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T
hough carbon nanotubes are the
best known examples of one-
dimensional (1-D) systems, the syn-

thesis and characterization of metal oxide

nanotubes and nanowires are equally criti-

cal because of the intrinsic importance of

1-D structures as model systems for the ef-

ficient transport of electrons and optical

excitations.1,2 The quantum confinement

and low-dimensionality inherent to these

systems allow for the generation of materi-

als with unique properties, such as a higher

luminescence efficiency3 and a lowered las-

ing threshold4 as compared with the bulk.

Moreover, 1-D systems can be used as

building blocks for the next generation of

nanoscale optical, electronic, photoelectro-

chemical, and photovoltaic devices.5,6 A lot

of effort has been expended in overcoming

numerous challenges associated with the

efficient design of 1-D materials possessing

well-defined and reproducible size, shape,

monodispersity, purity, chemical composi-

tion, and crystallinity.7 The binary oxides of

transition metal elements, such as Zn, Cu,

and Fe, in particular, represent one of the
most diverse classes of materials with im-
portant size-dependent optical, electronic,
thermal, mechanical, chemical, and physical
properties, with a wide range of corre-
spondingly diverse applications, including
energy storage and sensing.8–15

ZnO is a key, II�VI compound semicon-
ductor, with particularly attractive proper-
ties such as a direct wide band gap (3.37
eV), a large exciton binding energy (60 meV
at room temperature), and an exciton Bohr
radius in the range of 1.4�3.5 nm.16 More-
over, ZnO possesses a high breakdown volt-
age, good piezoelectric characteristics, bio-
compatibility, as well as high mechanical,
thermal, and chemical stability. All of these
favorable properties render this material
highly versatile for a host of optoelectronic
applications including room-temperature
ultraviolet lasers,6 photodetectors,17,18 dye-
sensitized solar cells,12,19 and field-effect
transistors.20–22 Moreover, the generation
of high-quality, high aspect ratio, and high
surface area ZnO nanowires as well as their
corresponding assembly into functional ar-
rays is expected to improve the lumines-
cence efficiency of electro-optic devices and
the sensitivity of chemical sensors. ZnO
nanowire arrays have already been utilized
as field emission sources as well as power
generators for nanoscale devices.23–25

ZnO nanowires and nanowire arrays
have been previously synthesized via both
vapor and solution phases. Typical ap-
proaches were based on metal�organic
chemical vapor deposition (MOCVD),26,27

chemical vapor transport (CVT),28,29 and
pulsed laser deposition (PLD).30 These
methods, while fully capable of generating
high-quality wires and arrays, do possess
limitations. For instance, gas-phase meth-
ods tend to involve the use of high temper-
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ABSTRACT ZnO nanowires, CuO nanowires, and �-Fe2O3 nanotubes as well as their corresponding arrays

have been successfully synthesized via a low cost, generalizable, and simplistic template method. Diameters of

one-dimensional (1-D) metal oxide nanostructures (�60�260 nm), measuring micrometers in length, can be

reliably and reproducibly controlled by the template pore channel dimensions. Associated vertically aligned arrays

have been attached to the surfaces of a number of geometrically significant substrates, such as curved plastic

and glass rod motifs. The methodology reported herein relies on the initial formation of an insoluble metal

hydroxide precursor, initially resulting from the reaction of the corresponding metal solution and sodium

hydroxide, and its subsequent transformation under mild conditions into the desired metal oxide nanostructures.

Size- and shape-dependent optical, magnetic, and catalytic properties of as-prepared 1-D metal oxides were

investigated and noted to be mainly comparable to or better than the associated properties of the corresponding

bulk oxides. A plausible mechanism for as-observed wire and tube-like motifs is also discussed.

KEYWORDS: nanowire · nanotube · template · array · zinc oxide · copper
oxide · hematite
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atures (e.g., 450�900 °C), potentially toxic precursors,
and a very limited range of substrates in order to induce
and direct the growth of ZnO nanowires. Moreover,
PLD is not an inexpensive method of producing ZnO
nanostructures. Solution-based methodologies also ex-
ist for ZnO formation.31 As an illustrative example, lay-
ers of ZnO seed nanocrystals, measuring 5�10 nm in di-
ameter, can be initially formed onto a Si substrate by
thermally decomposing zinc acetate at 200�350 °C,
and this 50�200 nm film of crystal seeds can be subse-
quently grown into vertical nanowire arrays at 90
°C.32,33 Recently, Wang et al.24 extended this methodol-
ogy to the growth of aligned ZnO nanowire arrays on
a plastic film using Au nanocrystal seeds.

As a p-type semiconductor with a narrow band gap
(1.2 eV), CuO is a candidate material for photothermal
and photoconductive applications.34,35 Moreover, it is
also an effective heterogeneous catalyst36 for convert-
ing hydrocarbons completely into carbon dioxide and
water. In addition, it is potentially a useful component
in the fabrication of sensors, magnetic storage media,
field emitters, lithium�copper oxide electrochemical
cells, cathode materials, and high
Tc-superconductors.37,38 CuO nanowires can, for in-
stance, be synthesized merely by heating Cu substrates
in air from 400 to 700 °C,34,39 while 1D CuO nanostruc-
tures can be obtained by a high-temperature transfor-
mation of their 1D copper hydroxide nanoscale
analogues.40–44 Polycrystalline CuO nanofibers have
been prepared through electrospinning.45 Free stand-
ing CuO nanotube and nanowire arrays have been fab-
ricated by depositing precursors of either a MOCVD

process46 or a sol�gel technique47 into the uniform
pores of alumina templates, followed by subsequent
annealing.

