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Hierarchical CuO nanoflowers: water-required
synthesis and their application in a nonenzymatic
glucose biosensort
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For the first time, a facile, one-pot water/ethanol solution-phase transformation of Cu,(NOs)(OH)s
precursors into bicomponent CuO hierarchical nanoflowers is demonstrated by a sequential in situ
dissolution—precipitation formation mechanism. The first stage produces a precursory crystal (monoclinic
Cu(NO3)(OH)s3) that is transformed into monoclinic CuO nanoflowers during the following stage. Water
is a required reactant, and the morphology-controlled growth of CuO nanostructures can be readily
achieved by adjusting the volume ratio between water and ethanol. Such a bicomponent CuO hierarchical
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nanoflower serving as a promising electrode material for a nonenzymatic glucose biosensor shows higher
sensitivity and excellent selectivity. The findings reveal that the different Cu,M,(OH), (M = acidic radical)
precursors synthesized in a water/ethanol reaction environment can be utilized to obtain new forms of
CuO nanomaterials, and this unique water-dependent precursor-transformation method may be used to
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1. Introduction

Hierarchically nanostructured materials with a large surface
area, good conductivity and permeability have become a class
of significant functional materials for many emerging research
fields, especially environmental remediation, sensor, and
energy conversion." The performance of such materials has
long been known to be dependent on their size, composition,
morphology, structure, crystal phases and crystal facets.”> To
accurately manipulate the above features of the building blocks
of hierarchical nanostructures is still necessary because a
thorough understanding of the formation mechanism and
growth process has important scientific value. Especially, struc-
ture- and size-tailoring of the building blocks has been an
exciting challenge for bottom-up technology owing to their
special structure- and size-dependent effects. Therefore, it is
still a challenge to develop new facile synthesis strategies to
achieve the controlled synthesis of the building blocks of
hierarchical nanostructures.
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effectively control the growth of other metal oxide nanostructures.

The synthesis of metal oxide hierarchical nanostructures is
of considerable interest because their fundamental properties
make them useful in many technological applications.® Due to
the structural variety and stability of metal oxides, they are
currently regarded as the best supports for heterogeneous
catalysts.” In addition, the multiple oxidation states of metal
components provide intriguing catalytic properties to redox
reactions. Recently, Lee et al. have demonstrated that electrodes
made of metal oxides exhibit remarkable electrochemical perfor-
mances when used in glucose sensors.” Cupric oxide (CuO), as a
well-known p-type semiconductor material, exhibits great potential
for wide applications in photo-electric chemical materials,® sensors,”
anode materials for Li jon batteries, " supercapacitors,” field-
emission emitters,”> CO oxidation,"® and heterogeneous catalysts
for olefin epoxidation," owing to its low band-gap energy (1.2-
1.8 eV) and high chemical activity, as well as to its nontoxic nature
and low price.”> ™ In the past several years, intensive research has
focused on the shape-controlled synthesis of CuO nano- and micro-
structures, including nanoellipsoids,'® nanoribbons,'® nanorods,*
nanotubes,” nanospheres,”” nanocages,” nanoplates,” micro-
worms,> microflowers,® microurchins,> and nanowalnuts.>® How-
ever, catalytic, sensing, or photovoltaic activity often depends on the
chemical activity, thus hierarchical materials assembled from multi-
component building blocks have been shown to be excellent
candidates for these applications.”**° In this regard, the further

This journal is © the Owner Societies 2013


http://dx.doi.org/10.1039/c3cp50922b
http://pubs.rsc.org/en/journals/journal/CP
http://pubs.rsc.org/en/journals/journal/CP?issueid=CP015026

Published on 01 May 2013. Downloaded by University of South Carolina Libraries on 10/07/2013 06:24:34.

assembly of different nanosubunits into CuO hierarchical struc-
tures has also been reported recently.*’* For example, a three-
dimensional (3D) hierarchical CuO dandelions assembly of rhombic
nanoribbons was prepared by a solvent hydrothermal route in the
presence of ethanol.*' 3D CuO ellipsoids composed of a hundred
one-dimensional (1D) nanoparticles were synthesized by a facile
solution oxidative route under the assistance of formamide.** Two-
dimensional (2D) CuO mesoplates have been synthesized using a
mild solution in the presence of tetrabutylammonium hydroxide.*®
However, these hierarchical structures always possess onefold build-
ing blocks, namely, the building block was usually a single crystal-
line feature. In an attempt to further improve the surface area, a new
category of hierarchical CuO nanocrystals with multicomponent
(polycrystalline or mesoctystalline) building blocks was developed.
To date, the relevant experimental investigation is still unavailable.
Hence, there is still much room for progress with regard to the
development of novel CuO hierarchical nanostructures, particularly
in terms of large-scale green synthesis and multicomponent
nanosubunits.

