
INTRODUCTION

It is well known that physical properties of nanomaterials
are usually closely related to size, shape and dimensionality.
Low-dimensional nanostructures, including nanodots,
nanorods and nanosheets, have stimulated intensive interest
over the past few years due to their potential applications in
nanoscale devices based on their special properties in
mesoscopic physics compared with those of the correspon-
ding bulk crystals1-2. Recently, with the realization of technolo-
gically useful low-dimensional nanostructure-based materials
which depend not only on the quality of the nanocrystals (e.g.,
size and dimensionality) but also on their spatial orientation
and arrangement3, research is expanding into the assembly of
low-dimensional nanoscale building blocks into two- and three-
dimensional ordered superstructures or complex functional
architectures, which is a crucial step toward the realization of
functional nanosystems4-7. To obtain well-arranged low-dimen-
sional nanostructures, capping reagents are usually introduced
to reduce the activity of nanobuilding blocks so as to promote
or tune the ordered self-assembly.

As an important transition metal oxide with a narrow band
gap (Eg = 1.2 eV), CuO, forms the basis of several high tempe-
rature superconductors and giant magnetoresistance materials8.
It is also a promising material for facbricating solar cells9 and
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lithium ion battery10, owing to its photoconductive and photo-
chemical properties. Therefore, the synthesis and assembly of
CuO nanostructures with different forms of controlled
nanostructures have both fundamental and practical impor-
tance and have attracted considerable attention in recent years.
Up to date, low-dimensional CuO nanostructures such as
nanowires11, nanorods12-15, nanoribbons/nanobelts16-19, nanotubes20

and nanoplates21,22 have been largely prepared through different
routes. In particular, recent research indicates that 2 D and 3
D ordered superstructures of CuO nanomaterials have been
widely focused. For example, Qian et al.23 have fabricated well-
aligned CuO nanoplatelet arrays. Yu et al.24 have prepared
peanut-shaped nanoribbon bundle superstructures through
thermal decomposition of malachite precursor with similar
morphology. Zeng's group25 has synthesized dandelion-like
CuO hollow microspheres made up of nanoribbons through
hydrothermal method. Although great progresses have been
made in the systhesis of CuO architectures, however, fabrica-
tion of CuO hierarchical microspheres using univalent copper
salt CuCl as reagent via an oxidation process has been rarely
reported. Generally, CuO were obtained through employing
Cu2+ -contained precursors as reagent in alkaline medium via

the heat treatment, where no oxidation-redox process was
involved. In this paper, we present a simple hydrothermal route
to synthesize CuO hierarchical microspheres applying CuCl
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as copper source via an oxidation process in the presence of
PEG as surfactant. The growth mechanism of CuO hierarchical
microspheres were investigated in detail. Our results enrich
the hierarchical CuO architecture family.

EXPERIMENTAL

All the reagents used in the experiment were analytically
pure, purchased from Shanghai Chemical Reagent Company
and used without further purification.

In all the synthesis procedures, the amount of CuCl was
kept 1 mmol constant. In a typical procedure to prepare CuO
hierarchical microspheres, 0.6 g PEG20000 was dissolved in
40 mL distilled water with continuous stirring. Then, 1 mmol
cuprous chloride (CuCl) dissolved in 5 mL aqueous ammonia
was added dropwise into the above solution. After being stirred
for 10 min, the mixtures were transferred into a Teflon-lined
stainless autoclave (60 mL capacity). The autoclave was sealed
and maintained at 120 °C for 10 h. The system was then cooled
to ambient temperature naturally. The final product was collec-
ted and washed with distilled water and absolute alcohol
several times, vacuum-dried and kept for further characteri-
zation. The resulting precipitate was retrieved by centrifugation,
washed several times with distilled water and absolute alcohol
to remove impurities and then dried in a vacuum at 50 °C for
4 h.

