[norganic Chemistry

¢ Article

Inorg. Chem. 2011, 50, 757-763 757
DOI: 10.1021/ic1017664

Facile Electrochemical Synthesis of Hexagonal Cu,0 Nanotube Arrays

and Their Application

Jin-Hui Zhong, Gao-Ren Li,* Zi-Long Wang, Yan-Nan Ou, and Ye-Xiang Tong

MOE Laboratory of Bioinorganic and Synthetic Chemistry, School of Chemistry and Chemical Engineering,
Institute of Optoelectronic and Functional Composite Materials, Sun Yat-sen University,

Guangzhou 510275, China

Received March 18, 2010

Large-scale and highly oriented single-crystalline hexagonal Cu,0 nanotube arrays have been successfully synthesized using
a two-step solution approach, which involves the electrodeposition of oriented Cu,O nanorods and a subsequent
dissolution technique along the c axis to form a tubular structure. Herein, NH,Cl was found to be an effectual additive,
and it can successfully realize the dissolution process of Cu,O from nanorods to nanotubes. The dissolution
mechanism of Cu,0O from nanorods to nanotubes was illustrated in detail. These prepared Cu,Q nanotube arrays were
characterized by SEM, EDS, XRD, XPS, and TEM. The photoluminescence (PL) spectrum of Cu,O nanotube arrays
was also measured, and it shows there is a greater fraction of copper or oxygen vacancies in these prepared Cu,O
nanotubes. Finally, the applications of Cu,O nanotube arrays for gas sensors were investigated in this paper.

Introduction

Tubular structured nanomaterials have been greatly explored
owing to their fascinating physicochemical properties since
the discovery of carbon nanotubes in 1991, and many
potential applications have been found, such as their use in
nanodevices, catalysis, biomimetics, sensors, and energy
storage.' Various methods have been developed for the
synthesis of nanotubes, such as catalytic pyrolysis, high-
temperature evaporation, hydrothermal synthesis, colloidal
growth, anodic oxidation, chemical bath deposition, and
template- and surfactant-assisted growth techniques.® ®
However, the synthesis of some kinds of nanotubes such as
Cu,0 nanotubes are still restricted by the above methods,
although they are very useful. Therefore, some novel synthesis
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routes still need to be further investigated for the preparation
of the special kinds of nanotubes.

Cu,0, a p-type semiconductor with a direct band gap of
about 2.17 eV, has been widely employed in gas sensors,
catalysts,® solar energy conversion,’ biosensors,'® and mag-
netic storage devices.'' Cu,O crystals also have been at the
center of research on the Bose—Einstein condensation of
excitons.'? Furthermore, Cu,O is inexpensive, plentiful, and
readily available, with low toxicity and good environmental
acceptability, which favors the fundamental and practical
research on Cu,O."*~'* As size and morphology have strong
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effects on physical and chemical properties, recently, much
effort has been devoted to the synthesis of Cu,O microé
nanocrystals, such as octahedra,'®!” nanocages,18 nanocubes,’
nanowires,”’ nanorods,>! hollow nanostructures,”> and other
nanostructures.”> Despite great advances in synthesizing
Cu,O nanomaterials with controlled nanostructures, until
now, there have been almost no reports on Cu,O nanotubes,
and the preparation of Cu,O nanotubes still represents
a significant challenge in the field of nanoscale science. We
believe Cu,O nanotubes with a high surface area, high porosity,
and excellent chemical stability are particularly attractive for
the above-mentioned applications.

Herein, an electrodeposition—dissolution process accom-
panied by void generation was introduced for the synthesis
of Cu,O nanotubes. To the best of our knowledge, this is the
first report on the preparation of single-crystalline hexagonal
Cu,O nanotubes. The basis of hollow tube formation is
selective dissolution affecting the nanorod core preferen-
tially, leaving lateral faces, resulting in a tubular structure.
Although Cu,O is metastable and less stable than CuO, we
can easily control the formation of Cu,O, and it is the only
product in deposits. Our discovery may be of quite a general
nature for the synthesis of nanotubes or hollow nanostruc-
tures and could be applied to many other dissoluble systems.
The synthesis method reported here shows a simple and
economical route for the preparation of Cu,O nanotubes.
These prepared hexagonal Cu,O nanotube arrays were
characterized by SEM, TEM, EDS, XRD, and XPS. Experi-
mental results in this paper demonstrated that these prepared
Cu,0 nanotubes had potential applications in gas sensors.