A recently demonstrated top-down precursor-transformation
approach by Liu has proven to be a typically successful means
to effectively achieve the synthesis of bicomponent CuO hierar-
chical nanocrystals by annealing of copper hydroxide nitrate
(Cu,(OH);NO;) precursors,® because Cu,(OH);NO; is con-
sidered to be a good precursor for the in situ synthesis of
hierarchical CuO structures.?®3*3> Over the past decades, many
solution synthesis routes have been employed to synthesize
Cu,(OH);NO; crystals. For instance, Peng and coworkers have
synthesized Cu,(OH);NO; nanoribbons by aging a mixed
solution of Cu(NO;), and aminoethanol.*® Liu has fabricated
Cu,(OH);NO; urchins composed of 1D nanorods and nanobelts
by aging a mixed solution of Cu(NO;), and 2-propanol.>*
Matijevi¢ and coworkers have prepared Cu,(OH);NO; hexagonal
platelets by aging a mixed solution of Cu(NO;), and NaOH.*”
Based on these Cu,(OH);NO; precursors, elaborate tailoring of
experimental parameters such as reactant concentrations, reaction
temperature, reaction time, reaction environment and subsequent
annealing temperature can be achieved for the controlled trans-
formation from Cu,(OH);NO; to CuO crystals.”®**?> Although the
aforementioned methods are successful in preparing CuO crystals
by the in situ precursor-transformation approach at a higher
annealing temperature, the sizes of these hierarchical CuO
structures are limited to the micrometer or sub-micrometer scale
and the building blocks are usually single crystalline, and there-
fore could not offer larger interfacial areas for catalyst, sensor
and energy conversion. To the best of my knowledge, no method
has been reported to date for the one-pot solution-phase trans-
formation of Cu,(NO3)(OH); precursors into hierarchical CuO
nanostructures without a trace of the subsequent annealing
treatment in air.

Herein, we report, for the first time, a facile, one-pot
solution-phase transformation of Cu,(NO;3)(OH); precursors
to directly synthesize well-defined 3D nanoparticle-aggregated
bicomponent CuO hierarchical nanoflowers without annealing
treatment in air. A systematic investigation was carried out to
confirm the water-dependent formation mechanism of the
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bicomponent CuO hierarchical nanoflowers by in situ transfor-
mation of the Cu,(NO3)(OH); crystals. The study is of great
significance in one-pot synthesis of highly active nanostructures,
and provides a good opportunity to understand the fundamental
importance of the investigation of the formation mechanism
and growth process of hierarchical CuO nanostructures with
controllable aggregation-based behaviours. In addition, we
further demonstrated that such a hierarchical CuO nanoflower
could serve as a promising probe material for enhancing non-
enzymatic glucose sensing.

2. Experimental section
2.1 Chemicals

Cu(NO3), and NaOH were obtained from Aladdin reagent. All
chemicals used in our experiment were of analytical grade and
used without further purification. Deionized water (18.2 MQ cm)
from a Milli-Q Academic water purification system (Millipore
Corp.) was used in all preparations.

2.2 Synthesis of bicomponent CuO hierarchical nanoflowers

In a typical procedure, Cu(NO3), (0.12 mmol) was dissolved in
ultrapure water (2 mL) in a beaker under constant stirring for 5 min
at room temperature. And then ethanol (30 mL) was added to the
copper salt solution. Afterwards, the above solution was stirred at
75 °C for 2 min. A precipitate was produced when a NaOH ethanol
solution (0.02 M) was added dropwise to the above solution. After
being stirred for 15 min, the precipitates were allowed to cool to
room temperature naturally. Afterwards, the obtained products
were centrifuged at 10000 rpm for 2 min (XIANYI TG16-WS
centrifuge). The precipitates were centrifuged twice more in
anhydrous ethanol and ultrapure water, respectively.

2.3 Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a
Bruker-AXS D8 ADVANCE diffractometer operated at 40 kV
voltage and 40 mA current using Cu Ka radiation (1 = 1.5406 A)
in the range (20-80°). The chemical composition and purity of the
products were examined by electron energy dispersive X-ray (EDX)
analysis. Surface analysis for the as-prepared products was per-
formed by X-ray photoelectron spectroscopy (XPS) using an Al
mono Ko X-ray source operated at 90 W (England, Kratos Axis
Ultra DLD). The vibration property was characterized by a Lab-
RAM HR800 Raman spectroscopy instrument. The morphology of
the powders was investigated by field-emission scanning electron
microscopy (FESEM) using a JEOL (JSM-7000F) instrument at an
accelerating voltage of 20 kV. The transmission electron micro-
scopy (TEM) and high resolution transmission electron micro-
scopy (HRTEM) analysis as well as selected-area electron
diffraction (SAED) analysis were performed on a JEOL JEM-2100
transmission electron microscope operating at an accelerating
voltage of 200 kV. The sample for the TEM analysis was prepared
by ultrasonic dispersion for 60 s with ethanol (2 mL) in a 3 mL
centrifuge tube. Then, the products were dropped onto a carbon-
coated copper grid and dried in air before TEM analysis. Fourier
transform infrared spectroscopy (FTIR, AVATER-360B) was carried
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out using a potassium bromide (KBr) pellet technique. In making
the KBr pellets, around 1 mg of the as-prepared sample was mixed
with 100 mg of KBr.

