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ABSTRACT Isolated, carbon nanotube cups with diameters of 12—40 nm have been synthesized by chemical

vapor deposition through incorporation of nitrogen atoms into graphitic carbon structure and subsequent

mechanical separation. Incorporation of nitrogen affords carbon nanotube cups with a unique composition

comprising multiwalled, graphitic lattice with nitrogen groups on the exterior rim and hollow interior cavities.

These nanostructures demonstrate the ability to participate in hydrogen bonding because of nitrogen

functionalities on their open edges. Furthermore, reaction with these nitrogen functionalities results in the

coupling of gold nanoparticles (GNPs) to the open rim of carbon nanotube cups. Through atomic force microscopy

manipulation and adhesion force measurements, we compare the mobility of these structures on a hydrophilic

surface before and after GNP coupling. Understanding of these forces will aid in useful nanostructure assembly

for energy and biomedical applications.
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ecent development of carbon nano-

structures has drawn much attention

in a multitude of fields owing to
their intrinsic structure, mechanical and
electrical properties, and compatibility with
biologically significant systems. Interest in
such systems has branched out from carbon
fullerenes’ and carbon nanotubes? toward
other novel carbon nanomaterials such as
graphitic onions,® cones,* nanohorns,”
nanohelices,® nanobarrels,” and graphene.®
All of these unique carbon nanomaterials
show promising capabilities for applications
in electronic sensors, as catalyst support,
energy storage, and drug delivery.®

Of particular interest is the design and

implementation of hollow nanostructures
for utilization of their inherent cavities. For
instance, it has been highly desirable to tai-
lor nanostructures for the specific task of
drug delivery and biomedical
applications.'®'" Initial studies have thus
utilized the interior cavities of multiwalled
carbon nanotubes for biomedical applica-
tions through ferromagnetic filling.'? Such
structures are promising for medical treat-
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ments including magnetically guided hypo-
thermia.'? Furthermore, nitrogen-doped
cuplike structures have been proposed for
applications as electrodes for probing DNA
nucleotides."® These types of structures are
also valuable for energy applications.’* In-
herent cavities create an ideal medium for
hydrogen'*'® and lithium storage'” and
utilization for field emission.'®

To pursue the continuing progress of
such materials, we have synthesized and
probed hollow, graphitic nanomaterials,
nitrogen-doped carbon nanotube cups,
otherwise known as carbon nanobells.’®
These structures are synthesized and then
characterized by a variety of microscopy
techniques. In these structures, nitrogen at-
oms are incorporated into graphitic struc-
ture on the edges as pyridine-like nitrogen
and in the interior, where nitrogen substi-
tutes carbon atoms.?°~ 22 In this study, we
test the reactivity of the nitrogen function-
alities in terms of their interactions with
functionalized surfaces and by their conju-
gation with gold nanoparticles (GNPs). AFM
manipulation and adhesion measurements
reveal strong hydrogen bonding between
hydrophilic surfaces and unmodified cups
that can be alleviated by GNP coupling, thus
enhancing their mobility on the surfaces.

RESULTS AND DISCUSSION

Nanotube cups were synthesized using
chemical vapor deposition (CVD) from lig-
uid carbon/nitrogen precursors. Specifically,
a mixture of EtOH, ferrocene, and MeCN
was injected at a rate of 5 mL/hr, using H,
and Ar carrier gases into a CVD furnace at
950 °C for one hour. Thermal decomposi-
tion of this mixture of nitrogen and hydro-
carbon precursors over an in situ generated
iron catalyst results in carbon nanotube cup
growth on a quartz plate inside the reactor.
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Figure 1. Synthesis of stacked nitrogen-doped carbon nanotube cups. (a,b) SEM images of as-prepared cups. (c) TEM image reveals that
fibers consist of stacked cups. (d) High resolution energy-filtered TEM image of stacked, multiwalled cups. (e) Translucent schematic struc-
tural model illustrating orientation of cups with respect to nearest neighbor.

