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Abstract A simple hydrothermal process was used to
synthesize the assembled leaf-like copper oxide (CuO)
from copper hydroxide and urea in aqueous solution. The
field emission scanning electron microscopy revealed that
the individual CuO leaf-like nanostructure has a dimension
of about 0.5–1.5 μm in length, 50–70 nm in thickness, and
80–110 nm in width, respectively. These CuO nanostruc-
tures were structurally characterized by X-ray diffraction and
Raman spectroscopy, which showed that the CuO nano-
structures prepared from the hydrothermal process have high
crystalline properties with a monoclinic structure. X-ray
photoelectron spectroscopy studies confirmed that the as-
prepared sample is composed of CuO, which is consistent
with X-ray diffraction patterns. The CuO nanostructures
were used as electrode materials for lithium-ion batteries,
demonstrating electrochemical properties of a high initial
discharge capacity of approximately 1,028 mAh/g along
with good cycle stability.
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Introduction

Large-scale self-assemblies of meso-, micro-, and nano-
structured building blocks have attracted a significant
interest due to its promising applications in recent years

[1–4]. Substantial efforts have been made to fabricate
hierarchical and complex structures that are assembled by
nanoparticles, nanorods, and nanobelts as the building
blocks [5, 6]. Self-organization of such components is a
key step for the fabrication of nano- and microstructures
and for the realization of device applications [7, 8].
Semiconducting metal oxide nanostructures having a
tailored architecture are of importance in the field of
nanotechnology research area [9]. Among them, cupric
oxide (CuO) is a useful material with diverse applications
to semiconductors [7], gas sensors [8, 14], battery electro-
des [10, 11] and materials for memory devices [12], and
field effect transistors [13]. CuO has a monoclinic structure
in which each Cu atom has four nearest neighbors of
oxygen atoms and exists at the center of oxygen rectangu-
lar, while oxygen atoms are located at the center of
distorted tetrahedron of Cu [15]. CuO is also a p-type
semiconductor with a narrow band gap of about 1.2 eV
[16]. Nanoscale materials are of great interest with potential
applications in nanodevices due to its unique optical,
electrical, and magnetic properties [17, 18]. CuO nano-
structures are therefore expected to have novel properties
superior to their bulk phase counterparts. In particular, a
variety of CuO nanostuructures have been prepared by
high-temperature approaches. However, low-temperature
hydrothermal process should be more versatile for the
preparation of nanostructured CuO in temperatures ranging
from 100 to 200 °C [19, 20].

Herein, we report a hydrothermal synthetic method and
physicochemical characterization of self-assembled CuO
nanostructures with leaf-like shape. Moreover, these leaf-
like CuO nanostructures show an excellent electrochemical
behavior as an electrode of rechargeable lithium-ion
batteries with a high capacity and good cycle stability.
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Experimental

Preparation of assembled leaf-like CuO nanostructures

All the chemical reagents used in this experiment were
analytical grade. A typical procedure for the synthesis of
CuO nanostructures is described as follows: A copper
precursor solution (0.1 M) was prepared by mixing copper
(II) hydroxide (Cu(OH)2, 90%, Junsei Chemical Co., Ltd.)
in a double distilled water. A solution (0.1 M) of urea (CO
(NH2)2, 99.5%, Sigma Aldrich Co., Ltd.) was added to the
copper solution under continuous stirring. Then, the
mixture was transferred into a Teflon-lined stainless steel
autoclave. The autoclave was sealed and maintained at a
temperature of 150 °C for 6–12 h. After the reactions, the
autoclave reactor was cooled down to room temperature.
The obtained black-colored precipitate was washed several
times with ethanol and double distilled water to ensure that
the dissolved inorganic ions are removed and then dried at
75 °C for 12 h.

The formation of leaf-like CuO in the reaction system
can be presented by the following reactions:

CO NH2ð Þ2 sð Þ þ 3H2O aqð Þ ! 2NHþ
4 aqð Þ þ 2OH�

aqð Þ þ CO2 gð Þ

Cu OHð Þ2 sð Þ ! CuO sð Þ þ H2O aqð Þ:

In this reaction, the urea acts as pH buffer and provides
steady OH¯ ions through the hydrolysis of water.