2.4 Preparation of CuO/Nafion/glassy carbon modified
electrode and electrochemical measurements

An enzyme-free amperometric electrochemical sensor was pre-
pared by casting Nafion impregnated CuO powders onto a
glassy carbon electrode at room temperature. The modified
electrode was prepared as follows: 2 mg of the final CuO
powders was dispersed in 2 mL Nafion solution (0.05%,
Sigma-Aldrich). 20 pL of the suspension with dispersed CuO
was dropped on the pre-treated glassy carbon electrode
(denoted as CuO/Nafion/GCE), and dried at room temperature.
Before modification, the bare GCE of 5.0 mm in diameter was
polished to a mirror-like surface with 0.5 um, 0.05 pm and
50 nm alumina slurry, and then washed ultrasonically in
deionized water, 50% (v/v) nitric acid solution, ethanol, and
deionized water for a few minutes, respectively. Electrochemical
measurements were carried out on an Ametek VMC-4 electro-
chemical analyzer with a conventional three-electrode system in
0.1 M KOH aqueous solution. The as-prepared CuO/Nafion/GCE
was used as the working electrode with a platinum foil as the
counter electrode and an Ag/AgCl as the reference electrode.

3. Results and discussion
3.1 Nanoflowers growth

Structural analysis of the as-prepared CuO crystals was investi-
gated by XRD, and the result is shown in Fig. 1a. All the
diffraction peaks are indexed according to the standard mono-
clinic structure of CuO crystal (JCPDS file No. 48-1548). No
peaks of impurities such as copper hydroxide nitrate, copper
hydroxide, or cuprous oxides were found, suggesting the high
purity of the as-obtained product. EDX analysis was also used to
characterize the chemical composition, and only copper and
oxygen (no nitrogen element) were detected (see Fig. 1b). Further
evidence for the composition and purity of these products was
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Fig. 1 XRD pattern (a), EDX spectrum (b), Cu 2p core-level XPS spectrum (c), and
Raman spectrum (d) of the as-prepared CuO nanoflowers.
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obtained by XPS, and the core-level Cu 2p high-resolution
photoemission spectrum of the as-prepared nanoflowers is
shown in Fig. 1c. According to the previous report,®° the peaks
correspond to the core-level Cu,py, and Cuypg, transitions of
copper at 954.1 and 934.1 eV for the Cu 2p spectrum, respec-
tively. Moreover, the presence of satellites (asterisks) on the
higher binding energy sides, which are comparable to the values
reported for Cu 2p levels in CuO, further demonstrate that the
as-prepared products are pure CuO crystals.”® Additional struc-
tural information was obtained by Raman spectroscopy in the
range of 200-700 cm ™' measured at room temperature. Fig. 1d
displays the corresponding Raman scattering spectrum. Previous
reports have demonstrated that the zone center Raman active
normal modes of CuO crystals can be described as I'g = 4A, +
5B, + Ay + 2B,. There are three acoustic modes (A, + 2B,), six
infrared active modes (3A, + 3Bg), and three Raman active modes
(Ag + 2B,).*® Generally, the modes at 283, 324, and 613 cm ™" for
all of the samples can be assigned to the A,, Bgl, and Bg2 modes,
respectively, which is consistent with the previous report on CuO
crystals.’” So the aforementioned Raman spectrum indicates
that the as-prepared hierarchical CuO nanoflower possesses a
single monoclinic phase and is well crystalline.?”

The morphology and structure characterization of the
as-prepared hierarchical CuO nanoflower were further per-
formed by FESEM, TEM and HRTEM as well as SAED invest-
igation, respectively. A low-magnification FESEM image of the
as-prepared products is shown in Fig. 2a, it can be seen that the
products are flower-like nanostructures and composed of many
nanosheet building blocks. Fig. 2b is a typical high-magnification
FESEM image, which indicates that the nanoflowers have rough
surfaces, and that these sheets exhibit nanometer-sized thickness
and nanometer-sized width and length. A statistical analysis of
FESEM data reveals that the nanometer-sized dimensions of these
nanosheets are relatively uniform, with a size range of 100-
300 nm. A typical low-magnification TEM image of the as-prepared
hierarchical CuO nanoflowers is shown in Fig. 3a. We can see that
the nanoflowers are composed of nanosheet building blocks, and
some of these nanosheets have joined together and are disorderly
attached to form hierarchical features, in particlular there is
an extremely strong contrasting between their side-views (dark)
and frontviews (bright). Fig. 3b is a typical high-magnification
TEM image of an individual as-made CuO nanoflower, and it is

Fig. 2 (a) Low-magnification FESEM image of the as-prepared CuO nano-
flowers; (b) high-magnification FESEM image of an individual CuO nanoflower.
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Fig. 3 (a) Low-magnification TEM image of the as-prepared CuO nanoflowers;
(b) an individual CuO nanoflower; (c) the corresponding SAED pattern (d) HRTEM
image of a nanosheet building blocks; (e) TEM image of a side view of a
nanosheet building block.

