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Abstract: Single-crystalline BawO, and BaCrO, nanorods of reproducible shape and of varying sizes have
been controllably prepared using a simple, room-temperature approach, based on the use of porous alumina
template membranes. Aligned BawO, and BaCrO, nanorod arrays can be obtained by dissolving the
template. Our facile technique, which is analogous to biomineralization, offers a promising and generalized
methodology to prepare other types of free-standing ABO, hanorods and their corresponding nanorod arrays.
Extensive characterization of these samples has been performed using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM),
energy-dispersive X-ray spectroscopy (EDS), selected area electron diffraction (SAED), Raman spectros-
copy, FT-infrared spectroscopy (FT-IR), and X-ray diffraction (XRD).

Introduction

goals have been based on principles derived from semicon-

Nanoscale structures, such as nanoparticles, nanorods, nand?uctor technology, solid-state chemistry, and molecular inor-

wires, nanocubes, and nanotubes, have attracted extensiv
synthetic attention as a result of their novel size-dependent prop-

erties!™7 In particular, one-dimensional (1-D) materials with

ganic cluster chemistry.

Strategies for the preparation of 1-D nanowires, for example,
rely on the formation from a confined alloy droplet, as described

their inherent anisotropy are the smallest dimension structuresPY the vapor-liquid—solid (VLS) mechanisni;* the kinetic
that can be used for efficient transport of electrons and optical €ontrol of growth through the use of capping reagétsthe

excitations. As such, they are applicable as building blocks t

o 9eneration through a low temperatuahimie doucesolution

chemical methodolog¥41°> and the use of template-inspired

assemble the next generation of molecular electronic and com- st X ) i
putational devices. Part of the challenge of developing practical methodologies®!” Metal oxides, in particular, represent one
nanoscale devices for a variety of applications, including energy of the most diverse classes of materials, with important structure-

storage, fuel cells, and sensing, is the ability to conveniently related properties, in_cl_uding supercondgctivity, fe_rroelec_tricity,
synthesize well-characterizable, single-crystalline nanostructures™agnetism, conductivity, and gas sensing capabifiésit is

in order to rationally exploit their nanoscale optical, electronic, €vident that these types of 1-D oxide nanostructures will lead
thermal, and mechanical propertfes 10 Ideally, the net result to key applications in electronics and in the construction of the

of nanoscale synthesis is the production of structures that achieve!€Xt generation of electronic and computational devices.
monodispersity, stability, and crystallinity with a predictable Considerable research efforts have been undertaken to synthesize

morphology. Many of the synthetic methods used to attain thes

eSingle-crystalline nanomaterials with high purity in large quanti-
ties120.21 However, there are still no generalizable guidelines

T Department of Chemistry, State University of New York at Stony for their straightforward synthesis with specific chemical and

Brook.
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morphological composition as well as tailor-made sizes and
aspect ratio:20.21

been used as an oxidizing agent and as a catalyst for enhancing

vapor-phase oxidation reactioffMoreover, due to its excellent

Whereas oxide nanostructures have been synthesized byphotophysical and photocatalytic properties, barium chromate

heating and calcination of precursdrsgversed micelle tem-
plating technique%23sol—gel processe¥, surfactant-mediated
steps?® and hydrothermal procedurésin this manuscript, we
have relied on a modified template syntheé<ig? a relatively

is a highly efficient photocatalyst, with a particularly marked
response to visible light irradiaticf.

Recently, remarkable progress has been achieved, regarding

the preparation of low-dimensional nanoscale metal tungstate,

simple and versatile method to prepare size-controlled nano-chromate, and sulfate derivatives. The synthesis of ordered
structures® This methodology involves the synthesis of the microarrays of nanocrystals of both barium chromate and sulfate,
desired material within the pores of template membranes. Thewith controlled chemical composition and size distribution, was
chemical and physical properties of these membranes (i.e., poreeported using a reversed micelle templating methothis
geometry and monodisperse diameters) enable a high degregnethodology was subsequently extended to generate barium
of control over the dimensions of the resulting 1-D nanostruc- tungstate nanorods; the 2-dimensional organization of these
tures. Another useful feature of this technique is that it is BawQ, and BaCrQ nanorods at the wateair interface was
extremely generalizable with respect to the types of materials accomplished using a LangmuiBlodgett techniqué342 Re-

