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Single-crystal ZnO nanowires long up to several microns were fabricated by one-step electrochemical deposition. A template-based
process employing track-etched polycarbonate (TE-PC) membranes was used for this purpose. The morphology and the structure
characteristics of the ZnO nanowires were analyzed by means of Scanning Electron Microscopy (SEM), Focused Ion Beam (FIB),
Transmission Electron Microscopy (TEM), and Selected Area Electron Diffraction (SAED). The growth process conditions turned

out to have a marked influence on the crystal nature and morphology of the nanowires. Deposition rates ranging from 0.4 nm s
were recorded for the growth of ZnO nanowires. The obtained results showed that by using carefully controlled

and up to 0.6 nm s~
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deposition conditions single crystalline nanowires and fine-grained structures can be routinely obtained.
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ZnO has extrusive physical properties such as a direct bandgap
in the ultraviolet range (3.37 eV) or a large exciton binding energy
(60 meV) which have made it a great application prospect.:? ZnO
nano-objects have been widely investigated in the recent years owing
to promising applications in nanodevices. They showed high sensi-
tivity to different chemicals, have piezo- and pyro-electric properties,
etc.** As it has been shown that band edge, exciton energies, and
UV luminescence of ZnO nanostructures are affected by crystallite
size and crystal morphology,> it is desirable to tailor their electronic
properties in order to exploit the broad range of applications.

Nowadays, many efforts still focus on synthesizing oriented one-
dimensional ZnO nanostructures. Up to now, techniques using so-
phisticated and expensive equipments but also low temperature and
cost-effective methods such as electrodeposition (ED) and hydrother-
mal deposition were employed for the synthesis of nanostructures.”
The major advantage of the electrochemical synthesis is given by its
application for large area and high throughput productions, therefore
suitable for an industrial use.'®!* The ED of ZnO nanowires has been
focused mostly on the preparation of nanorod/nanowire arrays by the
template method and on flat substrates.'* 13

The ZnO electrodeposition is based on the reduction of an oxygen
precursor such as dissolved molecular oxygen, nitrate ions or hydro-
gen peroxide. For example, Cembrero et al.'® reported on the cathodic
electrodeposition of ZnO nanocolumns and nanowires from zinc chlo-
ride solutions saturated in molecular oxygen. The general scheme for
ED of ZnO employing different oxygen precursors is supposed as
follows.

The reaction at the cathode surface employing different oxygen
precursors:

Nitrate: NO;~ + H,O +2¢~ — NO,” +20H™ [1]
Hydrogen peroxide: H,O, + 2e~ — 20H™ [2]
Molecular oxygen: O, + 2H,0 + 4e™ — 40H™ [3]

After hydroxyl anions are generated, they immediately precipitate
in presence of Zn>* to form Zn(OH), which is easily dehydrated above
65°C and forms ZnO,'” as presented in equations 4 and 5:

Chemical precipitation: Zn*" +20H™ — Zn(OH), [4]
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Dehydration: Zn(OH), — ZnO + H,0 [5]

The process evolves itself drifting the pH of the electrolyte to a
constant increase and to a local supersaturation of the bath in the
vicinity of the electrode, thus provoking the precipitation on the elec-
trode surface of ZnO;'® therefore, if a specific crystal order is desired,
the pH of the electrolytic solution has to be precisely controlled and
adjusted to a proper value.

As we know, control of morphology and structure (especially
columnar structures) of oxides is of great importance for their imple-
mentation in technological devices.'™?° The templated ED technique
offers a possibility to achieve these. However, even though the elec-
trodeposition of ZnO nanowires was extensively studied, there are
only a few researches on the structure of ZnO nanowires electrode-
posited in porous membranes.'>2!

As the ability of tailoring the properties of ZnO nanowires by
ED technique and proper control of electrochemical parameters has
not been fully exploited yet, it is therefore, mandatory to master the
fabrication process over these properties through either chemical®>?*
or physical routes>* for turning the fundamental research achievements
into tangible products.

Here, the synthesis and structure study of the single-crystal ZnO
nanowires grown in track-etched polycarbonate templates (TE-PC) is
investigated by potentiostatic mode. The aim of this work is twofold.
Firstly, we try to control the synthesis of ZnO nanowires by adjusting
the electrodeposition potential. Secondly, we investigate the properties
of the deposited ZnO nanowires and discuss the observed modification
of structure in light of changing deposition potential.

