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R
obust development of carbon nano-
tube (CNT) materials in various re-
search � elds over the past decade

has been motivated by their outstanding
mechanical, electrical, and chemical pro-
perties. 1 � 4 The sp 2 graphitic structure of
CNTs allows either postsynthesis func-
tionalization5,6 or in situ chemical doping
during the synthesis, 7,8which can tailor
the intrinsic properties of CNTs for dif-
ferent applications such as in composite
materials,9 chemical sensing, 10,11 and drug
delivery. 12,13 Among di � erent functionaliza-
tion methods, nitrogen-doped CNTs are
of particular interest. The incorporation of
nitrogen atoms into the sp2 graphitic struc-
ture could result in the formation of cup-
shaped compartments in CNTs, 14 as well as
the changes intheir electronic and chemical
properties. 15,16 These unique properties
may lead to many potential applications.
For example, nitrogen-doped CNTs have
been explored for hydrogen 17 and lithium18

storage. Recently, researchers showed that
nitrogen-doped CNTs have excellent elec-
trochemical catalytic activity toward the
oxygen reduction reaction. 19,20 Moreover,
nitrogen-doped CNTs were found to have
better biocompatibility and mitigated cyto-
toxicity as compared to undoped pristine
CNTs,21,22 and they were degraded by
enzymatically catalyzed oxidation at ambi-
ent conditions.23 These � ndings are impor-
tant when considering nitrogen-doped
CNTs as potential carriers in drug delivery
applications.
Previous studies have addressed di � erent

strategies to� ll CNTs with di� erent materials

such as ferromagnetic nanoparticles, 24 � uor-
escent polymers, 25 and organic molecules. 26

However, to achieve better performance,

especially in biomedical applications, carriers

with small sizes and facile surface modi � ca-
tion are preferred. 27 Inthis sense, cup-shaped
segments in nitrogen-doped CNTs can

serve as desirable candidates for nanoscale

containers. As-synthesized nitrogen-doped

CNTs are composed of separate cup-
shaped segments, which can be isolated as
individual“cups ” by grinding with a mortar
and pestle. 28 These graphitic cups, termed
later in the text as nitrogen-doped carbon
nanotube cups (NCNCs), have a hollow
structure with one end sealed and the
other open. The open rims of these cups
possess reactive nitrogen groups that can
be functionalized 28 and cross-linked with
glutaraldehyde. 29

Nitrogen doping has been shown to be
essential to determine the unique morphol-
ogy and properties of NCNCs. 16 Although
the exact assignment of nitrogen functional
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ABSTRACT

Nitrogen doping of carbon nanotubes during chemical vapor deposition synthesis can create

unique stacked cup-shaped structures termed as nitrogen-doped carbon nanotube cups

(NCNCs). These cups have semielliptical hollow cavities and elevated reactivity which could

lead to various applications. In this work, by applying intense ultrasonication to the as-

synthesized NCNCs, we demonstrated an effective mechanical method to isolate the individual

cups with opened cavities from their stacks. The graphitic structures of the isolated cups and

their inherent nitrogen functionalities were characterized by comprehensive microscopic and

spectroscopic methods. In particular, we quantitatively determined the existence of amine

functionalities on NCNCs and found that they were preferentially distributed at the open edges

of the cups, providing localized reactive sites. Further, by thiolating the amine groups with

3-mercapto-propionic acid, we were able to effectively cork the isolated cups by gold

nanoparticles with commensurate diameters. These cup-shaped carbon nanomaterials with

controlled inner volumes and gold nanoparticle corks could find potential applications as

nanoscale reaction containers or drug delivery vehicles.

