Available online at www.sciencedirect.com

. . JOURNAL OF

, ScienceDirect SOLID STATE

G CHEMISTRY
ELSEVIER Journal of Solid State Chemistry 180 (2007) 1390—1396

www.elsevier.com/locate/jssc

Controlled synthesis of CuO nanostructures by a simple solution route

Zeheng Yang, Jun Xu, Weixin Zhang®, Anping Liu, Shupei Tang

School of Chemical Engineering, Hefei University of Technology, Hefei, Anhui 230009, PR China

Received 21 November 2006; received in revised form 7 February 2007; accepted 11 February 2007
Available online 22 February 2007

Abstract

A simple solution route has been developed to prepare nanostructured CuO with Cu(NO3), - 3H,0 and NaOH as starting materials.
CuO nanoribbons or nanorods and their assemblies into hierarchical structures have been synthesized, respectively, by controlling the
molar ratio of NaOH to Cu(NO;),, reaction temperature and the concentration of the starting NaOH solution. Experiments demonstrate
that the molar ratio of NaOH to Cu(NO3), is an important parameter which may decide whether CuO exists in nanoribbons (nanorods)
or assemblies into hierarchical structures. Whether Cu(NOs), is dissolved in ethanol or water also influences the formation of
monodispersed CuO nanoribbons (nanorods). The growth mechanism of these nanostructures is discussed. The products were
characterized by X-ray diffraction, field-emission scanning electron microscopy and transmission electron microscopy (HRTEM) and

their optical absorption spectra were also studied.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

As a p-type semiconductor with a narrow band gap
(£, = 1.2eV)[1], CuO is a unique monoxide compound (in
monoclinic phase, different from normal rock-salt type
structure) for both fundamental investigations and prac-
tical applications. CuO has been used as heterogeneous
catalysts in many important chemical processes, such as
degradation of nitrous oxide, selective catalytic reduction
of nitric oxide with ammonia, and oxidation of carbon
monoxide, hydrocarbon and phenol in supercritical water
[2-4]. Recent studies found that CuO could exist in as
many as three different magnetic phases and form the basis
for several high-T, superconductors and materials with giant
magnetoresistance [1,5-8]. CuO can be also used as gas
sensors [9,10], optical switch [11], magnetic storage media
[12], lithium batteries [13,14] and solar cells [15,16] owing to
its photoconductive and photochemical properties.

Nanoscaled materials are of great interest due to their
unique optical, electrical and magnetic properties and their
potential applications in nanodevices [17,18]. As we know,
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these properties of nanomaterials are highly size- and shape
dependent [19], and therefore it is extremely important to
be able to properly control the size and morphology of the
nanomaterials.

In recent years, nanostructured CuO materials and
assemblies have attracted considerable attention due to
its fundamental and practical importance [20-27]. Hu and
co-workers have synthesized CuO nanotubes and nanorods
by hydrothermal treatment of [Cu(OH),J*~ in the presence
of CTAB [20]. Xia and co-workers reported the synthesis of
CuO nanowires by heating copper substrates in air within
the temperature range of 400—700 °C [21]. CuO nanorods,
nanoribbons and dandelion-like hollow microspheres have
been fabricated in water—ethanol mixed solvent by
Huachun Zeng’s group [22,23]. Chen and co-workers have
prepared pricky CuO microspheres by a solvothermal route
[24]. Li and co-workers have used monodispersed Cu,O
nanospheres as precursors to synthesize CuO nanospheres
by gas-phase oxidation [10]. Recently, we have successfully
fabricated CuO nanotube arrays and nanoflower films on
copper foil, respectively [25]. However, it is still a challenge
for us to prepare a variety of CuO nanostructures and their
assemblies in the same reaction system only by manipulat-
ing reaction conditions.
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In this work, we report a simple solution route to
prepare various CuO nanostructures, including nanorib-
bons or nanorods and their spherical or flower-like
hierarchical assemblies. The morphology of these CuO
nanostructures can be effectively controlled by manipulat-
ing reaction conditions such as the molar ratio of NaOH to
Cu(NOs;),, reaction temperature and the concentration of
the starting solution. A possible illustration of the effect of
ethanol on the morphology of CuO nanostructure is
proposed. Our research results further enrich the hierarch-
ical CuO architecture family.