that can be synthesized. Indeed, nanotubes and nanofibrils ofcently, high aspect-ratio, single-crystalline Ba\\éhid BaCrQ
conductive polymers, metals, semiconductors, carbon, and othemanowires with diameters as small as 3.5 nm and lengths up to
types of materials have been prepared within the confined more than 50 microns were synthesized in catanionic reverse
cylindrical pores of membrané$:33 Moreover, these tubular  micelles formed by an equimolar mixture of two surfactants:
or fibrillar nanostructures can be assembled into a wide variety undecylic acid and decylamirfé44 With the further use of

of different architectures. For instance, if a nanostructure-con-

double-hydrophilic block copolymers as effective crystal growth

taining membrane is attached to a substrate and the membranenodifiers, morphological variants, namely penniform BayvO

is removed, an ordered assembly of micro- or nanostructures,
protruding out from the surface of the substrate, can be obtained,
as we have demonstrated in this work.

nanostructures, could be prepared using this techrfftusing
an analogous idea, different BaCGr@anostructures have been
processed through a polymer-directed synthsi§.However,

Though many types of templates exist for the synthesis of the development of facile, mild, and effective approaches for
1-D nanostructures, porous anodic alumina membranes are arreating size-controlled 1-D nanostructures and their associated

ideal choice for templating because of their high pore density,
parallel and straight channels, distribution of cylindrical pores

novel architectures remains a significant scientific challenge.
In this work, we have used a modified template synthesis

of highly uniform diameter arranged in a hexagonal array, and technique, originally developed for the synthesis of organic

size tunability of ca. 5 to 300 nm. Moreover, these templates
are thermally and mechanically stable, with readily achievable
pore densities as high as1@ores/cri.31-33

In this manuscript, we have chosen to focus on the fabrication
of nanorods of BaW®and BaCrQ, which are compositionally
and structurally representative of the AB®lass of metal
oxides, where A and B are two different metallic elements with
oxidation states of+2 and +6, respectively*3> Barium
tungstate, BawgXalso called Barite), for instance, is important
in the electrooptical industry due to its emission of blue
luminescence, ascribed to the influence of the Jafeller effect
on the degenerated excited state of the ¢Otetrahedral
structure. In addition, its interesting thermoluminescence and
stimulated Raman scattering (SRS) properties render barium

microtubules, to successfully prepare free-standing single-
crystalline BawQ and BaCrQ nanorods and their arrays by
physically placing two different precursor solutions in two halves
of a U-tube cell, respectively, separated by alumina template
membrane4?°0 In other words, we use the pores in alumina
membranes as the environment in which to control the growth
of well-defined morphologies of single crystals of our ABO
nanostructures. The membranes used are thin, and are mounted
in a double-diffusion setup, which enables the continuous flow
of ions into the membrane pores and thus, the production of
single crystals of AB@ nanocrystalline materials.

What is significant is that most nanostructures previously
produced by conventional templating procedures are polycrys-
talline ! despite the variety of different deposition strategies used,

tungstate as a candidate for the design of solid-state lasers that

can emit radiation within a specific spectral region. As such,

these materials are of use for medical laser treatment applica-
tions, up-conversion fiber lasers, and analogous spectroscopic%

functions3¢-38 Barium chromate, BaCr{Jalso called Hashemite),
is a naturally occurring chromate analogue of Barite. It has often
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including electrochemical deposition, electroless deposition,
polymerization, sotgel deposition, and layer-by-layer deposi-
tion in nanoporous templates. The reason for the observed
polycrystallinity is that many of these prior methodologies
require additional annealing steps at high temperat®@.33

By contrast, as we will discuss later, the formation mechanism
of nanorods under our experimental conditions is analogous to
a biomimetic crystallization proce8s.That is, the growth of
our nanorods within the confinement of alumina membranes is
analogous to the precipitation of single crystals of calcium
carbonate and calcium phosphate within the confinementoffered . . . . i i i oo e i e e i e s e e i e -

by gels, micelles, chitin scaffolds, and collagen matre%® |
Hence, nucleation and growth of single-crystalline nanomaterials / — ML