KEYWORDS: carbon nanotubes. nitrogen doping . chemical vapor deposition.
gold nanoparticles
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groups remains elusive, pyridinic nitrogen and graphi-
tic nitrogen were considered as two main types of
nitrogen functionalities in NCNCs. 30 Moreover, the ex-
istence of dangling bonds such as amine groups
was also suggested based on NCNC reactivity 28,29 and
acid � base titration experiments. 31 In this work, we
synthesized NCNCs by chemical vapor deposition
(CVD) method and separated them into individual
cups by treating them with a probe-tip sonicator. A
number of microscopic and spectroscopic techniques
were implemented to scrutinize the morphological and
chemical characteristics of NCNCs. We have found that
individual separated NCNCs largely maintained their
cup-shape and graphitic structure as in their stacked
forms, whereas their nitrogen functionalities became
more distinct afterthe sonication process. By employing
the Kaiser test and selectively decorating NCNCs with
gold nanoparticles (GNPs), we were able to quantita-
tively determine both the concentration and distribu-
tion of amine functionalities on NCNCs. By utilizing
localized amine groups on the basal plane of the cups,
we further managed to cover the opening of the cups
with GNPs as “stopper corks ”, which demonstrated a
new pathway to implement these cup-shaped carbon
nanomaterials as nanoscale containers and drug deliv-
ery carriers.

RESULTS AND DISCUSSION

NCNCs were synthesized using a chemical vapor
deposition (CVD) method from a mixture of 92.25 wt %
xylenes, 7.0 wt % acetonitrile, and 0.75 wt % f erro-
c ene as precursors (Figure 1a). At 800 � C under H 2

and Ar atmosphere, the precursor was injected into
the CVD reactor at a rate of 1 mL/h. After 90 min of the
reaction, NCNC product was formed as a thick carpet
of a black material weighing 4 � 5 mg and was then
peeled o � by a razor blade and dispersed in ethanol.
Transmission electron microscopy (TEM) images of
the as-synthesized material (Figure 1b) showed that
NCNCs have diameters ranging from 20 to 50 nm and
lengths up to 15 μm. Unlike undoped multiwalled
carbon nanotubes (MWCNTs) witha continuous hollow
interior, tubular NCNCs consist of many conical com-
partments resembling the shape of stacked cups.
The nanotube cups were stacked in a head-to-
tail fashion along the common direction of the
tube axis. Compared to our previous CVD synthesis
method which used ethanol/acetonitrile/ferrocene as
the precursors, 28 we noticed that by changing ethanol
to xylenes as the carbon source and decreasing
the content of ferrocene catalyst, the shape and the
diameters of resultant NCNCs became more uniform.

Figure 1. (a) Chemical vapor deposition (CVD) synthesis of nitrogen-doped carbon nanotube cups (NCNCs) and their
mechanical separationvia probe-tip sonication. (b) Transmission electron microscopy (TEM) image of as-synthesized NCNC
fibers. (c) High-resolution TEM image showing one segment from a stacked NCNCfiber, the white dashed lines in thefigure
depict the directions of the graphitic walls and the tube axis, the white arrow shows the existence of amorphous carbon.
(d) TEM image of an individual NCNC after mechanical separation. (e) High-resolution TEM image of an individual NCNC.

A
RTIC

LE



ZHAO ET AL. VOL. 6 ’ NO. 8 ’ 6912–6921 ’ 2012

www.acsnano.org

6914

We assume that ethanol may introduce additional oxygen-

containing defects in the graphitic structure 32 that may

in� uence the formation of the cup shape. The reduced

ferrocene catalyst concentration is assumed to result in a
more uniform size distribution of iron nanoparticle seeds.

From TEM images (Figure 1b) it was occasionally observed

thatironnanoparticles were con� ned betweenthe graphitic

segments, de � ning the inner diameters of nanotube cups.
High-resolutionTEM images (Figure 1c) showed that

the graphitic walls of stacked nanotube cups were not
parallel to the longitudinal axis, but extended diago-
nally outward and terminated at the lateral surface.
A layer of amorphous carbon was often observed at
the surface with about 2 nm thickness. Owing to the
size similarity, the cups were compactly nesting into
each other's cavity taking up most the inner volume
of the cup, with no interconnection of graphitic walls
between each other. This observation indicated that
the adjacent cups were not covalently connected but
rather held together by the interlayer π� π interaction.
As a result, potential separation of individual nanotube
cups can be achieved via mechanical or chemical
processes. Previous attempts of NCNCs separation
involving grinding with a mortar and pestle have
obtained individual nanotube cups out of their stacked
structure only with a limited yield.28 To improve the
e � ciency of separation, we applied probe-tip sonica-
tion to the sample after grinding. The sample was
dispersed in DMF forming a stable suspension and
then was treated with a 1/4 00-probe sonicator for 15 h
in ice bath. The probe-tip sonication e � ectively broke
the stacked compartments in the long � ber into
short stacked cups and individual cups. The individual
cups have common but moderately di � erent shapes
and sizes, mostly ranging 50 � 200 nm in length and
30 � 50 nm in diameter (Supporting Information (S.I.),
Figure S1). Figure 1d shows TEM image of a typical
individual nanotube cup isolated from the stacking
structure, having a semielliptical shape with the top
sealed and the basal plane open. High-resolution TEM
image (Figure 1e) revealed that the isolated individual
nanotube cups maintained the graphitic structure

