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Recent breakthroughs1-5 in nanomaterial synthesis
have resulted in a novel methodology for preparing
mesoporous inorganic materials with unprecedentedly
large surface areas and highly ordered mesostructures.
Both mesoporous silicon and transition-metal oxides
have been synthesized. The essence of this new meth-
odology is the use of molecular self-assemblies of sur-
factants or related substances as templates during the
formation of oxides. The size of the oxide mesopores can
be precisely tailored from 1.2 to 20 nm based on the use
of various surfactant or block copolymer assemblies. The
perfect periodic mesopore structures of these materials
suggest that they could serve as generic nanoscale
reactors6 for manufacturing and replicating technologi-
cally important nanomaterials. The metallic nanowire
is a key element in nanotechnology. Extensive attempts
have been made recently to fabricate such nanowires
inside the ordered mesoporous hosts.7-17 All methodolo-

gies reported thus far have involved the direct impreg-
nation of the mesoporous materials with precursor
molecules or ions followed by thermal or chemical
reduction. Only noble metallic nanowires (such as
platinum or silver) have been synthesized through this
protocol. Notably, Yang and co-workers have reported
facile assembly of silver nanorods inside SBA-15 through
the direct impregnation and evaporation of silver ion
sources.8 In the present study, a new synthesis meth-
odology has been developed to generate ultra-high-
density arrays of metallic nanowires inside ordered
porous inorganic materials through a Pd-catalyzed
electroless deposition process. The porous host used in
the present application is SBA-15, which was originally
developed by Stucky and co-workers.2 The nanopore
diameters of these ordered mesoporous materials are
1-2 orders of magnitude smaller than those of anodic
porous alumina (d > 30 nm) prepared by an anodization
process18,19 or nanochannel glasses prepared by a draw
process similar to that used in the preparation of optical
fibers (d > 30 nm).20,21 Martin and co-workers22 have
pioneered the use of electroless deposition of metallic
tubes inside channels of anodic alumina disks for novel
separation applications. Natan, Mallouk, and their co-
workers23 have successfully synthesized gold nanorods
through electrochemical deposition using anodic alu-
mina membranes as masks. The diameters of the
nanorods synthesized by this method are between 200
and 300 nm. Metallic nanowires with diameters of 14
nm have been recently synthesized by electrochemical
deposition of metals inside channels formed by the self-
assembly of block copolymers.24

The synthetic protocol used here to prepare metallic
nanowires is shown in Scheme 1. The synthesis of the
SBA-15 hosts was conducted in accordance with a
procedure reported in the literature.2 The external
surface of the SBA-15 was functionalized with trimeth-
ylsilyl groups.25,26 The block copolymer templates inside
the mesopores were removed by solvent extraction.27

The dried sample was slurried in a 7.5 × 10-4 wt %
H2O-MeOH solution of [Pd(NH3)4]Cl2 to introduce [Pd-
(NH3)4]2+ ions into the channels of externally function-

* To whom correspondence should be addressed: Sheng Dai, Chemi-
cal Sciences Division, Oak Ridge National Laboratory, P.O. Box 2008,
Oak Ridge, TN 37831. Phone: 865-576-7307. Fax: 865-576-5235.
E-mail: i9d@ORNL.GOV.

† Chemical Sciences Division.
‡ Metals & Ceramics Division.
§ Solid State Division.
(1) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck,

J. S. Nature 1992, 359, 710.
(2) (a) Zhao, D.; Feng, J.; Huo, Q.; Melosh, N.; Fredrickson, G. H.;

Chmelka, B. F.; Stucky, G. D. Science 1998, 279, 548. (b) Huo, Q.;
Margolese, D. I.; Ciesla, U.; Feng, P.; Gler, T. E.; Sieger, P.; Leon, R.;
Petroff, P. M.; Schuth, F.; Stucky, G. D. Nature 1994, 368, 317.

(3) Tanev, P. T.; Pinnavaia, T. J. Science 1995, 267, 865.
(4) Ying, J. Y.; Mehnert, C. P.; Wong, M. S. Angew. Chem., Int. Ed.

1999, 38, 56.
(5) Feng, X.; Fryxell, G. E.; Wang, L. Q.; Kim, A. Y.; Liu, J.; Kemner,

K. M. Science 1997, 276, 923.
(6) Stein, A.; Melde, B. J.; Schroden, R. C. Adv. Mater. 2000, 12,

1403.
(7) Han, Y.-J.; Kim, J. M.; Stucky, G. D. Chem. Mater. 2000, 12,

2068.
(8) Huang, M. H.; Choudrey, A.; Yang, P. D. Chem. Commun. 2000,

1063.
(9) Wu, C. G.; Bein, T. Science 1994, 264, 1757.
(10) Leon, R.; Margolese, D.; Stucky, G.; Petroff, P. M. Phys. Rev.