Approximately 2—3 mg (~50% yield) of the as-prepared
graphitic product was isolated as a black film layered
on the quartz plate, which was peeled off with the aid
of a razor blade. Scanning electron microscopy (SEM) re-
veals that this material is fibrous (Figure 1a). The fibers,
typically 1—4 pm long and diameters ranging from 12
to 40 nm, appear as a thick carpet under low magnifica-
tion. At higher magnification, an individual fiber ap-
pears with inherent “kinks” and twists along the tubu-
lar axis (Figure 1b). We used transmission electron
microscopy (TEM) to make a closer examination of the
fibers and elucidate their growth process. The TEM im-
age (Figure 1c) reveals that fibers are composed of
stacked cups with diameters which are defined by the
size of iron catalyst nanoparticles (dark spots in the im-
age) as seen in the case of two nanoparticles merging
into one. The Fe catalyst particle is shown undergoing
compression strain, which also contributes to the
stacked nature of the cups, as the catalyst is ejected to
form a new cup. Individual nanotube cups thus grow as
conical, self-contained stacks to create an individual fi-
ber. Their conical structure, caused by nitrogen doping
at the open-edge of the nanotube cup, has been theo-
retically and spectroscopically examined and found to
be highly dependent on the nitrogen concentration
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during the growth process.?>2* This growth mecha-
nism and structure®” is similar to what has already been
shown previously with the growth of bamboo-like car-
bon nanotubes.?® High-resolution transmission elec-
tron microscopy (HRTEM) reveals the intricate lattice
structure (Figure 1d). Additionally, N-doping of the car-
bon nanotube cup lattice was determined at 2—7% by
electron energy loss spectroscopy (EELS) (Supporting
Information). As with multiwalled carbon nanotubes
where all lattice walls are parallel along the longitudi-
nal axis, carbon nanotube cups deviate from this gen-
eral schematic. The walls of the cups extend from the
curvature of the individual structures diagonally out-
ward, but never running in parallel along the long axis.
Because of this growth formation, nanotube cups are
intrinsically isolated from each other in a “stacked” con-
formation. This allows for the inherent separation of
cups held together by van der Waals forces and an
outer layer of amorphous carbon.

Mechanical separation, performed by grinding with
a mortar and pestle, results in a black carbon powder
of single nanotube cups. Figure 2 illustrates these sepa-
rated cups and the structure they possess. As can be
seen in Figure 2a, even though the cups are physically
separated from one another, they tend to aggregate to-

. . - . AN
VOL.2 = NO.9 = 1914-1920 = 2008 ACINJANI()

1915



1916

AccV

SpotMagn Det WD Exp }———— 500 nm

10.0kV 3.0 50000x SE 102 1

Figure 2. Separation of stacked cups. (a) SEM image of separated cups fixated to carbon tape. (b) Low resolution TEM image of a
separated cup. (c) High resolution energy-filtered TEM image of a single, separated cup. (d) Translucent cartoon of a single, sepa-

rated cup illustrating its multiple walls and hollow interior.

gether, presumably due to hydrogen bonding be-
tween each other through varying types of nitrogen
functionalities located on their open rim. Figure 2 pan-
els b and c further highlight the features of the cups,
that is, the hollow interior and multiple walls (ca. 30
walls) encompassing the structure.

Individual nanotube cups, isolated as a black pow-
der, are opened to further investigations using atomic
force microscopy (AFM). Utilizing this technique pro-
vides valuable characterization, manipulation, and ad-
hesion information.

Using AFM on a piece of freshly cleaved mica coated
with 0.01% poly-L-lysine,?” we could clearly distinguish
cups as having a uniform height distribution narrowed
to the range of 12—40 nm in height. Use of a sharp AFM
probe (2—3 nm) is sufficient to map out the topology
of the cups in terms of orientation on the treated mica
surface. Figure 3a shows this conical orientation via a
3D topographical image. Furthermore, the phase im-
age of Figure 3b depicts lighter portions in the center
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of the nanotube cup structure, indicative of a peak
rather than a depression that would be seen if we were
observing the open side of the cup. Presumably, amine
and amide groups of poly-L-lysine, which can form hy-
drogen bonds with the nitrogen functionalities of nano-
tube cups, give this specific “open-side-down” orienta-
tion (Figure 3c). This orientation implies the presence of
nitrogen atoms on the open edge of the cups, as was
implicated in their growth mechanism.

