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Abstract

A simple and low-cost soft route has been developed to the direct large-scale
production of highly oriented ZnO nanowire arrays at 60 °C. It has been
found that the growth of well-aligned ZnO nanowire arrays is dependent on
several parameters, such as the reaction time and the concentration of
ammonium ions. The environmentally benign ZnO nanowires obtained,
with significant photoluminescence property and interesting photocatalytic
activity, are single crystals and have a low defect concentration, which could
be expected to find promising potential for optoelectronic and environmental

application.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the first and very stimulating report of ultraviolet
lasing from ZnO nanowires [1], the one-dimensional (1D)
zinc oxide (ZnO) nanostructure [2] has been recognized as
one of the most important multifunctional materials, because
ZnO nanostructures can exhibit near-UV emission, optical
transparency, electric conductivity, and piezoelectricity [3].
Owing to the fact that low-dimensional ZnO materials
have great potential in sensors [4], optoelectronics [1],
field emission [5], solar cells [6] and surface acoustic
waveguides [7], substantial efforts have been devoted
to the development of 1D ZnO nanostructures with
novel methodologies and that of assemblies of 1D ZnO
nanostructures.

Actually, 1D ZnO nanostructure assemblies can be
fabricated by two principal methods: the evaporation and
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condensation processes (top-down strategy) [1, 3—11], and the
solution-phase method (bottom-up strategy) [12—19]. Despite
favouring high-quality 1D ZnO nanostructures and allowing
their patterned growth, the commercial potential of gas-phase-
grown ZnO nanowires remains constrained by the expensive
equipment and the high energy-consumption of the process.
Accordingly, liquid-phase approaches, also called ‘chimie
douce’, to ZnO nanowire arrays are appealing due to their
low growth temperature, versatile synthetic processes and great
potential for scaling up. Notably, the various substrates used
in the soft chemical route greatly facilitate the approach to 1D
ZnO nanostructures with relatively low cost. For example, a
thermal decomposition of a Zn(II) amino complex has been
developed for fabricating ZnO micro/nanorod arrays on the
various substrates and a seeded growth has been used to
synthesize well-oriented ZnO nanorod arrays on a substrate
coated with a layer of thin ZnO film or a metal layer [13-16].
The coating of the substrate with ZnO or metal thin film
involves multistep procedures and seems to be a little complex.
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Recently, Tang et al reported an interesting template-free
aqueous route to grow ZnO nanorod arrays with the use of Zn
foil as substrate by using a relatively high temperature (160—
200 °C) and a concentrated oxidant (30% H,0O,) [18]. Li et al
used an attractive solution surface-erosion route at even room
temperature to produce aligned ZnO nanorod arrays, using
an organic oxidant (nitrobenzene) instead of H,O, [19]. It
remains a significant challenge to directly fabricate large-scale
arrays of ZnO nanostructures with controlled orientation via a
simple and low-temperature solution-based method.

Herein, we report a simple liquid-phase process to
synthesize highly oriented arrays of single-crystalline ZnO
nanowires on Zn foil under mild conditions, in which large-
scale arrays of ZnO nanowires can be produced without any
oxidant or organic agents at 60°C. In contrast to many
other techniques, strict substrate cleaning or preparation is
not necessary, as long as there is no large debris such as
dust or grease on the substrate surface. Besides the attractive
low temperature, this simple growth of ZnO nanowire arrays
may well avoid the use of exotic metals or metal oxides
as catalyst or seed particles, because this process for the
fabrication of ZnO nanoarrays would be through the self-
seeding, continuous supply, and the subsequent anisotropic
growth in the solution. The photoluminescence study reveals
a strong UV emission, suggesting the potential light and
field emission applications of these obtained ZnO nanowires.
And the subsequent measurement of photocatalytic activity on
organic compounds suggests that the obtained ZnO samples
could have valuable activity in air and waste-water purification.
This simple synthesis route not only would lead to the
development of an effective and commercial growth process
for well-oriented ZnO nanowires, but also be extendible to
the production of highly oriented patterns of other oxide and
sulfide nanomaterials.