on the sidewall where the parallel graphitic layers
extended with a certain angle from the tube axis.
The graphitic ed g e at the basal plane of the cup
was distinctly depicted which proved the three -
dimensional cup-shaped morphology with open access
to the hollow interior.
Although incompletely separated nanotube cups in

short stacks of several units were frequently observed
(S.I., Figure S1), the probe-tip sonication process sig-
ni� cantly broke long NCNCs into smaller sections. On
the basis of over 300 measurements obtained from
TEM images, the average lengths of NCNCs showed
a signi� cant decrease with the sonication time (S.I.,
Figure S2a). The length distribution histograms re-
� ected a 10-fold decrease in the average length of
NCNCs from ca. 4.3 μm to ca. 380 nm after 15 h of
mechanical separation (S.I., Figure S2b). A majority of
over 70% NCNCs in the � nal sample ranged from 50 to
400 nm in length, corresponding to individual cups
and short stacks of less than 10 units. Dynamic light
scattering (DLS) measurements also showed that
the length of NCNCs decreased from 2.24 ( 0.25 μm
to 229 ( 15 nm after separation. While the DLS results
may not re � ect the actual length of nanotubes because
the DLS measurement calculates the sizes based on
hydrodynamic volume of the nanoparticles in solution,
the data still reveals the signi� canttrend of decreasing in
the length of NCNCs as the result of probe-tip sonication.
Raman spectra further revealed that the probe-tip

sonication process not only physically dissociated the
nanotube cups from their stacks, but also cut more
open edges on the graphitic surface of nanotube cups.
The relative intensity of D band ( ∼ 1325 cm � 1 ) and G
band ( ∼ 1575 cm � 1 ) in Raman spectra re � ects the
extent of structural disorders of graphitic materials. 33

The Raman spectra were taken on samples after dif-
ferent durations of probe-tip sonication. Figure 2a
shows the Raman spectra of NCNCs as-synthesized
and after 2 � 15 h of sonication, normalized to the
G band. The D to G band ratios were calculated
and shown to increase linearly with the sonication
time (Figure 2b). The increase in D/G band ratio was

Figure 2. (a) Raman spectra of NCNCs after different duration of probe-tip sonication: (1) as-synthesized, (2) 2, (3) 4, (4) 10, and
(5) 15 h. (b) Plot and linearfit of the D/G band ratio versus sonication time.
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accompanied with signi � cant decrease inthe length of
NCNCs (S.I., Figure S2a) and revealed the e � ect of high-
intensity ultrasonication on physical dissociation of
stacked NCNCs, which might have resulted in more
cut edges on the graphitic structures. 34 These extrinsic
edges were further visualized by high-resolution TEM
images (S.I., Figure S3), as graphitic layers were ob-
served to be damaged at the sidewalls and the tips
of the cups. Raman spectra were also acquired on
as-synthesized NCNCs at di � erent N doping levels with
7%, 10%, and 15% acetonitrile fractions in the precur-
sor (S.I., Figure S4a). Compared to Raman spectra of
undoped MWCNTs, as-synthesized NCNCs have a
much higher D/G band ratio, which increases along
with increasing fractions of nitrogen source in the
precursor (S.I., Figure S4b), showing that nitrogen-
doping also resulted in more structural disorder in
the graphitic lattice.
It was previously proposed that the cup-shaped

compartments arise fromthe incorporation of nitrogen
atoms into the graphitic lattice during the growth
process. 35 Because of the extra electron in the valence
shell, the nitrogen atoms tend to introduce disorder
to the carbon graphitic structure, causing a negative
curvature change in the graphitic walls, 36 which then
generates a stretching force to the lique � ed catalytic
particles and pulls them into cup-like shapes, de � ning
the shape of subsequent cups. 37 The concentration
and location of nitrogen functionalities in NCNCs can
be approximately measured by electron energy-loss
spectroscopy (EELS) combined with high-resolution
TEM. Figure 3 panels a and b show high-resolution
TEM images on two di � erent sections of NCNCs and
their corresponding EELS signals. On the section with
continuous hollow interiors (Figure 3a), EELS showed
only signals from K shell ionization of carbon atoms at