Using the force of the tapping mode probe, we ma-
nipulated the cups across the mica surface by varying
the force modulation. By increasing or decreasing the
amplitude set point of the AFM, we can effectively ex-
tend or retract the tip to the mica surface.?® This exten-
sion, therefore, acts as a means to mechanically ma-
nipulate the structures. We have observed that while
nanotube cups easily move on an untreated mica sur-
face (Supporting Information), they are strongly fixated
to the poly-L-lysine treated mica surface (Figure 3d). As
can be seen from the figure, the cups could be moved,
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Figure 3. AFM characterization and manipulation of unmodified cups. (a) 3D AFM rendering of carbon nanotube cup oriented “open
side” against a mica surface treated with poly-L-lysine (0.01%). (b) AFM phase image of carbon nanotube cup orientation. White color in-
dicates peaks. (c) Translucent cartoon of a single nanotube cup oriented on a treated mica surface. (d) Mechanical manipulation of un-
modified cup on treated mica surface.
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Figure 4. AFM characterization and manipulation of GNP-decorated cups. (a) 3D AFM rendering of a GNP-decorated, carbon
cup on a treated mica surface. (b) AFM height image of GNP-decorated, carbon cup. Lighter portions indicate peaks. (c) Translu-
cent cartoon indicating the decoration preference of GNPs on the open side of the cup structure. (d) Low resolution TEM im-
age of a GNP-decorated carbon nanotube cup. (e) Mechanical manipulation of GNP-decorated cup on treated mica surface.
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Figure 5. AFM experiment. (a) Comparison of adhesion forces versus cup’s size
for unmodified (l) and GNP-decorated (®) cups. Solid lines indicating average
force and corresponding shaded areas (standard deviations) show statistically sig-

ces in adhesion of unmodified cups as compared to GNP-

decorated cups. (b) Scheme demonstrating AFM manipulation experiment, where
(left) mobility of unmodified cup is affected by hydrogen bonding between
pyridine-like nitrogen functionalities on cup’s edges and poly-L-lysine, and (right)
improved by attachment of GNPs

however, only with excessive damage. In addition to
the proposed hydrogen bonding, another source deter-
ring nanotube cup movement in this orientation could
be tribological processes occurring between the mica
surface and the open side of the carbon nanotube
cups.® Optimum adhesion forces, that is, friction, oc-
curs when then the contacting surfaces perfectly con-
form to each other during the critical moment of pull-
off, or when the tip forces movement to occur.>® That
being stated, we must assume that while there may not
be perfect conformity between these two surfaces,
even partial conformity must contribute to the deter-
ment of movement. Additionally, it also must be in-
cluded that nitrogen doping within the interior lattice
structure causes inherent defects, thus weakening the
overall mechanical stability of the nanotube cup.®'2
To defer this fixation through hydrogen bonding
on a hydrophilic surface, we sought to modify these
basal nitrogen groups with gold nanoparticles. Through
biotinylation of carbon nanotube cups and the corre-
sponding reaction with streptavidin-coated GNPs, we
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were able covalently decorate the open edge of
the cups. Cups were reacted with (+)-Biotin
N-hydroxy-succinimide ester in N,N-
dimethylformamide (DMF) at room temperature.
After resuspending this complex into a 10% etha-
nol solution, we were able to combine
streptavidin-coated GNPs in buffered solution to
incubate. Following complete incubation (typically
24 h), we further characterized and manipulated
the hybrid product via AFM in tapping mode. Fig-
ure 4 panels a and b show the topology of GNP-
decorated cups. We can see the general structure
is maintained by a single cup in the center sur-
rounded by GNPs decorating the exterior, open-
edge. We further visualize this by a low-resolution
TEM image shown in Figure 4d. It is evident that
the GNPs only decorate this open edge of the car-
bon nanotube cup, as approximately five GNPs of
10 nm or less are visible.

