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CuO nanobelt arrays supported on copper substrates are
synthesized by a simple and one-pot low-temperature vapor
oxidation method. The CuO nanobelt arrays show high electro-
catalytic activity towards glucose oxidation.

Cupric oxide (CuO) compounds have recently received significant
attention due their application in important devices, including high-
temperature semiconductors' and magnetic storage media.> CuO is a
p-type semiconducting material (£, = 1.2 eV) that exhibits field
emission,? photovoltaic,* photoconductive,” and gas-sensing proper-
ties.® Due to its photochemical and (photo)conductive properties,
CuO has been exploited for photocatalysts,” solar cells,® and lithium
ion batteries.’ Additionally, CuO materials facilitate the catalysis of
many reactions including cross-couplings,'® CO and NO oxidation,"!
propylene oxidation to acrolein,'? and olefin epoxidation.!?
Recently, arrayed one- or two-dimensional nanocrystals (nano-
wires, nanosheets, nanobelts), nanoarrays, have attracted consider-
able interest'* because of their potential for a variety of different
applications, such as nanolasers,'® dye-sensitized solar cells,'® lithium
jon batteries,'’ nano-generators,18 unique adhesive nanomaterials,'
and optical sensors.”’ The design and fabrication of nanoarrays is
essential for the creation of smart, high-performance nanodevices. To
date, CuO nanoarrays have been prepared by several methods. For
instance, CuO nanoribbons were obtained by the heat treatment of
Cu(OH), nanoribbons at 180 °C with a constant flow of N».*! Xia
et al reported the high-temperature (500 °C) synthesis of CuO
nanowires supported on the surfaces of various copper substrates
including grids, foils, and wires.?? Thus, relatively high-temperatures
and/or a controlled atmosphere are necessary to form CuO crystals
in the gas-phase. CuO nanoarray structures have also been formed at
low temperatures (<60 °C) in alkaline aqueous solutions. However,

“Department of Applied Chemistry, School of Science and Engineering,
Kinki University, 3-4-1 Kowakae, Higashi-osaka, Osaka, 577-8502, Japan.
E-mail: soejima@apch.kindai.ac.jp; Fax: +81-6-6721-2024;

Tel: +81-6-6721-2332

bCREST, Japan Science and Technology Agency, 744 Moto-oka, Nishi-ku,
Fukuoka, 819-0395, Japan

“Department of Chemistry and Biochemistry, Graduate School of
Engineering, Kyushu University, 744 Moto-oka, Nishi-ku, Fukuoka,
819-0395, Japan

1 Electronic supplementary information (ESI) available: Explanation of the
VO process. SEM images and XRD patterns of Cu or brass plates after the
VO reaction. CV data for the CuO nanobelt arrays/Cu electrode. See DOI:
10.1039/c1ra00109d

the liquid-phase synthetic methods require a long reaction time
(>20 h) to form complete CuO nanoarrays.”> >*

In this paper, we report a novel one-pot and low-temperature
synthetic route to CuO nanobelt arrays on a Cu substrate. The
simple growth approach via alkaline vapor oxidation (VO,
Fig. S1¥)* under mild and facile conditions makes it possible to
rapidly fabricate CuO nanobelts compared with those of liquid-
phase synthetic methods. Additionally, CuO/ZnO composite nano-
arrays can be obtained utilizing the VO process. The CuO nanobelt
arrays/Cu electrode shows excellent oxidation of glucose in a basic
solution and high sensitivity as a nonenzymatic glucose sensor.

To synthesize the nanobelt arrays, a copper plate was half
immersed in an aqueous solution of 100 mM NH;-100 mM H,0, at
an angle against the wall of a glass vial (Fig. 1A) and kept at 80 °C
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Fig. 1 (A) A picture of the screw vial containing NH;-H,0, aqueous
solution and an immersed Cu substrate during the reaction. (B) Pictures of
the Cu plate before (left) and after (right) the reaction. An SEM image (C)
and XRD pattern (D) of CuO nanobelt arrays formed on the non-immersed
portion of the Cu plate by the VO reaction.
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for 7 h in a laboratory drying oven. The sample was then washed
with distilled water and dried in air at room temperature. Fig. 1B
shows the changes in the appearance of the Cu plate before and after
the reaction. There was no significant change in the color of the
portion that was immersed in the NH3-H>O, aqueous solution. On
the other hand, the surface of the Cu plate that was not immersed
became entirely black. The field-emission scanning electron micro-
scopy (SEM) image of the Cu plate before the reaction showed a
smooth surface (Fig. S2t). Interestingly, nanobelt arrays were
densely formed on the surface of the non-immersed portion
(Fig. 1C), which was quite different from the rough surface of the
immersed portion (Fig. S3B). The crystal structures of the samples
were investigated by measuring the X-ray diffraction patterns
(XRD). The XRD pattern of the immersed portion only showed
the presence of Cu (Fig. S3C,T JCPDS No. 4-836). However, the
XRD pattern of the non-immersed portion featured two diffraction
patterns attributed to Cu and CuO (JCPDS No. 5-661) (Fig. 1D).
Thus, the CuO nanobelt arrays were only formed on the non-
immersed portion of the Cu plate by the VO process.

