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Abstract

An electrochemical deposition technique was used to synthesis hexagonal nano-funnel tube films on zinc foil, utilizing an electrolyte of
ZnCl,+H,0, under ambient conditions. The structures, morphologies, chemical compositions, and optical properties of the synthesized
films were characterized using X-ray diffractometry (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), UV-visible diffuse reflectance spectrometry (UV-vis-DRS), photoluminescence (PL) spectrometry, and energy-dispersive X-ray
spectrometry (EDS) techniques. The XRD pattern showed a set of diffraction peaks that were indexed to the ZnO, Zn(OH),, and Cu
phases. The SEM observations revealed a cauliflower-like morphology consisting of branches in the form of nano-funnel tubes. The
TEM results demonstrated that the synthesized film was comprised of several branches. The EDS studies confirmed the presence of only
Cu, Zn, and O atoms. The UV-vis-DRS spectrum showed the onset of the band gap absorption peak at ~375 nm. The PL studies
evaluated various emission bands that originated from different defect mechanisms. In addition, the hexagonal nano-funnel tube film
showed a good superhydrophobicity, with a water contact angle of ~153°.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The chemical and physical properties of nanomaterials
depend on their composition phase, structure, shape, size,
and size distribution. Therefore, the architecture of a nanos-
tructure with a controlled shape is important. In addition, to
tailor and/or enhance the properties of synthesized nanostruc-
tures/films, many efforts have been made to composite and/or
dope with other elements using different routes. Despite all
these efforts, it is essential to try to synthesize novel shapes
using a simple and low cost method.

Over the past few years, various kinds of nanostructures
have been synthesized using a large number of techniques.
Among these, ZnO nanostructures have received consider-
able attention because of their properties. These include a
wide direct band gap energy (3.37 V) and large excitation
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binding energy (60 meV) at room temperature, which
suggest numerous possible practical applications. In addi-
tion, ZnO seems to have the richest family of nanostruc-
tures among all of the materials tested, including particles,
rods, tubes, wires, nails, belts, marigolds/multipods, flowers,
rings, helixes/springs, etc. [1-8].

Among the different methods for fabricating ZnO
nanostructures (undoped/doped), the -electrochemical
deposition technique is an excellent one for synthesizing
and controlling the shape and composition. This is done by
tuning the reaction and reaction rate based on electrode
potential and current density, respectively. Through such
techniques, deposited films are strongly adherent to the
substrate and are comprised of aggregated nanocrystal-
lites. In addition, this technique is a simple and low cost
technique that does not require a vacuum.

To date many methods have been used to fabricate
various morphologies for Cu composited/doped ZnO
nanostructures to modify their chemical and physical
properties, including thermal evaporation [9], thermal
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oxidation [10], electrodeposition [11,12], solvothermal [13],
and so on. For instance, Zhang et al. reported Cu-doped
ZnO nanoneedles and nanonails using a thermal evapora-
tion system [9]. They found that, there is a strong
correlation between the morphology and the optical
properties. They also observed the ferromagnetism prop-
erty in the produced nanomaterials. In our previous work,
Cu-ZnO nanoneedle arrays were synthesized using a
vacuum evaporation system and thermal oxidation pro-
cess. The results showed an enhancement in the field
emission properties [10]. We also used the electrodeposi-
tion method to synthesis a composite of Cu/ZnO [11].
Because of the presence of Cu atoms in the ZnO structures,
as compared with the undoped ZnO structures, a different
optical property was observed. Similarly, enhanced field
emission properties were obtained. In addition, based on
our experience obtained through the -electrochemical
deposition technique, different parameters such as the
electrolyte concentrations and composition, pH, tempera-
ture, stirring, and applied voltage could affect the mor-
phology of the produced materials [11]. Thus, in order to
find the effects of these parameters on the morphology,
systematic studies have been carried out. It was found that
at a particular voltage, electrolyte concentration (without
stirring the solution), temperature, and time deposition,
hexagonal Cu-ZnO nano-funnel tube films could be
synthesized. Another research group has made an effort
to show the ability of the electrochemical deposition
method to produce Cu-doped ZnO nanowires with the
optical properties tuned by the doping [12]. Recently, some
results have shown that Cu—ZnO nanostructures are good
candidates for many applications. For example, Zhao et al.
synthesized Cu-doped ZnO nanofibers using electrospin-
ning technology for H,S sensing [13]. Finally, Cu—ZnO
nanostructures may have different applications and using
the electrochemical deposition method is an effective and
promising approach to synthesize metal ion-doped ZnO
nanostructures.

Accordingly, in the present work, we report the synthesis
of hexagonal Cu—ZnO nano-funnel tube films on a zinc foil
using an electrochemical deposition method. The structural,
chemical, and optical properties of the obtained films were
characterized by different techniques such as X-ray diffrac-
tometry, electron microscopies, and energy-dispersive X-ray,
UV-visible, and photoluminescence spectrometers. The water
contact angle was also measured.