around 300 eV. This continuous tubular structure
resembling undoped MWCNTs may be due to insu � -
cient local nitrogen supply during the CVD process. On
the other section with tightly packed compartments
(Figure 3b), the additional signal arising from nitrogen
K shell at 401 eV appeared on the EELS spectrum, 38

correspondingtoanitrogen contentof about 1 � 2 atom %.
The enrichment of nitrogen content at the joint be-
tween the adjacent cups was also visualized by EELS
elemental mapping shown in S.I., Figure S5, as the
nitrogen signal showed higher intensity at the inter-
sections of a short stack of NCNCs. These results
supported the growth mechanism of NCNCs in which
nitrogen-doping leads to the formation of cup-shaped
compartments by creating curvatures on the graphitic
networks of the cups.
Elemental analysis revealed thatthe NCNCs have an

overall 1.01 atom % of nitrogen and 1.72 atom % of
hydrogen. X-ray photoelectron spectroscopy (XPS)
further analyzed the nitrogen functionalities in both
as-synthesized and separated NCNC samples. Figure 3c
shows nitrogen 1s peaks for both samples at about
400 eV. Since XPS only probes the elemental composi-
tion within several nanometers from the surface of the
sample, it does not probe nitrogen functionalities in
bulk materials. However, an increase in nitrogen con-
centration was found from 0.6 atom % in the as-
synthesized NCNC samples to 1.6 atom % in the
separated samples, which may suggest that more
nitrogen functionalities were exposed after the probe-
tip sonication process, possibly due to the removal
of surface amorphous carbon and the increasing sur-
face area.
The overall N1s pro � les can be � tted into di� erent

nitrogen components. It is necessary to mention that
the subpeaks for N1s high-resolution spectra in

Figure 3. High-resolution TEM images (insets) and their corresponding electron energy loss spectroscopy (EELS) of
(a) an uncompartmented section and (b) a compartmented section of NCNCs. X-ray photoelectron spectroscopy (XPS) of
(c) as-synthesized NCNCs and (d) separated NCNCs after 15 h of sonication. (e) Structural scheme of one graphitic layer from
separated NCNCs showing the varieties of possible nitrogen functionalities. This scheme is not drawn to scale.
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nitrogen-containing carbonaceous materials all have
a relative broad full width at half-maximum (fwhm)
around 2 � 3 eV due to the complicated chemical
environment of nitrogen functionalities presented at
a heterogeneous carbon structure. 39 Therefore, the
peaks were � tted by optimizing the peak shape and
position at a� xed Gaussian/Lorentzian ratio of 80:20
(S.I., Table S1). 40 Four peaks were deconvoluted from
the N1s pro � les of the as-synthesized NCNC samples
(Figure 3c). The peak N1 at ∼398.3 eV in the as-
synthesized NCNCs may correspond to pyridinic nitro-
gen bonded withtwo carbon atoms in a six-membered
ring structure.41 The assignment of the peak N2 at
399.9 � 400.0 eV can be di � erent. While pyrrolic
nitrogen is typically assigned at 400.1 � 400.6 eV, 41,42

this peak can be more likely ascribed to amine
functionalities.39,43,44 The peak N3 at 401.6 � 401.7 eV
may be assigned to graphitic (quanterary) nitrogen
atoms which are triple-coordinated nitrogen incorpo-
rated inthe graphitic networks by direct substitution of
carbon atoms. 39,45 The peak N4 at 404.3 � 404.6 eV may
representthe molecular nitrogen which arises fromthe
gaseous N 2 molecules intercalated between the gra-
phitic walls or trapped inside the sealed cups during
the synthesis process. 46,47 After the probe-tip sonica-
tion, the separated NCNCs showed a di � erent N1s
pro � le (Figure 3d). The peak N2 greatly increased with
dominant intensity. We speculate that the increase of
this peak results from the dissociation of nitrogen-
containing compartments under the e � ect of intense
sonication. Presumably, the abrasion to the outer
graphitic layers not only caused removal of surface
amorphous carbon and exposure of the existing amine
functionalities, but also altered the local C� N frame-
works and created more dangling bonds such as
amines. On the other hand, the peak N1 became
indistinguishable in the separated NCNCs, which may
partially be due to the overshadowing by the outshoot
of the peak N2, but may also indicate the transforma-
tion of pyridinic nitrogen to amines under sonication.
After the separation process, there was a notable
decrease in the peak N4, which may possibly be due
to the release of molecular N 2 once the cups were
opened.
Fourier transform infrared spectroscopy (FTIR) pro-