Additionally, as this sample was negatively
stained with 2% uranyl acetate for improved con-
trast,®® we can still see the streptavidin surround-
ing the materials. Incomplete biotinylation may
have been responsible for the nonuniform distribu-
tion of GNPs around the exterior edge. Further sec-
tion analysis of this self-complexed structure can
be found in the Supporting Information. Incuba-
tion of unmodified cups with streptavidin-coated
GNPs results in a lesser degree of attachment, pre-
sumably due to hydrogen bonding between
streptavidin and the cups’ nitrogen functionalities
(Supporting Information). Therefore, biotinylation
of cups is essential for GNP attachment.

Using the aforementioned parameters for tap-
ping mode manipulation, we proceeded to deter-
mine whether we had deterred the fixation of cups
through hydrogen bonding to a treated mica surface
by the simple covalent attachment of GNPs. Figure 4e il-
lustrates the manipulation of GNP-decorated cups us-
ing the same conditions as listed above. As observed
from this image, it is quite evident that the modified
cup is now free to be manipulated through probe force.
In addition, it is seen that there is no structural deforma-
tion upon manipulation, indicating that the hydrogen
bonding and tribological effects between sample and
substrate have indeed been minimized.

To quantitatively measure the impact of adhesion
through hydrogen bonding and subsequent deter-
ment through modification, force plots®>* in contact
mode on the AFM were performed. The spring con-
stant of our contact mode probe was first calculated us-
ing reference cantilevers (see Supporting Information).
Surface images were then resolved in contact mode,
prior to switching over to “force calibrate” mode to ac-
quire a deflection sensitivity. It is important to note that
the deflection sensitivity measurement was accurate
as long as the laser spot position was not changed, that
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is, for the current sample. After acquiring this value
(typically ~240 nm/V), the AFM was set to force vol-
ume mode where 10 force measurements were made
on cups both unmodified and decorated each (see Sup-
porting Information). Adhesion forces could thus be cal-
culated using values obtained from force volume plots,
as well as the deflection sensitivity, and spring constant.
Figure 5a correlates adhesion forces for both unmodi-
fied and decorated cups. As can be seen there is no cor-
relation between cup size and adhesion forces. Further-
more, it is evident that far less adhesion forces are
involved in GNP-decorated cups. While force plots typi-
cally measure interactions between the sample and
tip, we have already shown that cups have the same ori-
entation regardless of modification. In these instances,
a silicon probe is interacting with the graphitic, conical
shell of the cup (Figure 5b). Only basal modification is
imparted to these structures, indicating any variations
in adhesion forces must be a result of sample/substrate
interactions. Because of the presence of GNPs, there is
a decrease in tribological effects as well as hydrogen

MATERIALS AND METHODS

Chemical Vapor Deposition Growth and Separation of Carbon Nanotube
Cups. Cups were grown using the technique of CVD with a liquid
precursor. Briefly, a Lindberg/Blue tube furnace was utilized at
950 °C. Using a three-foot long, sealed quartz tube (2.5 cm i.d.),
cups were made by passing a liquid precursor consisting 5.0 g of
MeCN, 1.25 g of ferrocene, and 93.75 g of EtOH at a rate of 5
mL/h for 1 hour. Carrier gases included Ar at 422 sccm and H,
at 125 sccm. After 1 hour, the furnace, liquid injector, and H, gas
were terminated, allowing for a 1 h cool down time in an argon
atmosphere. The cup film was then collected off a quartz plate
using a one-sided razor blade.

Separation of the stacked, as-prepared cups was done fol-
lowing the previously reported procedure.'® The cup film
was placed in a mortar and ground with a pestle along with
a dropwise addition of EtOH. This grinding motion allowed
for the physical separation of cups by breaking the van der
Waals attraction between them. The solvent was then al-
lowed to evaporate, and the solid product was collected for
future use.