interestinging to see that the nanosheet building blocks are
obviously rough and are made up of an assembly of a large
number of nanoparticles and voids, leading to the formation of
bicomponent hierarchical nanostructures. Namely, the nanoflower
is composed of abundant nanosheet building blocks, and these
nanosheet building blocks are an assembly of a large number of
nanoparticle subunits, which can be termed as bicomponents of
CuO hierarchical nanoflowers. The corresponding SAED pattern
of an individual particle is displayed in Fig. 3¢, suggesting that the
as-prepared bicomponent CuO hierarchical nanoflower possesses
a polycrystalline nature. The detailed microstructure of a nano-
sheet building block was further investigated by HRTEM, as shown
in Fig. 3d and e, and the lattice fringes are marked by white lines
and arrows. The corresponding lattice spacing of three nano-
particles are 0.2322 nm, 0.2325 nm and 0.2338 nm, respectively,
which are in good agreement with the d value of the (111) facets of
CuO crystal (0.2325 nm). From the HRTEM image (Fig. 3d), it can
also be clearly found that the growth directions of these (111)
facets are not homogeneous, and the lattice fringes of these
nanoparticles are attached (marked with the red square). A side-
view TEM image exhibits a nanosheet thickness of about 10.0 nm
(Fig. 3e). Based on the above results, the formation of bicompo-
nent CuO hierarchical nanoflowers exposed with many (111) facets
was successfully achieved.

3.2 Formation process

TEM and XRD analyses of the as-synthesized products obtained
at different reaction stages were performed to investigate the
formation process of the bicomponent CuO hierarchical
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nanoflowers (Fig. 4). Flower-like nanostructures with nanosheet
building blocks having size between 100-300 nm were formed
with a volume of NaOH of 5 mL (Fig. 4a). This ultrathin
individual nanosheet (5-20 nm) was almost transparent under
the electron-beam illumination. These well-defined nanosheets
were identified to be a new form of precursory crystal (later
identified as Cu,(NO;)(OH)3). An increased population of the
hierarchical nanosheets was observed along with the increase
of NaOH, with the disappearance of the smooth Cu,(NO;)(OH);
crystals. The clearly visible spinous nanostructures started to
form on the surface of the sheet-shaped Cu,(NO;)(OH); crystals
when the volume of NaOH was increased to 15 mL (Fig. 4b). The
observed small-sized irregularly-shaped particles are likely to
be the remains of the sheet-shaped Cu,(NO3)(OH); crystals,
suggesting that transformation of the Cu,(NO;)(OH); crystals
had occurred. This could also indicate that the Cu,(NO3)(OH);
crystals served as a type of precursors and their transform-
ation products were the building materials for the formation of
the hierarchical nanosheets. The smooth surfaces of these
nanosheets further evolved into wholly rough ones after addi-
tion of 30 mL NaOH solution (Fig. 4c). When the reaction time
was increased to 2 min after full addition of the NaOH solution,
the spinous nanostructures gradually evolved into nanoparticle-
aggregations (Fig. 4d). This was further supported by the TEM
image obtained from the as-prepared bicomponent CuO hierar-
chical nanoflowers subjected to 15 min of heat preservation at
75 °C, in which the entire nanosheet was covered by densely
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Fig. 4 TEM images of the as-synthesized products obtained at different stages:
(@) NaOH =5 mL; (b) NaOH = 15 mL; (c) NaOH = 30 mL; (d) NaOH = 30 mL and
reaction time = 2 min; (e) the corresponding XRD patterns.
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populated nanoparticles (Fig. 3). Note that there was almost no
change in the sizes and shapes of these new hierarchical crystals
compared to the previous Cu,(NO;)(OH); crystals (Fig. 4a —
Fig. 4b — Fig. 4c — Fig. 4d — Fig. 3), suggesting the achieve-
ment of one-pot solution-phase in situ transformation of
Cu,(NO3)(OH); precursors into bicomponent CuO hierarchical
nanoflowers without a trace of the subsequent annealing treat-
ment in air.

Fig. 4e shows the XRD data of the above as-synthesized
products at different reaction stages. The XRD pattern (red
curve) obtained from the sample after addition of a small
amount of NaOH (5 mL) solution was dominated by the
Cu,(NO;)(OH); diffraction peaks (JCPDS file no. 15-0014). No
other diffractions due to crystallographic impurities such as
CuO, Cu(OH), or Cu(NO3), were found. The XRD pattern (blue
curve) obtained from the sample containing nanosheets and
small numbers of spinous particles (after addition of NaOH =
15 mL) exhibits an obviously weak group of diffraction peaks
that suggests the transformation of Cu,(OH);NO; into inter-
mediate products. The XRD pattern (green curve) obtained
from the spinous sheet-shaped crystals (after addition of
NaOH = 30 mL) was dominated by the diffraction peaks of
orthorhombic Cu(OH), (JCPDS file no. 35-0505), while the
diffraction peaks belonging to the Cu,(OH);NO; crystals were
further weakened. The XRD pattern (gyan curve) obtained from
the sample assembled by small nanoparticles (after addition of
NaOH = 30 mL and with a reaction time of 2 min) displays
obvious diffraction peaks of monoclinic CuO crystals (JCPDS
file no. 48-1548), while the diffraction peaks belonging to the
Cu(OH), crystals were significantly weakened. The XRD pattern
obtained from the sample as shown in Fig. 1a (with 15 min heat
preservation) can be indexed to pure monoclinic CuO crystals.
These XRD data correspond perfectly to the structural changes
observed in the TEM images, thus suggesting a three-stage
formation process. The first-stage structural formation process
(after addition of NaOH = 5 mL) involves the reaction between
Cu(NOs), and NaOH to form the sheet-shaped Cu,(OH);NO3
precursory crystals. The second-stage structural formation
process (after addition of NaOH = 15 mlL) starts after the
Cu,(OH);NO; precursory crystals reach their maturity. This
process involves the rapid dissolution of Cu,(OH);NO; precur-
sory crystals that is accompanied by a speedy intermediate
Cu(OH), spinous nanosheets growth process. The third-stage
structural formation process (after addition of NaOH = 30 mL
and an increase of reaction time) involves the gradual trans-
formation of the Cu(OH), intermediate crystals in situ into
bicomponent CuO hierarchical nanoflowers. A detailed growth
process is given in the following discussion.