2. Experiments

2.1. Synthesis of highly oriented ZnO nanowire arrays

The chemical reagents were purchased from Aldrich and used
as received without further purification. Deionized water was
used for all solutions in experiments. Typically, a 0.075 M
ZnSOy, aqueous solution (40 ml) containing NH4Cl (molar
ratio of NH}/Zn** = 20:1) was first prepared, and its pH value
was adjusted to ~11.7 with a NaOH solution (5 M). The
resulting solution was transferred to a Teflon-lined autoclave.
A 1 x (1-1.5) cm? Zn foil (rinsed with deionized water several
times before using) was suspended carefully in the solution
followed by 12-15 h heating at a temperature of 60 °C. The
foil was then removed from the solution, rinsed with deionized
water and air-dried for further characterization.

2.2. Characterization

Scanning electron microscopy (SEM) images were carried out
with a Philips XL-20 at 15-20 keV. Wide-angle x-ray powder
diffraction (XRD) patterns were recorded on a Philips PW 1820
diffractometer using Cu Ko radiation. Transmission electron
microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM) and selected area electron diffraction
(SAED) were performed with a Philips CM30-FEG at 300 kV.

Electron energy-loss spectroscopy (EELS) was also recorded
on a Philips CM30-FEG by using a Gatan image filtering (GIF)
system. The photoluminescence (PL) was performed by a
pulsed ArF laser (A = 193 nm, pulse duration 8 ns, FWHM)
at room temperature with a filter centred at 235 nm.

The photocatalytic activity experiments on the obtained
ZnO nanowires for the decomposition of naphthalene in air
were performed at ambient temperature. 11 mg of the
obtained samples were removed from the Zn foil and then
placed into 66 ml of saturated naphthalene aqueous solution
(30 mg 17!, water solubility [20]) in a tubular quartz reactor.
The reactor was surrounded with six UV lamps (Osram
Eversun, L40/79 K, 40 W). The reaction mixture was stirred
under UV irradiation. The analysis of the residual naphthalene
concentration in the reactor was performed with a PELS55-
luminescence spectrophotometer (Aex = 280 nm, Xe lamp
at room temperature). As a comparison, the photocatalytic
activity of commercial ZnO powders (Aldrich, size <1 pm,
99.9%) was also tested at the same experimental conditions.

3. Results and discussion

3.1. Phase and morphology of the as-obtained ZnO nanowire
arrays

Well-aligned ZnO nanowire arrays were fabricated via a
simple liquid-phase approach. The general morphology
of the products grown on the zinc foil was examined by
SEM observation. The SEM image from the apical view
(figure 1(a)) clearly shows that the surface of the Zn foil has
been successfully coated with uniform-sized, densely packed
and uni-oriented ZnO nanowires. The side-view SEM image
with a higher magnification (figure 1(b)) reveals that every
small quantity of nanowires seem to fuse and form bundle
structures. The cross-section view of the arrays (figure 1(c))
indicates that the ZnO nanowires grow vertically at the surface
of the Zn foil and penetrate into a thin layer (~180 nm)
composed of nanocrystals. Usually, ZnO nanoparticle film
is coated on the Si wafer or other substrates before the growth
of ZnO nanoarrays. Thus, it would be desirable to make the
nanoparticle layer as thin and continuous as possible, ideally a
few particle diameters in extent ([14], Greene et al). A typical
synthesis yields the ZnO nanowires with diameters of 150—
200 nm and lengths of 5-6 um.

The crystallinity of the nanowires and the orientation
of growth were investigated by x-ray diffraction (XRD) and
subsequent high-resolution transmission electron microscopy
(HRTEM). The XRD pattern of the ZnO nanowire arrays on
the zinc foil (figure 1(d)) exhibits a very sharp (002) diffraction
line at 34.52° (FWHM: ~0.5°-0.6°) and a small (004) one at
72.62°, which illustrates the texture effect of the anisotropic
morphology and the highly preferential orientation of the ZnO
nanowires along the c-axis (perpendicular to the substrate
surface). Other small diffraction lines, denoted by the stars
(*), are assigned to the Zn foil (JCPDS card No. 04-0831,
P63/mme, a = 2.665 A, ¢ = 4.947 A).