Experimental Section

A simple three-electrode cell was used in our experiments.
A graphite electrode was used as a counter electrode (spectral
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grade, 1.8 cm?). A saturated calomel electrode (SCE) was
used as the reference electrode that was connected to the cell
with a double salt bridge system. A pure Cu plate (99.99%,
1.0 cm?®) was used as a working electrode during the electro-
deposition. All potential values determined in this study were
the values vs SCE. The electrochemical deposition of Cu,O
was carried out in a solution of 0.003 M Cu(NO;), + 0.1 M
NH,CI + 0.05 M KCI with a current density of 2.0 mA/cm?
for 120 min at 70 °C by galvanostatic electrolysis. During the
electrodeposition, Cu,O nanorods are first deposited on the
substrate, and then Cu,O nanorods are dissolved in the same
solution to form Cu,O nanotubes under the role of NH4Cl
during electrodeposition. The obtained Cu,O nanotubes were
analyzed by X-ray diffraction (XRD, PIGAKU, D/MAX
2200 VPC) and an Oxford Instrument’s INCA energy-dis-
persive spectrometer (EDS) to determine the chemical com-
positions and structures of deposits. The surface morphologies
of these deposited films were observed by field emission scan-
ning electron microscopy (FE-SEM, JSM-6330F), thermal
field emission environment scanning electron microscopy
(TFE-SEM, FEI, Quanta 400), and transmission electron
microscopy (TEM, JEM-2010HR). X-ray photoelectron
spectroscopy (XPS, ESCALAB 250) was used to assess the
chemical state and surface composition of Cu,O deposits.
The measurement of photoluminescence spectra was carried
out using a spectrofluorophotometer (RF-5301PC) at room
temperature.

The gas sensing properties of Cu,O nanotubes were inves-
tigated. The prepared Cu,O was mixed with Terpineol and
ground in an agate mortar to form a paste. The resulting paste
was coated on a ceramic tube-like substrate on which a pair
of Au electrodes had been printed previously, followed by
drying at 100 °C for about 2 h and subsequent annealing at
600 °C for about 2 h. Finally, a small Ni—Cr alloy coil was
inserted into the tube as a heater, which provided the working
temperature of the gas sensor. The schematic drawing of the
as-fabricated gas sensor is shown in Figure 6a. The response
or recovery time was expressed as the time taken for the
sensor output to reach 90% of'its saturation after applying or
switching off the gas in a step function.

Results and Discussion

The electrochemical deposition of Cu,O nanotubes was
carried out in a solution of 0.003 M Cu(NOs), + 0.1 M
NH,CI+0.05 M KCI with a current density of 2.0 mA/cm?
for 120 min at 70 °C. The electrochemical formation
process of Cu,0 in this study can be suggested as follows.
First, NO3 ™ ions are electroreduced on the cathode sur-
face, and then OH ™ ions are produced.***> Finally, these
produced OH™ ions will react with Cu" ions that are
electroreduced from Cu?* jons to form Cu,O. These pro-
cesses are expressed as eqs 1 and 2.%¢ The cyclic voltam-
mogram of the Pt electrode in a solution of 0.003 M
Cu(NO3); + 0.1 M NH4CI + 0.05 M KCI at 0.01 V/s is
shown in Figure la. Two reduction waves are observed.
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Figure 1. (a) Cyclic voltammogram of 0.003 M Cu(NO3), + 0.1 M NH,CI + 0.05 M KCl solution at 0.01 V/s. (b) Crystal faces in hexagonal Cu,O.
Schematic illustration of Cu,O nanorod dissolution process accompanied by hollow generation that is applied to the synthesis of Cu,O nanotube arrays.
(c) A Cu,O nanorod array is used for the starting precursor. (d) The dissolution process happens at the top surface of Cu,O nanorods. (e) Formation of partial

hollow Cu,O nanorods. (f) Formation of hollow Cu,O nanotubes.

