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CuO hollow microspheres have been fabricated through a simple hydrothermal method in the presence
of cetyltrimethylammonium bromide (CTAB). The products were characterized by Fourier transform
infrared spectroscopy, X-ray diffraction, and scanning electron microscopy. The effects of reaction
temperature, surfactant, and the molar ratio of Urea/Cu(Il) on the morphologies of the resulting
products were investigated. The possible formation mechanism of CuO hollow dandelion-like
architectures was proposed. The hierarchical CuO hollow microspheres exhibited a high photocatalytic
activity for decolorization of Rhodamine B (RhB) under UV-light illumination.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Hierarchical semiconductor structure has been widely
exploited for diverse applications such as heterogeneous catalysis,
gas sensors, lithium ion electrode materials, magnetic materials,
and superconductors [1-5]. Especially, CuO nanostructures with
hollow spherical morphology represent useful applications in
catalysts, fillers, coatings and encapsulating agents, due to their
low density, large specific surface area, and interesting optical
properties [6]. Many strategies have been developed for the
fabrication of nanomaterials with hollow structures, such as
templates [7-9], chemical processes based on differential diffu-
sion (Kirkendall effect) [10,11], Ostwald ripening [12,13], and
chemically induced self-transformation [14,15]. Liu and Zeng [16]
reported the synthesis of CuO dandelion-like architectures with
hollow interiors by the hydrothermal method. Zhang et al. [17]
fabricated hollow CuO microspheres on a large scale through a
rational complexing reagent-assisted approach at low tempera-
ture. Yu et al. [18] prepared CuO/Cu,0 composite hollow micro-
spheres with controlled diameter and composition. Ng and Fan
[19] reported the synthesis of CuO with the tetrahedral nanocage
morphology by the oxidation of y-Cul nanotetrahedrons. Qi et al.
[20] fabricated CuO nanoparticle interlinked microsphere cages by
solution method. CuO has been applied to improve the photo-
catalytic efficiency of some other semiconductors [21,22], how-
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ever, little information concerning the photocatalytic activity of
pure copper oxide was reported [23].

The electrostatic interactions between surfactant molecules
and charged or polarized metal-oxyprecursors have been widely
applied to metastable modifications of metal oxides [24-26].
Cetyltrimethylammonium bromide (CTAB) is a cationic surfactant,
which can form spherical C;gH33(CH3)3N* (CTA*) micelles [27] and
can be employed to synthesize materials with hollow structures.
CaCOs [28], mesoporous silica [29], and LiAlO, hollow spheres
[30] have been prepared with CTAB as the template. In this paper,
CTAB-assisted synthesis and photocatalytic activity of dandelion-
like CuO hollow microspheres were studied. The formation
mechanism of dandelion-like CuO hollow microspheres was
proposed. The effects of reaction temperature, surfactant, and
the molar ratio of Urea/Cu(IT) on the morphologies and phases of
the resulting products were investigated. Moreover, the photo-
catalytic activity of the dandelion-like CuO hollow microspheres
was evaluated by examining the degradation of RhB.

2. Experimental
2.1. Sample preparation

All chemical reagents were of analytical grade. In a typical
procedure, 2.0 mmol Cu(NOs),-3H,0, 6.0mmol CO(NH;),, and
2.7mmol CTAB were added to distilled water (15mL) under
stirring to form a homogeneous solution. The solution was then
transferred into a stainless steel autoclave with a Teflon liner of
20 mL capacity, and heated in an oven at 180°C for 1, 2, 4, and 6 h,
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respectively. After the autoclave was air-cooled to room tempera-
ture, the resulting product was filtered, washed with distilled
water and absolute ethanol several times, and then dried under
vacuum at 80°C for 4 h.

2.2. Characterization

The crystallographic information of the prepared samples was
analyzed by powder X-ray diffraction (XRD) using a Bruker AXS
D8 DISCOVER X-ray diffractometer with CuKo radiation
() = 15406 A) at a scanning rate of 1°min~". Fourier transform
infrared (FT-IR) spectra were measured using the KBr method on a
Fourier transform infrared spectrometer (FTIR Nicolet 5700). Each
FTIR spectrum was collected after 40 scans at a resolution of
4cm™! from 400 to 4000cm™'. Scanning electron microscopy
(SEM) images were taken on a JSM-5610LV scanning electron
microscope with acceleration voltage of 20 kV.

