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Nanotubes of metals, semiconductors, and polymers are of
interest for a broad range of applications, and many approaches
have been developed for their fabricatioim particular, template- " ,'
based methods of nanotube formation are useful because they enable Eaer?;f;:js 2:3;"29
good control over the nanotube dimensions and can be used to
deposit a wide range of materi&ist! In addition to controlling
the nanotube dimensions, for many applications it is also desirable
to integrate nanotubes into organized arrays directly on substrates. Q?n".l?a\li l
In this work, we describe a double-templating approach using
simple electrochemical methods to create aligned arrays of nano-
tubes on substrates. Initially, nanorod arrays are fabricated by Re'move De' osit
electrodeposition into anodic alumina templates. Then the alumina nanorods na,?otubes
is removed, and the remaining nanorod array is employed as a
template for conformal electrodeposition to create nanotube arrays.

This approach allows us to both fabricate and organize nanostruc- _ ) )

. Figure 1. Schematic of method to fabricate nanotube arrays on substrates.
tures over large areas on substrates in the same process. EIeCNanorods are electrodeposited into nanoporous anodic alumina template
trodeposition is a versatile method for fabricating nanostructures films, the alumina is removed, and then the nanorods are used as secondary
because the composition, morphology, and thickness of the deposittemplates for nanotube electrodeposition.
can be easily varied. Here we have fabricated gold nanotube arrays
by electrodeposition onto nickel nanorods. In addition to uniform
nanotubes, we have also created arrays of segmented nanotube
by using electrodeposited, layered nanorods as the templates for
fabrication.

The method used to fabricate nanotube arrays is shown schemati-§*
cally in Figure 1. First, nanoporous templates are fabricated by
anodizing aluminum films that have been evaporated onto silicon
substrate$? By varying the anodization conditions, the pore
diameter, spacing, and height can be tuletf and the pore
ordering can also be controlléd.Next, nickel nanorods are
electrodeposited into the pores of the alumina. After deposition,
the exposed ends of the nanorods are modified by anodization in a

the alumina is still in place, only the top ends of the nanorods are L
anodized. Then the alumina template is removed by a selective ¢

the entire surface of the nanorod arrays, except at the anodized
tips of the nanorods. Finally, the nickel nanorod array template is
selectively removed, resulting in an array of open-ended nanotubes
on the substrate.

We have used this approach to create gold nanotube arrays, a
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é:igure 2. Images of electrodeposited gold nanotubes. Side view scanning
- - . electron microscopy (SEM) images of gold nanotubes on silicon substrates
s_hown in Figure 2._The_ tubes in Figure 2A,B were deposited 0Nto yith heights of (a)~600 nm and (b)~1.2m:; a few nanotubes were broken
nickel nanorods with diameters ef70 nm and heights of600 when the samples were cleaved for analysis. (c) Transmission electron

nm (Figure 2A) and 1.2m (Figure 2B). These tubes were deposited microscopy (TEM) image of the end of a gold nanotube removed from the

substrate. Top view SEM images of (d) the gold nanotube array shown in
(a), and (e) a gold nanotube array with thicker tube walls created by a longer
electrodeposition time.

under two sets of electrodeposition conditions, resulting in different
tube wall morphologies. The tubes in Figure 2A were deposited at
—1V (vs SCE) at room temperature, and the resulting nanotubes
have a fairly porous wall structure. The rods in Figure 2B were deposited at-0.75 V (vs SCE) at 40C, leading to more uniform,

dense tube walls, as seen in the TEM image (Figure 2C). The top
T Current address: GE Global Research, Niskayuna, NY 12309. view SEM image in Figure 2D corresponds to the tubes shown in
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height are determined by the nanorod dimensions, which in turn
correspond to the alumina film characteristics. The nanotube
morphology and wall thickness depend on the electrodeposition
parameters. We have fabricated gold nanotube arrays with tube
walls <10 nm thick, inner tube diameters of 70 nm, and aspect
ratios>15. Because these dimensions can be tuned by varying the
dimensions of the pores in the starting alumina templates, it may
be possible to create ordered arrays of nanostructures with thinner
tube wallst® smaller diameters<{10 nm){%20 and higher aspect
ratios using this approach. We have demonstrated that we can vary
the tube wall morphology by changing the tube electrodeposition
potential and temperature. Further refinement of the deposition
conditions may lead to even better control of the of the nanostructure
morphology, as has been shown recently by the fabrication of
single-crystalline electrodeposited nanowi#ek addition to open
nanotubes, we have demonstrated that the morphology can be varied
by using segmented nanorods as templates to create alternating
sections of nanotubes and rods along the length of the nanostructure.
The general nanotube array fabrication approach described here
Figure 3. Images of segmented nanostructures. (a) Side view SEM image may be used to create various metal, semiconductor, or polymer
of layered gole-nickel nanorods on silicon substrate; the brighter segments nanotubes by electrodeposition using either nickel or another
are due to the heavier gold portions. (b) SEM image of the top of 8 nanorod material as a selectively removable template. This method

segmented gold nanotube array after nickel removal. (c) Side view SEM . . S .
image of the segmented gold nanotube array in (b). (d) TEM image of 'S also potentially amenable to fabricating multiwalled nanotttbes

several segmented gold nanotubes after removal from the substrate; thedy sequential electrodeposition of different materials.
lighter regions are nanotube segments and the darker regions are gold-
filled nanorod segments. Acknowledgment. We thank Shue Yin Chow for assistance

with the TEM imaging.