Experimental

Materials.— The chemicals were reagent grade and used as re-
ceived (Carlo Erba). Distilled water was employed for the preparation
of the solutions. All the experiments were performed in 0.1 M aque-
ous KClI solutions containing 5 mM ZnCl,. Hydrogen peroxide (30%
H,0, (Carlo Erba)) was added in a molar concentration of 5 mM and
the pH value was adjusted at 6.4 (£0.02). Hydrogen peroxide was
used as an oxygen precursor in the present paper, as it does not give
rise to undesired reaction products and it is highly soluble in water
(up to 10 M).

High-quality TE-PC membranes (Université Catholique de
Louvain) were used as template in this study. The characteristics of
the TE-PC membranes were: 21 pm thickness, 50 nm pore diameter
and 4 x 10° pores per cm? pore density. TE-PC membranes were
particularly used due to easiness in dissolution and removal to free the
nanowires for further use and characterization. The templates were
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fabricated by using high-energy ions to create nuclear track damages
in the polymer foils and by further etching step of the material to
have nanopores drilled therein.

Set up.— In order to ensure the electrical continuity, a thin gold
layer (30 nm thick) was sputtered on one side of the TE-PC membrane
using a BOC Edwards sputter coater; the membrane was then used
as the working electrode (WE) in a three-electrode electrodeposition
cell and placed in such a manner to expose the uncoated side of the
template to the electrolyte. Pt wire was used as the counter electrode
(CE) and saturated calomel (SCE) served as the reference electrode
(RE). All the potential values were recorded with respect to the SCE.

Synthesis methods.— All electrochemical measurements were per-
formed on an AMEL 500 potentiostat. The temperature of the elec-
trolytic bath was set to 75°C, unless stated otherwise. Prior to the
experiments, the WE was sonicated in the electrolyte for 10 minutes
to promote its infiltration within the template nanopores. Moreover,
30 minutes of immersion in the electrolyte was allowed to WE in order
to ensure the temperature is constant throughout the TE-PC template.
Omitting this step will result in the growth in some pores first. More-
over, the number of pores in which growth proceeds with time may
be changing. In order to take a first glance at the ED process, cyclic
voltammetry studies were carried out in order to determine the depo-
sition potential window. The cell voltage was swept from open circuit
potential to —1.5 V at a sweep rate of 50 mV s~'. The ED of ZnO in
the TE-PC templates was carried out by using the potentiostatic mode
employing values in the range —0.95 to —1.3 V for different growth
time. The growth was interrupted before the transition to bulk film in
order to easily release the nanowires upon removal of the template.

Characterization methods.— Growth of nanowires was achieved
by analyzing the chronoamperometric curves recorded for each depo-
sition potential employed. Scanning Electron Microscopy (SEM) and
Focused Ion Beam (FIB) images of the ZnO nanowires were obtained
by using a FEI Quanta 3D 200 dual beam microscope at an accelera-
tion voltage of 30 kV following the partial dissolution of the template
in dichloromethane and evaporation of solvent. Transmission Electron
Microscopy (TEM) and Selected Area Electron Diffraction (SAED)
were performed in order to analyze the effect of deposition potential
on the crystalline structure of obtained nanowires. The ZnO nanowires
were freed by dissolving the template membrane in dichloromethane.
To have the nanowires ready for characterization, all samples were
flushed several times, rinsed with ethanol, and finally dried in clean
air. A Phillips CM-10 microscope working at 100 kV was employed
for these measurements.

Results and Discussion

Prior to the nanowires deposition, cyclic voltammetry studies
were performed on Au covered TE-PC templates as reported
in Figure la. The method consists in generating hydroxide
ions at the surface of the cathode by reduction of the oxygen
precursor. The onset of ZnO deposition was observed around
—0.75 V and the absence of any oxidation peak on the anodic curves
that could lead to Zn formation was confirmed. Therefore, potential
values more negative than —0.7 V could be used to deposit ZnO
structures. In the following, potential values in the range —0.95 to
—1.3 V were applied and effect of deposition potential on the obtained
ZnO nanowires was assessed. As potential and current distribution is
governed by phenomena related to charge transport in the electrodes
and charge/mass transport in the electrolyte,” the infuence of
overpotential on current distribution must be taken into account.