Because of its high stability, relatively low cost, and
n-type semiconducting properties with a small band-
gap (2.1 eV), �-Fe2O3 has been associated with applica-
tions ranging from gas sensing, lithium-ion battery pro-
duction, catalysis, water splitting, water purification,
and solar energy conversion to pigmentation.14,48,49

Nanobelts, nanowires, and arrays of hematite structures
have been synthesized by different methods, such as
(a) the direct thermal oxidation of a pure iron substrate
in an oxidizing atmosphere with a temperature range
of 500�800 °C;50,51 (b) the vacuum pyrolysis of
�-FeOOH nanowires in a pressure range of 10�2 to
10�3 atm;52,53 and (c) PLD using pressed Fe3O4 pow-
der as a target.54 Hematite nanotubes14 and their corre-
sponding arrays55 have also been obtained by decom-
posing organometallic iron precursors, embedded
within the pores of an alumina template, at high tem-
perature. Moreover, hematite nanotubes have been
synthesized by using carbon nanotubes as a structural
template motif.13

Focus of Current Work. It is obvious based on all of
the prior work that it would be desirable to de-
velop a protocol that allows for an environmentally
sound and cost-effective methodology of metal ox-
ide nanoscale synthesis without the need to sacrifice
on sample quality, crystallinity, monodispersity, and
purity. That is, it would be a viable, complementary
advance to develop a generalizable protocol aimed
at ZnO, CuO, and �-Fe2O3 (hematite) nanowire/array

Scheme 1. Postulated mechanism for synthesizing nanowires and nanotubes from template pores, based on plausible explanations using
heterogeneous and homogeneous processes.
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formation aimed at overcoming either the high-
temperatures, the need for expensive equipment,
the use of potentially toxic precursors and byprod-
ucts, or the ultimate product polycrystallinity, char-
acteristic of previous literature methods of metal ox-
ide nanoscale synthesis.

In our group, we have modified and refined the con-
ventional template-directed synthesis, popularized by
Charles Martin’s group,56–58 to yield a relatively simple
and versatile variation with which to prepare size-
controlled, one-dimensional nanostructures under am-
bient conditions in aqueous solution with reliable con-
trol over shape, dimensionality, and crystallinity. We
have previously demonstrated59 the room-temperature
preparation of single-crystalline BaWO4 and BaCrO4

nanowires with different controllable sizes as well as
the creation of arrays of these nanowires in the pores
of an alumina membrane. We have subsequently ex-
tended this methodology to the production of BaF2,
CaF2, and SrF2, in addition to NH4MnF3 and KMnF3

nanowire structures.60 The gist of the method is that
we initially mount conventional, commercially available
membranes, composed of either alumina or polymer,
between the two halves of a glass U-tube cell.61,62 The
half-cells are then filled with equimolar solutions of pre-
cursor solutions. In effect, the pores in the membranes
are used as the environment with which to confine and
control the growth of our one-dimensional products.
Moreover, these as-produced nanomaterials are chemi-
cally pure, are structurally well-defined, and can be gen-
erated in reasonable quantities.

The key point is that our method is generalizable
and can be adapted to the production of binary metal
oxides, which are the focus of our efforts herein. As an
example of the potential of our strategy, we have used
polycarbonate (PC) templates to synthesize ZnO

nanowires and their corresponding arrays. By compari-
son with previous techniques discussed for ZnO nano-
structure synthesis (for which similar arguments can be
analogously made for CuO as well as for �-Fe2O3 nano-
structures), the key attractive attributes of our method-
ology are (1) use of relatively low temperature (i.e.,
room temperature to about 80 °C); (2) short reaction
time (about 30 min); (3) simplistic, inexpensive experi-
mental setup, requiring the use of a homemade U-tube;
(4) lack of either a toxic organic precursor or a toxic
byproduct (in fact, we only utilized an inorganic metal
salt solution along with sodium hydroxide in our syn-
thesis); (5) relative ease of template removal by immer-
sion in methylene chloride; (6) no need for either ZnO or
metal nanocrystalline “nucleation seeds”; and finally,
(7) substrate-less generation of ZnO nanowire arrays.

What is highly significant is that the last point im-
plies that ZnO (or frankly any other metal oxide such
as CuO and �-Fe2O3) arrays can be theoretically trans-
ferred onto any type of substrate, be it curved, linear,
rigid or pliant, upon template attachment to a conduc-
tive tape and subsequent template removal. This po-
tential for highly flexible array generation will have rel-
evance for applications as diverse as usage in portable
electronics, implantable biosensors, biodetectors, and
self-powered electronic devices.24

RESULTS AND DISCUSSION
In the experimental setup in these experiments, the

contents of each solution in either half of the U-tube
are allowed to diffuse toward each other across a wet-
ted template membrane physically separating the two
halves (Supporting Information, Figure S1). Hence,
metal cations and hydroxide anions will meet at the in-
terface, react in a hydrolysis process, and nucleate the
formation of the corresponding hydroxides. These in-

TABLE 1. Effect of Parameter Selection on Preparation of Metal Oxide 1-D Nanostructures at a Constant Overall Reaction
Time of 1 h. Measured 1-D Nanostructure Widths (W) Are Dependent on Corresponding Pore Dimensions of Templates
Used

sample
metal
salts used

basic
solution

concn of
base (M)

temp (°C) template
observed product morphology

(width, W; length, L; diameter, D)

A Zn2� NaOH 0.1 80 polycarbonate ZnO nanowires. W: 60 � 10 nm. L: 2�4 �m
B Zn2� NaOH 0.1 80 polycarbonate ZnO nanowires. W: 120 � 20 nm. L: 2.5�5 �m
C Zn2�/Cu2� NaOH 0.1 80 polycarbonate ZnO/CuO nanowires. W: 250 � 50 nm. L: 10�15 �m
D Zn2�/Cu2� NaOH 0.01 80 polycarbonate ZnO/CuO nanowires. W: 250 � 50 nm. L: 1�2 �m

ZnO/CuO nanoparticles. D: 90 � 30 nm
E Zn2�/Cu2� NaOH 0.1 room temp polycarbonate Zn(OH)2/Cu(OH)2 nanowires. W: 250 � 50 nm.

L: 4�8 �m
F Zn2�/Cu2� NH3 · H2O 0.01 room temp polycarbonate Zn(OH)2/Cu(OH)2 nanoparticles. D: 90 � 30 nm
G Zn2�/Cu2� NH3 · H2O 0.01 room temp alumina Zn(OH)2/Cu(OH)2 nanoparticles. D: 90 � 30 nm
H Fe3� NH3 · H2O 0.01 room temp alumina Fe(OH)3 nanotubes. W: 300 � 50 nm. L: 3�9 �m
I Fe3� NH3 · H2O 0.1 room temp alumina Fe(OH)3 nanotubes. W: 300 � 50 nm. L: 4�12 �m
J Fe3� NH3 · H2O 0.01 (a) room temp;

(b) annealing to
600 °C

alumina �-Fe2O3 nanotubes. W: 260 � 6 nm. L: 3�9 �m

K Fe3� NaOH 0.1 80 polycarbonate amorphous Fe2O3 (or �-FeOOH) nanowires.
W: 250 � 50 nm: L: 4�5 �m

L Fe3� NH3 · H2O 0.01 room temp polycarbonate Fe(OH)3 nanoparticles. D: 100 � 20 nm
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soluble hydroxides will begin to precipitate from solu-

tion, once the supersaturation value, which is rather low

based on the magnitudes of the solubility product con-

stants of these materials, shown in Table S1, for their

production has been exceeded. We offer a plausible

scenario (Scheme 1) for the initial metal hydroxide

nanostructure formation observed herein.