3.2. Structural characterization of the obtained products

TEM and HRTEM studies of ZnO nanowires removed
carefully from the surface of Zn foil can provide further
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Figure 1. SEM images of aligned ZnO nanowires grown on a zinc foil: (a) apical view with low magnification; (b) side view with a higher
magnification; (c) cross-section view; and (d) XRD pattern obtained from the arrays of ZnO nanowires on a zinc foil (the reflection lines

indicated by * can be assigned to Zn foil).

insight into the morphology of these materials. Figure 2(a)
is a TEM image, showing that the ZnO nanowires are very
straight and have a uniform diameter along their axes. The
HRTEM image presented in figure 2(b) indicates that the ZnO
nanowire is single crystalline and its volume is free from
dislocation. The lattice spacing of 0.52 nm corresponds to the
d-spacing of the (0001) crystal planes, further confirming that
(0001) is the preferential growth direction of these wurtzite-
type ZnO nanowires. Additionally, the single-crystal nature of
these nanowires and their (0001) growth direction have been
demonstrated by the selected-area electron diffraction (SAED)
pattern, which is recorded along the [1100] zone axis of the
wurtzite-type ZnO crystals and shown in the inset of figure 2(a).
The composition of the ZnO nanocone was analysed using
electron energy loss spectroscopy (EELS), and figure 2(c) is
a typical EELS spectrum recorded from a free-standing ZnO
nanowire. The K edge of the oxygen is located at 534 eV,
while the L, and L3 edges of the Zn are located at 1043 and
1020 eV respectively. Only Zn and O elements are observed in
the nanowire although the product is prepared in an ammonium
salts solution, indicating the purity of the ZnO nanowires.

3.3. Influence factors: the growth time, Zn foil and NH}; ions

The growth process of the oriented ZnO nanowire arrays was
studied by SEM observation and the x-ray diffraction (XRD)
technique. As shownin figure 3(a), the oriented nanostructures
are not formed in the early stage of the crystal growth after 3 h
hydrothermal treatment at 60 °C, in which ZnO nanoparticles
with a diameter of 100-150 nm congregate to form a film
with a thickness of around 180 nm. After 6 h growth at
60°C (figure 3(b)), the initial characteristic of the desired
nanostructures appears and many short rods are observed on
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the surface of Zn foil, although most of these rods are not yet
well aligned. Some ZnO nanorods, indicated by arrows, start
to grow perpendicularly from the surface of the Zn foil. After
9 h treatment, a large number of nanowires, with diameters
of 100-150 nm and lengths of 2-3 pum, grow in an oriented
way and perpendicularly to the substrate (figure 3(c)). Upon
increasing the growth time at 60 °C to 12 h, the average size of
the nanowires increases up to 150-200 nm in width and 5-6 ©m
in length (figure 1(c)). Further increase of the reaction time
has no obvious influence on the morphology and the size of the
nanowires. A series of XRD patterns (figure 3(d)) confirmed
that the initial ZnO nanocrystals are of hexagonal wurtzite
phase (JCPDS card No. 36-1451, P63mc, a = 3.249 A,
¢ = 5.206 A). Meanwhile, the XRD patterns of 3 and 6 h
treatment samples are characteristic of randomly oriented ZnO
nanostructures, in which the (101) reflection is the strongest
line. With increasing growth time, the (002) reflection is
significantly enhanced in the XRD pattern of 9 h material,
confirming that the ZnO nanocrystals are mostly random at
the initial stage but become well oriented along the (0001)
direction after a long period of reaction.

