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Abstract−Microwave irradiation was used to obtain a variety of CuO crystal morphologies, including leaf-like, dan-

delion-like, and hollow structures. The morphology of the CuO crystals was controlled by varying the alkali source

(NaOH, hexamethylenetetramine, ammonia, or urea) and heating at 95 oC for 1 hr. The X-ray diffraction patterns of

as-prepared CuO crystals were consistent with high quality crystals with a monoclinic crystal structure. Field emission

scanning electron microscopy (FE-SEM) and tunneling electron microscopy (TEM) images of CuO crystals revealed

that the leaf-like CuO crystals had an average length of 950 nm and width of 450 nm, the small leaf-like CuO crystals

had an average length of 450 nm and width of 200 nm, the dandelion-like CuO structures had an average diameter of

2 m, and the hollow CuO structures had an average diameter 2 m. Possible mechanisms for structure formation during

the shape-selective CuO synthesis were proposed based on these results.
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INTRODUCTION

As a p-type semiconductor with a narrow band gap (Eg=1.2 eV)

[1], copper(II) oxide (CuO) has been widely investigated in diverse

electronic, magnetic, and optical applications, such as heterogeneous

catalysts, gas sensors, magnetic storage media, solar cells, optical

switches, lithium ion battery anode materials, and field-emission

emitters [2-8]. Recent studies demonstrated that CuO could exist

in as many as three different magnetic phases [9], and it forms the

basis for several high-temperature superconductors [10].

Because the properties of a crystal may be influenced by the crys-

tal morphology, control of the size and morphology of CuO crys-

tals becomes an attractive challenge. For example, Park et al. [11]

reported that urchin-like CuO crystals exhibited excellent electro-

chemical performance for lithium-ion batteries, far superior to the

performance of other morphologies. In response to the strong inter-

est in control over shape and size, well-defined CuO nanostructures

with different dimensionalities and shapes have been obtained [12-

23].

Over the past few decades, CuO micro- and nanostructures have

been prepared by a variety of synthetic approaches [24-29]. Among

them, the hydrothermal process has been extensively used because

of its low synthesis temperature and ease of scaling-up, although it

requires a relatively long reaction time, typically 6-12 hours or more

[30,31]. This problem can be alleviated by using microwave irradi-

ation, which is a part of electromagnetic spectrum with frequencies

ranging from 300 MHz to 300 GHz. The merits of microwave-as-

sisted heating include rapid heating, low synthesis temperature, re-

duced processing time, increased product yield, energy savings, and

environmental friendliness [32-34]. Moreover, we achieved high

selectivity by rapidly traversing the intermediate temperature range

during heating to the desired reaction temperature.

In the present work, we synthesized CuO crystals with different

morphologies using a microwave hydrothermal method. The shapes

of the CuO crystals were easily tuned by varying the alkali source,

which supplied different quantities of hydroxide ions and ammonia

molecules. A three-dimensional spherical structure was favored over

the two-dimensional planar structure in the presence of ammonia.

The results led us to propose a growth mechanism for achieving

the shape-selective CuO crystals.

EXPERIMENTAL AND CHARACTERIZATION

1. Preparation of CuO Structures

As summarized in Table 1, four major synthetic conditions were

used in the current work. All chemicals used were of analytical grade

and were not purified further. CuO nanostructures were produced

using copper nitrate (Cu(NO3)2·3H2O, 99%, Shinyou) as the copper

cation precursor and hexamethylenetetramine (HMT, (CH2)6N4, 99%,

Junsei), sodium hydroxide (1 N, Samchun), ammonia (28.0-30.0

wt%, Junsei), or urea (CO(NH2)2, Aldrich) as the hydroxide anion

source.

An aqueous solution (100 mL) composed of copper nitrate (1

mmol) and sodium hydroxide (1 mL) was prepared and stirred for

20 min at room temperature (Solution A, pH=7). After stirring, solu-

tion A was irradiated using a temperature-controlled microwave

synthesis system (2.45 GHz, single-mode, Greenmotif, IDX, Japan)

at 95 oC for 1 h. Subsequently, the irradiated solution was filtered

using a polycarbonate membrane filter (ISOPORETM) with pores

100 nm in diameter. The black precipitate was washed several times

with deionized (DI) water after filtration and dried in an oven. So-

lution B (pH=7) was prepared by adding 1 mmol HMT to deion-

ized (DI) water (100 mL) containing copper nitrate (1 mmol). Solu-
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tion C (pH=11) was prepared by adding 4 mL ammonia to deionized

(DI) water (96 mL) containing copper nitrate (1 mmol). Solution D

(pH=6) was prepared by mixing copper nitrate (1 mmol) and urea

(20 mmol) to form an aqueous solution (100 mL). As-prepared solu-

tions B and C were submitted to the same treatment described for

solution A. Solution D was submitted to the same treatment as well,

but without the stirring time.