Mechanistic Insights. If the interactions between re-

agent molecules are stronger than those between

the reagent molecules and the pore walls, the nucle-

ation process and accompanying product formation

will tend to happen within the voluminous confines

of the pores themselves in a homogeneous-type

process. That is, single crystals of nanoscale metal

hydroxides therefore derive from isolated, disparate

nucleation sites, which then grow by extension

throughout the porous network. Continued growth

then occurs at the particle surface at a rate limited

by ion availability, until the crystal impinges on the

template surface itself, which ultimately limits fur-

ther particle growth. Within the cylindrical confines

of the template pores, as-formed particles in this sce-

nario essentially self-assemble with each other into

either wire-like or rod-like motifs.

On the other hand, if the interactions between the

reagent molecules are weaker than those between the

reagent molecules and the pore walls, the nucleation

and accompanying growth processes may tend to be

localized at the surfaces of the pore walls in a

heterogeneous-type process. Such a process may oc-

cur, for instance, if the pore wall is positively charged

while the reagent particles are negatively charged. This

preferential confinement of growth to the inherent ge-

ometry of the pore walls can therefore lead to the gen-

eration of primarily tube-like motifs upon the elonga-

tion and assembly of the as-formed particles. Such a

scenario has been previously noted in the case of poly-

meric microtubules formed in templates, wherein nas-

cent polymer chains initially adsorbed to the pore walls

yielding a thin polymer “skin”, that became thicker

with time until it was quenched with water.61

With continued reaction, nanowire formation can

be visualized as a lateral thickening of the tubular struc-

ture, which, as further supply of precursors to the in-

side is blocked by the ever-growing tube thickness

coupled with an ever-decreasing inner tube diameter,

eventually constricts the entire porous interior of the

template, filling it completely. In other words, contin-

ued growth of the nanotubes is limited only by reagent

ion availability and diffusivity as well as by intrinsic geo-

metrical constraints imposed by the template chan-

nels. Hence, nanowires are considered as the ultimate

limit of nanotube growth, at least in terms of its width.

This hollow nanotube-to-solid nanowire transformative

mechanism has been previously proposed with re-

spect to the synthesis of TiO2 nanotubes and nano-

wires within alumina (AAO) templates.63 It should be

noted that concentration and temperature are also ex-

pected to govern the morphologies of the resulting

nanotubes and nanowires with lower concentrations

and temperatures expected to favor short, hollow nano-

tubes, while high concentrations and temperatures are

expected to lead to the growth of longer, thicker wires.

Figure 1. XRD patterns of as-prepared samples: (A) ZnO
nanowires, (B) CuO nanowires, and (C) �-Fe2O3 nanotubes.
Representative diffraction patterns (upper half) and corre-
sponding standard JCPDS diffraction patterns (lower half)
for each of the samples are shown in each figure part.

TABLE 2. Crystallographic Data of as-Prepared Samples
and Comparisons with Expected Literature Values

sample
JCPDS

database No.
phase

(space group)
calculated
constants

literature values

ZnO nanowires 36-1451 Hexagonal
(P63mc)

a � 0.3249 nm a � 0.3249 nm
c � 0.5206 nm c � 0.5206 nm

CuO nanowires 45-0937 Monoclinic
(C2/c)

a � 0.4685 nm a � 0.4685 nm
b � 0.3426 nm b � 0.3425 nm
c � 0.5130 nm c � 0.5130 nm

�-Fe2O3
nanotubes

33-0664 Rhombohedral
(R3c)

a � 0.5036 nm a � 0.5035 nm
c � 1.3749 nm c � 1.3740 nm
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In support of this mechanism, we have performed a
systematic series of experiments (Table 1) to probe the
effect of parameters such as (a) temperature and (b)
concentration on the resulting nanostructure morphol-
ogy. The importance of temperature cannot be mini-
mized. In fact, chemically pure, crystalline nanoscale
ZnO and CuO samples (e.g., samples A and B from Table
1) upon template removal, were obtained only when
the U-tube experimental setup itself was heated to 80
°C. It is plausible to assume that a higher temperature
accelerates ion diffusion rates across the template.
Hence, we ran our U-tube experiments at room temper-
ature as a comparison. In terms of the concentration pa-
rameter, we varied the concentration of OH�, neces-
sary to induce precipitation, in our experiments from
0.01 to 0.1 M with higher concentrations (and there-
fore fluxes) of hydroxide ion expected to foster particle
nucleation as well as nanostructure elongation. It
should be noted though that the effect of changing
this variable is slightly more nuanced as local, dynamic
concentrations of hydroxide within the template envi-
ronment are dependent on diffusion rates as well.

According to our mechanistic discussion, a higher
temperature and/or a higher base concentration should

promote high diffusion rates and corre-
spondingly high local concentrations of
interacting reagent ions. These condi-
tions should therefore lead to initial par-
ticle formation followed by subsequent
aggregation, coalescence, and self-
assembly of these constituent particles
to yield either nanowires or nanotubes.
This prediction is borne out by the pro-
duction of sample C, created at the
highest temperature and base concen-
tration used, wherein the ZnO and CuO
generated consisted solely of nanow-
ires. Conversely, upon reduction of ei-
ther base concentration (sample D) or
temperature (sample E), shorter nanow-
ires (a few micrometers in length versus
tens of micrometers in length for
sample C) were obtained and in some
cases, isolated particles were also gener-
ated in addition to the wire-like motifs.
Simultaneous decreases in both tem-
perature and base concentration
yielded only small, discrete particles of
likely either Zn(OH)2 or Cu(OH)2, mea-
suring tens of nanometers (sample F
and G), irrespective of the template
used (e.g., PC or alumina), suggesting
that for these two materials in particu-
lar, the nucleation and growth pro-
cesses were essentially homogeneous
in nature.