Decoration of Cups with Gold Nanoparticles. Approximately 1 mg of
separated cups was suspended in DMF (Sigma Aldrich) via ultra-
sonication for approximately 20 min. After a stable suspension
was formed this was allowed to react with an excess of 5 mM
(+)-Biotin N-hydroxy-succinimide ester (Sigma Aldrich) in DMF
for 24 h at room temperature. The suspension was then centri-
fuged at 3400 rpm for 20 min. Supernatant was discarded, and
the cup—biotin complex was resuspended in 10% ethanol via
ultransonication.

Streptavidin (from Streptomyces avidinii)-coated gold nano-
particles (~10 nm nominal) in buffered aqueous glycerol solu-
tion were purchased from Sigma Aldrich. This concentrated
sample was then diluted 100X with deionized water. The reac-
tion between the streptavidin coated nanoparticles and
cup—biotin complex was allowed to occur by mixing them at a
ratio of 1:100 (cups to GNPs). We found best results occurred
when incubation occurred at room temperature.

Characterization. The SEM images were obtained with a Phil-
ips XL-30 FEG microscope. The electron beam accelerating
voltage of the SEM was held at 10.0 keV for all images. The
cup samples, both as-prepared and separated, we probed as
a powder fixated on to carbon tape without any heavy metal
coating.
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bonding through passivated nitrogen groups of the
cups.

CONCLUSIONS

To conclude, we have shown the synthesis of a ver-
satile material and subsequent characterization and
AFM manipulation. By showing that these structures
have nitrogen atoms and can indeed be utilized for as-
sembly opens up venues for many alternatives for this
material. Decoration of cups with GNPs in this manner
exploits the nitrogen groups on the exterior of these
structures, a versatile point for “capping”. By using the
hollow interior for drugs and capping the structures
through the amide linkage, it may be possible to cre-
ate a nanoscopic delivery platform. Additionally, be-
cause of their “cuplike” shape, these structures can be
used for nanocontainers, isolating reactions within their
interior. With further exploration into this structure
and “bottom-up” assembly, we can truly realize the full
potential of these nanostructures in electronics, energy,
biomedical, and chemical applications.

Low-resolution TEM images were obtained with a Philips/
FEI Morgagni microscope. The electron beam accelerating volt-
age of the TEM was held at 80.0 keV for all imaging. All cup
samples were prepared by suspension in DMF or EtOH and drop
casting on a lacey carbon TEM grid (Pacific Grid-Tech) and by al-
lowing the solvent to evaporate completely. For imaging of
streptavidin/cup bioconjugates, samples were stained with 2%
uranyl acetate for improved contrast. Stain was dropped on the
sample and grid and allowed to dry for 10 min before excess
stain was blotted away with filter paper.

High-resolution TEM images were obtained with a JEOL JEM-
2100F field-emission microscope. The electron beam accelerat-
ing voltage of the HRTEM was held at 200 keV for all imaging. En-
ergy filtering was performed for zero-point energy loss. All
sample preparation remained the same as with the low-
resolution microscope.

AFM characterization was carried out on a multimode scan-
ning probe microscope (Veeco). Tapping mode with super sharp
tips (AppNano ACL-SS) allowed for intricate manipulation and
characterization.

Characterization of separated cups was carried out by freshly
cleaving mica with double-sided tape. An aqueous solution of
0.01% poly-L-lysine (20 L) was spin-coated on the mica at 100 000
rpm for one minute, followed by washing with an equal amount
of deionized water. This was then allowed to dry for 45 min before
spin coating one drop of cups suspended in DMF or, in the case
of decorated cups, suspended in 10% EtOH. After all solvent evapo-
rated, this was then characterized via tapping mode at a scan rate
of 2.98 Hz and a drive frequency of 187.630 kHz.

Acknowledgment. The microscopy work was performed us-
ing the resources of NanoScale Fabrication and Characteriza-
tion Facility (NFCF) and the Department of Materials Science and
Engineering, University of Pittsburgh.

Supporting Information Available: A detailed description can
be found of spring constant calculations, force volume plots, ad-
hesion force calculations, and statistical data. This material is
available free of charge via the Internet at http://pubs.acs.org.
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