Figure 2A, while the tubes in Figure 2E were deposited at the same
conditions for a longer time, resulting in thicker tube walls. In both

f th . g h ds of th b Supporting Information Available: Details of the experimental
of these top view images, the open ends of the nanotubes aréq.iho4s and additional images of the nanotubes. This material is

apparent. Open-ended tubes are formed when the tops of the nickel, 4jjaple free of charge via the Internet at http:/pubs.acs.org.
nanorods are anodized before gold nanotube deposition, which

prevents electrodeposition on the top of the rods. When the nickel
nanorod ends are not anodized, gold deposits over the entire surfac

f the nanor resulting in nan with cl n (1) Xia, Y. N.; Yang, P. D.; Sun, Y. G.; Wu, Y. Y.; Mayers, B.; Gates, B,
of the 1ano od, eSUt 9 anotubes with closed ends (see Yin, Y. D.; Kim, F.; Yan, Y. Q.Adv. Mater. 2003 15, 353-389.
Supporting Information, Figure S1). (2) Jirage, K. B.; Hulteen, J. C.; Martin, C. Bciencel997, 278, 655-658.
In addition to creating uniform nanotubes, it is also possible to  (3) Goldberger, J.; He, R.; Zhang, Y.; Lee, S.; Yan, H.; Choi, H.-J.; Yang, P.
dify th hol | the lenath of th ruct . Nature 2003 422, 599.
modify the morphology along the length of the nanostructure using (4) Kovtyukhova, N. I.; Mallouk, T. E.; Mayer, T. \dv. Mater. 2003 15,
780.

this approach. For example, we have created segmented gold ) 0 2 Susha A S YU A C Ay, Mater, 2003 15, 1849
: H lang, £.; susha, A. S.; YU, A.; Caruso, v. Viater. 3 .
nanotubes, as shown in Figure 3. These nanostructures were (g) Sieinpart, M.. Jia, 7.. Schaper, A. K.; Wehrspohn, R. B.. Gosele, U.:

fabricated using the same method as outlined in Figure 1, except Wendorff, J. H.Adv. Mater. 2003 15, 706. _

that the starting nanorods consisted of layers of gold and nickel. () ?83.’5@”?33"5«%? Trofin, L.; Kohli, P.; Martin, C. R. Am. Chem.
An SEM image of a golé nickel layered nanorod array is shown (8) Sander, M. S.; Cote, M. J.; Gu, W.; Kile, B. M.; Tripp, C.ARdv. Mater.

g - ; 2004 16, 2052.

in Figure 3A. After gold nanotube deposition and rlnckel removal, (9) Shin, H.: Jeong, D.-K.: Lee, J.; Sung, M. M.: Kim Ady. Mater. 2004

the top ends of the segmented tubes are open (Figure 3B). Along 16, 1197

the length of the nanostructures, there are three segments of open(10) Steinhart, ME-H\Z’%%T%‘)%’?’T B.; Gosele, U.; Wendorff, JArgew.
gold nanotube alternating with three segments of gold-filled (11) Kim, D. H.; Karan, P.; Gdng, P.; Leclaire, J.; Caminade, A.-M.; Majoral,

H i it J.-P.; Geele, U.; Steinhart, M.; Knoll, WSmall2005 1, 99-102.
nanotube corresponding to the gold segments in the initial nanorods, (12) Sander, M. 5.. Tan. LGy, Funct, Mater 2003 13, 393,

as seen in Figure 3C. The segments are more clearly apparent in (13) o'sullivan, J. P.; Wood, G. Groc. R. Soc. London, Ser. ¥97Q 317,

i in Fi 43.
the TEM image of a few nanostruc’gures_shown in Figure 3D. When (14) Masuda, H.: Fukuda, KSciencel995 268 1466.
the tubes were prepared for TEM imaging, the tubes broke off the (15) jessensky, O.; Muller, F.; Gosele, Appl. Phys. Lett1998 72, 1173.

substrate at the top of the gold-filled segment next to the substrate. (16) Li, A. P.; Muller, F.; Bimer, A.; Nielsch, K.; Gosele, U. Appl. Phys.
. ; 1998 84, 6023.
The image shows the three hollow gold tube segments (lighter (17) Masuda, H.; Yamada, H.; Satoh, M.; Asoh, H.; Nakao, M.; Tamamura,

é?eferences

regions) and two gold-filled segments (darker regions) of the T Appl Phys, Lett1997 71, 2770, Am. Chem. S0@00
nanostructures. The slight porosity of the tube walls ensures (% [3% 9285 Vidu. R Taloze, R Stroeve, £.Am. Chem. So2004

complete dissolution of the nickel segments during immersion in  (19) gm’s&aru, C. SJ-;gagovani,bJ. M._;'\>|/Vadt|e,;.;PM_%ndtrJ{g,a C.;LJas;é%ngicz,
. . . .; Wegrowe, J. E.; Fontcuberta i Morral, A.; Pribat,Nlano Lett.
dilute phosphoric acid. 5, 675-680.
In summary, we have demonstrated a method to prepare arrays (20) Tian, M.; Xu, S.; Wang, J.; Kumar, N.; Wertz, E.; Li, Q.; Campbell, P.
f _ : : M.; Chan, M. H. W.; Mallouk, T. ENano Lett.2005 5, 697—703.
of electrodeposited, open-ended nanqtubes aligned vertically on (1) Tiam, M. L Wang, 3. U.; Kurtz, J.; Mallouk. T. E.. Chan, M. H. W.
substrates. The nanotubes are deposited onto nanorod templates,  Nano Lett.2003 3, 919-923,
which are themselves fabricated by electrodeposition into nanopo- (22) Sun, Y. Xia, Y.Adv. Mater. 2004 16, 264.

rous alumina films. The nanotube inner diameter, spacing, and JA0522231

J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005 12159