2.3. Photocatalytic activity test

The photocatalytic activity of the prepared samples was
evaluated by the photocatalytic decolorization of RhB aqueous
solution performed at room temperature (ca. 25 °C). The experi-
mental procedure was as follows: 10 mg of the prepared powders
were dispersed in 20mL of RhB aqueous solution with a
concentration of 2.0 x 10> molL~" in a beaker (with a capacity
of 100mL), and the suspensions were placed in the dark for
30min before illumination to allow sufficient adsorption of RhB.
A UV-light lamp placed 7 cm above the beaker with a wavelength
of 254nm was used as a light source. The concentration of RhB
aqueous solution was determined by a UV-visible spectrophot-
ometer (UV-4802H, UNICO). After UV-light irradiation for 10 min,
the reaction solution was filtered, and the absorbance of RhB
aqueous solution was then measured.

3. Results and discussion
3.1. Crystal structure and morphology of the prepared products

XRD analysis was utilized to analyze the crystal structure and
phase composition of the resulting CuO products. Fig. 1 shows the
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Fig. 1. XRD pattern of the products obtained at 180 °C in the presence of CTAB for
different times: (a) 1h, (b) 2h, and (c) 6h.

XRD patterns of the samples obtained under different synthetic
conditions. Fig. 1a shows the XRD pattern of the precursor
obtained by hydrothermal reaction for 1h in the presence of
CTAB. All of the diffraction peaks can be readily indexed to
monoclinic phase Cu,(OH),CO3 (JCPDS Card file no. 41-1390). No
impurities peak was found. The XRD pattern shown in Fig. 1b is
the product obtained by hydrothermal reaction for 2h in the
presence of CTAB. The diffraction peaks can be clearly indexed to
both phases with the monoclinic copper hydroxide carbonate
(JCPDS Card file no. 41-1390, Cu,(OH),C03) and the monoclinic
copper oxide (JCPDS Card file no. 80-1916, CuO). When the
reaction time was extended to 6h, pure copper oxide was
prepared (shown in Fig. 1c), and the diffraction peaks can
be indexed to the monoclinic copper oxide (JCPDS Card file no.
80-1916, Cu0).

FTIR investigation also confirmed the formation of copper
hydroxide carbonate and copper oxide. Figs. 2a and b show the
FTIR spectra of the products obtained at 180 °C in the presence of
CTAB for 1 and 6 h, respectively. The strong peak at 3406 cm™! is
assigned to the stretching vibration of the O-H bond, v(OH),
which indicates the presence of hydroxyl ions due to the metal-
OH layer. The peak at 3315cm™! is attributed to the O-H groups
interacting with carbonate anions. The peaks 1511, 1430, 1384,
1095, 1047, 873, 817, and 746cm™}, and the peaks 572, 524 and
428cm™" are assigned to CO52~ and Cu-O, respectively [31]. In
addition, the bands 3455 and 1634cm™~! (Fig. 2b) could be
attributed to the stretching vibration and bending vibration of the
absorbed water and surface hydroxyl groups, respectively. The
peaks 596, 528, and 434 cm~! are due to monoclinic phase of CuO
[31, p. 220]. No other absorption peaks could be detected.

Fig. 3 shows SEM images of the hierarchical CuO obtained by
hydrothermal reaction for 6 h in the presence of CTAB. The CuO is
composed of many dandelion-like structures with hollow interior,
and the diameters of the CuO microspheres range from 5 to 10 pm.
Fig. 3b shows that the “dandelions” have a hollow cavity clearly,
and the CuO microspheres are composed of small crystal strips.
These crystal strips are aligned perpendicularly to the spherical
surface, pointing toward a common center. Fig. 4 shows the SEM
images of the products obtained by hydrothermal reaction in the
presence of CTAB for 1, 2, 4, and 6 h. The SEM image of Fig. 4a
indicates that the product is composed of many small ribbons. In
accordance with the XRD results, the ribbons are of monoclinic
phase Cu,(OH),COs. Fig. 4b shows that the morphology of the
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Fig. 2. FT-IR spectrum of the products obtained at 180 °C in the presence of CTAB
for different times: (a) 1h and (b) 6h.
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Fig. 4. SEM images of the products obtained at 180 °C in the presence of CTAB for different times: (a) 1h, (b) 2h, (c) 4h, and (d) 6 h.

product is very similar to a cauliflower in shape, and the
composition of this sample is a mixture of Cuy(OH),CO3 and
CuO. Fig. 4c shows SEM image of CuO obtained by hydrothermal
reaction for 4 h. The corresponding XRD results indicate that the
hierarchical CuO were formed by decomposition of Cuy(OH),COs.
Fig. 4d shows SEM image of the dandelion-like CuO hollow
microspheres obtained by hydrothermal reaction for 6 h.