The case of iron oxide nanostructure
formation in the presence of an alumina template is
clearly different as heterogeneous processes likely pre-

dominate. That is, the reagent particle-pore wall inter-
action was comparatively strong and nucleated par-
ticles assembled primarily into tubular motifs. For
instance, even under the mildest of experimental con-
ditions, for example at very low concentrations of am-
monium hydroxide (0.01 M) and at room temperature,
1D iron-containing nanotubes (likely Fe(OH)3) were syn-
thesized, as shown in sample H. The fact that under
similar conditions, we could not generate 1D nanostruc-
tures of either zinc hydroxide or copper hydroxide sug-
gests that the significantly smaller Ksp value (�10�40;
Table S1) of Fe(OH)3, as compared with the relatively
higher Ksp values (�10�20; Table S1) for Cu(OH)2 and
Zn(OH)2, was highly conducive to iron hydroxide nano-
structure formation. Increasing the concentration of
ammonium hydroxide to 0.1 M while maintaining the
reaction temperature constant (sample I) led to the
generation of longer Fe(OH)3 nanotubes, which might
have arisen owing to higher local concentrations of re-
active reagent ions, which is again consistent with our
mechanism; in fact, it was only with an additional an-
nealing step to 600 °C that one could successfully syn-

Figure 2. SEM images of (A) isolated ZnO nanowires and (B) ZnO nanowires embedded in
the template; (C�E) additional SEM images of ZnO nanowire arrays after removal of the tem-
plate; representative EDS pattern (F) of as-prepared ZnO nanowires and arrays.
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thesize hematite nanotubes (sample J). By contrast, in-

creasing both the reaction temperature (to 80 °C) and

hydroxide concentration (to 0.1 M) as well as reverting

to a PC template (sample K) resulted in the formation of

iron-containing, nonhematite nanowires, as we will

subsequently describe in our XRD data discussion. The

presence of the filled nanowire structures within the PC

template reflected the more favorable reagent

particle�particle versus particle�pore wall interaction

in this pore environment. Hence, iron oxide nanowire

growth in PC templates is analogous to the homoge-

neous processes described for Zn and Cu. Such an as-

sertion was further confirmed by the formation of

sample L, prepared under low-temperature and low

concentration conditions. As with sample F by anal-

ogy, only small, discrete particles, measuring about 100

nm in diameter and likely consisting of either amor-

phous hematite or more likely, iron hydroxide, were

obtained.

X-Ray Diffraction. On the basis of this knowledge base,

in the remainder of the paper, we focus on the charac-

terization and manipulation of ZnO, CuO, and �-Fe2O3

1-D samples, optimally prepared by experimental con-

ditions associated with samples A, B, C, and J (Table 1).

We have demonstrated in principle that, with our tech-

nique, isolated 1D metal oxides of essentially any diam-

eter can be obtained with templates of arbitrary pore

size. The reason we mainly focus on samples prepared

using 200 nm templates is due to our ability to gener-

ate sufficiently large quantities of these nanoscale ma-

terials to enable a more facile data interpretation of

their unique properties.

The purity and crystallinity of as-prepared metal ox-

ide nanostructure samples were initially examined by

powder XRD measurements (Figure 1). As shown in

Table 2, all peaks of as-prepared samples can be readily

indexed to pure phases of our desired materials. No de-

tectable impurities were noted in any of the patterns.

Thus, we were able to obtain hexagonal-phase ZnO and

monoclinic-phase CuO crystals at 80 °C without the ne-

cessity of an additional annealing step at high

temperature.

By contrast, for the production of rhombohedral-

phase Fe2O3, under identical experimental conditions

(use of a polycarbonate (PC) template, at 80 °C, same

concentrations of precursors), the XRD pattern of the

as-prepared sample (which incidentally was composed

of 1D nanowire-like structures (sample K, Table 1) upon

further analysis) was completely featureless. This dif-

fraction result suggested that either little if any Fe2O3

crystals were produced or the as-prepared sample was

effectively amorphous. Hence, we hypothesized that

further annealing was likely needed to increase sample

crystallinity. However, since the PC template could only

be used below 140 °C beyond which it would either de-

form, melt, or even decompose, the use of an AAO tem-

plate was substituted. Resultant samples (in AAO) were

annealed at 600 °C for 1 h. An XRD pattern (Figure 1C,

upper curve) showed that hematite (�-Fe2O3) crystals

(sample J, Table 1) could therefore be obtained, as

planned.

Electron Microscopy. The morphology of as-

synthesized one-dimensional samples was studied

using FE-SEM and TEM. Figure 2A shows SEM images

of as-prepared ZnO nanowires (sample C, Table 1),

isolated from a 200 nm PC template. Diameters of

these ZnO nanowires are about 250 � 50 nm,

whereas the associated lengths measure about 10

� 1 �m. Additional images of ZnO nanowires

(samples A and B, Table 1), grown in templates with

pore diameters measuring 50 and 100 nm, respec-

tively, are presented in Figure 3. The diameters of

these particular ZnO nanowires are 60 � 10 and

120 � 20 nm, respectively, consistent with the pore

size dimensions of the originating templates them-

selves. Figure 2B shows an image of samples with

the template partially removed and with individual,

aligned ZnO nanowires protruding vertically from

the inner surfaces of the template pores. In this ar-

chitecture, nanowire arrays are structurally sup-

ported by the presence of the remnant PC template

which thereby increased the overall strength of the

composite structure. This is significant because it is

known that the power-generating capability of

polymer-supported ZnO nanowire arrays is higher

than that of corresponding arrays lacking any such

mechanical support.24 In our experiments, arrays of

ZnO nanowires appear to be structurally robust and

well preserved, after careful and complete removal

of the entire PC template by methylene chloride, as

shown in Figure 2C (top view) and in Figure 2D,E (tilt

view). The EDS spectrum (Figure 2F) shows the pres-

ence of Zn and O, as expected with the Si signal at-

Figure 3. Collection of SEM images of ZnO nanowires pre-
pared from a PC template possessing pore sizes of (A) 50 nm
and (B) 100 nm, respectively.
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tributable to the underlying Si wafer used for
imaging.

By analogy to ZnO, SEM data on isolated CuO

nanowires are shown in Figure 4A. Diameters and

lengths are 250 � 50 nm and 12 � 2 �m, respectively.