Physicochemical characterizations

X-ray diffraction (XRD) analysis was carried out by a
powder diffractometer (Rigaku III/A, Japan) equipped with
a copper target and a nickel filter to analyze the structure of
the grown product. Field emission scanning electron
microscopy (FESEM) (Hitachi, Japan), which was outfitted
with X-ray energy dispersion spectrum, was employed to
examine the morphology and elemental analysis of the as-
grown products. Detailed microstructural analysis was
performed by transmission electron microscopy (TEM;
Hitachi model JEM-2010) together with selected electron
diffraction at an accelerating voltage of 200 kV. Fourier
transform infrared (FTIR) was recorded in the wave-
numbers of 300–2,000 cm−1. For chemical composition
analysis, X-ray photoelectron spectroscopy (XPS) studies
were carried out with an AXIS-NOVA (Kratos) system
using AlKa (150 W) radiation. Raman spectra were
collected on a FT-Raman spectrometer (RFS 100/S, Bruker)
using Nd:YAG laser at 1,064 nm. The power at the CuO
sample was estimated to be 80 mW. The overall resolution

of about 4 cm−1 was possible with this spectrometer. The
thermogravimetric measurements of the as-grown CuO
nanostructures were carried out on a TGA-2050 thermog-
ravimetric analyzer from 20 to 700 °C at a nitrogen flow
rate of 60 ml/min at a heating rate of 10 °C/min.

Electrochemical properties of the leaf-like
CuO nanostructures

The electrochemical properties of the as-grown leaf-like
CuO nanostructures were investigated using two-electrode
coin-type cells (CR2032). For electrode fabrication, 20 mg
of the obtained CuO nanostructures was mixed with 12 mg
of a mixture of conductive binder that consists of 8 mg of
Teflonized acetylene black and 4 mg of graphite [21]. The
mixture was pressed on a nickel foam which was used as the
current collector and dried at 100 °C for 10 h in a vacuum
oven. The cell was composed of the CuO electrode and
metallic lithium as the working and counter electrode,
respectively, in which they were separated by a porous
polypropylene separator. The electrolyte was a 1 M LiPF6-
ethylene carbonate (EC)-dimethyl carbonate (in 1:1 volume).
The cells were assembled in an argon-filled dry box and
tested at room temperature. The electrochemical perform-
ances of the CuO nanostructure electrodes were examined by
galvanostatic discharge/charge measurement. These cells
were cycled using a WBCS 3000 battery cycler system
(Won-A Tech corp.). The electrochemical potential cycling
tests were performed using an AUTOLAB (ECO CHEMIE)
cell test system. Continuous potential cycling over the leaf-
like CuO nanostructure electrodes was carried out for up to
30 cycles in the potential range of 0.01–3 V at a scan rate of
0.02 mV/s.

Fig. 1 XRD analysis of CuO nanostructures
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Result and discussion

Characterization of materials

A typical XRD pattern of the as-synthesized CuO nano-
structures is shown in Fig. 1. All the diffraction peaks can
be indexed to the monoclinic structure of CuO (space group
C2/c; a0=4.683 Å, b0=3.422 Å, c0=5.128 Å, and β=
99.54°; JCPDS card no. 72-0629) [22, 23]. No other
impurity phases except the crystalline CuO phase were
detected by XRD analysis, indicating a good phase purity
of the leaf-like CuO nanostructures prepared here. The
strong diffraction peak intensities also suggest that the leaf-
like CuO nanostructures are in a highly crystalline nature.

In order to examine the microstructure and surface
morphology of CuO nanostructures, FESEM was per-
formed. Figure 2a shows a representative morphology at a
low magnification of the leaf-like CuO nanostructures,
revealing a large population of the CuO assemblies with
nano-leaves. High-magnification images of the leaf-like
CuO exhibit one-dimensional structures of the CuO nano-
leaves, as seen in Fig. 2b, c; they are constituted to form the
CuO assemblies in Fig. 2a. Each array of the leaf-like CuO
is about 500 nm–1.5 μm in length, 50–70 nm in thickness,
and 80–110 nm in width, respectively. The tips of these
leaf-like CuO appear to be sharp and possess uniform lengths
and widths. The X-ray energy-dispersive analysis (EDX)
indicates the signals from Cu and O elements (Fig. 2d),

Fig. 2 Low magnification (a), tilted view (b), top view FESEM images (c), and EDX spectra of the leaf-like CuO nanostructures (d)

Fig. 3 TEM analysis of the
grown leaf-like CuO
nanostructures: low-
magnification TEM image (a)
and selected area electron
diffraction pattern (b)
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revealing that the Cu and O are present in a stoichiometric
ratio, thus verifying the purity of the CuO phase. Further-
more, microstructural analysis of CuO nanostructures was
performed using TEM, which represents the self-organized
architecture of CuO nanostructures as shown in Fig 3a.
Selective area electron diffraction pattern in Fig. 3b also
indicates the single crystalline phase of the leaf-like CuO
nanostructure, which accords well with the XRD results.
The TEM micrographs are in good agreement with the
previous FESEM and XRD results.