vided qualitative bonding information on the overall
chemical functionalities of NCNCs (S.I., Figure S6). The
spectra were taken on both as-synthesized and sepa-
rated NCNCs dried in a vacuum oven. Because of their
graphitic nature and limited functionalities, neither
sample showed strong IR intensities. However, in
comparison to pristine MWCNTs, the major absorption
bands at ∼3435 cm � 1 may correspond to the N � H
stretching vibration that arises from the potential
pyrrolic or amine functionalities. Small increases were
observed on the bands at 2850 and 2920 cm � 1 after
sonication, corresponding to the C � H vibrational

modes in methylene groups, 43 which supported the
assumptionthatthe probe-tip sonication may damage
the carbon sp 2 networks and create more saturated
bonds. Two broad bands appearing at ∼ 1200 and
∼ 1550 cm � 1 may be assigned to C � N and C dN
stretching modes, respectively, 48 which may arise from
pyridinic or graphitic C/N functionalities. A schematic
illustration in Figure 3e depicts the proposed morphol-
ogy and structure of one graphitic layer of the sepa-
rated NCNCs. Possible nitrogen functionalities such
as pyridinic, graphitic nitrogen, and amine groups are
shown based on the results of characterization.
Although the exact assignment of all nitrogen func-

tionalities cannot be explicitly determined, the poten-
tial existence of amine functionalities is of particular
interest because they can provide diverse reactivity for
surface functionalization of NCNCs. Previously, the
existence of amine groups on NCNCs was inferred
based on the reactivity of NCNCs with ( þ )-biotin
N-hydroxy-succinimide ester 28 and glutaraldehyde. 29,49

In this work, type and amount of amine functionalities
on NCNCs were further quantitatively measured using
a chemical colorimetric method known as the Kaiser
test, which was widely applied for amine detection in
peptide synthesis. 50 Both as-synthesized and sepa-
rated samples were � rst analyzed without additional
treatment. The test results showed the existence of
primary amines on the separated NCNCs, but no
primary amines were detected in the as-synthesized
samples. The appearance of primary amines in sepa-
rated NCNCs is consistent with the XPS results and
supports our hypothesis that the probe-tip sonication
can remove the surface amorphous carbon and create
saturated structures such as primary amines. The pri-
mary amine loading in separated NCNCs was calcu-
lated as 1.06 ( 0.35 μmol/g (Table 1), which was
comparable to the literature value of amine loadings
in NCNCs determined by an acid � base titration
method. 31 It should be noted that the Kaiser test only
detects the surface primary amines with hydrogen on
the R carbon, so presumably aromatic amines and
other sp 2 nitrogen in NCNCs do not give a positive
result (S.I., Figure S7). To quantify the total amine
functionalities, NCNCs were functionalized with gly-
cine molecules to yield primary amine terminals onthe
inherent amine groups. Both as-synthesized and sepa-
rated NCNCs were reacted with Boc-protected glycine

TABLE 1. Primary Amine and Total Amine Loadings from

Kaiser Test Results on As-Synthesized NCNCs and Sepa-

rated NCNCsa

as-synthesized separated

primary not detected 1.06 ( 0.35 μmol/g
total 0.85 ( 0.12 μmol/g 2.76 ( 0.09 μmol/g