2. Experimental

All the reagents were of analytical grade and were
used without further purification. Stock solution of NaOH
was prepared by dissolving NaOH in distilled water
and Cu(NOj), solution was prepared by dissolving
Cu(NOs), - 3H,O0 in absolute ethanol solvent. Six synthetic
schemes (A1-A3, and B1-B3) were devised in the present
experiments. The detailed preparation procedures and
conditions are summarized in Table 1. For Al, Bl and
B2, the solution mixture was transferred into a Teflon-lined
stainless steel autoclave of 50 mL capacity which was then
heated at 100°C for a given time. After reaction, the
autoclave was cooled in tap water. For A2, A3 and B3, the
reaction was conducted in a beaker at 50°C or room
temperature. The resultant precipitates were washed with
distilled water and ethanol, respectively. Finally, the
products were dried in vacuum at 60 °C for 12 h.

The as-prepared samples were characterized by X-ray
powder diffraction (XRD) in a Rigaku D/max-y B X-ray
diffractometer ~with a CuKa radiation source
(4 =1.5418 A) operating at 40kV and 80mA. Field-
emission scanning electron microscopy (FE-SEM) mea-

Table 1
Experimental procedures and products
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surement was taken by JEOL 7500B scanning electron
microscopes. A thin film of gold was sputtered on the
sample surface to prevent charging. Transmission electron
microscopic (TEM) images were taken with Hitachi H-800
and high-resolution transmission electron microscopic
(HRTEM) images were taken with JEOL-2010 transmis-
sion electron microscope performed at an accelerating
voltage of 200kV. UV-vis absorption spectra were
recorded on an UV2550 spectrophotometer.

3. Results and discussion

In Fig. 1, typical XRD patterns for the sample series are
displayed. The major peaks located at 26 values of 30-70°
correspond to the characteristic diffractions of monoclinic
phase CuO (JCPDS 48-1548), indicating that all the
products are phase-pure. With the reaction temperature
increases, the diffraction peaks show stronger intensity and

Intensity (a. u.)
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—
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Fig. 1. The XRD patterns of the sample series of A1-A3, and B1-B3.

Preparation procedure The molar ratio of Results
NaOH to Cu(NOs),
Experiment A

1 10.0mL of NaOH (10.0 M)+ 5.0mL of Cu(NO;), 40 CuO nanorods (length less than 1 pm,
(0.50 M), 100 °C, aged for 12 h, in autoclave breadth = 50-100 nm, straight)

2 10.0mL of NaOH (10.0 M) + 5.0 mL of Cu(NO3), CuO nanoribbons (length more than 1 pm,
(0.50 M), 50°C, aged for 12h, in beaker breadth = 30-50 nm, curved)

3 10.0mL of NaOH (10.0 M)+ 5.0mL of Cu(NO;), CuO nanoribbons (length less than 1 pm,
(0.50 M), room temperature, aged for 26 h, in breadth = 15-30 nm, curved)
beaker

Experiment B

1 10.0mL of NaOH (10.0 M)+ 1.0 mL of Cu(NO3),
(0.50 M) at 0.5mLmin"", 100°C, aged for 24h, in
autoclave

2 20.0mL of NaOH (5.0 M)+ 1.0 mL of Cu(NO3),
(0.50 M) at 0.5mLmin~", 100°C, aged for 24 h, in
autoclave

3 20.0mL of NaOH (5.0 M)+ 1.0mL of Cu(NO3),

(0.50 M) at 0.5mL min~", room temperature, aged

for 72h, in beaker

200 CuO flower-like assembly (building block:
dozens of CuO nanorods of 1.5-2 um in
length with cuspate tips, straight, loosely)
CuO spherical assembly (building block:
hundreds of CuO nanorods of 1-2 um in
length with aclinic tips, straight, compactly)
CuO spherical assembly (building block:
hundreds of CuO nanoribbons of 0.5-1 um in
length, curved, compactly)




1392

narrower width, which indicate that higher temperature
improves the crystallinity of the products.