3.2. Formation of the dandelion-like CuO hollow microspheres

Urea is a good precipitating agent because urea hydrolysis can
provide both carbonate and hydroxyl anions slowly to form
copper hydroxide carbonate [32]. Copper hydroxide carbonate
may be decomposed to copper oxide by hydrothermal reaction at
a high temperature. The main reaction in this system can be
expressed as follows:

H,NCONH, + H,0 — 2NHs + CO,, 1)
CO, + H,0 — COs2~ + 2H*, 2)
NH; + H,0 — NH4* + OH-. 3)

The formation of monoclinic copper hydroxide carbonate can be
formulated as follows:

2Cu2* + 20H- + CO32~ «» Cuy(OH),COs. (4)

The decomposition of copper hydroxide carbonate can be written
as

CUz(OH)2CO3 — 2Cu0 + Hzo + C02 (5)

To investigate the growth process of the CuO hollow micro-
spheres, time-dependent experiments were studied by hydro-
thermal reaction at 180°C in the presence of CTAB. After the
autoclave was heated for about 1h, a green product precipitated
out of the solution. The green product was composed of many tiny
crystal strips (shown in Fig. 4a), and XRD results indicated that
these strips were of monoclinic Cu,(OH),CO3 phase. Fig. 4b shows
the SEM image of the product obtained for 2 h. The cauliflower
product is mixture of Cuy(OH),CO3 and CuO (Figs. 1b and 4b).
When the autoclave was heated for 4 h, CuO hollow microspheres
were formed, and the morphologies were quite similar to those
obtained in 6h. The size of the Cuy(OH),CO5; crystal strips
was bigger than the CuO crystal strips in the dandelion-
like hollow microspheres (see Fig. 4), which may be attributed
to the influence of reaction temperature on the growth and
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decomposition of the Cuy(OH),COs; crystal strips. When the
reaction temperature was decreased to 140°C even to 120°C,
both resulting products were of the Cu(OH),COs phase (results
not shown here, but are similar to those in Fig. 1a). Thus, bundles
of Cuy(OH),CO5 tiny crystal strips were readily formed in a short
reaction time (1h, Fig. 4a) at a lower temperature. When
the heating stopped, the reaction still continued, and the small
crystal strips grew bigger during the cooling of the autoclave at an
appropriate temperature (below 180°C). Moreover, when the
heating was maintained, the growth and decomposition of
the Cup(OH),CO3 crystal strips proceeded together at the
temperature of 180 °C.

Based on the experimental results mentioned above, we
proposed a formation mechanism for the dandelion-like CuO
hollow microspheres in the presence of CTAB (Fig. 5). First, the
tiny Cu,(OH),CO3 crystal strips are formed in a short time.
Because there is an excessive amount of OH™ present in the
solution, the Cuy(OH),COs3 is surrounded by OH™, leading to the
adsorption of OH™ onto the surface of Cuy(OH),CO3, resulting in
the formation of Cu,(OH),CO3 - OH™ precursor [33]. Second, when

OH"
Cu:(OH);CO;—» Cuz(OH)zCOyOH'

. . adsorption
tinv crystal strip

_

the cationic CTAB template was added, electrostatic interactions
between CTA* and negatively charges Cu,(OH),COs - OH™ induced
the inorganic-surfactant complex formed. In this complex,
Cuy(OH),CO3-OH™ interact electrostatically with the positively
charged surfactant cationic head group, CTA*, to form a
CTA"-Cuy(OH),CO3-OH™ ion pair [34]. The tiny Cuy(OH),COs
crystal strips are assembled perpendicularly to the spherical
surface, pointing toward the spherical CTA" micelles. Thus, the
dandelion-like CuO hollow microspheres are formed during the
decomposition of Cuy(OH),CO3 through a hydrothermal reaction
at the temperature of 180 °C.

3.3. Other influences on the morphology of CuO hollow microspheres

The influence of other potential factors on the preparation of
the dandelion-like CuO hollow microspheres was also studied.
The molar ratio of Urea/Cu(I1) is a crucial factor on the formation
of the hierarchical CuO hollow microspheres. When the molar
ratio of Urea/Cu(IT) was less than 2:1, the products consisted of

Cuy(OH),CO3-Ol'
CTAB

OH' :Cu,(OH),CO;

+

OH"-Cu,(OH),CO;

decomposition

hollow CuO dandelion-like architectures

Fig. 5. The scheme for the formation of CuO hollow microspheres. Tiny Cu,(OH),CO5 crystal strips adsorbs OH™, and become negative charged. Then, Cuy(OH),CO3-OH™
binds to the cationic CTA* micelles, displaces Br~, and the tiny Cuy(OH),COs crystal strips are assembled perpendicularly to the spherical surface, pointing toward the
spherical CTA* micelles. Thus, the dandelion-like CuO hollow microspheres are formed due to the decomposition of Cu,(OH),CO3 through a hydrothermal reaction.