FTIR spectra, as shown in Fig. S1 (see ESIf), further con-
firmed that the Cu,(OH);NO; nanoflowers were completely
converted to CuO nanoflowers. Fig. S1a (ESIT) shows the FTIR
spectrum of the Cu,(OH);NO; nanoflowers. The strong peaks at
3546 cm™ ' and 3422 cm ™' correspond to the stretching vibra-
tion of the O-H group of molecular water and of hydrogen-
bound O-H groups, respectively.”® The bending vibration of
water and adsorbed OH groups leads to the peak at 1626 cm™*.>’
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The peaks observed at 679 cm™ ", 782 cm™ ', 1046 cm™ ', 1356 cm ™"

and 1423 cm ™" can be assigned to the vibrational modes of nitrate
(NO; ") ions.”***** The bands in the infrared spectrum at below
600 cm™! are due to Cu-O vibrations.?® However, after heat
preservation (15 min), a typical FTIR spectrum of the as-prepared
bicomponent CuO hierarchical nanoflowers was obtained as
shown in Fig. S1b (ESIT). The peak at 1423 cm™ " due to NO;~
groups decreased significantly. This indicated that NO;~ groups
were removed after the heat treatment of the Cu,(OH);NO; nano-
flowers in solution at 75 °C.

3.3 Growth mechanism

2Cu** + 30H™ + NO;~ — Cu,(OH);NO; €))
Cu,(OH);NO; + H,0 — 2Cu(OH), + HNO; (2)
Cu(OH), + 20H™ — [Cu(OH),]*~ (3)
[Cu(OH),>~ — CuO + 20H™ + H,0 4

Based on the above experimental results, the detailed
chemical reactions that are involved in the solution-phase
growth of bicomponent CuO hierarchical nanoflowers are
suggested as follows: initially, by the addition of a small
amount of OH™ into Cu(NO;), solution (under weakly acidic
conditions), Cu,(OH);NO; (light blue precipitate) can be
formed in the present of NO;~ (reaction (1)). The formation
of the sheet-like structures is due to the nature of the layered
crystal structure of Cu,(OH);NO; as shown in Fig. 5a. The
structure can be viewed as layers of octahedral copper stacked
on top of each other. The octahedral copper forms layers of
stoichiometry [Cu,(OH);]", and NO; ™ ions are situated between
the positive layers for charge balance, these are linked by
hydrogen bonding to the hydroxyl groups belonging to the
octahedral copper layers. However, these Cu,(OH);NOj; sheets
would be slowly converted into divalent Cu(OH), in water under
an alkaline environment (reaction (2)), because NO;~ are sub-
stituted by a quarter of the OH™ groups along with the increase
of NaOH solution. The crystal structure of Cu(OH), is shown in
Fig. 5b. The Cu-O bonds are established due to the oxolation in
the a-b plane of Cu(OH),. Subsequently, the tetrahydroxo-
cuprate(i) anion ([Cu(OH),]*") is likely to be formed from the
Cu(OH), under a strong basic environment (reaction (3)),
because of the Jahn-Teller stabilization in square-planar
copper(i) complexes.*® However, Cu(OH), is a metastable phase
which is easily transformed to the more stable CuO by thermal
dehydration in aqueous media,*® because the solubility of
Cu(OH), is 1.3 x 107> mol L' which is higher than that of
CuO (2 x10~7 mol L™1).*° So the loss of water of Cu(OH), would
be generated by an oxolation process at a relatively higher
temperature, the hydrogen bonds which interconnect the
Cu(OH), precursors are easily destroyed, by a dehydration
process and the formation of O-Cu-O bridges. Finally, thermo-
dynamically stable monoclinic CuO crystal crossing bonds of
CuO, (Fig. 5¢) is prepared and precipitated to yield solid particles
by the decomposition of [Cu(OH),]*~ species (reaction (4)).*'
Moreover, it has been reported that a higher pH value can
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accelerate the transformation process.* In the present work,
Cu,(OH);NO; was formed in a solution of pH value below 6 and
transformed to Cu(OH), and CuO in a solution of pH value
beyond 12. In order to further demonstrate the role of OH™ ions
in the formation of CuO crystals, a control experiment was
carried out under the same conditions but changing the molar
ratio between OH~ and Cu*" ions. The TEM images and XRD
patterns of the corresponding products are shown in Fig. S2
and S3 (see ESIt), respectively. From them, we can find that the
Cu,(OH);NO; flower-like nanostructures were formed in a
lower basic environment, while CuO nanoflowers can be
synthesized in a higher concentration of NaOH. In addition, a
relatively higher reaction temperature also played an important
role in the in situ transformation of Cu,(OH);NO; precursors
into bicomponent CuO hierarchical nanostructures (Fig. S4,
see ESIt). The growth of the as-prepared bicomponent CuO
hierarchical nanoflowers from Cu,(OH);NO; precursors could
be proposed as follows: CuO seeds or clusters were generated
in situ from dissolution of the Cu,(OH);NO; nanoflowers at the
initial dehydration stage; in order to minimize the overall
energy of the reaction system, primary nanoparticles tended
to aggregate rapidly maintaining the status quo in the water/
ethanol environment; as time progressed, CuO nanoparticles
were fused together to finally form the monoclinic CuO nano-
flowers (Fig. 3 and 4).

