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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
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their inherent nitrogen functionalities were characterized by comprehensive microscopic and
spectroscopic methods. In particular, we quantitatively determined the existence of amine

For mamhe nit rogd@T s have functionalities on NCNCs and found that they were preferentially distributed at the open edges
brpordr hydog T andit hi ubn of the cups, providing localized reactive sites. Further, by thiolating the amine groups with
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controlled inner volumes and gold nanoparticle corks could find potential applications as
nanoscale reaction containers or drug delivery vehicles.
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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 NCNiber, the white dashed lines in the figure
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.
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Figure 2. (a) Raman spectra of NCNCs afterféierent duration of probe-tip sonication: (1) as-synthesized, (2) 2, (3) 4, (4) 10, and

(5) 15 h. (b) Plot and lineaffit of the D/G band ratio versus soni
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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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TABLE 1. Primary Amine and Total Amine Loadings from
Kaiser Test Results on As-Synthesized NCNCs and Sepa-
rated NCNCs*

as-synthesized separated
primary not detected 1.06 &= 0.35 umol/g
total 0.85 = 0.12 umol/g 2.76 £ 0.09 xmol/g

“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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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. () UV vis spectra showing the surface plasmon resonance (SPR) band of

GNPs with NCNC samples with or without thiolation treatment.
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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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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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