The wave R1 corresponds to reaction 1, and the wave
R2 corresponds to reaction 2.

NO; ™ + H,0 42~ —NO,” +20H (1)
2Cu*" + 2¢” + 20H™ — Cu,0 + H,0 (2)

Herein, our design strategy for the synthesis of Cu,O
nanotubes is based on a two-step solution approach, which
involves the electrodeposition of the oriented Cu,O nanorods
and a synchronously selective dissolution process accom-
panied by void generation, and is schematically displayed in
Figure 1c—f. Cu,O nanorod arrays are firstly electrodeposited
and are employed as the precursors. To realize the dissolution
process of Cu,O nanorods, NH,4Cl as an additive is added
into the deposition solution. The dissolution mechanism of
Cu,O deposits can be explained as follows. During electro-
deposition, NH4 " ions in solution can react with the produced
OH ™ ions to form NHj (reaction 3). Then, the produced
NH; will react with Cu,0O to form a copper(Il)—amine
complex (reaction 4), which is soluble in a water solution.
Therefore, NH, " ions in solution are crucial for the dis-
solution of Cu,O. A large number of Cl™ ions accom-
panied with NH," ions are also added into the deposition
solution, and they will be adsorbed on the surface of Cu,O
nanorods. In addition, Cl™ ions in solution will also lead
to the formation of CuCl,*~ ions in a deposition solution

via reaction 5.2’ These formed CuCl,>~ ions will also be
adsorbed on the surfaces of Cu,O nanorods because of the
electrostatic adherence. These adsorbed ClI~ and CuCl,>~
ions may provide the electrons to Cu™ in Cu,0, change the
charge distribution between Cu™ and O*~, and enhance
Cu—0 bond. The chemical effect by the specific adsorption of
Cl™ and CuCl,> ions will lead to the dissolution rate of
Cu,0 on the surface of nanorods being much slower than
that in the nanorod inner section. So the selective dis-
solution affects the center part of the Cu,0O nanorod pre-
ferentially along the ¢ axis, leaving the lateral faces and
resulting in a tubular structure as shown in Figure 1f. The
crystal faces in hexagonal Cu,O are shown in Figure 1b.

NH," +OH™ — NH; + H,0 (3)
1
Cu,0 + 502 +2H,0 + 8NH; — 2[Cu(NH;3),)*"
+40H "~ (4)
4C1° +Cu*" — CuCly?~ (5)

Figure 2a shows that high-density hexagonal Cu,O nano-
tube arrays were successfully synthesized on a large area of
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Figure 2. SEM images of Cu,O nanotubes electrodeposited in a solution of 0.003 M Cu(NOs3), + 0.1 M NH4Cl + 0.05 M KCl for 120 min at 70 °C with
a current density of 2.0 mA/cm?. (a) Top view. (b) Side view. (¢) TEM image. (d) HRTEM image and SAED pattern (the inset).

Figure 3. SEM images of the Cu,O deposits in various stages during the growth. The evolvement sequence is a — b —c¢ —d.

the substrate. The average diameter of these Cu,O nanotubes
is about 250 nm, and the average thickness of their walls
is about 50 nm. A SEM image of the side view of the Cu,O
nanotube arrays is shown in Figure 2b, which shows that
the average length of these Cu,O nanotubes is about 1 um.
Figure 2c shows a TEM image of the Cu,O nanotube. The
diameter of this nanotube is about 260 nm, and its wall
thickness is about 36 nm. The HRTEM image of the Cu,O
nanotube is shown in Figure 2d, which clearly shows that the
lattice fringes are derived from the same crystalline grains.
The lattice spacing is estimated from the HRTEM image, and
it is about 0.42 nm, which corresponds to a (0001) planar
spacing of Cu,O. So the crystal growth of the nanotubes
is preferential in the [0001] direction. These prepared Cu,O

nanotubes were further characterized by selected-area elec-
tron diffraction (SAED). The SAED pattern is shown in the
inset in Figure 2d, and it also shows that the prepared Cu,O
nanotube consists of single crystal structures with preferential
growth in the [0001] direction. Therefore, the uniform single
crystal Cu,O nanotubes were successfully synthesized.