Array of ABO4 nanorods
processing steps

occur essentially instantaneously through the direct chemical
interaction between ions of the two different precursor solutions

in contact with each other. The membrane acts to spatially direct : T— j\)ﬂ‘#&)&{

Alumina membrane

crystal growth. interface:
. . - . Isolated ABO4 nanorods
Moreover, at the same time, our simplistic technique allows !gf::;'t’;’o‘:, 4

for the reproducible fabrication of ordered, monodisperse 3-D

arrays of these 1-D nanomaterials. This is critical, because ) -

assembly of nanoscale components (i.e., nanorods) is a key steé:’gLr’]’e 1'B Sv‘flgemgt'g ch éet“p usedd to synthesize AB@nostructures,
- . . . ’ A . uch as ba an aCr@Q nanorods.

toward building functional device®,important for applications

?ncluding nano_scgle electronics and molecular Sensihg. Specif-with deionized water. The alumina membrane was subsequently

ically, the fabrication of 3D arrays of 1-D nanomaterials, such dissolved by immersionni 1 M NaOH for about 30 min. Figure 1

as nanorods, is useful for optoelectronic applications, such asschematically illustrates the experimental setup utilized.

room-temperature ultraviolet lasifg.Though a number of The nanorods, which were characterized by means of X-ray

preparative methods have been reported for generating thesdliffraction (XRD), scanning electron microscopy (SEM), transmission

types of nanoscale architectufésé! none of these techniques electron mlcros_copy_(TEM), high resolutlo_n TEM (HRTEM), selected

appears to work for AB@type compound systems, with the area electron diffraction (SAED), energy-dispersive X-ray spe(_:trosc_opy

exception of the current work. Furthermore, although we pri- (EDS), Raman and FT-IR analyses, were collected by centrifugation.

. . . These were then washed with deionized water until the pH of the
marily focus on isolated 100 and 200 nm-sized Bay\éd product suspensions attained approximately a value of 7. To prepare

BaCrQ, nanorods anq their assgciated a.rrays, we have UOtedSEM samples of the corresponding Ba\\&dd BaCrQ nanorod arrays,
that we can reproducibly form different sizes of these various 5 previously developed procedure was utiliZédriefly, alumina

nanoscale architectures using alumina template membranes ofnembranes containing Baw@nd BaCrQ nanorods were glued (using

varying pore sizes. Epoxy resin) to a piece of paper towel. Resulting composites were
_ ) immersed inb a 1 M NaOH aqueous solution for0.5 h to dissolve
Experimental Section the alumina. After washing steps with distilled, deionized water

followed by air-drying, samples were subsequently mounted onto SEM
stubs for imaging.

Materials Characterization. Products were characterized by a
number of different methodologies, including XRD, SEM, TEM,
HRTEM, SAED, and EDS as well as with Raman and FT-IR
spectroscopies.

X-ray Diffraction. Crystallographic and purity information on the
as-prepared barium tungstate and barium chromate nanostructure
samples were obtained using powder XRD. To generate these samples,
' the as-prepared BaW@nd BaCrQ products, upon centrifugation, were
subsequently sonicated for about 1 min, and later air-dried upon
deposition onto glass slides. The diffraction patterns were collected
using a Scintag diffractometer, operating in the Bragg configuration
using Cu K, radiation ¢ = 1.54 A) from 10 to 80 at a scanning rate
of 2° per minute.

Materials Preparation. Alumina template membranes (Fisher
Scientific) with pore sizes of 100 and 200 nm were prepared by a two-
step aluminum anodic oxidation procés%}The membrane was initially
hydrated by immersion and sonication in a small volume of distilled,
deionized water for a few minutes, so as to avoid air bubble formation
within its structure or on its surface. Subsequently, the membrane was
mounted between the two halves of a U-tube cell. The half-cells were
then filled with equimolar solutions of Ba(N{2 and either NaWO,
or NaCrO, solutions to generate barium tungstate and barium chromate
respectively. After immersion times of up to 12 h at room temperature,
the alumina template, into which the precursors had presumably diffused
resulting in product formation, was detached and thoroughly washed