CuO nanowire arrays were also prepared in an analo-

gous fashion to that of ZnO, that is, upon removal of the

PC template, as shown in Figure 4 panels B and C. The

EDS spectrum (Figure 4D) confirms the existence of Cu

and O with the presence of Si attribut-
able to the underlying Si wafer used for
microscopy imaging.

As opposed to nanowires, hollow
�-Fe2O3 nanotubes were obtained us-
ing AAO as the reaction template (Fig-
ure 5A). Diameters and lengths of the
as-obtained nanotubes measured ap-
proximately 260 � 60 nm and 6 � 3
�m, respectively. The existence of short
nanotubes may arise from breakage of
long nanotubes during the associated
sonication process for TEM sample pro-
cessing. Upon removal of a thin layer of
AAO template, nanotubes can be clearly
observed, growing within the pores of
the template (Figure 5B). However, it is
evident that the nanotubes themselves
are not actually attached to the inner
surfaces of the pores. Shrinkage of the
tubes toward the pore centers may
have resulted from a loss of water upon
annealing of Fe(OH)3 (generated in situ
from the reaction of Fe2(SO4)3 and am-

monium hydroxide) at high temperature. Arrays of
aligned iron oxide nanotubes are shown in Figure 5C af-
ter careful removal of the AAO template. The EDS spec-
trum (Figure 5D) is consistent with the existence of Fe
and O, whereas the Al signal originates from the re-
maining AAO template and the Si signal emanates from
the Si wafer used in the imaging process. Additional
SEM images of all of these metal oxide samples, high-
lighting the prevalence of the reaction, are shown in

Figure S2.
The morphology of all of the samples

was also examined by low-magnification
TEM as shown in Figure 6 panels A, C,
and E as well as Figure S3. These im-
ages further confirm the range of
sample diameters obtained from SEM
data. All as-obtained nanowires and
nanotubes are essentially uniform in
terms of shape and morphology.

A high resolution TEM image (Figure
6B) and associated SAED pattern (inset
to Figure 6B) taken on an individual ZnO
nanowire show the single crystalline na-
ture of the sample. The lattice spacing
can be indexed to the (100) plane. SAED
patterns obtained at different spots
along the same nanowire were effec-
tively identical and confirm that each
ZnO nanowire is essentially uniform in
composition and relatively devoid of im-
purities. By contrast, although a similar
procedure was used to generate CuO
nanowires, the resulting product was

Figure 4. SEM image of (A) isolated CuO nanowires; (B, top-view; C, tilt-view) SEM images of
arrays of CuO nanowires after template removal; representative EDS pattern (D) of as-
prepared CuO nanowires and associated nanowire arrays.

Figure 5. SEM image of (A) isolated �-Fe2O3 nanotubes; SEM images of arrays of �-Fe2O3

nanowires before (B, top-view) and after (C, tilt-view) template removal; representative EDS
pattern (D) of as-prepared �-Fe2O3 nanotubes and arrays.
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not single crystalline. That is, a HRTEM image (Fig-
ure 6D) of a CuO nanowire shows the presence
of different crystalline domains and SAED (inset
to 6D) confirms that it is polycrystalline. The lat-
tice spacing of the crystal domain indexed corre-
sponds to (�111). Moreover, our as-generated
�-Fe2O3 nanotubes consist of many small but mi-
soriented single-crystalline nanocrystalline do-
mains (Figure 6E and F), rendering the entire
structure as polycrystalline in nature (inset in Fig-
ure 6F). The lattice spacing taken from one of
these single-crystalline particles has been as-
cribed to the (110) plane. Considering that these
iron oxide structures were prepared using an an-
nealing step at high temperature, this result is not
altogether surprising.

We were also able to generate array struc-
tures of our nanowire samples. Our protocol al-
lows for the transference of any type of metal ox-
ide array motifs onto a nonspecific substrate,
nonlinear or otherwise, using double-sided, con-
ductive tape. As a demonstration of principle of
our ability to pattern metal oxide nanowire arrays
over macroscopically relevant areas, we attached
CuO arrays onto curved substrates of varying
chemical composition. Figure 7 panels A and B
are SEM images of CuO arrays immobilized using
conductive carbon tape onto a plastic tip, measur-
ing 1.5 mm in outer diameter. Figure 7B corre-
sponds spatially to the white square designated
in Figure 7A and highlights the feasibility of gen-
erating vertically aligned metal oxide arrays at
room temperature. Figure 7C and 7D (magnified
view corresponding spatially to the white square
shown in 7C) show the presence of CuO arrays im-
mobilized onto a silica glass rod, measuring 0.8
mm in outer diameter, as mediated by the pres-
ence of conductive, copper tape. By analogy, ZnO
arrays were attached onto an identical silica glass
rod, as shown in Figure 7E and 7F (magnified
view corresponding spatially to the white square
shown in 7E), using conductive, copper tape. We
noted that array integrity was even more highly
preserved in the case of ZnO and CuO nanowire ar-
rays, partly because methylene chloride, used to re-
move the PC template, is not as corrosive to the intrin-
sic structure of copper tape as it is to carbon tape.

We emphasize that this technique, involving an ini-
tial nanoscale oxide nanowire formation inside a tem-
plate followed by attachment to the desired substrate
using conductive tape and subsequent template re-
moval, is significant not only because this generaliz-
able protocol can be performed under ambient condi-
tions for essentially any type of material but also
because this procedure can transfer arrays onto any
type of substrate of any geometric configuration over
a reasonably large macroscopic area, a capability which

is technologically relevant. Moreover, the reported
methodology is effectively independent of the mechan-
ical deformability, melting behavior, and/or decomposi-
tion temperature of the substrate onto to which the ar-
rays are transferred, and furthermore, it does not
necessitate the use of catalytic seed particles, all of
which are important factors in conventional methods
traditionally associated with array patterning. We even
possess the potential of attaching chemically distinctive
types of metal oxide arrays in spatially adjacent posi-
tions onto a given substrate using our simplistic
technique.

