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Abstract ZnO nanowires are grown on aluminum flake at
low temperature by using a simple aqueous solution method.
X-Ray Diffraction (XRD), Scanning Electron Microscopy
(SEM) and Transmission Electron Microscope (TEM) are
applied to determine the as-grown ZnO nanowires morphol-
ogy and crystal structures. The results show that the ZnO
nanowires have wurtzite structure, and the diameter and
length of the nanowire are 30 nm and more than 1.5 µm,
respectively. Photoluminescence spectroscopy (PL) and Ra-
man spectrum reveal the nanowires have good optical prop-
erties with low tensile stress. Meanwhile, photoelectrochem-
ical cell (PEC) study verifies that ZnO nanowires as pho-
toanodes are relatively stable in the photo-oxidation process,
which could be a promising technique for practical applica-
tions.

1 Introduction

With a direct wideband gap (3.37 eV) and a large ex-
citon binding energy (60 meV), ZnO is recognized as a
promising optoelectronic material in the blue-ultraviolet
UV region and an excellent candidate for a dye-sensitized
oxide semiconductor solar cell [1–3]. It is predicted that
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the gas sensing, photon-to-electron conversion efficiency
and photonic performance would be enhanced by reduc-
ing the dimensions. Therefore, considerable efforts are
devoted to explore effective methods to synthesize ZnO
with tunable size and morphology [4]. Various synthesis
routes, such as thermal evaporation, chemical vapor de-
position, carbon-thermal reduction, low-temperature oxi-
dization, template-assisted growth, and solution-based ap-
proaches, have been developed to synthesize ZnO with var-
ious morphologies [5–8]. However, most of the synthesis
techniques demand vacuum, high temperature, or compli-
cated controlling processes, which are unfavorable for low-
cost and large-scale production. Therefore, it is of great
importance and necessity to develop a technique to syn-
thesize ZnO in mild reaction conditions. Solution chem-
ical routes have been proven to be a versatile approach
for preparation of ZnO due to the convenience and sim-
plicity [9, 10]. But up to now, growth of nanowires with
large length has not been achieved by aqueous solution
method. The diameter of ZnO nanocrystals is dependent
on the concentration of the solution [11, 12], nanorods can
be obtained when the concentration is relatively low, but
nanowires cannot, because the concentration of the solu-
tion will decrease greatly with the crystal growth. So, to get
nanowires with larger length, it is essential to maintain the
concentration of the solution during the whole growth pro-
cess [13].

In this paper, we report the preparation of ZnO nanowires
grown on aluminum flake in aqueous method. By adding
NaF, controllable ZnO nanowires can be obtained. The as-
grown ZnO nanowires are characterized using X-ray diffrac-
tion (XRD), field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), Ra-
man spectroscopy and photoluminescence spectroscopy
(PL). The XRD studies reveal that the ZnO nanowires
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Fig. 1 X-ray diffraction
patterns of ZnO nanowires:
(a) aluminum flake; (b) ZnO
nanowires grown on aluminum
flake

have wurtzite structure. The microscopic studies show
that the diameter and length of the nanowire are 30 nm
and more than 1.5 µm, respectively. Optical character-
ization shows that nanowires have good optical prop-
erties with low tensile stress. Meanwhile, amperomet-
ric I–t result verifies that photogenerated electrons are
rapidly transported from ZnO nanowires, which could
be used as a promising technique for practical applica-
tions.

2 Experimental design

The ZnO nanostructures were grown on aluminum flake by
a two-step method, including the synthesis of homo-seed
layer and the growth of ZnO nanostructures in aqueous so-
lutions at low temperature. The aluminum flake was seeded
via spin-coating by 0.02 M zinc acetate (Zn(CH3COO)2·
2H2O) solution. Then the aluminum flake was annealed
at 200 °C to achieve a good adhesion between the seed-
ing layer and substrate. The typical procedure for the
preparation of ZnO nanowires was as follows: an equimo-
lar (0.05 M) aqueous solution of zinc nitrate (Zn(NO3)2)

and hexamethyltetramine (C6H12N4) was dissolved in dis-
tilled water and the solution was stirred at room temper-
ature. Then 0.02 M NaF was added under stirring condi-
tion. The seeded aluminum flake was put into the above
solution of 90 °C for 5 h. After deposition, the samples
were cleaned with de-ionized water and then dried in an
air atmosphere. Meanwhile, an equimolar (0.05 M) aque-
ous solution of zinc nitrate (Zn(NO3)2) and hexamethyl-
tetramine (C6H12N4) without NaF was also applied on
the seeded aluminum flake for reference. All the chem-
ical reagents were of analytical grade and used without
further purification. After deposition, the samples were
cleaned with de-ionized water and then dried in an air at-
mosphere.