(51) Dorozhkin, S. V.; Dorozhkina, E. I.; Epple, Mryst. Growth Des2004

(52) Becker, A.; Becker, W.; Marxen, J. C.; Epple, El. Anorg. Allg. Chem. Electron Microscopy. The size and morphology of the resulting
(53) %BOrg?s‘anfgnﬁg%Sz Lobmann, Biomaterials2004 25, 277 BaWO0, and BaCrQ products were initially characterized using a field
(54) Schwarz, K.; Epple, MChem. Eur. J1998 4, 1898. emission SEM (FE-SEM Leo 1550) at accelerating voltages of 15 kV.
(gg) cF:aIIIfm' GH; .F&rmanl,SAS.: R|paa?nt|, A}. lngigbglozge%%%w 91, 475. Specifically, solid Baw@ and BaCrQ samples of isolated nanorods
5573 Hoang, M. Hs Mio. S Eetekc HoVam H. Wy a0 Weber, £ and their associated arrays immobilized onto Epoxy resin were mounted
Russo, R.; Yang, PScience2001, 292, 1897. onto conductive carbon tapes, which were attached to the surfaces of
Eggg \F(grr]‘g )'2 -_’\"fi‘é%’g 2|5)_0§i :Z,a _Zﬁﬁéi 3. Jiang, L Zhu, DAm. Chem, Soc.  SEM brass stubs. These samples were then conductively coated with
2004 126, 62. U e ' I gold by sputtering for 15 s to minimize charging effects under SEM
(60) Tian, Z. R.; Voigt, J. A.; Liu, J.; McKenzie, B.; Mcdermott, M. J.; imaging.
Rodriguez, M. A.; Konishi, H.; Xu, HNat. Mater.2003 2, 821. e . .
(61) Tian, Z. R.; Voigt, J. A.; Liu, J.; McKenzie, B.; Xu, H. Am. Chem. Soc. Low magpnification TEM images were taken at an acce_zleratmg
2003 125, 12384. voltage of 120 kV on a Philip CM12 instrument, equipped with EDS

J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004 15247
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Figure 2. XRD patterns arising from (A) JCPDS no. 72-0746 database '

standard (BaWg); (B) as-prepared BaWfnanorod sample; (C) JCPDS
no. 78-1401 database standard (Bagr@nd (D) as-prepared BaCsO
nanorod sample.

capabilities. HRTEM images and SAED patterns as well as EDS data
were obtained on a JEOL 2010F HRTEM (equipped with an Oxford
INCA EDS system and subsequent potential of performing SAED) at
an accelerating voltage of 200 kV to further characterize individual
BaWQ, and BaCrQ nanorods. Specimens for all of these TEM studies
were prepared by depositing a drop of these aqueous suspension sample
onto a 300 mesh Cu grid, coated with a lacey carbon film. Prior to
deposition, solutions containing samples of Baywénd BaCrQ
nanorods, were sonicated for 2 min to ensure adequate dispersion o
the nanorods.

Optical Spectroscopy. Samples for Raman spectroscopy were
analyzed on a Kaiser micro-Raman instrument, with a 200-micron
confocal aperture, at a laser excitation of 752.5 nm using a power level
of 5 mW. Infrared spectra were obtained, using a ThermoNicolet Nexus
670 using a ZnSe single reflectance ATR accessory.

Results and Discussion

X-ray Diffraction. As-prepared BaW@and BaCrQ nano-
rod samples were examined by powder XRD measurements
on a Scintag diffractometer with Cu K radiation (Figure
2). Diffraction peaks in Figure 2B can be indexed to a
scheelite-structured, tetragonal phase BaWM@h calculated
cell constants of = 5.610 A andc = 12.711 A, which are
numerically close to the reported values of the bulk materials
(Figure 2A, JCPDS File No. 72-0746). By analogy, diffrac-
tion peaks in Figure 2D can be indexed to a hashemite-
structured, orthorhombic phase BaGr@ith calculated cell
constants ofa = 9.105 A, b = 5.541 A, andc = 7.343 A,
which are consistent with the literature data (Figure 2C, JCPDS
File No. 78-1401).

