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Developing a method for the controlled synthesis of nanostruc-
tures at mesoscopic levels is one of the most challenging issues
presently faced by materials scientist§he requirement for ] g
dimensional control is especially true of one-dimensional (1D) ik
structures (e.g., nanotube, nanorod, and nanowire), for which the
control of nucleation and growth seems to be particularly difficult.
Many methods have been used to control the size and morphology
of the nanomaterials, such as vaptiquid—solid (VLS) growth?
laser-assisted catalytic growdfand templating methotiThe most
important problem in these fields is the development of a method
that can synthesize reasonable quantities of product while maintain-
ing dimensional monodispersion. Further to these aims, it would
be advantageous to prepare these nanorods in crystal form and with 9
preferred crystallographic orientations.
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Over the past few years, numerous works have investigated theFigure 1. XRD patterns of (a) COH)sNOs (starting material) and (b)

morphology of basic copper(ll) salts and Cu(@H)hese materials ~ 2S-Prepared Cu(Obi)direct reaction).

possess a well-known layered structure and have proven to be
promising candidates for the fabrication of 1D nanostructirés.

In detail, Cu(OH) colloid particles have been conventionally
synthesized in copper(ll) solutions, and the relationship between
the morphologies of homogeneously precipitated Cu( i}y the
solution compositions was systematically investigated by Mafijevic
and co-workers. Polycrystalline Cu(OH) nanowires and nanor-
ibbons were synthesized by exploiting a two-step wet chemical

procesgand by coordination self-assembly in solution usingZ-u in Figure 1b. All of the reflections of Figure 1b could be indexed
nanowires as precursoirespectively. Finally, other Cu(Okiand to the Cu(OH) phase with the orthorhombic structure with
CuO nanoribbons were also successfully synthesized on a COPPET. 4 culated lattice constarts= 2.9817 b = 10.622. and: = 5.3224

surface in a controlled fashidi However, despite their excellent A (JCPDS 13-420 No impurity could be detected in the XRD
approaches on the synthesizing route, no monodispersive Nano4nalysis; therefore, pure Cu(OHNUSst have been obtained. The
structures could be obtained in a controlled fashion. To accomplish XRD analysis obviously indicates that the starting bulk(@H)s-
this purpose, we pay attention to layered materials, which are NO; was transferred into Cu(Obl)by direct reaction. This
necessary for the formation of 1D s_tructu_re. Accordingly, as starting {yansformation is also confirmed by FTIR spectra (Figure S-1,
material we adopt copper hydroxide nitrate {I2H);NO), the Supporting Information). In addition, the intensities of (111), (130),
crystal structur€ of which is similar to that of Mg(OHj)(brucite), and (020) of Figure 1b are significantly enhanced compared to the
where one-fourth of the OHgroups are substituted by nitrate powder XRD pattern, indicating that the crystalline Cu(@#4)
ligands in an ordered way. In this communication, we report a novel griented in a particular crystallographic direction.
and facile method for providing unidirectionally aligned Cu(@H) The morphology of the as-prepared Cu(@Hbroducts was
nanorods from 2D Gi{OH)sNO; by anion exchange reaction using  obtained by field-emission scanning electron microscopy (FE-SEM).
NaOH solution without any membrane or template. Similar |t js evident that starting material possesses hexagonal plate
approaches to fabricate 1D structure using NaOH can be found inmorphology, as shown in Figure 2a. However, FE-SEM images,
the literature' Figure 2b-d, reveal that the Cu(Okproducts consist of nanorod
The Cu(OH) nanorods are prepared from direct reaction of arrays with diameters of 220 nm and lengths up to seveyah.
Cup(OH)sNOs with aqueous NaOH solution at room temperature. |t is an important feature of the present system that most of Cu-
The starting material was synthesized according to standard (OH), nanorods are uniformly aligned in a particular crystal-
literature procedureX. In a typical synthesis, 2.5 g of starting lographic direction within hexagonal plates.
material was dispersed in distilled water and added to aqueous The nanorodlike structure of the products was further examined
NaOH solution (2 M). The mixture was stirred in an air-free round by high-resolution TEM (HRTEM) (Figure 3). Bulk quantities of
flask for 48 h at room temperature. The faint-blue powder was then nanorods were formed with relatively uniform diameters of about
filtered, washed with distilled water and ethanol, and dried in a 10 nm. The nanorods are relatively straight and long and tightly
vacuum at 35C. packed, leading to giant bundle arrays of fem (Figure 3a). Figure

