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Carbon nanotubes have received great attention due to theirScheme 1. Schematic lllustrations of the Synthesis of

unique optical, electrical, and mechanical properties and their Nanoporous Carbon Nanotubes through AAO Confined
. A . . . . Hydrogen-Bonding Self-Assembly?

potential applications in nanoelectronics, sorption, and gas sensing
since their invention in 19914 Several direct methods have been 3
developed for the synthesis of carbon nanotubes, including dc arc-
discharge, laser ablation, and chemical vapor depositRecently,
templating methods have been developed to synthesize carbon
nanotubes by carbonization of either polymer or pre-organized
disclike molecules in porous anodic aluminum oxide (AAO)
membranes8.In general, the carbon nanotubes synthesized using
the above methods exhibit either graphite-structured or amorphous
tube walls with microporosity (pore size in the walD.5 nm). In
many applications, such as macromolecule sorption, separation, and
sensing, carbon nanotubes with larger pores in the tube wall are
preferred. Hyeon et &l synthesized hollow carbon tubes with
randomly distributed 4-nm pores in the tube wall and rectangular-
shaped channels using mesoporous silica tubes as templates.
However, this method has several limitations. First, it is not easy  aconditions: (1) infiltration of the polymer and carbohydrate DMF
to synthesize tubular silica templates. It is even more difficult to solution into the AAO templates; (2) carbonization in argon; (3) removal
control the tube diameter, length, and pore size in the walll. SeCOnd,Of AAO templates and formatio_n of int_ii\_/idual nanoporous carbon nanotubes
the infiltration of carbon precursors into the templates relies on g‘ﬂéﬁﬂ?%ﬁ'ﬁ?ﬁfﬁﬁéﬁfﬁﬂjyclgigfj'gfc)_ (PS-4PVP); (b) carbohydrates
capillary forces that cannot guarantee complete filling of the
mesopore and the entire silica tube wall. Thus, after removal of R
silica templates, some of the resulting carbon tubes have uncon- ﬂ“ -
nected pores and irregular shapes. Third, pore size control in the[& ‘,.‘/
mesoporous carbon tube wall is very limitedY nm). ekl .

Here we report a simple and direct synthetic method for the i‘. ,1"-
preparation of nanoporous carbon nanotubes with larger paes ( '
nm) on the tube wall. The method combines the use of AAO as a RV
template for the tube diameter and block copolymer/carbohydrates BESUEERGES
self-assembly within thin films confined inside AAO pore channels =" —
to form nanopores. It involves coating the AAO inner pore channel Fig[l;i)enﬁan%i::gg;ngalﬁ)lgﬁtirzoer(]j Qiggﬁoaayéfﬁmé Z‘;l"r"r?elz V(\’I‘;Qa’r‘gpg:gé‘s
surface with block copolymer (polystyre09—p0|y(4_—vmy|pyr|d|ne), . ﬁzirng PS-P4VP. (a) Low-resolution SEM ir?wagé. (b) Mag?ﬂfied SEpM i?‘nage
PS-PVP) and carbohydrates in dimethylformamide (DMF) solution of the sample in (a). Arrows point to the open ends of nanotubes.
(see Scheme 1, see Supporting Information for detailed synthesis).
Drying of DMF induced microphase separation of-F%/P and 2a and inset) revealed that the nanotube wall was nanoporous in
formation of ordered PS domains and PVP/carbohydrate domains.the tube wall. The tube wall is about 15 nm thick. No graphitic
After carbonization at high temperature 460 °C) in argon, PS microstructure was observed in the HRTEM, which suggests that
was removed, forming the mesopores; carbohydrates and PVP werdhe pore wall is amorphous carbdfC NMR spectra show a single
carbonized, forming the framework of nanoporous carbon tubes esonance at = 110.6 ppm, suggesting the existence cFigpe
within AAO channels. Removal of AAO led to the formation of c¢arbon species. Nsotherms on these nanotubes showed a surface
individual monodisperse nanoporous carbon nanotubes. area of 130 rffg with large mesopores with an average size of

Figure 1 shows representative SEM images of the resulting ~16 nm (Supporting Information). In addition to straight tubes,
mesoporous carbon nanotubes. The nanotubes are straight an@ranched tubes were also observed (Figure 2b), probably due to
monodisperse with-200 nm diameter. The high-resolution SEM the intrinsic defects on the AAO membrane. This suggests that the

(Figure 1b) shows that they have open ends. TEM images (Figure PS-P4VP/carbohydrate coating completely covered the AAO pore
channel surface.

t The University of New Mexico. Figure 2c shows the TEM images of bamboo-like tubes. These
*Sandia National Laboratories. tubes were produced when the- P4V P/carbohydrate-coated AAO
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with highly ordered, hexagonal nanopore arrays. High-temperature
and long-time annealing in organic vapor probably promoted
capillary forces within AAO pore channels, causing polymer/
carbohydrates film attraction or coalescence across the as-prepared
tube, which resulted in the formation of the bamboo-like structure
after carbonization. Note that nanoporous blocks were formed like
valves between the chambers, suggesting their potential applications
in separation, controlled release, and storage. Functionalization of
carbon nanotubes is a challenge for their wide range of applica-
tions=3 FTIR spectra (Supporting Information) of nanotubes
carbonized at 460C and vacuum-dried overnight show hydroxyl
bands between 3200 and 3600 émwhich are attributed to free
and hydrogen-bonded OH group$. This suggests that these
nanotubes can be further chemically functionalized through varied
siloxane chemistry?
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membranes were annealed at 80 in benzene/DMF vapor

overnight. In this case, the nanopores are distributed much more Supporting Information Available: Experimental details of the

uniformly on the tube surface than those of un-annealed samples,synthesis procedure; FTIR3C NMR, and N isotherms; and the

forming ordered hexagonal arrays. By using block copolymer with thermogravimetric results. This material is available free of charge via

different PVP blocks (e.g., P2VP), we were able to tune pore the Internet at http://pubs.acs.org.
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