For the sample series of A, the molar ratio of NaOH to
Cu(NO3;), was 40 as shown in Table 1. Their typical TEM
images (Fig. 2) indicate that all the three samples show one-
dimensional (1D) morphology. But their crystal size and
structures are different actually. Sample Al was prepared
in autoclave at 100 °C and thus it is well crystallized. The
obtained CuO nanorods (Fig. 2a) have a length less than
1 um, and the breadth ranges from 50 to 100nm. The
nanorods are very thin and monodispersed. The corre-
sponding ED pattern along the [00 1] zone axis of the CuO
nanorod (Fig. 2d) indicates that it is single crystalline. In
fact, similar ED patterns can also be observed on different
parts of the same nanorod. When the reaction temperature
falls to 50 °C for sample A2, CuO nanoribbons with lengths

Fig. 2. TEM images and their corresponding ED patterns for samples Al
(a, d), A2 (b, e) and A3 (c, f).
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more than 1 um can be obtained as shown in Fig. 2b. The
breadths of the as-prepared CuO nanoribbons can be
decreased to the ranges of 30-50nm. The related ED
pattern (Fig. 2e) indicates that the CuO nanoribbons
prepared at 50 °C are actually polycrystalline. When the
reaction temperature is further decreased to room tem-
perature (about 25 °C) for sample A3, as shown in Fig. 2c¢,
the breadth of the CuO nanoribbons can be significantly
decreased to the ranges of 15-30nm. The corresponding
ED pattern in Fig. 2f shows that these nanoribbons are
also polycrystalline.

For the sample series of B, the molar ratio of NaOH to
Cu(NO3), was raised to 200 as shown in Table 1. Their
typical TEM images (Figs. 3-5) indicate that all the three
samples have a sphere-like or flower-like morphology. But
there exist differences among their crystal size and
structures.

Compared with sample Al, sample Bl was prepared
with 1.0mL of Cu(NOs), (0.50 M) instead of 5.0mL and
accordingly the molar ratio of NaOH to Cu(NO;3), was
increased to 200, with other reaction conditions un-
changed. The FE-SEM images (Fig. 3a) show that sample
B1 consists of CuO microflowers on large scale and each
flower has a size of 3—4um. These uniform flower-like
assemblies are made up of dozens of loosely compacted
thin CuO nanorods of 1.5-2 um in length and 500-800 nm
in width with cuspate tips (Fig. 3b and c). The SAED
pattern (Fig. 3d) of the nanorod along the [00 1] zone axis
indicates that the CuO petal is a single crystal, which is
corroborated by the HRTEM image in Fig. 3e. The fringe
of the planes (1 10)is 0.278 nm and the fringe of the planes
(110) is 0.269 nm.

Compared with sample Bl, sample B2 was prepared
under lower concentration (5.0 M) of NaOH, but the molar

Fig. 3. FE-SEM (a, b) and TEM (c) images of flower-like CuO assemblies corresponding to sample Bl; TEM (d) and HRTEM (e) images of a single CuO

nanorod in it. Inset of part (d): SAED pattern of the single CuO nanorod.
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quantities of NaOH and other reaction conditions were the
same. In this case, large-scale monodispersed CuO micro-
spheres are observed under FE-SEM (Fig. 4a). The
diameter of the CuO microspheres is in the range of
2-3 um (Fig. 4b), a bit smaller than that of sample B1. The
magnified FE-SEM image (inset in Fig. 4a) and TEM
image (Fig. 4c) show that compared with sample BI, the

tMagn  Det WD Exp

10000x TLD 68 -1

0.27nm
(110)