Characterization of samples: X-ray powder diffraction
(XRD) patterns of the products were recorded on a Japanese
Rigaku D/max-γA X-ray diffractometer equipped with graphite-
monochromatized CuKα1 radiation (λ = 1.54178 Å). X-ray
photoelectron spectroscopy (XPS) was carried out on a
VGESCALAB MKL X-ray photoelectron spectrometer, using
nonmonochromatized MgKα X-ray as the excitation source.
The field emission scanning electron microscope (FESEM)
images of the products were recorded on a JEOL JSM-6300F
microscope. The transmission electron microscope (TEM)
images were taken on a Hitachi (Tokyo) H-800 transmission
electron microscope at an accelerating voltage of 200 kV. The
selected area electron diffraction (SAED) patterns were
recorded on a JEOL 2010 microscope.

RESULTS AND DISCUSSION

Morphology and structure characterization of CuO

hierarchical microspheres: The typical XRD pattern of the
product is shown in Fig. 1. The obtained product displays the
characteristic XRD peaks corresponding to the monoclinic
CuO (space group C2/c) [JCPDS Card No. 80-1268]. No charac-
teristic XRD peaks arising from other crystalline impurities
are detected, exhibiting the high purity of as-prepared CuO
nanostructures under the experimental conditions.

The samples obtained are further examined by infrared
analysis (Fig. 2). According to the group theoretical theory
and the fact that CuO belongs to the C6

2h space  group with
two molecules per primitive cell, one can contribute to the
zone center normal modes:

Γ = 4 Au + 5 Bu + Ag + 2 Bg
There are six infrared active modes (3 Au + 3 Bu), three

acoustic modes (Au + 2 Bu) and three Raman active modes
(Ag + 2 Bg). As shown in Fig. 2, for every CuO sample there

10 20 30 40 50 60 70 80

(0
0
4

)
(3

1
1
)

(2
2
0
)

(0
2
2
)

(1
1
3
)

(2
0
2
)

(0
2
0
)(2
0
2
)

(1
1
1

)

(0
0
2
)

(1
1
0

)

2 θ  (°)

In
te

n
s
it

y

Fig. 1. XRD pattern of CuO hierarchical microspheres
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Fig. 2. Infrared spectrum of CuO hierarchical microspheres

are all three infrared peaks observed at 440, 511 and 602 cm-1,
which are assigned to the Au mode, Bu mode and another Bu
mode, respectively. The high-frequency mode at 602 cm-1 may
be a Cu-O stretching along the [101] direction and the mode
at 511 cm-1 may be Cu-O stretching along [101] direction.
Compared with the data reported19, there exists some slight
difference. It may be resulted from the variation in sample
types, temperatures and broadness of the spectrum. Moreover,
no other infrared active modes can be observed (such as Cu2O,
appearing at 615 cm-1). Consequently, IR analysis also confirms
that the as-obtained products are pure-phase CuO with mono-
clinic structure.

Fig. 3 shows typical FESEM images of the product. As
shown in Fig. 3a, the product consists of a number of uniform
spheres with average diameter of about 3 µm. An enlarged
FESEM image indicates that each microsphere is composed
of a lot of stacked two-dimensional (2D) nanosheets with the
thickness of 40 nm (Fig. 3b). The image of Fig. 3c well reveals
the intact detail of a single sphere, which further shows that a
single sphere consists of a number of nanosheets. These nano-
sheets arrange radially from the center and form a multilayered
structure. From the inset in Fig. 3c, we can further find that
each layer/sheet is made up of numerous tiny nanopaltes
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Fig. 3. (a-c) FESEM images, (d) HRTEM image of CuO hierarchical
microspheres. The inset in d shows the SAED pattern