Optical Spectroscopy. Optical properties of as-prepared
samples were also investigated. Figure 8 shows the
UV�visible spectra of as-prepared samples. The absorp-

Figure 6. TEM (A, C, E) and HRTEM (B, D, F) images and corresponding SAED pat-
terns (insets) of portions of ZnO nanowires (top), CuO nanowires (middle), and
�-Fe2O3 nanotubes (bottom), respectively. Squares in panels A, C, and E highlight
spatially specific locations on the various nanoscale oxide samples, where the HR-
TEM images were taken.
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tion spectrum (Figure 8A) of the ZnO nanowires

showed the presence of a maximum absorption peak at

364 nm, which blue-shifted relative to that of the corre-

sponding signal for bulk ZnO, in agreement with prior

work.64,65 By analogy, the maximum absorption peaks of

CuO nanowires and of �-Fe2O3 nanotubes (Figure 8B and

8C) were noted at 205 and 208 nm, respectively, which

also showed a blue-shift relative to that of their bulk coun-

terparts, consistent with previous reports.66,67 Essentially,

with decreasing sample size, the optical edge shifts to

higher energy, a phenomenon attributable to quantum

size and confinement effects.68 Indeed, a size-dependent

blue-shift has been observed in the absorption spectra of

nanocrystalline motifs of many other bulk materials, such

as TiO2 nanowires.69

The room temperature photoluminescence (PL)

spectrum of ZnO nanowires is shown in Figure 8D. A

strong UV emission observed at �380 nm most likely

corresponds to near band-edge emission, while the

presence of green emission at �501 nm can be attrib-

uted to radiative recombination of photogenerated

holes in the valence band with electrons in singly occu-

pied oxygen vacancies.32,70,71

Moreover, evidence for the formation of metal ox-

ides was provided by FT-IR spectra, shown in Figure

S4. The broad absorption band around 500 cm�1 of

the ZnO sample can be attributed to either the stretch-

ing mode of ZnO64,72 or an oxygen vacancy defect

complex73,74 in that compound. By analogy, the maxi-

mum absorption band at around 520 cm�1 of the CuO

sample corresponds to the broad stretching mode of

CuO along the [101] direction.75,76 Finally, for the

�-Fe2O3 sample, the presence of bands located at 580

cm�1 and 485 cm�1 is consistent with

Figure 7. SEM images of CuO nanowire arrays immobilized onto (A and B) a plastic tip as well as onto (C and D) a curved glass rod.
(E and F) Analogous SEM images of ZnO nanowire arrays immobilized onto a curved glass rod.
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the presence of A2u/Eu and Eu vibrations,
respectively.77–79

Magnetic Behavior. The magnetic behav-
ior of as-prepared �-Fe2O3 nanotubes
was investigated using SQUID analysis.
Field-cooled and zero-field-cooled mag-
netization curves under 100 Oe are
shown in Figure 9A. The magnetic phase
transition from the canted ferromagnetic
phase to another antiferromagnetically
ordered state has been reported for bulk
hematite samples to be around 260 K,
characterized by a sharp decrease in the
magnetization in the so-called Morin
transition.80 The magnetic behavior of
our �-Fe2O3 nanotubes was different
though. Our results are in agreement
with analogous data observed for a hy-
drothermally prepared �-Fe2O3 nano-
tube sample,81 as well as for spherical
�-Fe2O3 nanoparticles.82 For instance, for
our template-prepared nanotubes, we
observed a hysteresis loop at 5 K (Figure
9B), indicative of the presence of a coer-
cive field at 245 Oe, characteristic of a soft
magnet; by analogy, hydrothermally pre-

pared nanotubes yielded a coercive field of 280 Oe.81

These results are suggestive of a long-range magnetic

ordering, suppressing the Morin transition. Moreover, it

can be observed that our �-Fe2O3 nanotubes show a

well-defined peak at 65 K, below which the magnetic

moments of particles are frozen or blocked; by analogy,

for spherical �-Fe2O3 nanoparticles, that blocking tem-

perature was 45 K.82 Our FC curve above the blocking

temperature does not follow standard Curie�Weiss be-

havior, suggesting the presence of strong intertube in-

teractions. As we cannot ascribe these behaviors to any

magnetic impurities in our samples, our overall obser-

vations herein can potentially be assigned to structural

disorder, such as the presence of small crystalline par-

ticulate regions, an assertion supported by the polycrys-

talline nature of our iron oxide tubes, as evidenced by

the TEM/HRTEM images in Figure 6E,F. In addition, mor-

phology, finite size, and surface effects are additionally

important factors, since hematite nanocubes66 also be-

have magnetically distinctively as compared with the

bulk.

Photocatalytic Measurements. Semiconductor-assisted

photocatalysis and photo-oxidation of organic contami-

nants, as exemplified by model organic systems, re-

main as reasonable methodologies for converting pol-

lutants into relatively harmless byproducts. The

photocatalytic potential of as-prepared ZnO nanowires

was evaluated by measuring the absorption intensity of

methyl orange at 464 nm upon photoexcitation with

UV light at 366 nm. Our data clearly show that nanow-

ires and nanoparticles as well as the bulk sample of

ZnO are active photocatalysts, as illustrated in Figure

Figure 8. UV�visible spectra of as-prepared (A) ZnO nanowires, (B) CuO nanowires, and (C)
�-Fe2O3 nanotubes; (D) photoluminescence spectrum of ZnO nanowires (excitation wave-
length of 325 nm).

Figure 9. (A) Temperature dependence of the magnetic sus-
ceptibility for �-Fe2O3 nanotubes, showing zero field cooling
(ZFC) and field cooling (FC) curves, with an applied mag-
netic field set at 100 Oe; (B) hysteresis loop at 5 K revealing
the coercivity of as-prepared hematite nanotubes.
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10A. Our nanowire samples exhibited a slightly higher
photoactivity as compared with that of both bulk and
nanoparticle samples and that observed enhancement
of photocatalytic activity is most likely related to a rela-
tive increase in the purity and crystallinity of our
nanowires. Moreover, because the absorption spec-
trum of ZnO nanowires is shifted to higher energy with
respect to that of the bulk as well as of commercial
nanoparticles, the corresponding increase in sensitivity
of our nanowires toward that part of the optical spec-
trum may also account for the larger amount of associ-
ated photoactivity noted.68 Similar morphology-
dependent trends in photocatalytic behavior have been
previously reported for anatase TiO2.69 A similar en-
hancement of photocatalytic activity was also observed
for as-prepared �-Fe2O3 nanotubes as compared with
that of the nanoparticles and bulk in the decomposition
reaction83 of 4-chlorophenol (4-CP) to CO2, H2O, and
HCl on the basis of changes in the intensity of the 4-CP
absorption peak at 225 nm (Figure 10B).