Figure 4a shows FTIR spectra of the obtained CuO
nanostructures. The characteristic peaks positioned at
around 606 and 525 cm−1 were observed due to Cu–O
stretching along the [−202] direction and 432 cm−1 from
Cu–O stretching along the [202] direction [24].

Raman spectroscopy is known to be a very useful tool
for monitoring the structural order–disorder degree at short
range and crystallinity of oxide materials.

Raman spectra of the leaf-like CuO nanostructures are
illustrated in Fig. 4b. The peak broadens and shifts to the

lower frequency side as the size of the microcrystal
decreases [25]. The monoclinic CuO belongs to the C2h

6

space group with two molecules per unit cell. There are
nine zone centers in optical phonon modes with symmetries
of 4Au + 5Bu + Ag + 2Bg. The (Ag + 2Bg)
modes are Raman active [26, 27]. A broad peak with a
relatively high intensity at 297.5 cm−1 is assigned to Ag

band, and two peaks at 345.6 and 629 cm−1 are assigned to
2Bg. The observed peaks of Raman active modes on this
sample are in good agreement with the previous reports
(Table 1). These significant peak intensities indicate the
single phase property and high crystallinity of as-grown
leaf-like CuO structures.

Figure 4c shows the TGA analysis of CuO nano-
structures in which a total weight loss of about 1.73% can
be seen as the temperature is increased up to 700 °C. The
initial weight loss is observed at temperatures below 50 °C,
and a further weight loss appears from approximately 245 °C.
The latter weight loss is probably attributed to the formation of
CuO from its unreacted precursors [32, 33]. The weight loss

Fig. 4 FTIR spectra (a), Raman
spectra (b), and TGA curve of
the leaf-like CuO nanostructures
under a nitrogen flow at a
heating rate of 10 °C/min (c)

Preparation method (Ag + 2Bg) (cm−1) Temperature (K) Time (h) Reference

Hydrothermal 297/346/631 373–423 6–12 [28]

Microwave hydrothermal 283.8/333.5/622.5 393 1 [29]

Thermal CVD 291/340/623 573–973 2 [30]

Hydrothermal 296/342/627 393 ∙30 [31]

Hydrothermal 297.5/345.6/629 423 6–12 This work

Table 1 Raman modes of the
CuO nanostructures
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observed in this sample is small, implying thermal stability
of the CuO sample.

Figure 5 shows the schematic diagram of growth
mechanism for the formation of leaf-like CuO nanostruc-
tures. In principle, there are three basic steps for the
formation of CuO nuclei during the precipitation process.
The first is to initiate by producing building units in
solution for a nucleation phase. The concentration of
building units in solution increases until a significant
supersaturation level is reached, and then the nucleation
process takes place [34]. The CuO nuclei formed serve as
the building blocks for the formation of CuO nanostructures
[35]. In the process of oriented aggregation, the single
crystalline CuO nano-leaves are formed through an oriented

attachment by rotating adjacent nanoparticles to share an
identical crystallographic orientation [36]. The formation of
the leaf-like CuO nanostructures in this work may occur via
a rapid nucleation by dehydration of Cu(OH)2 and followed
by the oriented aggregation-based growth of CuO nuclei for
their crystal growth. The reactant concentrations, pH,
temperature, and reaction time could affect the growth and
formation processes of the leaf-like CuO structures.

To scrutinize the composition and purity of the as-
prepared product, the XPS study was carried out. Figure 6a
depicts a high sensitivity (survey spectrum) scan with the
presence of Cu and O elements. No other obvious
impurities were found in the spectrum except low-
intensity peak of carbon, which might result from the

Fig. 5 Schematic diagram for
the formation of leaf-like CuO
nanostructures

Fig. 6 XPS survey scan spec-
trum of the leaf-like CuO
nanostructures (a). Close-up
surveys for Cu 2p core (b).
Core-level O 1s spectrum of
CuO (c); the dotted curve is the
experimental data and solid lines
are the result of curve-fitting
procedure
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surface contamination [37]. The Cu 2p peak of the leaf-like
CuO nanostructures is illustrated in detail in Fig. 6b. The
Cu 2p3/2 lies at 933.65 eV with a shake-up satellite at about
943.2 eV and Cu 2p1/2 lies at 953.5 eV with a satellite at
about 962 eV, which is consistent with earlier reports [38].
The presence of shake-up satellite features for Cu 2p rules
out the possibility of the presence of Cu2O phase [39]. The
gap between Cu 2p1/2 and Cu 2p3/2 is about 20 eV, which is
in agreement with the standard spectrum of CuO. In
Fig. 6c, the O 1s core-level spectrum is broad, and two O
1s peaks can be resolved using curve-fitting procedure. The
binding energies have been identified as O2− in CuO at
529.9 eV [40], and oxygen adsorbed on the surface of CuO
at 531.5 eV. Thus, the XPS result clearly proved that the
acquired black powder is only composed of CuO, which is
consistent with the XRD results.