In order to demonstrate the formation mechanism of Cu,O
nanotubes displayed in Figure 1, SEM images of the deposits
in various growth stages were characterized as shown in
Figure 3. In the early stages, the partial dissolution of the core
just happens at the tip of the Cu,O nanorods, as shown in
Figure 3a. The depth of the hollow structure increased with
time, as shown in Figure 3b and ¢, and finally the Cu,O
nanotubes were obtained as shown in Figure 3d. According
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Figure 4. (a) EDS and (b) XRD patterns of Cu,O nanotubes. XPS spectra of Cu,O nanotubes: (¢) Cu 2p and (d) O Is.
to the above experimental observations, the evolution of the 4000
dissolution process is accordant with the schematics shown ”
in Figure 1. f 1
EDS measurement was carried out at a number of loca- 30004 / \l
tions throughout the deposits to confirm the composition of ® f i "
Cu,0. The EDS pattern is shown in Figure 4a, and it reveals § 20008 4 i 11 i n 7
that the elements of O and Cu exist in the obtained deposits. o b 1 I \. ; v
The composition analysis by EDS reveals that the Cu/O ratio .'\.r .Y i W
is about 2:1. The typical XRD pattern of the as-prepared 1000 : v
Cu,0 nanotubes is shown in Figure 4b, and it identifies the
product as Cu,O (JCPDS No. 05-0667). No impurities such 420 450 430 510 540

as cupric oxides are found in the XRD pattern besides
the substrate. XPS analysis was also conducted in order to
further confirm the chemical bonding properties and phase of
the deposit. The XPS spectrum from 970 to 925 eV shown in
Figure 4c demonstrats the photoelectron spectrum of the Cu
2p core level for the deposit. The binding energies obtained in
XPS analysis were corrected for specimen charging by
referencing the C 1sto 284.60 eV. Compared with the binding
energy of Cu 2p 3/2, the peak located at 932.4 ¢V can be
attributed to Cu™ species as reported previously.”® The O Is
spectrum for the surface of the sample is shown in Figure 4d.
The peak at 530.5 eV corresponds to O*~ ions in Cu,O. The
peak at 531.2 eV can be attributed to absorbed H>O or O,
onto the surface.?” Therefore, the results of EDS, XRD, and
XPS all prove that Cu,O is the only product, and they all
exclude the existence of CuO in the deposits.

Since bulk Cu,0 is a luminescent material, the photolu-
minescence (PL) properties of these prepared Cu,O nano-
tubes were tested. The PL spectrum of the prepared Cu,O
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Wavelength (nm)

Figure 5. Photoluminescence spectrum of the prepared Cu,O nanotubes.

nanotubes is shown in Figure 5. The luminescent peak at 491
nm may be attributed to the band edge emission from I';* to
the new sublevels at 298 K .*° The luminescent peak at 503 nm
may be attributed to the imperfection levels as a result of the
interaction of two excitons or the *D—'D splitting in Cu™
(3d%4s%).*! In addition, luminescent peaks at 436, 466, and
522 nm were also observed, and they may be attributed to
defects in Cu,O nanotubes.*> The peak at 436 nm shows a
high intensity, indicating a strong emission. This suggests
there is a greater fraction of copper or oxygen vacancies in the
prepared Cu,O nanotubes.
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Figure 6. (a) Schematic diagram of the structure of a typical Cu,O nanotube gas sensor. (b) XRD pattern of CuO nanotube arrays. (c) Schematic
representation of the mechanism of reaction of the CuO nanotube sensor to ethanol. (d) Typical response curves of CuO nanotube sensor (black curve) and
CuO nanorod sensor (blue curve) to alcohol with increasing concentration at 210 °C.