3.4 Control growth

According to the above chemical reactions, the as-prepared
bicomponent CuO hierarchical nanoflowers reported here are
essentially determined by the characteristics of the Cu,(OH);NO3
precursors. Herein, the formation of Cu,(OH);NO; species not
only depended on the precursor formation temperature and the
molar ratio between sodium hydroxide and copper salt but also
the volume ratio between water and ethanol. The Cu,(OH);NO;
precursors synthesized in different volume ratios of water and
ethanol can modify the reaction process (reactions (2-4)), which
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might affect the competition between thermodynamics and
kinetics during the transformation of precursors, nucleation
and growth of CuO crystals.

In the present experiment, the in situ transformation from
Cu,(OH);NO; precursors to CuO nanostructures can be affected
by the feature of the ethanol capping agent, since the polarity of
ethanol is less than that of water, which suggests that the
electrical force between any two charges in the ethanol system
is much larger, thus the charge-transmission is relatively diffi-
cult. The very highly positively charged surface of the
Cu,(OH);NO; suppressed the transformation process.>* Prefer-
ential adsorption easily occurred between the hydroxyl groups of
ethanol molecules and the surfaces of Cu,(OH);NO;,?® resulting
in the in situ transformation of Cu,(OH);NO; precursors into
CuO crystals by the induction of a small amount of water
(reaction (2)). Furthermore, the {111} facets of CuO crystals
are formed by both Cu and O atoms, and surface Cu atoms
with dangling bonds on the {111} facets can make them
positively charged,”® so the {111} facet can also be strongly
protected in an environment containing a high amount of
hydroxyl groups,*® which corresponds perfectly to the structural
feature observed in the HRTEM image of the as-prepared
bicomponent CuO hierarchical nanoflowers (Fig. 3d). Thus, it is
possible that the strain energy is stored in the CuO interfaces
during the mass exchange process during the formation of O-Cu-
O bridges. Finally, reduction of the surface free energy by fusing
and eliminating the high-activity interfaces can drive the sponta-
neous ordering assembly to form the hierarchical nanosheets
from the Cu,(OH);NO; precursors in the presence of ethanol
capping solvent. However, the {111} facet of CuO crystal would be
weakly protected by ethanol agent as the amount of water further
increased, so the nanoparticle building blocks of nanosheets
might grow up to form new stable morphologies. Therefore, we
proposed that water was a required reactant for controlling the
water/ethanol solution-phase transformation of Cuy(OH);NO;
precursors into CuO nanostructures.

The above mechanistic studies have confirmed the decisive
role of water and ethanol molecules for the shape-controlled
synthesis of CuO nanostructures in a solution-phase environ-
ment. Here, we have successfully converted Cu,(OH);NO; nano-
flowers to different CuO nanostructures by adjusting the
volume ratio between water and ethanol, and more dramatic
effects were observed with an increase in the amount of water
(Vethanot = 30 mL). Irregular net-like structures composed of
many nanowires (Fig. 6a) were formed in the absence of water.
The corresponding XRD pattern is shown in Fig. 6g (black
curve), and the diffraction peaks belonging to the Cu,(OH);NO3
crystals (JCPDS file no. 15-0014) were very weakened. As a small
amount of water (1 mL) was added to the ethanol solvent,
flower-like CuO hierarchical nanostructures (Fig. 6b) were
obviously synthesized (Fig. 6g, purple curve, JCPDS file no.
48-1548). A further increase in the amount of water to 1.5 mL,
resulted in the formation of bicomponent CuO hierarchical
nanoflowers (Fig. 6¢), and the diffraction peaks of CuO crystals
increased (Fig. 6g, yellow curve). However, the well-defined
flower-like CuO morphology started to change as the amount
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Fig. 6 Different CuO nanostructures obtained in different amounts of water under
otherwise the same conditions: (a) in the absence of water; (b) Viyater = 1 mL;
() Vivater = 1.5 mL; (d) Viyater = 5.0 mL; (€) Viyater = 10 mL; (f) Vivater = 30 mL;
(g) the corresponding XRD patterns.