Electron Microscopy. The morphology of the as-synthesized
BawQO, and BaCrQ nanorod samples was obtained using
FE-SEM and low magnification TEM. Typical SEM and TEM
images of BaW@nanorods are depicted in Figure 3A and 3B,
respectively. On the basis of these data, it can be observed tha
straight, smooth, and crystalline wire-like Ba\W®@anorods,
with a uniform diameter throughout their entire length, were
produced. Diameters of BaW@anorods obtained were200
+ 25 nm (25 different nanorods), based on the 200 nm pore

Figure 3. (A) Typical SEM micrograph of BaW@nanorods. (B) Rep-
resentative TEM image of BaWnanorods. (C) Typical SEM micro-
graph of BaCrQ@ nanorods. (D) Representative TEM image of BagrO
nanorods.

(Cu

Intensity (a.u.)

200 nm

Cc

Figure 4. (A) TEM image of a single BaW®nanorod. (B) EDS of as-
prepared BaW@nanorods. The Cu peaks originate from the TEM grid.
SAED pattern (C) and HRTEM image (D) of a representative portion of a
BaWO, nanorod, as delineated by the red square, in (A).

Figure 3, parts C and D, shows representative SEM and TEM
images of BaCr@ nanorods, respectively. It can be observed
that smooth and crystalline wire-like BaCr@anorods were
produced. Diameters of the BaCy@anorods obtained were in
the range of 10& 15 nm (25 different nanorods), based upon
the 100 nm pore size of the alumina membranes used as the
templates. BaCrgPnanorods synthesized reached an aspect ratio
of up to 15.

To provide further insight into the structure of the as-prepared
BaWO, and BaCrQ nanostructures, individual nanorods were
analyzed by HRTEM as well as using SAED and EDS. An
image of a randomly chosen single Ba\W@anorod is shown

sizes of the alumina membranes used in the synthesis. Thein Figure 4A. To confirm the chemical composition of the as-
shapes of these nanorods clearly replicated the pore structurgrepared nanorods, EDS spectra (Figure 4B) were recorded at

of the corresponding alumina templates. The lengths of the
BaWQ, nanorods were as much as several microns.

15248 J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004

a number of different positions along a single nanorod. The
chemical signatures obtained are identical within experimental
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Figure 5. (A) TEM image of a single BaCrPnanorod. (B) EDS of as-
prepared BaCr@nanorods. The Cu peaks originate from the TEM grid.
SAED pattern (C) and HRTEM image (D) of a representative portion of a
BaCrQy nanorod, as defined by the red square, in (A).

accuracy, and essentially only Ba, W, and O elements are

Figure 6. SEM images of as-prepared BaW@anorod arrays: (A) top-
view; (B) tilt-view. Analogous images of as-prepared Bagnr@anorod
arrays: (C) top-view; (D) tilt-view. The less-than-optimal packing of BaCrO
nanomaterials arises from the inhomogeneous distribution of the as-formed
individual nanorods.

and {102 planes, respectively, of an orthorhombic-phase
BaCrQ crystal (JCPDS card no. 78-1401).

Figure 6 illustrates the top and tilt views of the SEM images

observed from the nanorod structure. The Cu signal arises fromof BaWQ, and BaCrQ@ nanorod arrays, respectively, grown

the TEM grid.

within the alumina templates. The SEMs show that the

Figure 4C presents the SAED pattern taken from a portion N@norods are individually separated from each other. None-

of a single BaW@ nanorod shown in Figure 4A. We note that

theless, they form a dense, continuous network, where the

the electron diffraction patterns obtained from different positions Nanorods are roughly parallel to each other and vertically

along individual nanorods are essentially identical within

oriented on the substrates to form a packed array, stretching

experimental accuracy (Figure S1). Whereas template method<2Ver micron-sized areas. This is especially true of Ba\Wihe

typically yield polycrystalline nanostructuréshe presence of

diameters of these nanorods are about 8 nm (50 dif-

the Sharp d|ffract|on spots rather than an amorphous ring |S ferent nanOi‘OdS), COI’rESpOhding to the d|ameter Of Channels in