Fig. 4. FE-SEM (a) and TEM (b, c) images of spherical CuO assemblies
corresponding to sample B2; HRTEM (d) images of a single CuO nanorod
in it. Inset of part (a): a higher magnification FE-SEM image of a single
CuO microsphere; inset of part (d): SAED pattern of the single CuO
nanorod.

morphology of sample B2 is greatly changed. The CuO
microspheres in sample B2 are made up of hundreds of
compactly self-assembled nanorods with the breadths of
50-400 nm and lengths of 1-2 um. All these nanorods have
aclinic tips. These CuO microspheres (sample B2) have
more petals than the CuO microflowers (sample B1). The
HRTEM image (Fig. 4d) of a nanorod shows a lattice
fringe with a constant spacing of 0.27 nm corresponding to
that of the (1 10) planes of CuO. The inset SAED pattern
indicates that the CuO nanorod is single crystalline.

Sample B3 was prepared at room temperature under
atmosphere and other reaction conditions were the same as
those for sample B2. Fig. 5a shows that it is made up of
many agglomerates. The TEM images (Fig. 5b and c)
indicate that the agglomerates are spherical assemblies with
diameters of 1-2 um, which are a bit smaller than that of
sample B2 due to lower reaction temperature. The
magnified TEM image shown in Fig. 5d indicates that
the microsphere is built from 1D curved nanoribbons with
length of 500-1000 nm. As shown in Fig. Se, the inset
SAED pattern along the [1 1 0] zone axis of a nanoribbon
indicates that CuO nanopetals are single crystalline. This is
corroborated by the HRTEM image (Fig. 5e) of the
nanoribbon.

When the molar ratio of NaOH to Cu(NOj), was 40,
CuO nanoribbons or nanorods (samples A1-A3) were
obtained. The formation mechanism of these CuO 1D
structures was investigated. During the reaction process,
blue intermediate precipitates occurred first. The blue
precipitate was collected during preparation of sample A3.
The XRD pattern (Fig. 6a) of it could be indexed to
orthorhombic Cu(OH), (JCPDS 13-0420). The peaks
marked with “*” indicate the existence of a little impurity
of CuO. The TEM image in Fig. 6b shows that the blue

Fig. 5. FE-SEM (a) and TEM (b) images of spherical CuO assemblies corresponding to sample B3; TEM (c, d) images of a single CuO microsphere in it;
HRTEM (e) image of a single CuO nanorod in it. Inset of part (a): a higher magnification FE-SEM image of a single CuO microsphere; inset of part (e):

SAED pattern of the single CuO nanoribbon.
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Fig. 6. XRD pattern (a) and TEM image (b) of Cu(OH), nanoribbons at
room temperature for ~3min during preparing sample A3; TEM (c)
images of CuO nanoplates (sample A3’) at room temperature for 26 h
without ethanol as a solvent. Inset of part (c): SAED pattern of a single
CuO nanoplate.

intermediate precipitate Cu(OH), is composed of large
amount of nanoribbons. After the subsequent heating or
aging process, the intermediate Cu(OH), lost H,O mole-
cules and was transformed into CuO completely and the
precursor Cu(OH), nanoribbon structure retained to yield
CuO nanoribbons.

The evolution process can be illustrated as following:

Cu’>* 4+ 20H~ — Cu(OH), (nanoribbons)
— CuO (nanoribbons) + H,O.

Ethanol was found to play an important role in the
synthesis of monodispersed and uniform CuO nanorib-
bons. A comparative experiment (sample A3’) without
ethanol was devised to confirm it. The reagent Cu(NO3),
was dissolved in distilled water instead of ethanol and other
reaction conditions were kept the same as those for
preparing sample A3. Fig. 6¢ presents typical TEM image
of the as-prepared sample A3’, which consists of highly
agglomerated nanoplates without uniform morphology,
and the corresponding ED pattern indicates that sample
A3’ is composed of single-crystalline CuO nanoplates. In
comparison with the morphology of sample A3, it can be
found that ethanol has great influence on the morphology
of the as-prepared CuO sample.