a To obtain the total amine loadings, both samples were functionalized by Boc-Gly-
OH and then deprotected off the Boc groups before the Kaiser test.
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( N-( tert-butoxycarbonyl)glycine, Boc-Gly-OH) through
EDC/DMAP coupling reaction, and then the materials
were repeatedly washed and deprotected o � the Boc
groups to a � ord NCNC � glycine conjugates, on which
the Kaiser test was performed. After glycine functiona-
lization,the Kaiser test gave positive results on both as-
synthesized and separated NCNC samples, indicating
the inherent existence of aromatic amines on their
surfaces. The total amine loading in separated NCNCs
further increased almost twice after glycine functiona-
lization (Table 1), showing that aromatic amines ac-
count for a large part of the total amine functionalities.
To con � rm that the positive results were indeed

attributed to amine functionalities, the amine reactive
sites on separated NCNCs were reacted with di- tert-
butyl dicarbonate (Boc 2 O) as illustrated in Scheme S1
to yield N- tert-butoxycarbonyl (NH-Boc) groups which
protected the amine groups from the Kaiser test
reactions. It turned out that Boc-protected NCNCs
gave a negative Kaiser test result. Upon removal of

Boc groups, amine groups were detected again (S.I.,
Scheme S1). The amine loading was 0.97 ( 0.07 μmol/g,
which was close to that of separated NCNCs before any
treatment, showingthatthatthe protected amine groups
could be almost completely recovered.
The existence of amine groups enables facile surface

functionalization of separated NCNCs. By EDC/DMAP
coupling reaction, we were able to add thiol function-
alities, which have strong a� nity to gold nanoparticles
(GNPs) through Au � S interaction,51 to the amine
terminals using 3-mercapto-propionic acid (MPA)
(Figure 4a). The resulting thiolated nanocups showed
no morphological di � erences from the untreated ones
(Figure 4b). After repeated washing and centrifugation,
NCNCs were combined with citrate-coated GNPs with
10 nm diameters. From TEM images it was observed
that GNPs were densely anchored on the surface of
NCNCs (Figure 4c). On short stacked NCNCs, GNPs
prefer to decorate the lower part of each section,
especially at the bottom open rim. Because GNPs are

Figure 4. (a) Schematic illustration of functionalization of NCNCs with 10 nm gold nanoparticles (GNPs). (b,c) TEM images of
separated NCNCs functionalized with 3-mercapto-propionic acid before (b) and after (c) attachment of GNPs. The insets in
each panel show the corresponding images of individual NCNCs. (d) TEM image showing the distribution of GNPs among
separated NCNCs without thiolation treatment. (e) UV� vis spectra showing the surface plasmon resonance (SPR) band of
GNPs with NCNC samples with or without thiolation treatment.
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bound to the thiolated amine sites, the distribution
of GNPs can e � ectively provide a “mapping ” of amine
functionalities on the surface of separated NCNCs.
Theoretical calculations showed that the nitrogen-
doping sites are more energetic and tend to hinder
the subsequent growth of the graphitic network. 52 As
amine groups are incompatible to the sp 2 networks,
they are likely to stay at the edge of graphitic walls
which eventually terminate at the surface of NCNCs.
The inset in Figure 4c shows an individual NCNC
functionalized with GNPs. The GNPs were preferen-
tially attached on the open rim of the cup marking the
enrichment of amine functionalities at the opening.
The interaction between GNPs and thiolated NCNCs
is strong and speci � c. By simply mixing the GNPs
with nonthiolated NCNCs in ethanol, free GNPs were
randomly distributed throughout the sample with no
speci � c interaction with NCNCs (Figure 4d). The GNPs
can be easily washed o � from nonthiolated NCNCs by
centrifugation, but were bound strongly to thiolated
NCNCs even after repeated washing. UV � vis spectros-
copy shows that the surface plasmon resonance (SPR)
band for GNPs bound to thiolated NCNCs had a sub-
stantial red shift compared to free GNPs (Figure 4e),
which may be caused by the speci � c interaction
between GNPs and the thiol chain ligands, 53 as well
as the close proximity between adjacent GNPs. 54

Withtheir cup-shaped structure and localized amine
reactive sites, separated NCNCs can be considered as
nanoscale containers to accommodate various cargo
molecules inside their cavities. From TEM images of
separated NCNCs, we frequently noticed some residual
amorphous material retained in the open cavities of
separated NCNCs. As shown in Figure 5a, in the short
stack of three cups, the open cup on top showed a
darker color than the sealed cups at the bottom. This
material was assumed to be the amorphous carbon
residues formed during the sonication process that
were adsorbed on the inner graphitic walls of the cups
due to their hydrophobic interaction (S.I., Figure S8).
In addition, the preferential distribution of thiolated
amine groups on the open edge allowed us to e � ec-
tively“cork ” the opening of the cups using GNPs with
appropriate sizes that � t the diameters of the cups.
Figure 5b shows that when incubating thiolated