suggestive of the predicted formation of single-crystalline

the alumina template. What is important to note is that these

BaWOQ.. The associated electron diffraction pattern is consistent arrays of ABQ-type nanorods were produced very readily at

with pure BawQ crystals of a tetragonal scheelite structure,
indexed as shown in Figure 4C. In Figure 4D, a HRTEM image
of a portion of an individual BaW@nanorod, shown in Figure
4A, is displayed. While a thin amorphous layer likely coats the
outer BaWQ nanorod surface, the HRTEM image further
confirms that the observed BaVWW@anorods are single crystal-
line with no defects or dislocations. The 2-D lattice fringes
reveal that the single-crystalline BaWanorods possess

room temperature without the need for sophisticated experi-
mental setug¥ (characteristic of arrays formed by vapor
transport via VLS-type methodologies), or for high-temperature
annealing (associated with sajel template approache®)30:33
Moreover, the sizes of these BaWw@nd BaCrQ nanorods
could be readily varied by choosing membranes, possessing
different pore sizes.

To investigate the thermal stability of the as-prepared nano-

interplanar spacings of about 5.09 and 3.33 A, correspondingrods, samples of BaWfand BaCrQ nanorods were further

to the (101) and (112) planes, respectively.
Figure 5A presents an individual BaCr@anorod. EDS

heated in air fo5 h at 650°C. Figure 7 reveals that their mor-
phologies and crystallographic orientations remain essentially

elemental analysis data (Figure 5B) confirm the presence of unaltered after this annealing step. It is noteworthy that the
Ba, Cr, and O elemental signatures associated with the producthickness of the surface amorphous layer on the nanorods is
in the expected stoichiometric proportions. The SAED pattern somewhat thinner than that of the as-prepared samples. Hence,
taken from a single BaCrOnanorod (Figure 5C and Figure samples of Baw@and BaCrQ nanorods should be suitable
S2) yields sharp diffraction spots rather than rings, which are for applications at elevated temperatures, such as high-temper-
suggestive of the presence of single-crystalline BaCie ature catalysis.

related electron diffraction pattern is consistent with pure  Optical Spectroscopy.Optical properties of our synthesized
BaCrQ crystals of an orthorhombic hashemite structure, indexed nanorods were also investigated. Figure 8 shows Raman spectra
as shown in Figure 5C. Figure 5D presents a HRTEM image of the as-prepared products and the corresponding bulk com-

of a portion of an individual BaCrgnanorod, initially described
in Figure 5A. This image reveals that the Bagn@norod is
single-crystalline with lattice fringe spacings-o#1.58 and 3.36
A, respectively. These two planes can be indexed a$266

mercially available samples (Aldrich) of Baw@nd BaCrQ,
corroborating the chemical identity of our nanostructures.
Spectra of the as-prepared nanorods (Figure 8B and 8D) show
typical Raman bands, which can be attributed to crystalline
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A

Figure 7. BaWQ, nanorods upon annealing in ainrfé h at 650°C. (A)
TEM image of a single Baw®nanorod. (B) EDS of the BaWf{nano-

rod, shown in (A). Cu peaks originate from the TEM grid. SAED pat-

tern (C) and HRTEM image (D) from a portion of a BaW@anorod, as
delineated by the red square in (A).

_D,_,_JJ\_A..___
_c_:,_—___AM-_

Intensity (a.u.)

A .
—

200 400 600 800

Raman Shift {cm'1)

Figure 8. Raman spectra of (A) bulk commercial, crystalline BayvO
powder; (B) as-prepared single-crystalline Bayv@anorods; (C) bulk
commercial, crystalline BaCrOpowder; and (D) as-prepared single-
crystalline BaCrQ@ nanorods.

(=]

BawWQ, and BaCrQ, respectively??63 According to the reported
literature, the vibrational modes of isolated B®trahedra can
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Figure 9. FT-IR spectra of (A) bulk commercial, crystalline BawO
powder; (B) as-prepared single-crystalline Bay@anorods; (C) bulk

commercial, crystalline BaCrOpowder; and (D) as-prepared single-
crystalline BaCrQ@ nanorods.

over, bands at 306 and 72 cican be assigned to the lattice
vibrations of BaCrQ@ nanorods.