Fig. S4, S5 and S6 show color changes of copper substrates and
SEM images and XRD patterns of the non-immersed portion
obtained at different reaction periods, respectively.i The only non-
immersed portion gradually changed to black, indicating formation
of CuO nanoarrays. Tiny thorn-like nanostructures formed on the
Cu substrate within 5 min and further heating led to the growth of
quasi one-dimensional nanowire arrays (from 5 min to 1 h). These
structures did not show any X-ray diffraction peaks besides those
attributed to Cu, which indicates that they are amorphous. After 3 h,
nanobelt arrays formed and their density increased with increasing
reaction time (Fig. SSD-Et). The XRD diffraction pattern of the
nanobelts corresponds to the CuO crystal (Fig. S6D-E).t The
formation of CuO nanobelt arrays did not require immersion of Cu
plate into the reaction media. Instead, the CuO nanobelt structures
formed on the underside of the Cu plate as shown in Fig. S7.1 This
indicates that NHj (and/or H,O,) vapor was involved in the
formation of the CuO nanobelt arrays.

Fig. 2 shows a plausible formation mechanism for CuO nanobelt
arrays on a Cu substrate. Water vapor containing NH; was
generated by heating an NH3 aqueous solution at 80 °C and then
was absorbed onto the surface of the Cu plate. The Cu substrate was
oxidized to Cu(11) by the O, adsorbed from the gas phase and copper
ammine complexes were formed by the reaction of the Cu(II) ion and
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Fig. 2 Plausible formation mechanism of CuO nanobelt arrays by the
VO process.

ammonia. Under basic conditions (pH = 11.2), OH™ replaces NH;
in the Cu[NH;],>" complex giving rise to square planar Cu(OH),>~
units. It has been reported that Cu(OH), nanoribbons preferentially
grow along the [100] direction by the assembly of >Cu(OH),Cu<
chains.*' Accordingly, the Cu(OH), nanobelt arrays formed by one-
dimensional assembly of the Cu(OH),*>~ units. After further heat
treatment at 80 °C, the Cu(OH), nanobelt arrays rapidly
transformed to CuO. The XRD signals attributed to Cu(OH),
crystal were not found for all samples which were obtained at varied
reaction periods. It has been reported that Cu(OH), is a metastable
phase which easily transforms into CuO more stable, either in the
solid state by a thermal dehydration or at room temperature in
aqueous basic solutions.”® Unfortunately in the present synthetic
system, however, observation of metastable Cu(OH), is hindered by
the rapid transformation process at 80 °C. The growth reactions
continuously occurred during the heat treatment, and the perfect
CuO nanoarrays were obtained. On the other hand, significant
nanostructures were not formed on the immersed portion (Fig. S37).
The amount of copper in the NH3/H,O, aqueous solutions after
the VO reaction was determined by ICP-AES measurements,
as shown in Fig. S8.f The cocentration of copper was increased
with increasing reaction time. It is assumed that the immersed
portion of the Cu substrate was oxidized by dissolved oxygen and
soluble copper-amine complexes were formed in the aqueous
solution. Thus, nanoarray structures could not be obtained on the
immersed portion.