Based on the SEM images and XRD patterns (figure 3),
the growth of the aligned ZnO nanowire arrays appears to
follow three formation steps; see Tian et al [14]. First, large
quantities of ZnO nanoparticles form on the surface of zinc
foil within 3 h, and the freshly formed nanoparticles can serve
as the nuclei for the growth of ZnO nanocrystals. Second,
many randomly oriented nanocrystals emerge gradually from
these nanoparticles within 6 h. And finally, well-aligned
nanowires form on prolonging the reaction time to 12 h.
Additionally, the above-mentioned ZnO nanoparticle layer
(shown in figure 1(c)) is possibly the remains of the early phase
of the growth process.
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Figure 2. (a) TEM image of ZnO nanowires removed from the surface of zinc foil; the inset is the selected-area electron diffraction (SAED)
pattern recorded along its [1100] zone axis; (b) HRTEM image; and (c) EELS spectrum of a ZnO nanowire.
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Figure 3. ZnO growth as a function of time. (a) ZnO seed-like particles on the zinc substrate after 3 h reaction. (b) Short ZnO rods appear
after 6 h growth. Some ZnO nanorods, indicated by arrows, start to grow perpendicularly to the surface of the Zn foil. (c) Immature ZnO
nanowire arrays form after 9 h growth. (d) XRD patterns of the ZnO nanostructure growth versus time.

Furthermore, when considering the formation of oriented
ZnO nanowire arrays on a Zn foil, it should be mentioned
that both Zn and ZnO have the same hexagonal structure with
a relatively small lattice mismatch of 4.9 and 18.0% along

the ¢ and a axes, respectively, which might be sufficiently
small for epitaxial growth [16, 17]. Default experiments in the
absence of Zn foil show that ZnO nanowire arrays cannot be
obtained under identical conditions. Therefore, it is thought
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Table 1. The morphology of the obtained ZnO evolves with increasing NHZ/Zn?* molar ratio, indicating the dependence of the nanowire

growth on the NH}/Zn?* molar ratio.

NH*/Zn?** (molar ratio) 0:1

10:1 20:1

The morphology of ZnO products

Dot-shaped nanocrystals

Nanorods with small aspectratio  Nanowire arrays

that these ZnO nanocrystallites nucleate on the Zn foil and
then preferentially develop along the [0001] direction to form
1D crystals under conditions in which the system constantly
provides a ZnO source.

Moreover, the presence of NH} ions has a significant
influence on the formation of the ZnO nanowire arrays. Here,
the addition of NH} ions serves two proposes: advocating the
formation of ZnO crystals and adsorbing on the polar surface
of ZnO. It is well known that the generation of ZnO from
Zn?* ions usually needs organic agents, such as urea [21],
formamide [21, 17], or hexamethylenetetramine [22, 13, 14]
to complex with Zn?* ions, and the subsequent aqueous
thermal decomposition of Zn(II) organic complex supplies the
necessary ZnO sources. In our case, Zn(Il) is present in the
form of Zn(OH)?~ and/or Zn(NH3)2* in the relatively strong
basic solution and there are no organic complexing agents
existent in the solution; thus NH} and/or NH;-H,O species
might be assumed to play a similar role in generation of ZnO
from Zn(OH);™ and/or Zn(NH3)i+. Meanwhile, as regards
wurtzite ZnO, an important characteristic of ZnO crystal is
the polar surface, where the positive plane is rich in Zn atoms
and the negative polar plane is rich in O atoms. The NH}
ions would adsorb on the negative polar planes, i.e. (1011),
(1010), and retard the growth rate of these planes, which has
a significant effect on the morphology of the ZnO crystals.
With the increasing concentration of NHJ in the solution, NH}
ions prefer to aggregate at more negative polar planes of ZnO
crystals due to the electrostatic force, which would promote
the growth along the [0001] direction greatly and result in
the formation of nanowires with a higher aspect ratio. The
effect of NH} ions as an orientation promoter can also be
proved by a controlled experimental session, in which the
molar ratio of NH}/Zn?* is adjusted from 0:1 to 10:1 while
other parameters remain unchanged as presented above. Only
dot-shape nanocrystals would be produced when just mixing
Zn** with OH™ without NHj ions. And rod-shaped ZnO with
small aspect ratio grow on the substrate when introducing a
small quantity of NH} ions (NH}/Zn?** = 10:1), with some
sign of the oriented growth. If the molar ratio NH;/Zn*
increases to 20:1, highly oriented arrays of ZnO nanowire will
be formed (figure 1(c)). Table 1 summarizes the morphological
transformation of the obtained ZnO products with the increase
of the NH}/Zn** molar ratio.