2. Characterization

Field emission scanning electron microscopy (FESEM, JEOL

JMS-7400F, operated at 10 keV), high-resolution transmission elec-

tron microscopy (HRTEM, JEOL JEM-2100F with energy-disper-

sive X-ray spectrometry (EDX), operated at 200 kV), and X-ray

diffraction studies (XRD, Mac Science, M18XHF) were used to

observe the morphology, crystallinity, and chemical composition

of the CuO structures.

RESULTS AND DISCUSSION

1. Crystal Structure of CuO

Fig. 1 shows FE-SEM images, TEM images, and selected-area

electron diffraction (SAED) patterns of different shapes of the CuO

structures obtained using different reagents in the microwave hydro-

thermal method. The leaf-like CuO nanostructures, synthesized in

the sodium hydroxide (NaOH) solution, can be clearly observed in

Fig. 1(a). The leaf-like CuO structures had an average length of 950

nm and width of 450 nm. Fig. 1(b) shows that CuO crystals obtained

from the HMT solution displayed the same leaf-like shape but were

smaller than the CuO crystals obtained from the NaOH solution.

The CuO crystals obtained from the HMT solution had an average

length of 450 nm and width of 200 nm. The dandelion-like CuO

structures, synthesized from the ammonia solution, can be observed

in Fig. 1(c). They were spherical structures with an average diame-

ter of 2µm, but they had extremely rugged surfaces due to the pres-

ence of densely packed flat sheets. Fig. 1(d) displays a hollow CuO

structure, synthesized from the urea solution. The hollow structure

of CuO has attracted great interest among synthetic chemists [35-

37] for applications such as lithium ion battery anode materials [11,

38] due to its low density and large specific surface area [39]. In

our work, hollow sphere CuO structures with an average diameter

of 2µm were synthesized by a fast, simple, and reproducible method

that did not require templates, catalysts, or surfactants. The SAED

patterns of these CuO structures (right bottom images of Fig.1, panels

(a), (b), and (c)) confirmed that they were single crystalline, whereas

the hollow CuO (right bottom image of Fig. 1, panel (d)) crystals

were polycrystalline.

XRD patterns of the as-prepared CuO crystals are shown in Fig.

Table 1. The detailed reaction condition and corresponding results

Sample Cu(NO3)2 Alkali source Time for stirring Reaction condition Morphology

A 1 mmol NaOH 1 mmol 20 min 95 oC, 1 h Leaf-like structure (~500 nm)

B 1 mmol HMT 1 mmol 20 min 95 oC, 1 h Leaf-like structure (~900 nm)

C 1 mmol 30 wt% Ammonia 4 mL 20 min 95 oC, 1 h Dandelion-like structure

D 1 mmol Urea 20 mmol 95 oC, 1 h Hollow sphere structure

Fig. 1. Morphology and crystallinity (lower right) of the CuO structures synthesized by the microwave irradiation heating method: (a)
leaf-like CuO structures synthesized in the presence of NaOH, (b) smaller leaf-like CuO structures synthesized in the presence of
HMT, (c) spherical dandelion CuO structures synthesized in the presence of ammonia, (d) hollow spherical CuO structures syn-
thesized in the presence of urea.
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2. All diffraction peaks were indexed in the CuO monoclinic phase
(space group: C2/c, a=4.685 Å, b=3.425 Å, c=5.13 Å, β=99.549,
JCPDS Card No. 41-0254). Peak broadening arose from the small
size of the particles. Because no impurities were detected by XRD,
it could be concluded that a single phase of CuO structures was suc-
cessfully obtained through the microwave-assisted synthetic route.
2. Growth Mechanisms of the CuO Structure Formation

In general, CuO structures are believed to be obtained from the
transformation of copper(II) hydroxide (Cu(OH)2) during CuO synthe-
sis. Supersaturation of the copper cations and hydroxide anions pro-
duces copper ion complexes, such as [Cu(OH)4]

2− or [Cu(NH3)4]
2+

[40,41], which are then converted to Cu(OH)2 initial nuclei. The
growth units attached to the nuclei stabilize the structures and increase
the crystal size. CuO structures were obtained from the transforma-
tion of Cu(OH)2 crystals under heat. Therefore, various shapes of
CuO crystals were obtained by choosing different solutions and by
controlling the concentrations of the precursors.

