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Direct Synthesis of Mesoporous Carbon Microwires alumina}® thus adapting an established method for the
and Nanowires preparation of one-dimensional nanostructures based on the
use of porous templatédt is highly desirable to apply this
concept to amorphous mesoporous carbofl,which ex-
Martin Steinhart,#* Chengdu Liang,Gary W. Lynn! hibi_ts superior re_sist_anc_:e _to acids_ and bases_, _excellent heat
Ulrich Goselet and Sheng Dai* resistance, and high intrinsic electrical conductivity compared
to mesoporous silica. Potential applications for hybrid
Centgr.for NanDc}phaseoMitgjgls Sl\(l:i?'ncesl Eng Chtemical membranes consisting of mesoporous carbon within porous
oak F(éliggce,eSTer:r?gsns'ee%mé 19,]Zn dal:/(l)gfplgngmr?s?;t'ute alumma include size-selective e!ectrosorpt!on, electrosyn-
of Microstructure Physics, Weinberg 2, thesis of nanostructures, catalysis, separatlor_l, anql storage.
D-06120 Halle, Germany = Moreover, released mesoporous carbon microwires and
nanowires may be used as lightweight functional filler
Receied February 15, 2007 material that allows tuning of the mechanical and electrical
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Rodriguez et al. prepared tubular mesoporous carbon
structures by infiltration of block copolymer/carbohydrate
solutions into porous alumind. Disordered powders of

Ordered mesoporous materfelgombine a large specific
surface area with well-defined pore geometry and have been

used in_ energy storage,_ energy conversion, separation, an%morphous mesoporous carbon nanorods were obtained as
catalysis’ Their synthesis is based on the self-assembly of replicas of solution-grown mesoporous silica nanorods serv-

block copolymers and surfactants. Whereas the mesopore
arrays thus formed may show a well-developed local order,

(4) (a) Yang, Z.; Niu, Z.; Cao, X.; Yang, Z.; Lu, Y.; Hu, Z.; Han, C. C.
the control over shape and arrangement of the mesoporous Angew. Chem., Int. EQ003 42, 42014203, (b) Lu, O.: Gao, F-.

entities on a macroscopic scale remains a challenge. A Komarneni, S.; Chan, M.; Mallouk, T. E.. Am. Chem. So2004

strategy that addresses these problems involves the synthesis 126 8650-8651. (c) Chen, X.; Steinhart, M.; Hess, C./sgte, U.
o R Adv. Mater. 2006 18, 2153-2156.
of mesoporous silica nanowires inside the pores of porous sy wy, v.; Cheng, G.; Katsov, K.; Sides, S. W.; Wang, J.; Tang, J.;

Fredrickson, G. H.; Moskovits, M.; Stucky, G. Dlat. Mater.2004

3, 816-822.
* Corresponding author. E-mail:  steinhart@mpi-halle.de (M.S.); dais@ (6) Martin, C. R.Sciencel994 266, 1961-1966.
ornl.gov (S.D.). (7) Lu, A.-H.; Schith, F. Adv. Mater. 2006 16, 1793-1805.
T Oak Ridge National Laboratory. (8) (a) Liang, C. D.; Hong, K. L.; Guiochon, G. A.; Mays, J. W.; Dai, S.
#Max Planck Institute of Microstructure Physics. Angew. Chem., Int. ER004 43, 5785-5789. (b) Zhang, F.; Meng,
(1) (a) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, Y.; Gu, D; Yan, Y,; Yu, C.; Tu, B.; Zhao, D. YJ. Am. Chem. Soc.
J. S.Nature 1992 359 710-712. 2005 127, 13508-13509.
(2) Zhao, D. Y.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G. H.;  (9) Liang, C. D.; Dai, SJ. Am. Chem. SoQ006 128 5316-5317.
Chmelka, B. F.; Stucky, G. D5ciencel998 279, 548-552. (10) (a) Rodriguez, A. T.; Chen, M.; Chen, Z.; Brinker, C. J.; FanJH.
(3) (a) Lee, J.; Yoon, S.; Hyeon, T.; Oh, S. M.; Kim, K. Bhem. Am. Chem. So00§ 128 9276-9277. (b) Xing, W.; Liu, X.-M.;
Commun1999 2177-2178. (b) Joo, S. H.; Choi, S. J.; Oh, I.; Kwak, Bai, P.; Yan, Z.-F.; Lu, G.-QSci. China, Ser. E: Technol. S2006
J.; Liu, Z.; Terasaki, O.; Ryoo, RNature2001, 412 169-172. 49, 425-433.