of water was enhanced to 5 mL, and a sample assembled from
leaf-like structures was formed (Fig. 6d). Similarly, uniform
nanoleaves were subsequently obtained by the increase of water
(Fig. 6e and f), and the diffraction peaks belonging to the CuO
crystals were significantly enhanced (blue curve and red curve,
Fig. 62). A high amount of water in the reaction mixture leads to
the fast dissolution and precipitation of Cu,(OH);NO; as in
reaction (2), and the hydroxide-ion concentration also increases
the reaction rates, through reactions (3) and (4). But square
planar [Cu(OH),]>” ions are highly stable inhigh amounts of
water, by reducing the growth rate of CuO through the reverse
process of reaction (4). The slow CuO growth rate results in the
largest single-crystalline-like domains in the leaf-like particles,
and a typical HRTEM image (Fig. S5, see ESIT) of the sample as
shown in Fig. 6f can support this viewpoint. This process is
similar to that described ref. 2. On the contrary, the fast
precipitation of CuO in a low amount of water maintains the
original flower-like assembly of many nanoparticles with tiny
single-crystals (as shown in Fig. 3).
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3.5 Glucose sensor

The as-prepared bicomponent CuO hierarchical nanoflowers
were employed as glucose sensing anode materials. We have
investigated a nonenzymatic glucose sensor by deposition of
the aqueous dispersion of CuO powders on a GCE surface. For
the investigation of an amperometric biosensor for glucose, the
CuO sample was solubilized in Nafion, a perfluorosulfonated
polymer, to facilitate the modification of the GCE surface
(denoted as CuO/Nafion/GCE).** Linear sweep voltammograms
(LSV) were measured to examine the catalytic activity of the
modified CuO/Nafion/GCE towards glucose oxidation in a
0.1 M KOH solution in the presence of different concentrations
of glucose at a scan rate of 0.02 V s™' (Fig. 7a). We have
performed a control experiment by investigating the CV beha-
vior of CuO/Nafion/GCE in the absence of glucose. As expected,
it was found that the current signal of CuO/Nafion/GCE towards
the oxidation of glucose was weak (see black curve). In contrast,
the amperometric response will increase with the enhancement
of glucose concentration at all applied potentials. The as-prepared
bicomponent CuO hierarchical nanoflowers can exhibit a remark-
able catalytic current peak about 108.4 pA in an intensity of +0.50 V
(see purple curve).

Fig. 7b shows the typical current-time response plot of
the as-prepared CuO/Nafion/GCE in 0.1 M KOH solution with
successive stepwise change of the glucose concentrations.
The solution was vigorously stirred to guarantee good mixing
of glucose with the electrolyte and to obtain an homogeneous
glucose concentration instantly. When an aliquot of glucose
solution was added to the KOH solution with stirring, the
as-prepared CuO/Nafion/GCE responded instantly to the sub-
strate and the current increased steeply to reach a stable value.
The amperometric response displays a step-like enhancement
in accordance with a stepwise addition of glucose. The signal
noise increases with the enhancement of glucose concentration
which is because of the accumulation of absorbed intermediate
species on the electrode surfaces.**

Fig. 7c shows the corresponding calibration curve of the
CuO glucose sensor based on the amperometric results. It
shows a linear region in a range of concentrations between
10 uM and 5 mM. The fitting equation is I (uA) = 4.089 +
0.5214 C (uM) with a correlation coefficient of 0.9991. The
sensitivity of the present non-enzymatic glucose sensor is
2657 pA mM ' em 2. The detection limit was estimated to be
1.71 uM by 3s/c, where s and ¢ are the standard deviation of the
background current and the slope of the calibration curve,
respectively. The detection limit of the as-prepared CuO/
Nafion/GCE is relatively low among the sensors, which is much
lower than the normal blood glucose level of 4.4-6.6 mM,**
indicating that the as-prepared CuO/Nafion/GCE electrode is
suitable for the electrochemical detection of blood glucose.
Note that the sensitivity of our present sensing system (nano-
flowers) is higher than that of nanoleaves (see Fig. 6f) and other
reported CuO materials,”®* as shown in Fig. S6 and Table S1
(ESIf). The relative standard deviation (RSD) of the ampero-
metric response to 100 uM of glucose at +0.50 V is 2.88% for
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Fig. 7 (a) Linear sweep voltammograms collected for the as-prepared CuO/Nafion/GCE in a range of glucose concentrations between 0 and 10 mM; (b)
amperometric response of CuO/Nafion/GCE with successive addition of different glucose to 0.1 M KOH at 0.50 V vs. Ag/AgCl; (c) current-glucose concentration
calibration curve obtained for the as-prepared CuO/Nafion/GCE; (d) anti-interference property of CuO/NFs/GCE to the stepwise addition of 100 uM AA, 100 uM UA,
and 100 pM Nadl, followed by the successive addition of 1000 uM glucose solutions.