B 1995, 52, 2285.
(11) Srdanov. V. I.; Alxneit, I.; Stucky, G. D.; Reaves, C. M.;

DenBaars, S. P. J. Phys. Chem. B 1998, 102, 3341.
(12) Lee, K. B.; Lee, S. M.; Cheon, J. Adv. Mater. 2001, 13, 517.
(13) Shin, H. J.; Ko, C. H.; Ryoo, R. J. Mater. Chem. 2001, 11, 260.
(14) Fukuoka, A.; Sakamoto, Y.; Guan, S.; Inagaki, S.; Sugimoto,

N.; Fukushima, Y.; Hirahara, K.; Iijima, S.; Ichikawa, M. J. Am. Chem.
Soc. 2001, 123, 3373.

(15) Shin, H. J.; Ryoo, R.; Liu, Z.; Terasaki, O. J. Am. Chem. Soc.
2001, 123, 1246.

(16) Liu, Z.; Terasaki, O.; Ohsuna, T.; Hiraga, K.; Shin, H. J.; Ryoo,
R. Chemphyschem 2001, 229.

(17) Liu, Z.; Sakamoto, Y.; Ohsuna, T.; Hiraga, K.; Terasaki, O.;
Ko, C. H.; Shin, H. J.; Ryoo, R. Angew. Chem., Int. Ed. 2000, 39, 3107.

(18) Masuda, H.; Fukuda, K. Science 1995, 268, 1466.
(19) Li, J.; Papadopoulos, C.; Xu, J. M.; Moskovits, M. Appl. Phys.

Lett. 1999, 75, 367.
(20) (a) Pearson, D. H.; Tonucci, R. J. Science 1995, 270, 68. (b)

Tonucci, R. J.; Justus, B. L.; Campillo, A. J.; Ford, C. E. Science 1992,
258, 783.

(21) Wiza, J. L. Nucl. Instrum. Methods 1979, 162, 587.
(22) (a) Jirage, K. B.; Hulteen, J. C.; Martin, C. R. Science 1997,

278, 655. (b) Nishizawa, M.; Menton, V. P.; Martin, C. R. Science 1995,
268, 700. (c) Martin, C. R. Science 1994, 266, 1961.

(23) (a) Yu, J. S.; Kim, J. Y.; Lee, S.; Mbindyo, J. K. N.; Martin, B.
R.; Mallouk, T. E. Chem. Commun. 2000, 2445. (b) Martin, B. R.;
Dermody, D. J.; Reiss, B. D.; Fang, M. M.; Lyon, L. A.; Natan, M. J.;
Mallouk, T. E. Adv. Mater. 1999, 11, 1021.

(24) Thurn-Albrecht, T.; Schotter, J.; Kastle, G. A.; Emley, N.;
Shibauchi, T.; Krusin-Elbaum, L.; Guarini, K.; Black, C. T.; Tuominen,
M. T.; Russell, T. P. Science 2000, 290, 2126.

(25) de Juan, F.; Ruiz-hitzky, E. Adv. Mater. 1998, 10, 467.
(26) (a) Dai, S.; Burleigh, M. C.; Shin, Y. S.; Morrow, C. C.; Barnes,

C. E.; Xue, Z. L. Angew. Chem., Int. Ed. 1999, 38, 1235. (b) Dai, S.;
Shin, Y. S.; Ju, Y. H.; Burleigh, M. C.; Barnes, C. E.; Xue, Z. L. Adv.
Mater. 1999, 11, 1226. (c) Dai, S.; Burleigh, M. C.; Ju, Y. H.; Gao, H.
J.; Lin, J. S.; Pennycook, S.; Barnes, C. E.; Xue, Z. L. J. Am. Chem.
Soc. 2000, 122, 992.

(27) Whitehurst, D. D. U. S. Patent 5,143,897.

965Chem. Mater. 2002, 14, 965-968

10.1021/cm0115517 This article not subject to U.S. Copyright. Published 2002 by the American Chemical Society
Published on Web 02/28/2002



alized SBA-15 by exploiting the weak ion-exchange
capability of the silica material and hydrophobicity of
the external surface caused by hydrophobic trimethyl-
silyl groups.28 The sample was filtered, washed, and
dried in a vacuum oven at 80 °C for 5 h. The dried
sample (0.5 g) was then added to 25 mL of absolute
ethanol, and the mixture was refluxed for 0.5 h. The
color of the resulting solution turned to deep brown-
black because of reduction of Pd(II) to the elemental
palladium.29 The sample was then separated and dried.

For the electroless deposition of copper and nickel, the
following copper- and nickel-plating baths were used:30

(a) Copper-plating bath composition: 100 mL of H2O,
3 g of Cu(NO3)2, 14 g of Rochelle salt, 2 g of NaOH, and
5 mL of MeOH.

(b) Nickel-plating bath composition: 2 g of Ni(NO3)2,
1.5 g of EDTA, 4 g of (NH4)2SO4, 0.8 g of NaOH, and 5
mL of MeOH.