Figure 1b presents the chronoamperometric curve correspond-
ing to the deposition of ZnO nanowires at the constant potential of
—1.1 V. The current growth presents some variations due to the bub-
bles formed on the working-electrode surface. The reduction process
takes place upon the displacement of the Zn”* ions in the direction of
the cathode when the system is driven out of electrostatic equilibrium
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Figure 1. a) Voltammetric curve of Au covered TE-PC substrates in 0.1 M
KCl + 5 mM ZnCl, + 5 mM H, 0, at a scan rate of 50 mV s~! and b) Current
transients recorded for the growth of ZnO nanowires at —1.1 V.

due to the electric field generated in the solution. After the initial
transient caused by the induction process (the charge-discharge of the
double layer) at the electrode/electrolyte interface, the current reaches
a constant value as the cations in the close vicinity of the electrode are
being reduced. This corresponds to the formation of ZnO nuclei. Fur-
ther, the electrodeposition process is balanced while nanowires grow
up. An explanation of I-t transient could be supported by applied volt-
age and, if mass transport is a limitation, by the diffusion of ions,
which are generally known to determine the value of electrochemi-
cal current. Since the RE is located in the bulk electrolyte above the
TE-PC membrane, there may be a voltage drop along the electrolyte
in the pores which would result in a reduced electrochemical current.
In case of progressive growth, this voltage drop should decrease since
the wires are approaching the bulk and so, the current would increase.
A similar conclusion is reached if mass transport limitation is con-
sidered. As a first-order approximation, one may assume a constant
ion concentration in the electrolyte above the pores. The concentra-
tion gradient, which determines the diffusion current, increases if the
wires approach the top surface of the membrane, so that the diffusion
current increases as well. Apart from diffusion and migration, the
electrochemical current is also proportional to the electrode area.
The growth rate of ZnO nanowires into the TE-PC templates is
presented in Figure 2a as a function of the deposition potential for
the same deposition duration. Since ZnO formation has generally
a fast kinetics, the local composition of the electrolyte around the
nanowires will be mainly determined by the ratio between the rate
of OH™ generation and the diffusion of Zn** ions to the cathode.
As it is obvious, by increasing the overpotential, nanowires will
grow faster in the pores and so, the filling time decreases while
the filling rate increases. The growth rate of ZnO nanowires ranged
0.4-0.6 nm s! and, as it is ascertained from Figure 2a, the
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Figure 2. a) Growth rate of ZnO nanowires as a function of deposition poten-
tial ((--) is the fitted line), b) variation of nanowire length with electric charge
((o) is the fitted curve).

dependence on the deposition potential followed a linear trend.
For example, 1-wm-long ZnO nanowires could be deposited by
electrochemical deposition only for approximately 40 min at the
deposition potential of —1.1 V. Therefore, it is possible to control
the aspect ratio of nanowires by changing the parameters such as the
applied potential or deposition time.

The length of the nanowires increases with time as shown in
Figure 2b depicting the dependence of the nanowire length on the
deposition charge, at a given deposition potential value. The theoret-
ical electrical charge transferred was calculated by the formula:

where z is the number of exchanged electrons, F is the Faraday
constant, p is the density of the deposited material, L is the length of
the nanowires, A represents the effective area of nanopores (cm?)
and M is the molecular mass of ZnO. Here, a 100% current efficiency
is assumed. The Ay value is given by:

Actt = Aeyp N [11]

where Ay, is the exposed TE-PC area, r is the nanowire diameter and
N is the surface density of pores of the TE-PC membrane. For all the
experiments carried out, the deposition efficiency was calculated from
the chronoamperometric curve and the deposited mass by using the
experimental and theoretical electrical charge values. As expected, the
deposition efficiency was rather low - the average deposition efficiency
calculated was close to 6% similar to what Elias et al.? obtained while
growing ZnO nanowires on planar ITO substrate. The presence of im-
purities and heterogeneities (grain boundaries) could have suppressed
the nanowire nucleation. Moreover, the growth could be limited by
the OH™ at the top of the wire or by Zn(OH),>~*, where Zn(OH),>™*
could form at the electrode by the reaction of Zn**and OH™.