(inset of Fig. 3c). These tiny nanoplates are attached side by
side into an integrated sheet, which perhaps indicates an orien-
tation attachment growth mode and is highly similar to the
formation process of Bi2WO6 microspheres26. On the basis of
the above results, the formation of microspheres probably
involves in two stages: tiny nanoplates first constitute 2 D
nanosheets via an orientation attachment growth mode. Then
as-formed sheets assemble orderly and align radially from the
center through a layer-by-layer growth style so as to form well-
fined microspheres with a multilayered structure. Obviously,
the as-prepared micorspheres can be generally classified as
hierarchical structures. It is worth mentioning that these hier-
archical microspheres are adequately stable so that they can
not be destroyed into dispersed nanoplates even after long time
ultrasonication, which may be attributed to strong attachment
ability among tiny nanoplates and assembly interaction among
2 D nanosheets. The microstructure of as-obtained CuO product
is further investigated by HRTEM and SAED microscopy,
which were obtained from the edge of a nanosheet. The
HRTEM image exhibits that the regular spacing of the clear
lattice planes is ca. 0.254 nm, which correspond well to (002)
planes of monoclinic-phase CuO. The SAED pattern can be
indexed to be the [001] zone axis of monoclinic phase CuO.
These pattern spots are consistent with XRD results and demons-
trate that the CuO nanoplate has a single-crystalline nature.

Effects of the reaction conditions on CuO hierarchical

architectures: In this strategy, we explored the influencing
factors and optimized the reaction conditions. It is notable that
many factors play important roles to control the morphologies
of CuO crystals, such as the reaction temperature, the concen-
tration of PEG and the reaction time. These factors will be
studied using the following processes. It is found that CuO
spherical architectures assembled of nanoflakes can obtained
in a wide temperature range from 90-180 °C. As the reaction
temperature increased, the size of CuO nanoflakes slightly
increased, while the morphology of product did not change
remarkably, i.e., the temperature exerted a role on the size
instead of morphology. Therefore, in present work, all experi-

ments were carried out at 120 °C which was kept constant in
order to discuss the effects of other conditions.

It is found that the concentration of PEG remarkably
affects the morphologies of CuO. As shown in Figs. 3 and 4,
various CuO nanoarchitectures were obtained through simply
regulating the amounts of PEG from 0 g to 0.3 g and 0.6 g to
1 g and keeping the other conditions unchanged, which is also
illuminated in Fig. 5. When PEG was absent, only irregular
and dispersed nanoplates were obtained (Fig. 4a, b) instead of
assembly of nanoplates. From the TEM image of Fig. 4b, these
nanoplates aggregated together optionally. With the increase
of PEG to 0.3 g keeping the other conditions unchanged, 2 D
leaves-like nanosheets assembled by smaller nanoplates were
gained (Figs. 4c, d). The TEM image of Fig. 4d well depicts
nanoleaves-like shape. In the presence of 0.3 g PEG, CuO
nanoplates already assembled into 2 D nanoleaves-like
morphology instead of absolutely irregular nanoplates. When
the amount of PEG reached to 0.6 g, hierarchical microspheres
were acquired as shown in Fig. 3. As the above-mentioned
discussion, these microspheres were constructed by many 2 D
sheets, which were densely packed and formed a multilayered
structure. It was further found that each sheet was made up of
numerous tiny nanoplates. Further increasing the amount of
PEG to 1 g (Figs. 4e, f), similarly, hierarchical microspheres
assembled by nanosheets were prepared. To mention, compa-
ring the morphologies of CuO products in the presence of 0.6 g
(Fig. 3) with 1 g PEG (Figs. 4e, f), both well-defined hierar-
chical microspheres were obtained. However, the diversity is
in that in the product with the addition of 1 g PEG (Fig. 4f)

  

Fig. 4. FESEM and TEM images of CuO nanostructures prepared in the
presence of (a) and (b) 0 g PEG, (c) and (d) 0.3 g PEG, (e) and (f)
1 g PEG
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nanosheets arranged more densely and  assembled compactly
one another. Careful investigation for the product with the
addition of 0.6 g PEG (Fig. 3c) reveals that layer-by-layer
stack among sheets in the Fig. 3c is relatively sparse and
incompact and the gaps of layers are clearly eyeable. There-
fore, on the basis of the above discussion, CuO morphologies
are incisively influenced by the amounts of PEG. Generally,
PEG acts not only as the shape-controlling agent but also as
the stabilizing agent. In our synthesis conditions, PEG plays a
vital role in the formation of hierarchical CuO architectures.