The electroless deposition of copper nanowires inside
SBA-15 was achieved by immersion of 0.1 g of Pd-loaded

SBA-15 in 10 mL of the copper-bath solution for 1 h
followed by reaction with 1 mL of fomaldehyde solution
(37 wt %) for 5 min. The resulting product was filtered,
washed immediately, and dried in a vacuum system
overnight. A similar procedure was used to synthesize
nickel nanowires inside the channels of SBA-15.

Investigations of metallic nanowires using scanning
transmission electron microscopy (STEM) were per-
formed using a HD-2000 scanning transmission electron
microscope (probe size ≈ 0.3 nm) operating at 200 kV.
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Ko, C. H.; Shin, H. J.; Ryoo, R. Angew. Chem., Int. Ed. 2000, 39, 3107.

(29) Hidber, P. C.; Helbig, W.; Kim, E.; Whitesides, G. M. Langmuir
1996, 12, 1375.

(30) Niino, H.; Yabe, A. A. Appl. Phys. Lett. 1992, 60, 2697.

Scheme 1

Figure 1. Bright-field TEM image of SAB-15 loaded with Pd
nanoparticles.

Figure 2. (a) Bright-field and (b) dark-field TEM images of
nickel nanowires inside channels of SAB-15 after 20 min of
electroless deposition.
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STEM imaging with a high-angle annular dark-field
(HA-ADF) detector provides higher contrast for small
clusters of heavy elements in a low atomic number
matrix as compared to conventional transmission elec-
tron microscopy. The nature of the nanowires deposited
inside the channels of SBA-15 make these samples well-
suited to HA-ADF (also known as Z-contrast) STEM
imaging. Figure 1 shows the bright-field STEM image
of the Pd-loaded SBA-15. As shown in the figure,
palladium exists inside the channels of SBA-15 in the
form of nanoparticles. These nanoparticles were subse-
quently used as nanocatalysts for electroless deposition
of copper or nickel.29 The functionalization of the
external surfaces of SBA-15 by a trimethylsilyl group
plays an important role in enhancing the loading of
Pd(II) only on the internal surfaces of SBA-15. Figure
2 shows both bright-field and dark-field STEM images

recorded in the same area of the functionalized SBA-
15 after electroless deposition of nickel for 20 min. The
HA-ADF detector in the HD-2000 subtends between 80
and 240 mrad. The bright-field image clearly illustrates
that the pore structure is regular, and the pore diameter
is estimated to be 60 Å. Z-contrast imaging provides
direct proof of the presence of the metallic nanowires
within the channels of SAB-15. The key point with high-
angle annular dark-field imaging is that the collection
of the image is an incoherent process yielding atomic
resolution images with strong Z (atomic number) con-
trast.31 Thus, heavy atoms (such as platinum) stand out
very clearly on a light background of silicon and oxygen.
As seen in Figure 2b, it is apparent that part of the
image shows highly bright contrast, indicating the
presence of heavy elements inside the silica channels.
The presence of nickel was confirmed by energy-
dispersive X-ray spectroscopy (EDS) measurement.
Figure 3b shows the dark-field STEM image of the
metallic nickel nanowires after longer periods of elec-
troless deposition (60 min). It is clear from the figure
that the density of the nanowires is much higher than
that achieved after 20 min of deposition. The color of
sample was dark brown.

The same electroless methodology was applied to
synthesize copper nanowires. Figure 4 shows the dark-
field STEM image of copper nanowires synthesized
using the same electroless deposition. The regular
structures of the nanowires further demonstrate the

(31) Pennycook, S. J.; Jesson, D. E.; McGibbon, A. J.; Nellist, P. D.
J. Electron Microsc. 1996, 45, 36.

Figure 3. (a) Bright-field and (b) dark-field TEM images of
nickel nanowires inside channels of SAB-15 in the same
location after 60 min of electroless deposition.

Figure 4. Dark-field TEM image of copper nanowires inside
channels of SBA-15.

Figure 5. (a) Bright-field and (b) dark-field TEM images of
hexagonal nanopores filled with copper nanowires in the same
location.
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superior performance of our new synthesis methodology
as compared with the impregnation methods. The plan-
view images of the same sample are shown in Figure 5.
The dark-field images for the centers of the copper
nanowires are much brighter than those of the silica
walls, which indicates that the nanowires exist in the
form of solid rods instead of tubular structures. This
solid nanorod structure is in contrast to the tubular
structure prepared by electroless deposition of copper
on anodized alumina membranes.

In conclusion, we have developed a synthesis meth-
odology for metal nanowires based on electroless deposi-
tion of the corresponding precursors inside mesoporous
materials. Although this study has focused on the
synthesis of arrays of copper and nickel nanowires, the
potential impact of the methodology used is much
broader. By means of an identical procedure, other

conducting or magnetic nanowires can also be generated
in the same fashion. The diameters of the nanowires
can be tailored according to the sizes of the nanopores.
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