3.4. Optical and photocatalytic properties

Study of the photoluminescence (PL) spectrum is an effective
technique to evaluate both ZnO defects and its optical property
available as a photonic material. Figure 4 shows a typical
room-temperature PL spectrum of high-quality ZnO nanowire
arrays, where a strong UV emission at ~384 nm dominates
with a full width at half-maximum (FWHM) of about 30 nm.
The strong emission at ~384 nm (3.23 eV) originates from
the annihilation of free excitons, whereas the well-known
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Figure 4. Room-temperature PL spectrum of the arrays of ZnO
nanowires.

stronger and broader emission situated in the yellow—green
part of the visible spectrum could not be registered. The
bandgap of 3.23 eV estimated from the PL spectrum reduces
noticeably when compared with the bulk ZnO (3.37 eV).
According to our previous work on mesoporous TiO, [23],
this may indicate that the obtained ZnO nanowires might
be efficient in photocatalysis application, as shown in the
following investigation. Furthermore, the sharp excitonic
emission indicates that the ZnO nanowires have a low defect
concentration and relevant optical properties [18].
Additionally, the preliminary photocatalytic testing
revealed a much higher photocatalytic activity of naphthalene
degradation over our as-prepared ZnO nanowires, in
comparison with commercial ZnO powders (size <1 pm)
measured under identical conditions. The photodecomposition
of volatile organic compounds is an important application
of environmentally friendly nanomaterials with controlled
morphology for the ‘green’ treatment of waste water, because
bioremediation through using living organisms is one of the
most cost-effective technologies, but is also not as efficient as
expected in the removal of polycyclic aromatic hydrocarbon
(PAH) [24]. During the degradation of naphthalene over
the as-obtained ZnO samples, the concentration of the
naphthalene could significantly decrease to 1.93% after 30 min
UV irradiation, then continue down to 0.37%-0.30% on
prolonging the irradiation time to 45-60 min, respectively
(figure 5(a)). However, as regards commercial ZnO powders,
they need 105 min to decompose the naphthalene to 0.3%
of the saturated concentration (figure 5(b)). For further
comparison, figure 5(c) shows curves of the concentration of
residual naphthalene with UV irradiation time over the as-
prepared 1D ZnO nanowires and commercial ZnO powders.
The enhanced photocatalytic property might be attributed to
the high surface area and the nanofeatures [25], owing to
the decreasing chance of recombination for photo-excited
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Figure 5. Room-temperature PL spectra (Aex = 280 nm) of
naphthalene after UV irradiation over: (a) as-prepared ZnO
nanowires; and (b) commercial ZnO powders, which indicates the
naphthalene concentration decreases with the irradiation time.

(c) Curves of the concentration of residual naphthalene with
different UV irradiation time over the as-prepared ZnO nanowires
and commercial ZnO powders.

electron-hole pairs [26]. The oxygen vacancies on the surface
act as the capture centres for these electrons and thus restrain
the recombination of electrons and holes. Moreover, because
the holes attack the surface hydroxyls and yield surface-bound
-OH radicals [27], the surface hydroxyl groups can act as
effective centres for photocatalytic reactions [28], Therefore,
the photocatalytic activity of the ZnO nanowires is enhanced
when compared to the ZnO powders. These preliminary
results indicate that ZnO nanowire arrays could find promising

potential in environmental applications, such as air and waste-
water purification.

4. Conclusions

In summary, highly dense arrays of ZnO nanowires can be
fabricated on a large scale on a zinc foil by using a simple
liquid-phase approach at 60°C, without the assistance of
oxidants and the use of exotic metals/metal oxides as catalyst
or seed particles. The XRD patterns and SEM images
illustrate the highly oriented arrays on the substrate. The
interesting photoluminescence property of ZnO nanowires is
recorded, revealing that our ZnO nanowires have a low defect
concentration. Moreover, the preliminary measurement of
the photocatalytic properties suggests that the obtained ZnO
samples could have valuable potential in environmental and
industrial applications. Such ZnO nanowire arrays could be
expected to be a multifunctional component for solar cells,
light emission, photonic, electronic and other devices.
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