2. Experimental section

The synthesis of Cu—ZnO films was performed in a
conventional three-electrode electrochemical cell. An aqueous
solution containing a mixture of ZnCl,, CuCl,, and H,0,
(analytical grade) with concentrations of ~16x 107> M,
I1x1073M, and 40 x 107> M, respectively, was used as an
electrolyte. All of the deposition experiments were carried out
at 82 °C, in which a polycrystalline Zn foil (99.99% pure,
Alfa Aesar), platinum sheet, and saturated calomel electrode

(SCE, Ey=0.244 V vs. NHE) served as the working, counter,
and reference electrodes, respectively. Prior to the deposition,
the Zn foil (substrate) and platinum electrode were ultra-
sonically cleaned in acetone and methanol successively for
10 min. A computer controlled electrochemical analyzer
(Model-1100 A Series, CH Instrument, USA) was used to
maintain the cathodic polarization condition at —2.2 V with
respect to the SCE. The electrolyte was kept fixed without
stirring during the synthesis and, after a certain deposition
time (30 min), the working electrode was removed from the
electrolyte, washed in a gentle flow of water, and dried in air.
At least four specimens were synthesized under identical
experimental conditions and characterized by various analy-
tical techniques in order to check the reproducibility and
repeatability of the results.

The synthesized films were characterized using an X-ray
diffractometer (XRD) (D8, Advance, Bruker AXS) with
CuKa (4: 1.54006 A) as the radiation. The scanning electron
microscope (SEM) observation was carried out (JEOL,
JSM-6360 A) using an operating voltage of 20 kV and an
emission current of ~60 pA. The elemental composition
was obtained using an energy-dispersive X-ray spectro-
meter (EDS) attached to the SEM instrument with the
operating voltage of 20 kV. The collection time was 80 s
and four spots were analyzed (~25pum® each). For the
transmission electron microscope (TEM) analysis, (Philips,
EM-CM-12) the specimens were prepared by scraping the
Cu-ZnO film from the substrates. The scraped material
was dispersed and sonicated in acetone. A small quantity
of this solution was dropped on the TEM grid. The optical
properties were investigated using the UV—visible (UV-vis)
and photoluminescence (PL) spectra recorded at room
temperature. The UV-vis diffuse reflectance spectra (DRS)
were recorded using a UV-visible spectrophotometer
(JASCO, UV-670) over a wavelength range of 200-
800 nm. The PL was measured with a photoluminescence
spectrometer (Perkin Elmer, LS-55) using a xenon lamp as
the source with an excitation wavelength of ~305 nm. The
water contact angle (WCA) measurement was performed
using a homemade measurement system at ambient tem-
perature. Small water droplets (5 mL) were dropped on the
surface of the specimen and the WCA was recorded using a
digital camera. The WCAs were obtained at four different
points on each specimen by measuring the angle between
the surface of the specimen and the water droplet bound-
ary on the surface.

3. Results and discussion

A typical XRD pattern of the synthesized film is shown
in Fig. 1. The XRD pattern reveals a set of diffraction
peaks, which are indexed to the wurtzite hexagonal phase
of ZnO and Zn(OH), by comparing the observed d-values
with the standard JCPDS data [ZnO card no. 80-0075 and
Zn(OH), card no. 76-1778]. In order to obtain the
optimum conditions for the growth, Zn(OH), could not
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be completely converted into ZnO. In addition, a peak
corresponding to Cu was indexed [card no. 85-1326]. The
appearance of the diffraction peaks corresponding to Zn
was caused by the fact that Zn foil was used as a substrate.
The sharp and strong diffraction peaks indicate that the
synthesized film was well-crystalline. Further, no charac-
teristic diffraction peaks from other phases or impurities
were found.

Fig. 2 shows the typical SEM images of the synthesized
film at different magnifications. A cauliflower-like morphol-
ogy consisting of branch shapes deposited on the substrate
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Fig. 1. XRD pattern of the hexagonal Cu—ZnO nano-funnel tube film
grown on zinc substrate.

can be observed from Fig. 2a and b. A careful observation
(Fig. 2b) indicates well-defined dendritic structures growing
radially from a single nucleation center, resulting in a few
branch assemblies. The lengths of these branches range from
500 nm to several microns. As can be clearly seen from the
high magnification images (Fig. 2c and d), a typical mor-
phology was identified, consisting of a structure with one
open end, well-defined crystallographic facets, and hollow
hexagonal cross-sections, which is called a hexagonal Cu—
ZnO nano-funnel tube. It can also be seen that there is a
possibility for the growth of a nano-funnel tube from the
inside and central part of another hexagonal Cu—ZnO nano-
funnel tube. An average nano-funnel tube is 300 nm—1 um in
length and 300-600 nm in diameter.

The compositional analysis and purity of the synthesized
films were obtained using the EDS technique. The typical
EDS spectrum of the synthesized film (Fig. 3) shows the
presence of Cu, Zn, and O, with atomic percentages of
15.47%, 54.42%, and 30.11%, respectively.