Electrochemical properties of the leaf-like
CuO nanostructures

Cyclic voltammetry (CV) measurements were used to
investigate the reversibility of the CuO nanostructure

electrodes during the discharge–charge processes with
lithium ions at a scan rate of 0.02 mV/s. Figure 7 shows
the first, second, and eighth cyclic voltammograms for the
as-grown CuO nanostructure electrode. Two reduction
peaks at the potentials of approximately 1.13 and 0.62 V
can be observed in the first scan, while only one dominant
oxidation peak with shoulder appears to evolve at about
2.68 V [41]. In the subsequent cycles, the intensities of the
peaks slightly decrease, and the cathodic peaks at 1.13 V
seems to be shifted to 1.18 Vat the second cycle and further
shifted to 1.25 V for the eighth cycles. However, the
intensity and position of the peaks can be assumed to
remain almost constant, probably implying a good cycle
stability of the CuO nanostructured electrode [42].

The 1st, 2nd, 3rd, 10th, and 30th discharge–charge
curves of the CuO nanostructure electrode are depicted in
Fig. 8a. In the first discharge process of CuO nanostructure,
three discharge plateaus are observed at the potential ranges
of 2.7–1.8, 1.4–1.1, and 0.8–0.6 V. During the second
discharge process, all the slopes become larger and the
plateau at 2.70–1.80 V shifts slightly upward. As seen in
Fig. 8b, the CuO electrodes exhibit initial insertion
capacities of about 1,028 mAh/g and extraction capacity
of about 580 mAh/g. As expected for nanomaterials in
lithium-ion batteries, the CuO nanostructure electrode also
shows a large irreversible capacity loss in the first cycle,
which can be attributed to the electrolyte decomposition
[10, 11], the reduction of surface groups, and the formation
of lithium oxide [43]. Multi-discharge plateaus indicate that
multistep electrochemical reactions may be involved during
the discharge–charge process. There may be a series of
insertion and decomposition reactions of CuO with Li+

during the discharge and charging process. The first process
corresponds to the continuous reduction of the Cu(II)
species to Cu(I) and finally to Cu(0), and the second
process corresponds to the catalytic decomposition of liquid
electrolyte to form a solid electrolyte interphase at such a
low voltage [44]. The initial discharge capacity of the CuO
nanostructure was estimated to approximately 1,028 mAh/g.

Fig. 7 Cyclic voltammograms of the CuO nanostructure electrode at a
scan rate of 0.02 mV/s

Fig. 8 Discharge-charge curves
(a). Specific capacity of the
CuO nanostructure electrode as
a function of cycling number (b)
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The irreversible capacity in the first process could be
originated from the decomposition of electrolyte and conse-
quential formation of an organic layer deposited on the surface
of particle, which occurs in the low-potential region for
transition metal oxides [45]. The irreversible capacity
generated from the formation of lithium oxide noticeably
decreases in the second cycle [43]. The discharge capacity of
CuO nanostructure would be relatively smaller as compared
to the results reported by Gao et al. [46, 47] in which
polycrystalline CuO nanocrystals were used with a larger
surface area and a smaller size (quantum size effect).
However, our results are comparable to the results obtained
using CuO nanoplatelets [48]. In summary, these self-
assembled leaf-like CuO nanostructures demonstrated good
electrochemical performances with a specific capacity of
about 440 mAh/g even after 30 cycles with a slow capacity
fading rate.

Conclusions

In summary, a hydrothermal process was used to synthesize
the CuO assembly with leaf-like nanostructures from
copper hydroxide and urea in aqueous solution. From the
several physicochemical characterizations, it was shown
that the leaf-like CuO nanostructures are 500 nm to 1.5 μm
in length, 50–70 nm in thickness, and 80–110 nm in width,
respectively. Further structural analysis showed that the
CuO nanostructures have a high crystalline nature in the
monoclinic crystal structure. Raman spectra revealed three
bands at 296, 345, and 629 cm−1 that correspond to the Ag,
Bg1, and Bg2 modes of the cupric oxide. TGA analysis
illustrated a good thermal stability. X-ray photoelectron
spectroscopy studies clearly proved that the as-prepared
sample is composed of CuO. A possible growth mechanism
is proposed for the formation of leaf-like CuO nano-
structures. The leaf-like CuO nanostructures demonstrated
a good electrochemical performance with a specific
capacity of about 440 mAh/g after 30 cycles with a slow
fading rate and may attain prominent applications in high-
performance lithium ion batteries.
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