5 successive measurements, indicating the good reproducibility
of the as-prepared CuO/Nafion/GCE.

For a glucose sensor, interference is another important para-
meter which affects its electrochemical response because easily
oxidative species such as ascorbic acid (AA), uric acid (UA) and
sodium chloride (NaCl) usually co-exist with glucose in human
blood. Herein, the electrochemical sensitivity of the above inter-
fering species were also investigated using the as-prepared CuO/
Nafion/GCE. Because the normal physiological level of glucose is
substantially higher than that of the interfering agents,*® the
anti-interference effect of the modified as-prepared CuO/Nafion/
GCE was tested by successive addition of 1000 pM glucose at
+0.50 V vs. Ag/AgCl, followed by the additions of 100 UM AA,
100 ptM UA and 100 pM NaCl in a 0.1 M KOH solution, as shown
in Fig. 7d. It is clearly observed that an excellent glucose
response was obtained, while insignificant current responses
were seen for interfering species compared to glucose addition.
The observations suggest that our as-synthesized hierarchical
CuO nanostructures demonstrate an excellent specificity for
glucose detection in the presence of normally co-existing inter-
fering agents.

The exact mechanism for the oxidation of glucose on the
CuO modified electrode in an alkaline medium is still uncer-
tain. To date, the most accepted oxidation mechanism of
glucose on the modified copper-based electrodes was suggested
by Marioli and Kuwana.>* Namely, the oxidation is generated by
the deprotonation of the glucose and isomerization to its
enediol form, followed by adsorption onto the electrode surface
and oxidation by Cu(u) and Cu(m). Glucose oxidation occurred

This journal is © the Owner Societies 2013

at a potential range of 0.40-0.80 V, where the oxidation wave for
the Cu(u)/Cu(m) was demonstrated.’”® Herein, the Cu(m)
species are proposed to act as an electron-transfer medium.>%°
During cyclic voltammetric measurement, Cu(u) on an CuO
electrode would be first oxidized to Cu(m) (eqn (1)). Then the
oxidative Cu(m) could catalyze glucose oxidation to generate
gluconolactone and then gluconolactone is further oxidized to
glucose acid (eqn (2)). As schematically shown in Fig. 8, the
electrochemical nonenzymatic detection of glucose reduction is
assisted by the Cu(u)/Cu(m) redox couple. Thus, an enhanced
catalytic current response on our CuO modified electrode in the

Bl GCE
Cu(II) Cu(III) CuO
gluconic acid + OH-  glucose
CuO + OH — CuOOH + e 1)

CuOOH + e + glucose — CuO + OH + gluconic acid (2)

Fig. 8 A schematic of the possible pathways during non-enzymatic electro-
oxidation of glucose on CuO/NFs/GCE surface in alkaline medium.
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presence of glucose solution and the response current depends
on the glucose concentration (see Fig. 7b).

Here, the as-prepared bicomponent CuO hierarchical nano-
flowers being multiple nanoparticle building blocks provide
large interfaces (high surface area, see Fig. S7, ESIt), and could
improve the diffusion of glucose molecules during kinetic
electron transfer in the electrochemical process.®' In addition,
it has been well-demonstrated that the presence of highly active
crystallographic planes can accelerate the chemical activity of
crystals.*>®* As reported previously in ref. 42, the (111) plane of
CuO crystal is terminated with a Cu and O atomic layer, which
gives rise to insufficient oxygen atoms coordination with posi-
tive Cu dangling bonds on the surface. So our bicomponent
CuO hierarchical nanoflowers exposed with a number of highly
active (111) planes would adsorb more OH™ ions and facilitate
the transfer of electrons during the electrochemical process

(eqn (1) and eqn (2)).

4. Conclusion

We have successfully demonstrated, for the first time, a facile,
one-pot water/ethanol solution-phase transformation of
Cu,(NO3)(OH); precursors into well-defined 3D nanoparticle-
aggregated bicomponent CuO hierarchical nanoflowers. We
have revealed a sequential in situ dissolution-precipitation
formation mechanism, in which water is a required reactant.
Precise structural information for the precursory and inter-
mediated crystals has been provided, and the transformation
of the Cu,(NO3)(OH); crystals into poly-crystalline CuO nano-
flowers has been evidenced. We have also demonstrated that
the controlled growth of monoclinic CuO nanostructures with
different morphologies can be readily achieved by adjusting the
volume ratio between water and ethanol. Such bicomponent
CuO hierarchical nanoflower serve as a promising electrode
material for a nonenzymatic glucose sensor showing a higher
sensitivity of 2657 pA mM ™' cm ™, a linear response in the
concentration ranging from 10 pM to 5 mM at +0.50 V vs. Ag/AgCl
and good selectivity against common interfering species. More
importantly, the findings reveal that the different Cu,M,(OH),
(M = acidic radical) precursors synthesized in a water/ethanol
reaction environment can be utilized to obtain new forms of
CuO nanomaterials, and it is anticipated that precise control
of the reaction environment would serve to optimize the
structures and morphologies of CuO crystals. Experiments with
different copper salts, such as CuCl,, and CuSO,, are in progress
towards this goal.
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