3 Results and discussion

The structural properties of as-grown ZnO nanowires were
characterized by X-ray diffraction (XRD). The morphol-
ogy of the as-prepared nanowires was observed using Hi-
tachi S-4800 field-emission scanning electron microscopy
(FE-SEM). TEM characterization was performed by JEM-
2000EX. And optical properties were studied by PL and
Raman spectra. The PL spectrum was measured at room
temperature with a He–Cd laser. Both the Raman and PL
measurements were performed at room temperature. Ra-
man spectrum was measured with confocal Raman spectro-
scopic system (Renishaw2000, Invia). The 632.8-nm radia-
tion from the He–Ne laser was used as an exciting source.
Electrochemical experiments were characterized by using
a Princeton Applied Research PARSTAT 2263 advanced
electrochemical analyzer. The electrochemical measurement
was executed in a standard three-electrode system at room
temperature.

Figure 1 illustrates the typical X-ray diffraction pat-
terns of the ZnO nanowires and aluminum flake. The po-
sitions and relative intensities of the diffraction peaks are
in good agreement with the Powder Diffraction Standards
data (JCPDS No. 076-0704). And it shows that the main
structure of the samples is the wurtzite structure of ZnO. No
peaks corresponding to NaF crystals or other phases are de-
tected for the sample with NaF adding. Moreover, the X-ray
diffraction pattern shows narrow and sharp diffraction peaks
which indicate good crystallinity of the sample.

Typical SEM images of as-grown ZnO nanostructures
grown on aluminum flake without and with NaF addition are
shown in Fig. 2. Figure 2(a) shows low-magnification SEM
images of ZnO nanostructures grown on aluminum flake
without NaF addition. It can be clearly seen that film-like
structure is synthesized on aluminum flake. According to the
careful examination from the enlarged image in Fig. 2(b),
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Fig. 2 Typical SEM images of
ZnO nanostructures grown on
aluminum flake without and
with NaF addition. (a), (b):
Low- and high-magnification
FE-SEM of ZnO nanostructures
grown on aluminum flake;
(c), (d): Low- and high-
magnification FE-SEM of ZnO
nanostructures grown on
aluminum flake with NaF
addition

Fig. 3 Typical TEM images of
ZnO nanowire grown on
aluminum flake

the film is composed of a large amount of ribbon-like nanos-
tructures with their planes predominantly perpendicular to
the substrate. And the ribbon-like structures exhibit curved
anomalous morphology. These dense ribbon-like nanostruc-
tures were dispersed quasi-vertically and homogeneously on
aluminum substrates. Typical SEM images of as-grown ZnO
nanowires with NaF adding are shown in Fig. 2. The low-
magnified of as-grown sample is shown in Fig. 2(c). The
SEM image indicates that the structures consist of dense
and vertically aligned ZnO nanowires. Figure 2(d) shows
the high magnified view of the SEM image: it can be clearly
seen that the oriented nanowires are dispersively distributed
on the aluminum flake. Meanwhile, the nanowires typically
connect with the neighboring structures, resulting in free-
standing wire clusters.

For the TEM study, the samples were made by removing
the nanostructures from the aluminum substrate by scratch-
ing, and then dispersing in ethanol, followed by sonication
for 10 min. The ethanol solution was spread on a few cop-
per grids. Figure 3 shows the TEM image of the typical ZnO
nanowires. Large quantities of uniform wire-like nanostruc-

tures are observed. The diameter of the nanowire is about
30 nm with length more than 1.5 µm.

The growth mechanism of nanowires structures can be at-
tributed to the NaF addition. In general, the growth of ZnO
crystals is controlled by nucleation and growth processes in
aqueous solution. And the chemical reaction processes by
using Zn(NO3)2 and C6H12N4 as the precursors can be de-
scribed as follows:

(CH2)6N4 + 6H2O → 6HCHO + 4NH3 (1)

NH3 + H2O → NH+
4 + OH− (2)

2OH− + Zn2+ → Zn(OH)2 (3)

Zn(OH)2 → ZnO + H2O (4)