NCNCs with 40 nm GNPs, one GNP can � t on the
open rim of the cup and con � ne the residual material
inside. Individual thiolated NCNCs corked by GNP
“stoppers ” were frequently observed in the samples
(S.I., Figure S9a� d). This corking interaction between
GNPs and NCNCs was fairly e � ective as depicted
at a lower magni � cation in Figure S9e, where the GNPs
had preferentially corked several individual or short-
stacked NCNCs at their open sides. It was noted that
the interactions were not exclusive on the open rims
because GNPs may also bind tothe thiol groups onthe
sidewalls of the cups due to their high aspect ratio
(Figure 5b), and GNPs attached tothe open sides might
not necessarily be perfectly “corking ” (S.I., Figure S10).
However, the “corking ” position is supposed to be
thermodynamically more stable for 40 nm GNPs due
to the enrichment of thiol groups atthe open rims and
their� tting shapes. Statistically, there wereca. 54% of
short NCNCs functionalized with 40 nm GNPs, in which
about 42% were corked, accounting for a percentage
of ca.23% corked NCNCs intotal (S.I.). On average, each
functionalized NCNC had about 2.6 GNPs, with over 1 /3
of them staying atthe open sides. Considering the high
aspect ratio of NCNCs, the surface area of the sidewalls
is roughly 19 times as that of the openings (S.I.), so the
binding of GNPs to the open rims of NCNCs must be
energetically favored. The atomic force microscopy
(AFM) image in a contact mode (Figure 5c) also con-
� rmed the observation that GNPs with diameters
about 40 nm tended to bind to the end of the
individual NCNCs as well as on the sidewalls.
The preferential interactions between GNPs and

thiolated amine groups on the open rims of the
separated NCNCs were further con � rmed using EELS
elemental mapping in an energy � ltered TEM (EFTEM)
mode. Figure 6a shows a typical TEM image of a GNP
bound tothe opening of the thiolated NCNCs. The GNP
with 40 nm in diameter was slightly wider than the
inner diameter of NCNCs and e � ectively corked the
cup. We recorded the corresponding elemental maps
for Au, N, and S. The energy � ltered image of Au O
edge at 54 eV showed a bright sphere at the end
of NCNCs con � rming the chemical composition of
GNPs (Figure 6a, inset). Nitrogen map taken at the N
K edge of 401 eV revealed that nitrogen was mainly

Figure 5. (a) TEM image of a NCNC retaining amorphous carbon inside the open cavity and (b) a thiolated NCNC corked with a
40 nm GNP and two other GNPs attached to its sidewall. (c) AFM contact-mode image of an individual NCNC functionalized
with 40 nm GNPs.
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distributed at the lower part of NCNCs (Figure 6b).
Notably, the elemental mapping for sulfur at the S L
edge of 165 eV showed the enriched existence of thiol
groups at the open edge of the NCNCs which essen-
tially re� ected the localized distribution of amine
functionalities (Figure 6c,d). The thiol groups shared
the same position as GNPs, which factually proved the
mechanism of the “ corking ” behavior between GNPs
and thiolated NCNCs.
Because of the diverse chemical nature of the loca-

lized amine functionalities, the corking materials were
not exclusive to GNPs. Silver nanoparticles also had
strong a� nity to thiols and were able to stopper
NCNCs as well (S.I., Figure S11a). Furthermore, by
introducing 40-nm polystyrene latex nanoparticles
containing aldehyde groups to separated NCNCs in
ethanol, NCNCs can also be capped by these polymer
nanoparticles with no need of further functionaliza-
tion, presumably due to the formation of imine bonds
(S.I., Figure S11b). The similar corking behavior was also
observed in another study using amine functionalized
silica nano test tubes.55 Our experimental results point
to the application of NCNCs as graphitic nanoscale
containers which can be corked with di � erent nano-
particles. These hybrid carbon nanocup/metal or

polymer nanoparticle nanoassemblies can be explored
as multifunctional vehicles for applications such as
drug delivery and biological targeting. Future in vivo
studies on these nanomaterials are necessary to test
their e � ectiveness for the biological applications.