We determined that both of these photodegrada-
tion reactions were pseudo-first-order reactions. From
our data in Figure S5, we calculated apparent reaction
rate constants of methyl orange degradation for ZnO
nanowires, nanoparticles, and the corresponding bulk
samples to be 2.77 	 10�2, 2.13 	 10�2, and 1.92 	

10�2 min�1, respectively. By analogy, rate constants for
the photocatalytic degradation reaction of
4-chlorophenol by �-Fe2O3 nanotubes, nanoparticles,
and the corresponding bulk samples were deduced to

be 3.60 	 10�3, 2.49 	 10�3, and 1.86 	 10�3 min�1,
respectively.

Degradation of Hydrogen Peroxide. Metal oxides are
known to effectively catalyze the degradation of H2O2,
a model compound for the degradation of organic spe-
cies.84 The effect of CuO in catalyzing the degradation
of H2O2 through a heterogeneous process is shown in
Figure 11. It was found that the concentration of H2O2

decreased much more quickly in the presence of CuO
nanowires and nanoparticles as compared with that of
the CuO bulk. In fact, after 3 h of reaction, we noted an
approximately 35% and 19% loss of H2O2 with CuO
nanowires and nanoparticles, respectively, as compared
with only a 10% reduction of hydrogen peroxide in
the presence of bulk CuO. The small, observed enhance-
ment of photocatalytic activity of our nanowires, rela-
tive to that of both commercial bulk and nanoparticle
samples, may be related to a rise in CuO crystallinity and
chemical purity, characteristic of our as-prepared
nanostructures.

CONCLUSIONS
The modified template technique we have devel-

oped allows for reasonably short reactions to be run
under mild, ambient conditions in aqueous solution
with reliable control over shape, dimensionality, and
crystallinity, originating from the spatial geometry
of the confining porous template environment. We
have highlighted the potential of the technique
herein to the reliable and reproducible synthesis of
not only isolated structures (measuring 50�200 nm
in diameter and several micrometers in length) but
also of arrays of ZnO, CuO, and �-Fe2O3 over spa-
tially relevant, macroscopic (cm2) areas of various
types of substrates (i.e., not only flat silicon surfaces
but also curved glass rods). In addition, size- and
shape-dependent optical, magnetic, and catalytic
properties of these as-prepared 1D metal oxides
were investigated and noted to be mainly compa-
rable with or better than the associated properties
of the corresponding bulk oxides.

Moreover, we have also proposed plausible explana-
tions for the formation of nanotube and nanowire for-

Figure 10. (A) Photodegradation of methyl orange in the
presence of (a) ZnO nanowires, (b) ZnO nanoparticles, (c)
ZnO bulk, and (d) a blank control. (B) Photodegradation of
4-chlorophenol in the presence of (a) �-Fe2O3 nanotubes, (b)
�-Fe2O3 nanoparticles, (c) �-Fe2O3 bulk, and (d) a blank
control.

Figure 11. Degradation of H2O2 in the presence of (a) CuO
nanowires, (b) CuO nanoparticles, (c) CuO bulk, and (d) a
blank control.
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mulations of the same material under different sets of
experimental conditions. That is, it is possible to control
morphology by tuning the nature of the physicochem-
ical interactions between reagent molecules and the
pore walls, for instance, either (i) by chemically modify-
ing the hydrophilicity, hydrophobicity, and surface

charge of the internal pore sidewalls or (ii) by physi-
cally altering reagent concentrations, reaction pH, reac-
tion temperatures, and reaction times. This is a particu-
larly advantageous strategy when the metal oxide
nanoscale material is difficult to generate by other con-
ventional means.

EXPERIMENTAL SECTION
Synthesis. Commercially available polycarbonate (PC) mem-

branes (Millipore Co.) used in this study contained pore sizes of
50, 100, and 200 nm in diameter, respectively. These polycarbon-
ate filters possess track-etched channels with pores randomly
distributed across the filter membranes. Commercially available
alumina (AAO) templates (Whatman Co., U.K.) used in this study
maintained pore sizes of 200 nm in diameter.

To synthesize ZnO and CuO nanowires, a typical PC mem-
brane was mounted between the two halves of a U-tube cell.
The half-cells were then filled with equimolar solutions (0.1 M)
of metal salt solutions (e.g., ZnCl2 (Aldrich) for ZnO and Cu(NO3)2

(Alfa Aesar) for CuO, respectively) and NaOH (Fisher) in water, re-
spectively. The entire U-tube cell was subsequently placed in a
water bath whose temperature was set at 80 °C. It has been pre-
viously shown41,42,85,86 that under these experimental condi-
tions, metal hydroxides (such as Zn(OH)2 and Cu(OH)2, in this ex-
ample) initially form and then transform via a low temperature
“dehydration” and subsequent crystallization process to ulti-
mately yield their corresponding metal oxides (such as ZnO and
CuO, in this case) upon low-temperature heating of the alkaline
solution containing these species. Our results for CuO, in particu-
lar, visually confirmed this scenario as we were able to observe
a change from the blue hue characteristic of Cu(OH)2, initially
generated at room temperature, to the coal black color associ-
ated with the CuO product in solution, upon heating to 80 °C. Af-
ter 30 min of reaction, the PC template was detached, thor-
oughly washed by distilled water, and ultimately removed by
immersion in methylene chloride for 10 min. Isolated nanoscale
metal oxide samples were then centrifuged, washed with etha-
nol and distilled water, and finally oven-dried at 80 °C for 24 h.

To synthesize �-Fe2O3 nanotubes, an AAO membrane was
mounted, as opposed to a PC template, between the two halves
of a U-tube cell. The half-cells were then filled with equimolar so-
lutions (0.01 M) of Fe2(SO4)3 (J.T. Baker) and ammonium hydrox-
ide (Fisher) in water. The U-tube cell was maintained at room
temperature. After 1 h of reaction to prepare Fe(OH)3,87 the AAO
template containing the product was detached, thoroughly
washed with distilled water, and oven-dried at 80 °C for 1 h.
The AAO template was subsequently annealed at 600 °C for 60
min to ultimately generate �-Fe2O3 nanostructures. We note that
we were unable to synthesize crystalline hematite, despite nu-
merous experimental variations, without an annealing step. Af-
ter annealing, the template was removed by immersion in 1 M
NaOH for 1 h. Samples were then centrifuged, washed with dis-
tilled water until the pH of the solution attained a value of 7, and
ultimately oven-dried at 80 °C for 24 h.