Figure 1 compares X-ray diffraction patterns of the as-prepared
product and parent material. The starting,(QH);NO3 possesses
a lamellar structure as is evident from XRD patterns shown in
Figure la. They can be indexed on the monoclinic structure with
lattice constants = 5.5983,b = 6.0848, andt = 6.9303 A 8 =
94.747. The copper hydroxide nanorods were prepared starting
from bulk Cp(OH);NO;s by direct reaction with aqueous NaOH
solution. An XRD pattern of the obtained Cu(Qhbyoduct is shown
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place in a plane almost parallel to (00%)n the present system,
replacement of the nitrate group position with a Oldn allows
strong deformations of the octahedral cationic coordination, in
special “antiferrodistortive” ordering,which might be realized in
Cu(OH).8 It is worth noting that our strategy for the fabrication
of 1D nanostructure is based on the modification of interlayer
interactions (van der Waals or hydrogen bonding) in layered
materials by exchange or substitution, leading to instability of
intralayer interactions.

Acknowledgment. This work was performed for the Hydrogen
Energy R&D Center, a 21st Century Frontier R&D Program, funded
by the Ministry of Science and Technology of Korea.

Supporting Information Available: FTIR spectra of Cu(OH)
nanorods and starting material, fflO0H);NO; (PDF). This material is

Figure 2. FESEM images of (a) GEOH):NOs, exhibiting hexagonal thin available free of charge via the Internet at http://pubs.acs.org.
plates, (b) as-prepared Cu(QHjisplaying unidirectionally aligned textures
on a hexagonal thin plate, and (c and d) end-sides of a hexagonal plate inReferences

Cu(OH), arrays, exhibiting uniform rods in size of diameters (see (1) Alivisatos, A. P.Sciencel996 271, 933-937.

magnification) (2) (a) Trentler, T. J.; Hickman, K. M.; Goel, S. C.; Viano, A. M.; Gibbons,
P. C.; Buhro, W. ESciencel995 270, 1791-1794. (b) Dingman, S. D.;
Rath, N. P.; Markowitz, P. D.; Gibbons, P. C.; Buhro, W. A&hgew.
Chem., Int. Ed200Q 39, 1470-1472. (c) Trentler, T. J.; Goel, S. C.;
Hickman, K. M.; Viano, A. M.; Chiang, M. Y.; Beatty, A. M.; Gibbons,
P. C.; Buhro, W. EJ. Am. Chem. S0d 997 119 2172-2181.

(3) (a) Morales, A. M.; Lieber, C. MSciencel998 279 208-211. (b)
Gudiksen, M. S.; Lieber, C. MJ. Am. Chem. So200Q 122, 8801—
8802. (c) Chen, C. C.; Yeh, C. @dv. Mater. 200Q 12, 738-741. (d)
Lieber, C. M.Solid State Commuri998 107, 607—-616.

(4) (a) Whittney, T. M.; Jiang, J. S.; Searson, P. C.; Chien, CSdience
1993 261, 1316-1319. (b) Sapp. S. A.; Lakshimi, B. B.; Martin, C. R.
Adv. Mater. 1999 11, 402-404. (c) Tang, C.; Fan, S.; Lamy de la
Chapelle, M.; Dang, H.; Li, PAdv. Mater. 200Q 12, 1346-1348.

(5) (a) Cavani, F.; Trifiro, F.; Vacarri, ACatal. Today1991, 11, 173-301.
(b) Vacarri, A.Catal. Todayl998 41, 53—71. (c) Rives, V.; Ulibarri, M.
A. Coord. Chem. Re 1999 181, 61-120 and references therein.

(6) (a) Salvadori, B.; Dei, LLangmuir2001, 17, 2371-2374. (b) Ding, Y.;
Zhang, G.; Wu, H.; Hai, B.; Wang, L.; Qian, YChem. Mater2001, 13,
435-440. (c) Li, Y.; Sui, M.; Ding, Y.; Zhang, G.; Zhuang, J.; Wang, C.
Adv. Mater. 200Q 12, 818-821. (d) Jeevanandam, P.; Koltypin, Y.;
Gedanken, ANano Lett 2001, 1, 263—266.