In order to evaluate the structural features of the
synthesized Cu—ZnO film, TEM investigations were carried
out. A typical TEM image is shown in Fig. 4a, indicating a
cauliflower-like morphology, consisting of a branch shape
with a nano-scale structure (30-70 nm) without symme-
trical growth. This result is in good agreement with the
SEM observations. Because of the thickness of the branch
structures, no nano-funnel tube is resolved. The selected
area clectron diffraction (SAED) pattern was obtained
from circular area of the branch structures on the TEM
grid. The SAED pattern reveals spotty rings, which were
identified by Cu particles and ZnO nano-branches.

Fig. 2. (a, b) low and (c, d) high magnified SEM images of the hexagonal Cu—ZnO nano-funnel tube film.
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Fig. 3. EDS spectrum of the hexagonal Cu—ZnO nano-funnel tube film.

It is expected that the ring-like pattern can be indexed to
ZnO (002), (103) and Cu (111), (200), (220) diffractions.
The UV-visible diffused reflectance (DRS) and photo-
luminescence (PL) spectrometers were used to examine the
optical properties of the synthesized films. Fig. 5a depicts a
typical DRS plot of the hexagonal Cu—ZnO nano-funnel
tube film grown on the zinc substrate. The apparent onset
of the absorption band for the film is ~375nm. The
maximum absorption band edge is located at ~335 nm.
According to the equation Eg=1240/4, the calculated Eg
from the onset of reflectance is 3.30 eV. This value is lower
than the bulk value of the ZnO band gap (3.37¢V). In
addition, the obtained result is in accordance with our
previous report [10]. The PL of the hexagonal Cu—ZnO
nano-funnel tube film is shown in Fig. 5b. As can be seen,
there are several peaks at 375, 410, 424, 447, 470, and
519 nm. The ultraviolet emission band located at 375 nm is
attributed to the near-band edge (NBE) free exciton
transition from the localized level below the conduction
band to the valance band [14]. The violet, blue, and green
emission bands are observed at 410, 424, 447, 470, and
520 nm, respectively. They originate from different deep-
level emissions (DLEs). These DLEs are mainly related to
point defects such as the oxygen vacancies and zinc
interstitials. Cheng et al. [15] attributed the appearance
of blue emission bands to the oxygen vacancy. Vanheusden
et al. [16], on the other hand, attributed the green
transition to the singly ionized oxygen vacancy in the
Zn0O, and the emission results from the recombination of
the photogenerated hole with the singly ionized charge also
point to such a defect. The blue—green emission can
originate from oxygen vacancies, Zn interstitials, extrinsic
defects, or impurities [17,18]. Thus, it is believed that
during the deposition, copper ions can replace either
substitutional and/or interstitial zinc ions in the ZnO
lattice, creating point defects (Cuy,, Cu;) and the structural
deformation. It is expected that, because of the presence of

Fig. 4. (a) TEM image of nano-scale branch structures of the Cu-ZnO
film and (b) the SAED pattern of red marked area.

oxygen vacancies and point defects, there is a possibility of
using the synthesized film as a gas sensor.

Controlling and modifying the surface wettability are
important in many practical applications [19]. The surface
morphology and surface energy are two crucial factors to
control the surface wettability. Thus, by changing the
roughness of the surface and/or mixing with other materials,
the wetting characteristics are expected to be modified. In
general, the surface wettability is determined by its WCA and
divided into two categories, hydrophilic (WCA <90°) and
hydrophobic (WCA > 90°). Fig. 6 shows the WCA image of
the hexagonal Cu—ZnO nano-funnel tube film. It is observed
that the WCA of the synthesized film is ~153°. This is
consistent with the fact that the superhydrophobicity of the
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Fig. 5. (a) UV-visible DRS and (b) PL spectra of the hexagonal Cu-ZnO nano-funnel tube film.

Fig. 6. WCA image of the hexagonal Cu—ZnO nano-funnel tube film
grown on zinc substrate.

surfaces is caused by the air trapped between the
water and rough surface. In addition, the branch structures
with a tube shape would produce more cavities to trap air,
which suspend the water droplets on the hexagonal Cu—ZnO
nano-funnel tube film and generate the surface superhydro-
phobicity [20].

4. Conclusions

In summary, Cu—ZnO nano-funnel films were success-
fully synthesized using an electrochemical deposition tech-
nique under ambient conditions. XRD and SAED analyses
revealed the presence of ZnO and Cu phases. In addition, a
Zn(OH), peak was observed in the XRD pattern. The
SEM and TEM results both showed that the synthesized
film consisted of hexagonal Cu-ZnO nano-funnel tubes
with several branches. From the UV-vis absorption and
PL spectra found, there was a decrease in the band gap
energy with respect to the bulk value of the ZnO band gap.
The hexagonal Cu—ZnO nano-funnel tube film showed an
excellent superhydrophobicity, which suggests its impor-
tance for many practical applications. In addition, because
of the hexagonal tube shape, there was a large effective
surface area, which could be used for photocatalyst
applications. This method could be employed to synthesize

and control the shapes of other metal ion-doped ZnO
nanostructures.
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