It should be noted that, whereas in every case for ZnO, CuO,
and �-Fe2O3 nanostructures, we are able to generate essentially
100% pure samples in all of our runs, we are still in the process of
optimizing overall yields of 
50%.

Characterization. X-ray Diffraction (XRD). Crystallographic informa-
tion on as-prepared samples was obtained using powder XRD
through the mediation of a Scintag diffractometer, operating in
the Bragg configuration using Cu K� radiation (� � 1.54 Å).
Samples for analyses were prepared by grinding powders thor-
oughly in ethanol using a mortar and pestle, followed by load-
ing onto glass slides and subsequent drying in air. Diffraction
patterns were collected from 20 to 80° at a scanning rate of 0.3°/
min with a step size of 0.02°. Parameters used for slit widths
and accelerating voltages were identical for all samples.

Electron Microscopy. The diameters and lengths of as-prepared
nanowires/tubes were initially characterized using a field emis-

sion scanning electron microscopy instrument (FE-SEM Leo
1550), operating at an accelerating voltage of 15 kV and
equipped with energy-dispersive X-ray spectroscopy (EDS) capa-
bilities. Samples were first dispersed in ethanol, then sonicated
for 1 min, and finally deposited onto Si wafers, which were ulti-
mately attached onto the surfaces of SEM brass stubs using con-
ductive carbon tape. Samples were then conductively coated
with gold by sputtering for 20 s, so as to minimize charging ef-
fects under SEM imaging conditions.

For the creation of nanowire/nanotube arrays, membranes
were initially attached to a piece of either double-sided conduc-
tive carbon tape or copper tape. The resulting aligned nano-
wire samples were created by immersion in either 1 M NaOH so-
lution (for AAO membranes) for 0.5 h or in methylene chloride
solution (for PC membranes) for 5 min to dissolve and remove
the template. After washing steps with distilled water followed
by air-drying, samples were subsequently mounted onto a vari-
ety of substrates for imaging.

Specimens for transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) were obtained by drying droplets
of as-prepared samples from an ethanolic dispersion, which had
been sonicated for 1 min, onto a 300 mesh Cu grid, coated with
a lacey carbon film. TEM images were then taken at an accelerat-
ing voltage of 120 kV on a Philips CM12 instrument. HRTEM im-
ages and SAED patterns were obtained on a JEOL 2010F HRTEM
at an accelerating voltage of 200 kV. This instrument was
equipped with an Oxford INCA EDS system with the potential
of performing SAED to further characterize the crystallinity of as-
prepared samples.

Photoluminescence (PL). Photoluminescence data were obtained
at 25 °C on a Jobin Yvon Spex Fluorolog 3 with a 1 s integration
time. PL spectra for ZnO nanowires in water solution were ob-
tained at an excitation wavelength of 325 nm. Prior to data col-
lection, the nanowire solution was sonicated for approximately
30 s to obtain a visually nonscattering dispersion. Fluorescence
data were taken immediately afterward.

Ultraviolet�Visible Spectra (UV�vis). UV�visible spectra were ob-
tained at high resolution on a Thermospectronics UV1 spectrom-
eter using quartz cells with a 10-mm path length. UV�visible ab-
sorption spectra were recorded using methanol as a blank.

Infrared Spectroscopy (IR). Mid-infrared spectra were recorded by
using a Nicolet Nexus 470 FTIR spectrometer with a resolution
of 4 cm�1. Solid samples were prepared using a potassium bro-
mide (KBr) pellet.

Photocatalytic Activity. To test the photocatalytic efficiency of as-
prepared ZnO nanowires, a solution mixture of 10 mg/L methyl
orange containing 1 g/L of ZnO nanowires in water was pre-
pared. Prior to irradiation, the suspensions were sonicated for
10 min and then magnetically stirred in the dark for 30 min to es-
tablish an adsorption/degradation equilibrium. The suspension
was subsequently irradiated under UV light (emission wave-
length maximum at 366 nm) at a �5 cm separation distance.
Analogous control experiments were performed either without
ZnO (blank) or in the presence of either a commercial bulk or a
commercial nanoparticle (Nanostructured & Amorphous Materi-
als, Inc., 20 nm) sample, normalized for identical metal oxide con-
centrations. Concentrations of methyl orange in the superna-
tant aliquots were subsequently analyzed by measuring the
absorbance at 464 nm using a Thermospectronics UV1 spec-
trometer with 10-mm path length quartz cells.

For hematite nanotubes, a similar protocol was utilized with
the exception that 4-chlorophenol (4-CP) was tested as opposed
to methyl orange. Our source for 20�50 nm commercial hema-
tite nanoparticles was Nanostructured & Amorphous Materials,
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Inc. The concentration of 4-CP utilized was 6 mg/L and the
amount of catalyst loading was set at 50 mg/L. The process for
testing the photocatalytic efficiency of hematite nanotubes was
essentially identical to the one for ZnO nanowires with the ex-
ception that absorbance was measured at an emission wave-
length maximum of 225 nm.

Degradation of Hydrogen Peroxide. To probe the ability of as-
prepared CuO nanowires to catalyze the degradation of H2O2, a
20 mL solution mixture containing 0.6 M H2O2 and 0.5 g/L CuO
nanowires was initially prepared with rapid magnetic stirring. A 1
mL portion was removed every 30 min and the concentration
of H2O2 in the subsequent pH-adjusted supernatant aliquots was
subsequently analyzed by titration with a solution of 0.02 M
KMnO4.88 Analogous control experiments were performed ei-
ther without CuO (blank) or in the presence of either a commer-
cial bulk or a commercial nanoparticle (Nanostructured & Amor-
phous Materials, Inc., 30�50 nm) sample, normalized for
identical metal oxide concentrations.

SQUID. Magnetization measurements were obtained using a
Quantum Design magnetic property measurement system
(MPMS) superconducting quantum interference device (SQUID)
magnetometer, operated over a temperature range of 5�300 K,
at an applied field of 100 Oe. Magnetization versus applied field
measurements were obtained using H values from �5000 to
5000 Oe. Powder samples of as-prepared products were pressed
lightly, loaded into a gel cap, and then covered with silica wool.
The sample was held within a uniform drinking straw, which was
attached to the sample rod of the MPMS apparatus. Signals gen-
erated by measurements of an empty sample holder demon-
strated that the holder assembly contributes 
1% to the over-
all magnetic signal.
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