The alcohol gas sensor application of CuO nanotube arrays
is investigated in this paper via the conversion of Cu,O nano-
tube arrays to CuO nanotube arrays. As Cu,O is metastable
and the analyte gas, C,HsOH, needs to be injected into a test
chamber and mixed with air at 210 °C, these prepared Cu,O
nanotube arrays will be changed to CuO nanotube arrays.
Recently, CuO nanomaterials have attracted much interest
for use in gas sensor applications.>>*° Before measurements,
the prepared Cu,O nanotube arrays were first mixed with
Terpineol and ground in an agate mortar to form a paste. The
resulting paste was coated on a ceramic tube-like substrate,
followed by drying at 100 °C for about 2 h and subsequent
annealing at 600 °C for about 2 h. The isothermal response
curves were measured in ambient air with increasing alcohol
concentrations of 10—800 ppm at 210 °C. Under the above
conditions, the Cu,O nanotube arrays were accordingly
converted to CuO nanotube arrays via reaction 6, and the
XRD pattern is shown in Figure 6b, which proves the
existence of CuO nanotube arrays.

2Cu,0 + 0; — 4Cu0O (6)
The electrical conductivity in CuO nanotubes can be well
modulated by the adsorbed gas molecules. The sensing mecha-
nism of CuO is illustrated in Figure 6¢. In the sensors based
on CuO nanotube arrays, a large amount of negative charged
oxygen (O™, O*) will be absorbed on the outer or inner
surfaces of nanotubes, and the surface properties become
paramount. When in contact with the reducing gas, such
as alcohol, the negative charged oxygen (O, O*7) will react
with it through hydrogen bonds to change the conductivity of
the sensors. Detecting gas C,HsOH was injected into a test
chamber and mixed with air. The gas response of the sensor in

this paper is defined as § = R,/R,, where R, and R, are the
resistances in air and test gas, respectively. The resistance of a
sensor in air or test gas was measured by monitoring voltage.
It is clear that the nanotube arrays in the film can provide
enough surface area and interspaces to contact the detected
gas. Figure 6d shows a typical isothermal response curve of
the CuO nanotube array sensor when cycled by increas-
ing alcohol concentrations in ambient air with a range of
10—800 ppm at 210 °C (black curve). According to the above
result, it is obvious that the CuO nanotube array sensor has a
very high response to ethanol, showing promise as an
ethanol-sensing material. All of the response times of the
CuO nanotube array sensors in alcohol of concentrations in
the range of 10—800 ppm are about 12 s, and the recovery
times are about 22 s. The typical isothermal response curve of
CuO nanorods is shown in Figure 6d (blue curve). Compared
with CuO nanotube arrays, CuO nanorods show a relatively
weak ethanol sensing response. Therefore, the CuO nanotube
array sensor offers a quick response/recovery time compared
with that reported for CuO or ZnO in the literature.>>~
The high gas sensing response of the CuO nanotube arrays
can be attributed to the large surface area and high porosity
of nanotubes and more active centers that are obtained from
the enhanced oxygen vacancy defects. Moreover, the CuO
nanotube arrays could increase the number of the gas
channels leading to more effective surface areas (defined as
the areas which can contact the gas). Considering the selec-
tivity of the CuO nanotube array sensor, we have detected
H,S gas with the same concentration level at a working
temperature of 210 °C, and we find it is not sensitive enough
for practical usage and the voltage response is not propor-
tional to the increasing concentration of H,S.
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Conclusions

In summary, an electrodeposition—dissolution process
accompanied by void generation has been investigated for
the synthesis of Cu,O nanotube arrays. Herein, NH4Cl was
found to be an effectual additive, and it can successfully
realize the dissolution process of Cu,O from nanorods to
nanotubes. The gas sensing measurements show that the
prepared Cu,O nanotube arrays have potential applica-
tions in gas sensors by converting to CuO nanotube arrays,
which may be attributed to nanotube structures with a large
surface area and high porosity and more active centers
that are obtained from the enhanced oxygen vacancy
defects. It is believed that this synthesis route can be
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applied to many materials that can be grown by electro-
deposition techniques, including compound material nano-
tubes. Further research work is underway to formulate
the details of the growth and have better control of the
wall thickness of the nanotube by understanding its
dependence on the dissolution process.
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