Growth mechanism of CuO 3 D architectures: To subs-
tantially understand the growth process of hierarchical CuO
spherical architecture, time-dependent experiments were
conducted. The products prepared at various stages were
followed by TEM images. Fig. 5 shows TEM images of the
intermediate samples obtained at 10, 20 and 60 min. As shown
in Fig. 5a, assembled nanoplates aggregates initially formed,
which were the rudiment of CuO spherical architecteures. By
reason of these nanoplates filling up incompactly, the cavity
in the center of the aggregates is clearly observed. With the
reaction time prolonged (Figs. 5b, c), some underdeveloped
aggregates which stacked loosely accompanying primary
well-developed spherical architectures gradually formed and
the aggregates markedly stacked more compactly. As reaction
time further prolonging (Fig. 5d), mainly well-defined spherical
architectures formed at last. It is found that even prolonging
reaction time above 1 h even longer than 10 h, both morphology
and size are similar to the sample at 1 h.

Based on the FESEM and TEM observations, it is concluded
that layer-by-layer growth resulted in the formation of CuO
hierarchical structures. The detailed growth process of the
products may be described as follows: Initially, CuCl dissolved
in aqueous ammonia and formed [Cu(NH3)2]+ complex. Then
[Cu(NH3)2]+ complex was oxidated by O2 obturated in the
autoclave so as to become [Cu(NH3)4]2+ complex. As-formed
[Cu(NH3)4]2+ complex immediately hydrolyzed into Cu(OH)2.
Instantly, CuO nucleus were formed via a rapid dehydration
process of Cu(OH)2 with the hydrothermal treatment. Correla-
tive reaction equations are as the following:

4 [Cu(NH3)2]+ + 8 NH3·H2O + O2 →
4 [Cu(NH3)4]2+ + 4 OH- + 6 H2O (1)

[Cu(NH3)4]2+ + 2 H2O →
Cu(OH)2 + 2NH4

+ + 2 NH3  (2)
Cu(OH)2 → CuO + H2O (3)
It is well known that CuO nanoplates are easy to form

because of the intrinsic structural feature. Therefore, we believe
that the formation of initial CuO nucleus was tiny nanoplates.
With the nucleus increasing until saturation concentration, the
growth process occurs and CuO nanoplates will aggregate. In
the present case, it is possible that the selective absorption of
PEG on certain crystallographic planes. When no protective
agent was present, CuO nanoplates underwent a random
aggregation (Figs. 4a, b), which resulted in the formation of
irregular and dispersed nanoplates. When 0.3 g PEG was
introduced, owing to the selective absorption of PEG on certain
CuO crystallographic planes, initially formed nanoplates
assembled in an edge-to-edge way into a leaves-like sheet
(Figs. 4c, d). With the increase of PEG to 0.6 g, in situ

nanosheets tended to stack via a layer-by-layer growth style

from a center, which will finally formed microspheres with
multilayered structures. This process could further reduce the
surface energy of nanosheets. Further increased PEG to 1 g,
the correlative evolved process is similar, but the layers are
denser and the stacks are thicker, which results in more delicate
microspheres (Figs. 4e, f).

Fig. 5. TEM images of pricky CuO microspheres at 120 °C for different
reaction time: (a) 10 min, (b) and (c) 20 min, (d) 1 h

Conclusion

A simple hydrothermal route has been developed to
synthesize CuO 3D hierarchical microspheres with average
diameter of about 3 µm using CuCl as the copper source and
PEG as the morphology-directing agent in aqueous ammonia
medium. A systematic investigation has been carried out to
understand the factors influencing the CuO morphology. The
quantity of PEG markedly influenced the morphologies of CuO
architectures. The microspheres were constructed from two-
dimensional (2 D) nanosheets with average thickness of about
40 nm via a layer-by-layer growth style. These nanosheets
arrange radially from the center and form a well-fined
microsphere with a multilayered structure. Interestingly, the
nanosheets were further composed of tiny nanoplates through
orientation attachment.
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