Figs. 3(a)-3(d) show a schematic illustration of the possible growth
mechanisms of the CuO crystals from the NaOH, HMT, ammo-
nia, and urea solutions, respectively. Fig. 3(a) illustrates the growth
process of the CuO crystals synthesized from the NaOH solution.
As a strong base, NaOH can supply hydroxide anions quickly. The
relevant chemical reactions involved in CuO formation are believed
to be the following [40]:

Cu2++4OH−

→[Cu(OH)4]
2− (1)

[Cu(OH)4]
2−
→Cu(OH)2+2OH− (2)

Fig. 2. Identification of CuO from XRD peaks collected from the
CuO structures obtained by microwave irradiation.

Fig. 3. Schematic diagram of the proposed formation mechanisms of the CuO structures: (a) leaf-like CuO structure synthesized in the
presence of NaOH, (b) smaller leaf-like CuO structure synthesized in the presence of HMT, (c) spherical dandelion CuO structure
synthesized in the presence of ammonia, (d) hollow sphere CuO structure synthesized in the presence of urea.
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Cu(OH)2→CuO+H2O (3)

Because NaOH is ionized in aqueous solutions, the copper(II) ion

can form a two-dimensional square planar copper complex ([Cu

(OH)4]
2−) that converts to Cu(OH)2 and CuO under heat. The two-

dimensional leaf-like CuO structures resulted from the anisotropic

growth rates of CuO crystals due to the different surface densities

of copper atoms [42].

Fig. 3(b) suggests the possible formation mechanism of CuO struc-

tures in the HMT solution. As a pH buffer, HMT can supply small

amounts of hydroxide anions slowly and constantly [43]. The chemi-

cal reactions involved in the formation of CuO from the HMT solu-

tion were the same as reactions (1)-(3). The CuO crystal leaf shape

could be obtained from the HMT solution, but with smaller size

particles. This was because the HMT solution included a lower con-

centration of hydroxide ions, which were a source that enabled crystal

growth. However, CuO crystals, obtained from the HMT solution,

had better crystallinity because of a slow supply of hydroxide ions.

A possible growth mechanism of micro-dandelion CuO crystals,

obtained from the ammonia solution, is illustrated in Fig. 3(c). In

the ammonia solution, it was possible to form two types of cupper

ion complexes: [Cu(OH)4]
2− and [Cu(NH3)4]

2+. The chemical reac-

tions involved in CuO formation in the presence of ammonia are

believed to be the following [41]:

Cu2++4NH3→[Cu(NH3)4]
2+ (4)

[Cu(NH3)4]
2++4OH−

→[Cu(OH)4]
2−+4NH3 (5)

[Cu(OH)4]
2−
→Cu(OH)2+2OH− (6)

Cu(OH)2→CuO+H2O (7)

In our study, ammonia played a crucial role in the formation of

three-dimensional CuO spheres. The copper complex [Cu(NH3)4]
2+

apparently formed due to the high concentration of precursors in

the presence of ammonia molecules. This solution produced a higher

degree of supersaturation, which destabilized the complexes. A com-

parison of the stability constants for the copper ion complexes, which

are equilibrium constants for complex formation in solution, showed

that [Cu(NH3)4]
2+ was less stable than [Cu(OH)4]

2− (The stability

constant of the copper ion complex [Cu(NH3)4]
2+ was 12.4±0.3 (at

25 oC) [44], whereas that of the [Cu(OH)4]
2− complex was 15.5±

0.1 (at 20 oC) [45].). Therefore, unstable [Cu(NH3)4]
2+ complexes

aggregated to form three-dimensional spheres under unstable con-

ditions. The effects of ammonia were confirmed by adding acid to

the HMT solution. HMT slowly hydrolyzes to ammonia and form-

aldehyde in acidic environments [43], so the HMT solution con-

tained ammonia under acidic conditions, which could form spherical

structures. Fig. 4(a) shows a CuO crystal spherical shape that was

formed by the aggregation of leaf-like CuO structures. Three-dimen-

sional CuO spheres formed in the presence of ammonia, which was

present in the acid added to the HMT solution. The formation of the

micro-dandelion CuO structures could be explained by the presence

of two types of complexes in water: a high degree of supersaturation

indicated that [Cu(NH3)4]
2+, which is less stable than [Cu(OH)4]

2−,

aggregated to form a stable spherical seed structure, and each nucleus

grew in a different direction via formation of [Cu(OH)4]
2− complex

sheet structures.