Ethanol could also improve the reaction rate. During the
reaction, it was only after ~3 min that the blue solution
turned black in the preparation of sample A3 while in the
comparison experiment of sample A3/, it was after 5-6h
that the blue solution turned black.

The surface tension of water is 77.82mNm~" at 20°C
while that of absolute ethanol is 22.39 mNm~"' [28]. Since
alkalis such as the hydroxides of sodium and potassium
raise the surface tension of water [29], the high-concen-
trated NaOH aqueous solution has even higher surface
tension than water. When the Cu(NO3), ethanol solution is
dropped into NaOH aqueous solution in the synthesis of
samples A1-A3, the surface tension of the NaOH solution
is markedly decreased. The nuclei of intermediate product
Cu(OH), are produced and may be wrapped by surround-
ing ethanol quickly, thus dispersed much better, and
Cu(OH), will be easily dehydrated to form fine CuO
nanoribbons in a very short time. While the Cu(NOj3),
aqueous solution is dropped into NaOH aqueous solution,
the surface tension of the NaOH solution is still rather high
and the intermediate Cu(OH), will be greatly agglomer-
ated. Due to large agglomeration of Cu(OH), nuclei, it will
take a longer time for the intermediate to dehydrate into
CuO. Thus, final CuO is much bigger and less uniform than
that prepared with Cu(NO3), ethanol solution. Therefore,
ethanol not only makes the dehydration of Cu(OH), faster,
but also makes CuO nanoribbons more uniform and
monodispersed.

When the molar ratio of NaOH to Cu(NOs), was
increased to 200, the assemblies composed of hundreds of
nanoribbons (or nanorods) (samples B1-B3) were ob-
tained. When the Cu(NOs;), ethanol solution was slowly
added into the high concentration of NaOH aqueous
solution, blue intermediate precipitates were not observed
as occurring in the synthesis of samples A1-A3; however, a
deep blue solution was formed first and finally a black
precipitate was formed. The formation mechanism of CuO
spherical and flower-like assemblies may be illustrated in
Scheme 1. Due to the high concentration of NaOH
aqueous solution, [Cu(OH),*~ ions are first produced
instead of Cu(OH), precipitates. Because of the steric effect
and hydrophilicity of hydroxyl, [Cu(OH),J*~ ions may exist
in spherical clusters [30]. Then a condensation phenomen-
on, combined with a loss of two hydroxyl ions and one
water molecule, may lead to the formation of CuO [31,32].
Thus, the [Cu(OH)4]*~ clusters are dehydrated and they in
situ generate a suitable amount of aggregates comprising of
CuO nuclei which act as the seeds for the spherical CuO
assemblies. Each nanocluster in the solution has its own
orientation and works as a nucleus for further growth
[33,34]. These nuclei develop their own preferred growth
during the reaction process. Finally, the assemblies
composed of hundreds of nanoribbons (or nanorods)
(samples B2 and B3) can be prepared.

The process can be expressed as follows:

Cu*" +40H™ —[Cu(OH),J*~ — CuO (spherical or flower-
like assemblies) + H,O+20H™.
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Scheme 1. Tllustration of the formation mechanism of spherical and flower-like CuO assemblies from [Cu(OH),J*~.