The formation of CuO nanobelt arrays requires the presence of
NH; vapor. Fig. S9, S10 and S11 show changes in appearance of
copper substrates and the SEM images and XRD patterns,
respectively, of a Cu plate immersed in an NH; aqueous solution
at 80 °C.T CuO nanobelt arrays gradually formed on the Cu plate.
The addition of H>O, enhances the formation of the CuO nanobelt
arrays (Fig. SSA-B vs. Fig. SI0A-B+). It is assumed that the H,O,
molecules are involved in the oxidation process of Cu by supplying
O, via thermal decomposition (H,Ox(aq) — H>O + Ox(g)) and by
the following direct redox reaction:*’

Cu = Cu** + 2¢~ +0.340 V vs. SHE 1)
H,0, + 2H" + 2¢~ = 2H,0 +1.763 V vs. SHE )

The rapid formation of Cu>" in the initial reaction stage increased
the rate of CuO nanobelt formation. The pH of the NH; aqueous
solution also affects the formation of CuO nanobelt structures.
Fig. S12 shows SEM images of the Cu plate after the VO process in
an NH; aqueous solution with different pH values.t At pH 2, the
nanobelt structures barely formed; however, the formation density of
plate-like nanostructures increased with increasing pH. This indicates
that OH™ ions play a critical role in the growth of CuO nanobelts. It
is likely that the precursor Cu(OH), nanostructures did not form
under the low pH conditions.

CuO/metal oxides hetero-composite nanomaterials have also
attracted much attention due to their fascinating semiconducting
and catalytic properties.”® A brass plate (Cu-Zn alloy) was partly
immersed in a 100 mM NH; aqueous solution and the sample was
heated at 80 °C for 24 h. The color of the non-immersed portion of
the brass plate changed to black indicating the formation of CuO/
ZnO nanobelt/nanorod composites (Fig. S137). It is expected that
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various CuO/metal oxide nanoarrays can be obtained from Cu-based
alloys using the VO synthetic method.

The electrocatalytic activity of the CuO nanobelt arrays/Cu
electrode towards the oxidation of glucose in an alkaline solution
was investigated. The cyclic voltammograms (CVs) of the CuO
nanobelt arrays/Cu electrode in different concentrations of glucose
were measured, as shown in Fig. S14.1 In the alkaline solution, a
broad reduction with a peak potential of about 0.3 V vs. Ag/AgCl
was observed. This wave might be attributed to a Cu(1r)/Cu(IIr)
redox reaction.” Upon addition of glucose, the electrode exhibited
significant oxidation of the glucose starting at ca. 0.25 V vs. Ag/AgCl
with a shoulder peak at 0.6 V vs. Ag/AgCl; the response was
concentration-dependent. Thus, the CuO nanobelt arrays/Cu
electrode is electrocatalytically active towards glucose oxidation.
This may be attributed to the proposed involvement of Cu(il) and
Cu(1n) surface species in the oxidation of glucose.*® Fig. 3 shows a
typical amperometric response of the CuO nanobelt/Cu electrode to
the successive addition of glucose at an applied potential of 0.6 V vs.
Ag/AgCl. The CuO/Cu electrode responded to the changes in
glucose concentration and shows fast response, ie., the response
reaches 95% of the steady-state value within 2 s. The corresponding
calibration curve for the glucose sensor is shown in Fig. 3B. The
sensor shows a sensitivity of 582.0 YA mM ™! cm ™2 and a detection
limit of less than 1 pM. The performance of the CuO nanobelt sensor
was compared with other nonenzymatic glucose sensors, as shown in
Table S1.7 The sensitivity and detection limit of the CuO nanobelt/
Cu electrode are higher and lower, respectively, than those of the
other glucose sensors. This is partly due to the direct deposition of
CuO nanocrystals onto the Cu plate with high electrical conductivity
via the VO process. The good electrochemical ability and simple,
one-pot, rapid, low-temperature fabrication would make the as-
prepared CuO nanobelt arrays/Cu electrode an excellent sensing
platform for various chemicals such as H.S,3! CO,* and volatile
organic compounds.™
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Fig. 3 (A) CA response of CuO nanobelt arrays/Cu plate electrode at 0.6 V
upon the addition of glucose solution to a 0.1 M NaOH aqueous solution.
(B) Corresponding calibration curve (current density versus glucose
concentration).

Conclusions

In conclusion, CuO nanobelts and CuO/ZnO composite nanoarrays
were successfully obtained by a one-pot, low-temperature, rapid
alkaline vapor oxidation method. The resultant CuO nanobelt/Cu
nonenzymatic glucose sensor presents attractive analytical features
such as a fast response time, high sensitivity, and a low detection
limit. We envisage that various CuO/metal oxide composites and
other metal oxide nanoarrays with various properties can be
obtained by adapting the VO method to other Cu-based alloys
and metal plates.

This work was partly supported by a Grant-in-Aid for Young
Scientists (B, No. 22710102) from the Ministry of Education,
Culture, Sports, Science and Technology, Japan and JST CREST.
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