Finally, a possible growth mechanism for the formation of hol-

low CuO crystal structures in the urea solution is illustrated in Fig.

3(d). The urea solution yields a constant supply of a small amount

of hydroxide anions and can supply ammonia molecules by the reac-

tion (8) [46]:

xH2O+NH2CONH2→2NH3+CO2+(x−1)H2O (8)

The chemical reactions involved in the formation of CuO crys-

tals in the urea solution are similar to the reactions (4)-(7). In the

presence of ammonia supplied by the urea, a three-dimensional spher-

ical shape can form. Each nucleus may then grow in a different di-

rection by formation of small particles of [Cu(OH)4]
2− complexes

on the spherical surface. This mechanism dominated because the

urea solution supplied insufficient hydroxide anions to form two-

dimensional sheet shapes in the CuO structures.

Many studies have investigated the formation of hollow CuO

crystals, and a variety of synthesis methods have been developed.

Two routes may be taken to obtain hollow CuO crystal structures:

one route is CuO synthesis using surfactants, which form micelle

structures [35], and the other route is formation of CuO aggregate

particles near the interface between NH3 gas bubbles and the liquid

solution [36,37]. In this work, the hollow spheres apparently formed

via dissolution of the spherical CuO surfaces after formation of CuO

Fig. 4. Morphology of the CuO structures: (a) Aggregation of CuO
crystals to form a three-dimensional spherical structure in
the presence of ammonia; (b) CuO crystals obtained from
a urea solution with a short reaction time (30 min).
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spherical structures. Fig. 4(b) shows SEM images of the CuO crys-

tals obtained from urea solutions with a short reaction time (30 min).

These images indicated that the spherical CuO crystals without a

hollow structure were obtained before the hollow structure formed.

Therefore, the spherical CuO structures first formed, followed by

hollow structure formation via dissolution.

Particles synthesized in a urea solution by the conventional hy-

drothermal heating method are greenish copper hydroxynitrate (Cu2

(OH)3NO3) crystals. Hydroxide ions in solution, which are neces-

sary for the synthesis of CuO crystals, can be supplied via urea de-

composition at 60-100 oC, in the pH range of 5-7 [47]. The con-

ventional hydrothermal method requires a lengthy heating process

for the solution to reach 95 oC. During heating, the solution remains

at a relatively low temperature for a long time, and very small quanti-

ties of hydroxide ions are present in solution due to the rare urea

decomposition reaction. Cu2(OH)3NO3 crystals are synthesized due

to the lack of hydroxide ions. The Cu2(OH)3NO3 crystals formed

are converted to CuO crystals via the reaction (9) [48]:

Cu2(OH)3NO3→2CuO+HNO3 (g)+H2O(g) (9)

However, reaction (9) is extremely slow below 150 oC and be-

comes significant only above 250 oC [48]. Therefore, reaction (9)

cannot occur and CuO crystals cannot be obtained via conventional

hydrothermal heating.

In contrast, the microwave-assisted synthesis method heated the

solution very quickly due to the rapid microwave heating. Because

microwave heating reduced the heating time so that the urea de-

composition temperature was reached quickly, there were fewer

opportunities to make Cu2(OH)3NO3, which forms in the presence

of small quantities of hydroxide ions. CuO, therefore, could be ob-

tained directly without the need to form the Cu2(OH)3NO3 inter-

mediate structure followed by conversion to CuO.

CONCLUSION

CuO crystalline leaf-like, dandelion-like, and hollow structures

were successfully obtained via the microwave-assisted synthesis

method. As-prepared CuO structures had a high crystallinity and

uniform overall shape. Possible structure formation mechanisms for

the shape-selective CuO synthesis were proposed based on the re-

sults. The key factor for controlling the shape of the CuO particles

was the concentration of ammonia, which helped CuO crystals form

three-dimensional spherical structures. In the presence of ammo-

nia, three-dimensional spherical CuO crystals were obtained, pos-

sibly due to the aggregation of unstable [Cu(NH3)4]
2+ complexes.

The quantities of hydroxide anions also influenced the size and sur-

face morphology of the CuO crystals. The microwave-assisted hy-

drothermal synthesis method may be useful for achieving high selec-

tivity in a product, especially if selectivity requires rapidly travers-

ing an intermediate temperature range during heating to the desired

reaction temperature.
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APPENDIX A. SUPPLEMENTARY DATA

SEM images of the particles synthesized via conventional hydro-

thermal method at 95 oC for 1 h. XRD peak of the particle synthe-

sized from the urea solution via conventional hydrothermal method

at 95 oC, for 1 h.
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