10.1021/cm0704550 CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/11/2007



2384 Chem. Mater., Vol. 19, No. 10, 2007 Communications

ing as sacrificial templatéd$.Cott et al. obtained mesoporous
carbon nanowires by a procedure involving the preparation
of Fe-containing mesoporous silica inside porous alumina,
subsequent reduction with hydrogen at 780 incorporation

of carbon using a supercritical fluid deposition technique
from a xylene/C@mixture, and removal of both the alumina
template and the sacrificial silica template by etching with
hydrofluoric acid? Therefore, hybrid membranes containing
mesoporous carbon inside a porous alumina matrix are not
accessible by this approach. No simple, robust, and direct
preparation procedure that circumvents the use of sacrificial
scaffolds is available yet. Moreover, the preparation of hybrid
membranes consisting of porous alumina containing meso-
porous carbon must be performed at low temperatures for
two reasons. First, self-ordered porous alurkiria com-
monly supported by an aluminum substrate (melting point
of Al: 660 °C). It stabilizes the alumina membrane mechani-
cally and facilitates infiltration as well as the cleaning of
the membrane surface after carbonization before it is f
removed by a selective etching step. Second, the inset of
crystallization in the initially amorphous alumina membranes ’
at elevated temperatures causes mechanical stress anE‘gure 1. Mesoporous carbon microwires with a diameter of 400 nm. (a)
eventually the collapse of the pore structure. SEM image of the surface of porous alumina containing microwires (scale

; _ ; _bar 1um); (b) SEM image of released microwires at low magnification
We report the direct template-based synthesis of meso (scale bar 2Qum); (c) SE image showing a microwire segment; (d) DF-

porous carbon microwires and nanowires by solvent-free TEM image of the area shown in (c); (€) SE image of a fractured mesoporous

infiltration of a precursor mixture for mesoporous carbon carbon microwire; (f) DF-TEM image of a detail of a microwire segment
at high magnification.