(7) (a) Cai, H.; Hillier, A, C.; Franklin, K. R.; Nunn, C. C.; Ward, M. D.
Sciencel994 266, 1551-1555. (b) Penn, R. L.; Stone, A. T.; Veblen, D.
R. J. Phys. Chem2001, B105 4690-4697. (c) Henrist, C.; Traina, K.;
Hubert, C.; Toussaint, G.; Rulmont, A.; Cloots, R Cryst. Growti2003

: 254, 176-187. (d) Xu, R.; Zeng, H. CChem. Mater 2001, 13, 297—

Figure 3. HRTEM images of (a) as-prepared Cu(QHhowing tightly 303.

bound nanorod arrays, leading to giant bundle, anedjbmagnification ®) g’g dPr’(lgrjiteozh-vC”I’e r?]e n'\t/leatij?eyiéelfh;' éﬂag‘?rbgﬁ ;?vsl)a]ftij%vi?(; Gg?é-ry(g)
images of selected area in giant nanorod bundle (insets: SAED shows that Growth 1994 143 277286, © Lee S.H. Her, Y. S.: Mat.ije.'v,i(E. 3.

the crystalline rods are oriented with particular direction). Colloid Interface Sci1997 186, 193-202.
» ) . (9) (a) Wang, W,; Lan, C.; Li, Y.; Hong, K.; Wang, G&hem. Phys. Lett.
3b—d shows the magnification of selected areas of giant nanorod 2002 366, 220-223. (b) Zhang, W.; Wen, X.; Yang, S.; Berta, Y.; Wang,

: : : Z. L. Adv. Mater. 2003 15, 822-825. (c) Song, X.; Sun, S.; Zhang, W.
bundle arrays as shown in Figure 3a. Insets of Figure 3 show the Yu, H.. Fan, W.J. Phys. Chem. 2004 108, 5300-5205.

selected-area electron diffraction (SAED), which revealed that (10) Wen, X. G.; Zhang, W. X.; Yang, S. H.; Dai, Z. R.; Wang, Z.Nano

; Lett 2002 2, 1397-1401.
Cu(OH), nanorods were single crystals. (11) (a) Wen, X. G.; Zhang, W. X.; Yang, S. Hangmuir2003 19, 5898-
We suggest that the material transformation from(OtH)sNOs 5903. (b) Wang, Z. L.; Kong, X. Y.; Wen, X.; Yang, S. Phys. Chem
iqi 2003 B107, 8275-8280.
to Cu(OH) orlglngtgs from the strgctural feature of;SUDH)gNOi (12) Effenberger. HZ, Kristallogr. 1983 165 127-135.
Cup(OH)sNOs exhibits a botallackite-type structutewhere Cd (13) (a) Kasuga, T.; Hiramatsu, M.; Hoson, A.; Sekino, T.; Niihara, K.
occupies two nonequivalent positions: Cu(l) is coordinated by four Langmuir1998 14, 3160-3163. (b) Kasuga, T.; Hiramatsu, M.; Hoson,

. . A.; Sekino, T.; Niihara, KAdv. Mater. 1999 11, 1307-1311.
equatorial OH groups and two oxygen atoms belonging toNO  (14) Meyn, M. Beneke, K. Lagaly, Gnorg. Chem 1993 32, 1209-1215.

groups ([4+ 2]-coordination), whereas Cu(ll) is coordinated by  (15) (a) Oswald, H. R.; Reller, A.; Schmalle, H. W.; Dubler, Ecta
four equatorial OH groups and by one OHand one N@ group Egi{g”gg? }ggg ffalgﬂ_gl_gfg‘" (b) Jaggi, H.; Oswald, H. Rcta
in the axial directions ([4+ 1 + 1]-coordination), respectively. (16) Guillou, N.; Lotie, M.; Lougr, D. J. Solid State Chen1994 109, 307—

Because the coordinati.on ponthra gf Cu(ll) are less distorteq than arn %ﬁhen’ D.: Friebel, CStruct. Bondingl979 37, 1.

those of Cu(l), the slight modification of the structure mainly  (18) Atanasov, M.; Zotov, N.; Friebel, C.; Petrov, K.; Reinen,JDSol. State
concerns the nitrate group position, especially the positions of the Chem 1994 108 37-45.

nitrogen and the two terminal oxygen atoms. This reorientation takes JA047425W

J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004 14369