In the FT-IR spectra (Figure 9), the strong band at 802%cm
and its shoulder (Figure 9B) appear to result from Eyeand
A, components, respectively, of tiig band of BaWQ nanorod
sample. In addition, oney; band at 852 cm! and three
additionalvs bands at 868, 885, and 943 chrespectively,
have been observed, associated with the Bag@e@orod sample
(Figure 9D)62.63

Considering the imperfect correlation between the IR spec-
tra of the bulk solid (Figure 9A, C) vs nanorod samples (Fig-
ure 9B, D), it turns out that this type of phenomenon has
been observed previously. First of all, in tungstate and molyb-
date system% for some of the IR-active vibrations, the
frequency difference between the longitudinal optic and the
transversal optic modes is rather large, and the location of the
‘absorption” maximum of these samples often depends on the
granular nature of the sample. Indeed, for the high-frequency
band at around 820 cm, the situation is further compli-
cated by the overlapping in the same spectral region of 2
IR-active components of;. Second, there is a larger degree
of surface strain, associated with the smaller nanocrystal; this
effect may be related to changes in coupling to lattice vibra-
tional modes. Third, the blue shift in the infrared absorption
peaks of our chromate and tungstate nanocrystals as compared
with their bulk counterparts may be attributed to quantum
confinement effects. Similar behavioral trends have been
observed for a number of other systems including CaQtsb,

. . . . 64—67
be separated into internal, external translational, and rotatlonaland VG

modes. As shown in Figure 8B, bands at 927, 833, 797, 347, The results of Raman and IR data further corroborate the other
and 334 cm? can be assigned to the(Ag), v3(By), v3(Ey), data coIIec_;ted, c_onfirming the identity of our _as-prepared
v4(By), and v(By) modes, respectively, of the as-prepared nanomqterlals as indeed Be_tWﬁnd BgCrQ, respect_lvely. The
BaWOQ, nanorods. Peaks located at 197 and 159%ms well generation of these materials provides the basis for a more
as at 106 and 78 cm, can also be assigned to their rotational thorough future investigation of their novel optical, optoelec-
(Ay Eg) and translational mode&, By), respectively. In Figure  ronic, and cat_alytlc properties for p053|bl_e incorporation into
8D, peaks at positions corresponding to 909/906, 864, 432/406,"anoscale devices. We believe that the lasing and photocatalytic
and 361/352 cm could be attributed to thes, Ay, v4, andv; properties of these materials will be particularly intriguing.
modes, respectively, of as-prepared Bagmanorods. More-

(64) Zhu, K.; Shi, J.; Zhang, LSolid State Commuri.998 107, 79.
(65) Tarte, P.; Liegeois-Duyckaerts, Ii8pectrochim. Actd972 28A 2029.

(62) Miller, P. J.; Khanna, R. K.; Lippincott, E. R. Phys. Chem. Solid973 (66) Yue, L.-H.; Shui, M.; Xu, Z.-DJ. Zhejiang Uni., Sci200Q 1, 178.
34, 533. (67) Zheng, C.; Zhang, X.; Zhang, J.; Liao, K.Solid State Chen2001, 156,
(63) Scheuermann, W.; Schutte, C. J.J-dRaman Spectros@973 1, 605. 274.
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Plausible Formation Mechanism A

As described previously, in the current study, we use the pores
of alumina membranes as the physical environment in which
to control the growth of well-defined morphologies of single
crystals of our ABQ structures. The membranes used are thin,
and are mounted in a double-diffusion setup, which enables the
continuous flow of ions into the membrane pores and thus, the
production of single crystals of AB{hanocrystalline materials.
Based on our experimental results, we propose that single
crystals of nanoscale ABOmaterials derive from isolated,
disparate nucleation sites (consisting of ABticlei generated
via the reaction between?A and BQ?2~), which then grow by
extension through the porous network. Continued growth then
occurs at the particle surface at a rate limited by ion availability,
until the crystal impinges on the alumina template surface, which
ultimately limits further growth. Hence, by the spatially 5 nm
constrained volume defined by the presence of the template itself
(Figure S3), nanorods instead of nanoparticles are formed due
to the growth environment conducive to these 1-dimensional
structures.