When the concentration of the starting NaOH solution
was further increased to 10.0 M, which was twice as much
as that of NaOH to fabricate CuO spherical assembly
(samples B2 and B3), CuO flower-like assembly (sample
B1) was obtained. It can be explained that in higher
concentration of NaOH, each cluster of [Cu(OH),J*~ ions
is surrounded by more hydroxyl ions, which brings about
great steric effects. As a result, the number of the
[Cu(OH)4>~ contained in the cluster is markedly de-
creased. More hydroxyl groups around the surface of CuO
nuclei decrease the packing probability of CuO aggregates.
So the [Cu(OH)4J*~ clusters are dehydrated to form CuO
flower-like assemblies which contain fewer nanorods than
those of the CuO microsphere of sample B2.

UV-vis spectrophotometry is used to characterize the
optical absorption properties of the obtained CuO samples.
For measurements, the CuO products are dispersed in
absolute ethanol by ultrasonication. It is reported that not
only the size but also the morphology and crystallinity of
nanocrystals would affect the optical absorption peak
[35-37], which is also confirmed by our experiment. The
UV-vis spectra of the CuO products exhibit weak broad
absorption peaks in the 400-600nm range (shown in
Fig. 7). The CuO nanorods prepared at 100 °C (sample Al)
show a band position at ~444nm (Fig. 7a). The CuO
nanoribbons prepared at 50 °C (sample A2) show a band
position at ~438nm (Fig. 7b). When the reaction
temperature decreases to room temperature, the obtained
nanoribbons (sample A3) exhibit an absorption peak at
~436nm. The difference of the absorption peaks for
samples A1-A3 may result from their difference in crystal
size and crystallinity. It has been reported that the increase
in crystal size and the improvement of crystallization result
in red-shift [36]. Consistent with the reports that the
absorption peak red-shifts when the building blocks
aggregate into assemblies which will result in larger size
[10,35], all the CuO assemblies (samples B1-B3) produce
red-shifts in absorption peaks compared with samples
A1-A3. The optical absorption peak of the CuO micro-
spheres built from hundreds of nanorods (sample B2) red-
shifts to ~566nm (Fig. 7d). As for sample BI, the
absorption peak is centered at ~551 nm (Fig. 7¢), maybe
owing to a decrease in the number of the nanorods from

496

Absorbance (a.u.)

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 7. UV-vis absorption spectra of the as-prepared CuO products: (a)
CuO nanorods prepared at 100 °C (sample Al); (b) CuO nanoribbons
prepared at 50 °C (sample A2); (c) CuO nanoribbons prepared at room
temperature (sample A3); (d) CuO spherical assemblies prepared at 100 °C
(sample B2); (e) CuO flower-like assemblies prepared at 100 °C (sample
Bl) and (f) CuO spherical assemblies prepared at room temperature
(sample B3).

which the flower-like assembles are built. The absorption
peak of the CuO microspheres prepared at room tempera-
ture (sample B3) is centered at ~496 nm (Fig. 7f). It can be
seen that the red-shift in absorption peak for sample B3 is
not as big as those for samples Bl and B2, probably due to
its smaller assembly size as well as smaller building blocks.

4. Conclusion

In summary, CuO nanoribbons or nanorods and their
assembly into hierarchical structures have been synthe-
sized, respectively, by a simple solution route. The
morphologies and crystallization of the as-prepared CuO
were mainly determined by the molar ratio of NaOH to
Cu(NOs;),, reaction temperature and the concentration of
the starting NaOH solution. One-dimensional CuO nano-
ribbons or nanorods were prepared with the molar ratio of
NaOH to Cu(NOs), of 40. When the molar ratio of NaOH
to Cu(NOs), was increased to 200, spherical or flower-like
hierarchical assemblies which were built with 1D CuO
nanoribbons or nanorods were synthesized. Ethanol
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greatly influences the morphologies of CuO and can
enhance the dehydration rate of Cu(OH), by reducing the
surface tension of the solution. This synthetic method is
very simple and mild and is able to control the morphology
of the nanostructure effectively. We hope that this simple
synthetic route can be extended to other systems involving
metal complexes with suitable combination of metals and
ligands. Such different morphologies of CuO nanomater-
ials would be expected to have some potential applications
in optical electronic devices.
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