It is noted that the increase of nanowire length with electrical
charge (i.e. time) follows an exponential law at a given overpotential.
An explanation for this trend could be as follows: during the growth
period of the nanowires, the precursor could continuously provide lib-
erally reactants for electrodeposition by ion diffusion and the variation
of HO™ and Zn?* concentrations could be negligible at the substrate
surface in a certain period up to the necessary time (corresponding to a
charge of 0.6 C cm™2, in our case) — see image (A) in Figure 3. Above
this period of time, the solution facing the WE surface depletes from
ions and so, the precursor could not supply adequate reactants for the
growth of nanowires. A boundary layer is formed near the membrane
surface—see image (B) in Figure 3. In this region, transport phenom-
ena supply the electrode with ions coming from the solution and a
diffusion controlled limiting current density would be obtained.?”-?
In general, the boundary layer reduces the effectiveness of the entire
process due to the area of oriented H,O molecules formed in front of
the cathode. Therefore, the crucial steps become the diffusion process
of ions and electrochemical reduction of H,O,, which will result in
the decrease of the growth rate. The general scheme of the electrode-
position mechanism is presented in image (C) in Figure 3, based on
the reactions 2, 4, and 5.

One of the most common models used to interpret chronoamper-
ometry data is the Cottrell equation.?’ In case of a reduction reaction
and before the occurrence of the limiting current, it can be written as:

i() = ("FA£D'*C)/(x'¢!/?) (1]

where i(t) is the diffusion current, n is the number of electrons trans-
ferred in one electrochemical reaction step, F is the Faraday constant,
Acfris the effective electrode area (exposed electrode area at the bottom
of the pores given by the equation II), D is the diffusion coefficient of
electroactive species in electrolyte, C is the initial bulk concentration
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Figure 4. Calculated diffusion coefficient (D) at different deposition potential
values.

The Cottrell equation was derived based on semi-infinite planar
diffusion and assuming that the voltage step was sufficiently large so
that the surface concentration of active species could be essentially
zero. The diffusion coefficient can be extracted from the plot of i(t)
= f(t""2). In the present work, the obtained plots were not linear
for which a number of possible explanations may be given. The first
and most obvious explanation is that the boundary conditions used to
derive equation III do not accurately represent the physical processes
occurring in the electrode and there are surface and pores irregularities,
making the characteristic length of the diffusion field much smaller.
The appropriate time interval from which the Cottrell slope should be
calculated can be found by plotting I x t"2 versus 2.3 The results
presented in the present work are obtained according to the methods
described above.

Nevertheless, the Cottrell relation is not valid for longer times due
to the formation of a radial instead of a planar diffusion field. In case

of a spherical electrode, the Cottrell equation is as follows:?

i() = ("FAD'*C)/(x'*t'/?) + (nFAxD'2C)/(3) (1V]

where the time independent second term includes § which is the radius
of the sphere. To determine the effective diffusion coefficient during
long times and to compare it with the Cottrell data, the radial diffusion
equation IV could be applied.

The average values of diffusion coefficient, D (planar and ra-
dial), ranged from 4.9 x 107° t0 2.6 x 10~ cm? s™' as observed in
Figure 4 presenting the influence of deposition potential on the diffu-
sion coefficient value. Although these values are higher than reported
values in literature for planar electrodes,’’ some explanation could
arise from the electrodeposition conditions, for example the ultrason-
ication pre-treatment of the TE-PC and the time allowed to the TE-PC
to reach and maintain the deposition temperature that could signifi-
cantly improve the diffusion. Nevertheless, an accurate experimental
determination near the electrode becomes difficult due to cell geom-
etry and electrode dimensions. Information about the dimensions and
geometry of the interpenetrating and spatially complementary solid
and porous fractions is needed. The distribution of electrode material
must also be taken into account. The main approximation would be
to consider that the concentration at the top of a pore is constant,
independent of the distance measured from the center of the pore to
its edges.?” The next step would be to consider the relative disposi-
tions of the liquid within it, that is, the capillary equilibrium. This
demands a detailed description of the porous medium, not only in
geometrical terms but also in terms of wetting characteristics, and
also involves historical considerations, in that the particular order of
electrode filling becomes significant. For the calculation of the elec-
trochemical characteristics of porous electrodes, the description of the
state of capillary equilibrium appears to be fundamental. However, the
problems in experimentally determining of such equilibrium states are

considerable. The most important hindrance to the mathematical de-
scription of porous media is due to difficulty in describing the irregular
structures of real electrodes. This necessitates the use of probability
theories in developing and testing different plausible models. The ra-
dius and wetting angle have a marked importance in characterizing a
pore, as well. Moreover, if the sites of electron transfer are discrete,
i.e. the electrode is partially blocked, the diffusion field close to the
surface can be hemispherical or a combination of hemispherical and
linear geometries.** Diffusion through porous media should consider
even more: tortuosity coefficient 6 (the ratio of the mean increase in
diffusional path per unit length in the direction of diffusion within the
material) and pore entrance effects.>*

