lead film with 30 nm thickness during thermal an-
nealing process. (d) A single lead nanoparticle (70—80 nm diameters) inserted from the lead film with 60 nm thickness dur-
ing a thermal annealing process. TEM images of gold inserted (e) carbon nanocup films and (f) fully separated individual

nanocups. All scale bars are 100 nm.

can easily observe gold and lead nanoparticles inside
the nanocups, as they are visible through the thin gra-
phitic walls. TEM images show that gold nanoparticles
are formed only within the pores of connected and iso-
lated nanocups (Figure 5e,f) resulting in unique hetero-
architectures of carbon—metal materials.

CONCLUSIONS
In conclusion, we demonstrate new graphitic archi-
tectures having extremely low L/D aspect ratio with

unique nanoscale cup and ring geometries. Using these
diverse nanoscale structures as templates, we can suc-
cessfully insert various metals inside their pores to
create multicomponent nanostructures and nanoscale
container systems. The results reported here will allow
us to build highly engineered and multicomponent
functional nanobuilding blocks for various applications
including nanomedicine (containers for nanogram
quantities of materials, in drug delivery) and nanome-
trology (nanoscale unit measures).

EXPERIMENTAL METHODS

Preparation of Short Nanochannels inside of AAO Template. Nanopo-
rous alumina template was prepared using a standard electro-
chemical anodization process described in detail elsewhere.?32°
To produce highly ordered arrays of nanopores, a two-step an-
odization process was used. In the first step, a high purity Al foil
(Alfa Aesar, 99.99%) was anodized at 40—45 V for 4 h in 3—5%
oxalic acid (C;H40,) solution at room temperature. The anodized
Al film was placed in the solution containing a mixture of 5%
phosphoric (H;PO,4) and 5% chromic (H,CrO,) acids for 24 h to re-
move the formed aluminum oxide layer. This process results in
the formation of a well-ordered array of scallop-shapes on the
aluminum surface.3® A reanodization process was then per-
formed but in precisely controlled and extremely short time (for
20—40 s) to fabricate highly organized short nanochannels
(80—200 nm in length) giving 10°—10° times smaller L/D aspect
ratio. Then, samples were soaked in a 5% phosphoric acid solu-
tion for 1 h, which results in the widening of nanopores.

Deposition of Carbon Nanostructures inside AAO Template. Low aspect-
ratio carbon nanostructures were synthesized by using a chemi-
cal vapor deposition (CVD) process.>' The AAO template was
first placed in a quartz tube and evacuated to 15 mTorr. During
heat-up, high purity argon gas (99.9%) was supplied and the
pressure was maintained at 760 Torr. When the temperature of
the inside quartz tube reached 660 °C, acetylene (5 sccm)—argon
(45 sccm) mixture gas was supplied as a carbon source for the

| /@) . .
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deposition of a graphitic carbon layer inside predesigned short
AAO nanochannels resulting in the connected arrays of carbon
nanocup film structure.

Modification of Carbon Nanostructures. To fabricate separated and
length controlled nanocup and nanoring structures, Ar ion-
milling was used. We first load the connected carbon nanocup
film inside of the ion milling chamber with a 90° incident angle
and evacuated the chamber to 5 X 107 Torr. After that 35 sccm
of argon is flowed into the system, creatinga 2 X 10~* Torr work-
ing pressure. Then 250 V beam voltage and the 55 mA beam cur-
rent push electrons off the filament to ionize the argon atoms.
We also set the accelerating voltage to 300 V to accelerate the ar-
gon cations. Ar ion-milling process was run for 70 and 120 s to
fabricate and length-controlled separate nanocups and nano-
rings, respectively.

Fabrication of Highly Ordered Metal Nanoparticle—Nanocup
Heterostructures. Gold with 80 nm thickness was deposited on the
carbon nanocup structures (both connected arrays and individu-
ally separated ones) inside of the AAO template by using elec-
tron beam evaporation. Then gold-deposited carbon nanocup
structures were annealed at 600 °C for 6 h under an Ar atmo-
spheric environment. For lead, 60 nm thickness films were de-
posited on the carbon nanocup structures inside of the AAO
template using a thermal evaporator, and then the template
was annealed at 500 °C for 6 h under an Ar atmospheric environ-
ment. The size of metal nanoparticles inside of nanocup struc-

www.acsnano.org



tures can be controlled by adjusting the thickness of a depos-
ited metal film.

Template Removal. Carbon nanostructures inside of AAO were

released by dissolving the AAO template in 33% hydrofluoric
acid solution for as deposited nanocups as well as gold-inserted
nanocup containers.
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