CONCLUSION

We introduced a new methodology to obtain indi-
vidual NCNCs using probe-tip sonication. We showed
that this method can e � ectively separate NCNCs from
their stacked structures. TEM images revealed that
separated NCNCs largely existed as individuals or short
stacks with less than 400 nm in length, and maintained
their cup-shaped structures with more graphitic edges.
Spectroscopic characterization showed the existence
of di � erent nitrogen functionalities in separated
NCNCs that are responsible for their cup-shaped mor-
phology. By adopting the Kaiser test, we quanti � ed the
type and concentration of amine functionalities on the
surface of NCNCs, which are particularly interesting
due to their diverse reactivity. By thiolation of the
amine groups and functionalization with GNPs, we
were able to visualize the distribution of amine
groups on NCNCs and found that they were prefer-
entially located at the open basal plane of the cups.

Figure 6. (a) TEM image of one GNP with 40 nm of diameter corking the opening of separated NCNCs. Inset: the energy
filtered TEM (EFTEM) image of gold elemental mapping. (b,c) EFTEM images for nitrogen (colored blue) and sulfur (colored
red) and (d) overlap of images b and c. All scale bars represent 40 nm.
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Taking advantage of these groups, we managed to
e � ectively close NCNCs with larger GNPs as “corks ”
or “stoppers ” due to the localized amine distribu-
tion, which was proved by EELS elemental mapping.

These novel cup-shaped nanomaterials showed versa-
tile property toward modi � cation and manipulation,
and may lead to potential applications such as nano-
scale containers and drug delivery systems.

MATERIALS AND METHODS
Citrate-coated gold nanoparticles with 10 nm diameters

and silver nanoparticles with 40 nm diameters were purchased
from Sigma Aldrich, and citrate-coated gold nanoparticles
with 40 nm diameters were purchased from nanoComposix.
Aldehyde-functionalized latex nanoparticles were purchased
from Invitrogen. MWCNTs (Baytubes) were received from Bayer
MaterialScience as a generous gift. All other analytical grade
reagents and solvents were purchased from Sigma Aldrich and
used as received.

Growth of NCNCs via Chemical Vapor Deposition (CVD). NCNCs were
synthesized using CVD technique in a Lindberg/Blue tube
furnace. NCNCs were grown on a quartz substrate placed in a
quartz tube (1 in. d.) inside the furnace. A liquid precursor
containing 7.0 wt % of acetonitrile, 0.75 wt % of ferrocene, and
92.25 wt % of xylenes was injected at a rate of 1 mL/min under
a H2 (37.5 sccm) and Ar (126.8 sccm) atmosphere. The system
was maintained at 800 � C for 90 min and then allowed to cool
down under an Ar atmosphere for 1 h. NCNC product formed as
a black coating onthe quartz substrate wasthen scraped off and
collected using a razor blade.

Mechanical Separation of As-Synthesized NCNCs into Individual Cups.
Approximately 5 mg of as-synthesized NCNC fibers were first
transferred to an agate mortar and pestle, to which several
drops of EtOH were added. After 30 min of grinding,the sample
was collected and redispersed in 25 mL of DMF. The suspension
was then processed under Qsonica XL-2000 ultrasonic disas-
sembler equipped with a 1 /4 in. titanium microprobe at 60% of
its maximal amplitude for 10 � 15 h in an ice bath. The resultant
NCNC suspensions were briefly centrifuged to remove any large
particles.

Decoration of NCNCs with Gold Nanoparticles. The separated
NCNCs were first thiolated by reaction with 3-mercapto-
propionic acid (MPA) through EDC/DMAP coupling reaction.
Approximately 0.1 mg of separated NCNCs were suspended in
4 mL of DMF. Tothe suspension, 20 μL of MPA, 22 mg of 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) and 1.4 mg of
4-dimethylaminopyridine (DMAP) were added, and the mixture
was stirred under N 2 at room temperature overnight. After
repeated wash with EtOH, the thiolated NCNC suspension in
EtOH was incubated overnight with citrate-coated GNPs with
diameters of either 10 or 40 nm.
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