We note that we are not forming hollow nanotubes because
the interactions between the reagent molecules are likely strongel
than those between the reagent molecules and the pore walls
In the case of polymeric microtubules formed in templates,
nascent polymer chains initially adsorb to the pore walls yielding
a thin polymer ‘skin’, that becomes thicker with time until
quenching with watet? We do not believe this image accurately
reflects the growth mechanism of our system, which is ef- rigure 10. (A) TEM image of a single Baw@nanorod containing a
fectively akin to biomineralization. protrusion. (B and C) HRTEM images corresponding to different sections,

i ; defined by the blue and green circles, respectively, of the single BawO

e T, s e () 5 T60 e 52 e s

' containing a notched depression. (E) HRTEM view of the portion of the
reservoirs of solutions that each contains a part of an insoluble single BaCrQ nanorod, highlighted by a red circle in (D).
salt (ABQy), i.e., A2t on one side and B£~ on the other side.
To prevent overly rapid mixing, the solutions are separated by nm BaCrQ nanorod, respectively, likely arising from imperfec-
an alumina membrane that slows down diffusion and rate of tions within the alumina pores. It was evident that even in these
crystallization. However, when the two solutions do meet, regions, the nanorods remained pure and single-crystalline,
precipitation occurs, depleting the availability of ions in the local clearly preserving their 2-D lattice fringes (i.e., Figure 10B, C,
environment of the growing crystal within the template. The and E).
fact that single nanorods can grow is suggestive of the fact that
nucleation within the membrane itself is likely limited, an effect
promoted by the relatively inert surface of the membrane. The  The current work demonstrates the room-temperature prepa-
nucleation rate is primarily dictated by the supersaturation of ration using a novel, modified template-assisted methodology
the solution. Further growth of the nanorods is limited by of single-crystalline Baw@®nanorods and BaCrOnanorods
diffusion of ions in this localized region. with different controllable sizes as well as the creation of arrays

The shape of the alumina membranes has a crucial effect onof these nanorods in the pores of an alumina membrane at room
the morphology of the AB@phase that subsequently forms. temperature. The resulting nanorods and the arrays have been
In fact, we note instances where the morphology of the ABO extensively characterized using a variety of microscopy and
nanorods spatially maps out the interior nanoscopic profile and spectroscopy results. Because of the simplicity and generaliz-
localized contours of the internal pores of the alumina mem- ability of the approach used, it is anticipated that this methodol-
branes. That is, whereas the majority of as-prepared BaWO ogy can be generalized to the synthesis of other important
and BaCrQ nanorods were straight and possessed smoothtungstate, molybdate, chromate, sulfate, iodate, and selenate
surfaces, a small number of BaWé&nd BaCrQ nanorods with systems at the nanoscale, such as SEMBaMoQ,, ZnWQO,
protrusions or depressions on their surfaces were also producedBaSQ, and BalQ as well as Ba xS \WO,. Moreover, we can
reflecting the morphology and inner surface roughness of the likely prepare single-crystalline nanorods of smaller diameters
pores from whence they were formed. Figures 10A and 10D (to a certain extent) using smaller diameter templates.

Conclusions

show examples of a hump-like protrusion from 200 nm In addition, due to the ease of preparation and the thermal

BaWOQ, nanorod as well as a pit-like depression fromratD0 stability of the nanorods that are now available, our newly
established synthetic method could become a valuable starting

(68) Park, R. J.; Meldrum, F. Adv. Mater. 2002 14, 1167. B ; ; ; :

(89) Park. R. 3 Meldrum. F. Gi. Mater. Chem3004 14, 2291. pomt_for generating functional nanoscale d_ewces._ln partlculgr,

(70) Peters, F.; Epple, Ml. Chem. Soc., Dalton Trang001, (24), 3585. creation of arrays of nanorods presents an interesting illustration
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Supporting Information Available: Additional selected area
electron diffraction patterns are presented, associated with
Figures 4 and 5 of the main text. A SEM image of the cross-
section of a 200 nm pore-sized alumina template, containing
BaWO, nanorods is also shown. This material is available free
of charge via the Internet at http://pubs.acs.org.
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