into porous alumina and carbonization at a moderate tem-
perature of 500C. The procedure described below yields
alumina membranes with areas of several square centimete
containing mesoporous amorphous carbon that retain thei
mechanical stability. We adapted a procedure for the ﬁ.g
synthesis of mesoporous carbon previously reported by someg:*
of ug that involves the use of a precursor consisting of
inexpensive, commercially available components: the tri-
block copolymer Pluronic F127 (EQPO;,0EO06 EO =
ethylene oxide; PO= propylene oxide) as a structure- §
directing agent and phloroglucinol as a carbon source. AL
solution containing F127, phloroglucinol, formaldehyde, and
traces of HCl in an ethanol/water mixture was stirred at room C
temperature until a separation into an upper water/ethanol
phase and a lower polymer-rich phase occurred. We centri- g
fuged the mixture and removed the supernatant solvents. Th
polymer-rich phase was further dried under ambient condi-
tions for~30 min and then spread onto self-ordered porous Figure 2. Mesoporous carbon nanowires with a diameter of 60 nm. (a)
alumina with pore diameters of 400 and 60 Htithe liquid SE image of released nanowires deposited onto a copper grid coated with
but viscous polymer-rich phase had a honeylike consistency? 10ley carbon film (bright areas) at low magnification; (b) DF-TEM image
oo of released nanowires; (c) SE image showing a hanowire segment at high
and readily infiltrated the pores. The removal of the solvents magnification; (d) DF-TEM image of the area shown in (c).
prior to the infiltration step circumvents the occurrence of
macroscopic phase separation and hydrodynamic instabilitiesstructure, the phloroglucinol molecules were cross-linked
occurring upon evaporation of the solvent from the pores. with formaldehyde during curing steps at room temperature
The phloroglucinol segregates to the poly(ethylene oxide) and at 80°C. Carbonization at 500C converts the PEO
(PEO) microdomains because it forms hydrogen-bonding microdomains into amorphous carbon. At this temperature,
networks with the PEO blocks. To fixate the microphase the alumina matrix remains intact. The mesoporous carbon
microwires and nanowires thus obtained are largely free of
(11) gu, Cif';l 522_ i-7:4Tian, B.; Zhao, D.-Y.; Stucky, G. Bdv. Mater. defects and have high aspect ratios (length/diameter) corre-
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Bein, T.; Holmes, J. DJ. Am. Chem. SoQ006 128 3920-3921. solvents may result in the minimization of the inevitable
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37, L1340-1L1342. pyrolytic removal of the organic materials. In general, the
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high surface enerd§of interfaces consisting of oxides such morphology characterized by a bicontinuous network of
as alumina or silica results in strong adhesion of the material mesoporous carbon and air chanfésms the core of the
inside the pores to the pore walls, resulting in shrinkage carbon microwires. This morphology type is of considerable
toward the pore walls. Consequently, mesoporous silica practical use as it combines high specific surface area with
microrods inside macroporous silicon with pore walls good accessibility of the surface. However, in the proximity
consisting of silica prepared by conventional procedures, of the walls of the carbon microtubes, helical mesopores
which involve the infiltration of a sol solution, had cylindrical apparently occur whose arrangement is governed by the
hollow spaces in their centetfsMesoporous carbon wires  geometry of the interface (Figure 1f).
prepared by solvent-free infiltration do not show such defects.  Self-assembly of block copolymers inside pores with
This is a prerequisite for the functionality of porous alumina/ diameters below~100 nm leads to microphase structures
mesoporous carbon hybrid membranes. different from those of the corresponding bulk systérifs.
Figure 1a shows a scanning electron microscopy (SEM) Mesoporous carbon nanowires obtained from porous alumina
image of the surface of a porous alumina template (pore With a pore diameter 060 nm have lengths of a few tens
diameter 400 nm) after the carbonization. Inside the pores,of micrometers after their release involving several centrifu-
the carbon microwires can clearly be seen. Even though somegation and sonification steps (Figure 2a). Their diameter
damage occurred in the course of the mechanical cleaningcorresponds to that of the template pores. DF-TEM inves-
of the template surface, it is obvious that the pores are evenlytigations revealed that the 60 nm carbon nanowires contain
filled with mesoporous carbon. We could easily release the helical mesopores (Figure 2b). Thus, their morphology
mesoporous carbon microwires by etching the template with corresponds to that previously reported for mesoporous silica
aqueous KOH solution. Their length typically amounts to nanowires with a similar diameteétmages ¢ and d of Figure
several tens of micrometers even though they were centri-2 show SE and DF-TEM images of the same segment of a
fuged and sonificated several times, indicating their high mesoporous carbon nanowire. Its outer surface consists of a
mechanical stability (Figure 1b). Their diametere400 nm  smooth carbon layer (Figure 2c) that surrounds a helical
corresponds to that of the template pores. hollow space with a pitch of-15 nm (Figure 2d).

We probed the morphology of the carbon microwires by ~ We have reported a direct and solvent-free approach to
secondary electron (SE) imaging and dark field transmission the synthesis of mesoporous carbon nanowires and micro-
electron microscopy (DF-TEM). SE imaging revealed that wires with high aspect ratios and low defect density. Porous
the outer walls of the carbon microwires are smooth (Figure @lumina membranes containing mesoporous carbon as well
1c). The DF-TEM image of the area seen in Figure 1c @S released mesoporous carbon nanowires and microwires
evidences the presence of an internal mesoporous fine@'e accessible. Such materials may be promising components
structure (Figure 1d), which we could also detect in SE for miniaturized devices or nanocomposites.
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of ~10 nm in bulk mesoporous carbon prepared under similar
conditions. Thus, no geometric confinement influences the
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