It is well known that properties of all materials are determined
by their structure. Even minor structural differences often have
profound effects on their properties.”> Figure 5 shows the SEM

4 um

©

Figure 5. SEM-imaged ZnO nanowires obtained at: a) —1.1 V and b)
—1.3 V, after partial dissolution of membrane; ¢) FIB image of the same
nanowires as in Sb.
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Figure 6. TEM images showing: a) length distribution, b) diameter, c) single-crystal structure and d) three portions of single-crystal ZnO nanowires electrodeposited

at —1.1 V.

images confirming the formation of ZnO nanowires by potentiostatic
deposition at —1.1 V and —1.3 V. The nanowires presented in
Figures 5a and 5b are still partially embedded in the polymeric
membrane and have a low contrast. By using FIB imaging — Figure Sc,
the contrast was increased and resulted in a better defined image of
the nanowires. In all these figures, the nanowires appear randomly
distributed and mostly lying on the substrate. This is mainly due to
the partial dissolution of the TE-PC template by solvent evaporation
and the mechanical forces involved which also results in a random
distribution in the nanowire length independently of deposition
potentials employed. Another explanation for this variability comes
from an intrinsic nature of TE-PC membranes. The pores in these
membranes are not aligned parallel but also have a considerable
angular distribution. For this reason, the length of the pores,
measured through the membrane, is not constant. Hence, even if the
electrochemical deposition would proceed at an exactly constant rate,
the complete nanopore filling would still vary among different pores.

In order to have a more precise estimation of the diameter distri-
bution of nanowires fabricated in the same conditions and to assess
the effect of the deposition potential on the structure of the ZnO
nanowires, TEM imaging was used. Figure 6 presents the TEM mi-
crographs of the electrodeposited nanowires at —1.1 V. The overall
TEM image in Figure 6a shows that the variability of nanowire length
was higher than estimated and justified by membrane properties. The

length of the imaged nanowires cannot be considered as representative
of the arrays because a wide distribution was observed for nanowires
from the same sample. The observed inhomogeneous growth could
be explained by the non-uniform velocity in the pore array resulting
in mixing of the fluid in the flow direction, which further results in a
dispersion of the concentration profiles. In this case, there are some
initial differences in the pore array (for instance, if some of them are
initially poorly wetted) and the number of pores in which electrode-
position occurs could increase with time. On the other hand, due to
the brittle nature and long aspect of the nanowires, the initial length
of as deposited nanowires was most probably altered by the process
of freeing them from the membrane.

A mean diameter value of 60 nm was measured showing a 20%
difference with respect to the nanopore nominal one. When investigat-
ing the homogeneity of the produced NWs, a difference was noticed
at the tip — see Figure 6b, where the ZnO NW starts to grow from
the back-electrode. These tips showed a grainy structure that does not
resemble the general structure of the NWs. The most likely explana-
tion for the formation of this deviating structure is the formation of
the double layer which requires some time. The transport of ions to
and from the surface needs to stabilize and so, the initial instability
would cause inhomogeneous growth that further results in a grainy
structure. Also, the wire diameter is observed to be slightly varying
along the nanowire length — Figure 6b. This is due to the so called
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Figure 7. TEM images showing: a) partially hollow nanowire obtained at —0.95 V, b) single-crystal nanowire obtained at —1 V, ¢) ZnO nanowires obtained at
—1.05 V and corresponding SAED ring patterns and d) fine grain nanostructured wire obtained at —1.3 V and corresponding SAED ring patterns.

“cigar shape” of the pores that is inherent to the fabrication process
(ion bombardement and dissolution) of these kind of membranes.3®>’
Pseudomorphism, as referring to the continuing of grain boundaries
and micro-geometrical features of the cathode substrate into the over-
lying deposit could be also recalled here.®

The majority of nanowires examined in Figure 6 present mono-
crystalline portions several microns in length. In fact, Figure 6¢
shows a single-crystal nanowire as indicated by the SAED pattern.
To support the results obtained, Figure 6d presents three portions of
nanowires obtained in the same conditions, all with single-crystalline
structure and with the same orientation as SAED pattern had the same
orientation of all three. This is indicative of a common nucleation
site, probably below the nanoporous template. In fact, the selection
of substrate is also very important for the growth of high-quality
ZnO nanowires, as their growth depends greatly on the lattice
characteristics both of the electrodeposited material and substrate.>