In our case, the aluminum flake with ZnO seeding layer
will provide the nucleation sites and promote ZnO nanos-
tructures growth. Under the NaF doping reaction system, the
Na+ cations, with a small radius, lead to a weak influence
on the prior growth orientation of ZnO nanocrystal along the
c-axis, whereas the F− cations will react with the Zn2+ to
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Fig. 4 Room-temperature PL spectra of ZnO nanowire grown on alu-
minum flake

form ZnOHF and lead to the lower precursor concentration.
The reaction can be described as follows:

Zn2+ + F− → ZnF+ (5)

NO−
3 + H2O + 2e− → NO−

2 + 2OH− (6)

ZnF+ + OH− → ZnOHF (7)

In addition, due to the strong coordination of the most
electronegative F− anions to Zn+ cations, the nanostructures
can be decomposed into axial and radial directions, respec-
tively [14]. Thus, ZnO nanowires structures can be achieved
by adopting NaF in the Zn(NO3)2 and C6H12N4 reaction
system.

The optical properties of the ZnO nanostructures were
studied by means of room-temperature PL measurement.
The typical PL spectrum is shown in Fig. 4. The PL spec-
trum is characterized by two emissions, a strong and dom-
inant sharp peak around 380 nm, and a weak and broad
peak centered around 550 nm. The peak observed at around
380 nm in the UV region is due to free exciton emis-
sions, that is, near band-edge emission. While the weak,
broad peak in the visible region is attributed to deep level
emissions. It has been suggested that the green band emis-
sion corresponds to the singly ionized oxygen vacancy in
ZnO [15–18]. In general, comparing the ratio of the relative
PL intensity of the excitonic emission to the visible emis-
sion (Iuv/Ivis) is a way to evaluate the quality of the ZnO
structures [19]. The ratio of peak intensities of Iuv/Ivis in
the PL spectra of the nanostructures is 7.2. Therefore, the
PL results indicate that the ZnO nanostructures have good
crystal quality and low concentration of defects.

Figure 5 presents a typical micro-Raman spectrum of
ZnO nanostructures. It was taken in the backscattering con-

Fig. 5 Room-temperature Raman spectra of ZnO nanowire grown on
aluminum flake

figuration at room temperature. According to the selection
rule of the photon mode in hexagonal wurtzite-structure
ZnO, the peak at 436.7 cm−1 is assigned to the high fre-
quency E2 (high) mode. Huang et al. have demonstrated
that the stress induced in crystal would obviously affect
the E2 (high) phonon frequency [20]. An increase in the
E2 (high) photon frequency was ascribed to compressive
stress, whereas a decrease in the E2 (high) photon fre-
quency was ascribed to tensile stress. For the ZnO nanos-
tructures grown on aluminum flake, the E2 (high) mode is
at 436.7 cm−1, which downshifts in comparison with the
stress-free bulk ZnO value of 437 cm−1 [21], indicating that
the ZnO nanostructures suffer from a tensile stress. The cor-
relation between the Raman shift and the stress can be sim-
ply expressed as �ω (cm−1) = 4.4σ (GPa) [21]. According
to this formula, the tensile stress of ZnO nanostructures is
0.07 GPa. Thus, the ZnO nanostructures on aluminum flake
are under lower tensile stress.

The photoelectrochemical cell (PEC) study was carried
out in 0.5 M Na2SO4 (pH 7.0) solution, which served as
supporting electrolyte medium. Amperometric I–t curve
of ZnO nanowires was obtained at an applied voltage of
+0.5 V. Figure 6 plots the amperometric I–t curves of
ZnO nanowires with on/off cycles. Upon illumination, a
spike in the photoresponse can be observed. It is due to the
transient effect in power excitation before the photocurrent
quickly returned to a steady state. This result verifies that
photogenerated electrons are rapidly transported from ZnO
nanowires. Importantly, we only observe a small decay of
photocurrent density in a continuous running, which indi-
cates that the ZnO nanowires as photoanodes are relatively
stable in the photo-oxidation process.
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Fig. 6 Amperometric I–t curves of t ZnO nanowires at 100 mW/cm2

with on/off cycles

4 Conclusion

In summary, the single-crystalline ZnO nanowires were suc-
cessfully prepared on aluminum substrate by the aqueous
method at relative low temperature. By adding NaF, control-
lable ZnO nanowires with wurtzite structure were obtained.
Optical characterization showed that ZnO nanowires had
good optical properties with low tensile stress. Meanwhile,
amperometric I–t result verified that photogenerated elec-
trons were rapidly transported from ZnO nanowires, which
could be used as a promising technique for practical appli-
cations.
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