In order to gain a further insight into the structure of the nanowires,
different values of deposition potential were employed. Therefore, at
the deposition potential of —0.95 V, some partially hollow nanowires
were developed — see Figure 7a. This could be attributed to the lower
diffusion coefficient of electroactive species and to the larger nu-
clei formed at more anodic potentials. By increasing the deposition
potential at —1 V, more portions of single crystalline structure were
observed — Figure 7b. In this case, the majority of nanowires consisted

of both large monocrystalline areas and some small polycrystalline
ones. Further increasing the deposition potential to —1.05 V, it can
be observed that most of nanowires presented single-crystalline struc-
ture; yet some nanowires present many defects — see Figure 7c. For
sufficiently small current density (or overpotential), the ZnO will be
monocrystalline, largely replicating the substrate orientation.

By further increasing the potential to —1.3 V and taking into con-
sideration that metallic zinc is thermodynamically favorable at values
more negative than —1.3 V, the crystal order of the nanowires seems to
be lost — see Figure 7d. Anyhow, working at high solution temperature
any deposited zinc metal should rapidly oxidize to ZnO. Neverthe-
less, the deposition potential has a strong influence on properties of
ZnO nanowires leading to specific structures. In fact, the nanowire
structure in Figure 7d consists of fine grained crystals (nanosized) as
indicated by the SAED pattern. At sufficiently large current density
and/or ZnO thickness, a transition occured from the epitaxial single
crystal to the polycrystalline structure.*’ Deposition parameters de-
termine the defect structure and texture of the deposit, above a critical
deposit thickness.

The defects and polycrystalline portions present in the samples
were therefore related to the influence of membrane and to the hetero-
geneous nucleation all along the nanopore walls. As for Peulon et al.,'®
other issues as membrane or substrate defects can contribute to turn a
crystalline structure into an amorphous one. The roughness of the pore
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walls influences drastically the quality of the nanowires fabricated in-
side them,'® therefore explanations could be found in the etching step
from the preparation of TE-PC which proves to be very critical. The
solution used for the etching in the preparation of TE-PC membrane
has a high selectivity for damage tracks. For polycarbonate, this se-
lectivity is found to be close to 400.*' Besides the primary damage,
secondary electrons generated by electronic collision cascade*? would
interact destructively with the polymer membrane and therefore, re-
sulting smaller polymeric fragments are etched more easily than the
original polymer. Contamination and stressing effects, as well as a
low ordering degree of pores could be considered as well.

Moreover, the density of nuclei is greatly affected by the deposition
potential. The nuclei were the largest and with smaller population
density at more anodic potentials while at more negative values of
the deposition potential, a higher nuclei population density per cm? is
obtained. Since the amount of ZnO deposited was constant for each
condition, the surface with the highest population density had to have
the smallest nuclei and so, the dependence on the potential of the
number of active sites is demonstrated.*

Taking into account the results presented, this work proved that
by control of deposition parameters — here the deposition potential —
tailoring of nanowires structure (partially hollow, single crystalline,
fine grained or fully amorphous structures) could be allowed.

Conclusions

In this work, single-crystal ZnO nanowires were successfully ob-
tained by one-step electrodeposition in TE-PC membranes. As a proof
of achievement, the dependence of their structural characteristics on
the growth process is reported. Control of the aspect ratio of nanowires
by changing the applied overpotential was proved. Varying the depo-
sition potential from —0.95 V to —1.3 V results in a diffusion coef-
ficient of almost one order of magnitude higher. Deposition rate of
ZnO nanowires ranged 0.4 nm s~! t0 0.6 nm s~!. A 20% discrepancy
between the nominal pore diameter and the nanowire diameter was
observed. The obtained nanowires generally exhibited high crystal
quality with a good integrity. The properties of the ZnO nanowire
are directly related to the properties of the nanoporous template, such
as the pore size distribution, surface roughness of the nanopores and
relative pore orientations in the assembly.

The ability to obtain partially hollow nanowires, fine grained struc-
tures, or single crystal nanowires as well as fully amorphous nano-
objects by simply changing the deposition potential was demonstrated.
Finally, the template electrodeposition reported in the present work
is a cost-effective and very powerful method to grow and tailor long
ZnO nanowires. This technology paves the way for the development
and understanding of ZnO properties employed in a large variety of
ZnO based devices such as LED and lasers, sensors, etc.
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