Fig. 6. SEM images of the products obtained at 180 °C in the presence of CTAB with the different molar ratio of Urea/Cu(IT): (a) 3:2, (b) 5:2, and (c) 10:2.
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Fig. 7. SEM images of the products obtained at different temperature with no CTAB: (a) 100 °C and (b) 180 °C.

flower-shaped CuO with the full dimension of about 7-8 um
(Fig. 6a), while the molar ratio of Urea/Cu(IT) was greater than 4:1,
the resulting products were a mixture of irregular microspheres
and fragments (Fig. 6¢). Thus, an appropriate molar ratio of
Urea/Cu(IT1) (2-4) may be favorable for the formation of the
dandelion-like CuO hollow microspheres (Fig. 6b). A small
quantity of OH™ existing in the solution may reduce the formation
of Cuy(OH),CO3-0H™, and the Cuy(OH),CO5-OH™ is surrounded
by CTA*. During the nucleation and crystal growth processes,
preferential adsorption between surfactant and the various
crystallographic planes of the precursor could greatly reduce
and/or enhance the growth rate along some directions [35,36].
Therefore, the flower-shaped CuO was formed by the selective
adsorption between CTAB and certain crystal faces of CuO. When a
large amount of OH™ ions are present in the solution, excess OH™
can shield the interaction between CTAB and Cu,(OH),CO3-OH™,
so that the interaction between these two species decreases, and
the irregular microspheres and fragments were formed.

Moreover, under similar experimental conditions, the influence
of other surfactants on the synthesis of the CuO hollow micro-
spheres was also investigated. When polyvinylpyrrolidone (PVP)
or sodium dodecylbenzene sulfonate (SDBS) was used as tem-
plates, or if no surfactant was utilized, no hollow microspheres
could be formed. Only in the presence of CTAB were the uniform
dandelion-like CuO hollow microspheres obtained. Otherwise,
when the reaction temperature was decreased to 100°C, many
dandelion-like architectures of Cu,(OH),COs; with monoclinic
phase were obtained without CTAB (Fig. 7a). This phenomenon
is similar to the formation of cobalt hydroxide carbonate [37].
Urea hydrolysis can provide both OH~ and CO3%~, which slowly
deposit Cu?* ion. Xu and Zeng [38] state that the CO3~ anions may
act as an inhibitor that selectively decreases the rate of crystal
growth in the direction of the side planes of the rod. Thus, the
dandelion-like Cu,(OH),CO5 structures with no hollow interior
were obtained at a lower temperature (about 100 °C). When the
reaction temperature was increased to 180 °C, the reaction was too
rapid to control the crystal growth without the assistance of CTAB.
Therefore, the irregular CuO particles were obtained (Fig. 7b). It
confirms that the reaction temperature and the CTAB surfactant
both are crucial in the formation of the hierarchical CuO hollow
microspheres.

3.4. Photocatalytic activity studies

Hollow CuO nanostructures, with a high specific surface area,
can be utilized as catalysts for the decomposition of organic
pollutants by the superoxides and/or hydroxyl radicals formed
at the CuO interface [23]. To demonstrate the photocatalytic
of the dandelion-like CuO hollow microspheres, the degradation
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Fig. 8. Absorption spectrum of the RhB solution in the presence of dandelion-like
CuO hollow microspheres under UV irradiation.
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Fig. 9. Photodegradation of RhB (2.0 x 107>M, 20mL) under UV-light: (a) no
catalyst, (b) with 10mg of dandelion-like CuO hollow microspheres. C is the
concentration of RhB and C, is the initial concentration.

of RhB was examined as a model reaction. The characteristic
absorption of RhB at 553nm was chosen to monitor the
photocatalytic degradation process. Fig. 8 shows the UV-vis
absorption spectrum of an aqueous solution of RhB (initial con-
centration: 2.0 x 107> M, 20 mL) in the presence of dandelion-like
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CuO hollow microspheres (10mg) under UV irradiation. The
absorption peaks corresponding to RhB diminished gradually as
the exposure time was extended. Significantly, Fig. 9 shows the
concentration of RhB barely changed under the UV-light without
the catalyst, which reveals the obvious photocatalytic ability of
CuO. Due to the large surface area, more capacious interspaces of
the dandelion-like CuO hollow architectures [39], and the
recycling of Cu'* ion under light on the CuO interface [23],
photocatalyst can provide more active sites for the photocatalytic
degradation of RhB molecules.

4. Conclusions

With the cationic surfactant CTAB as the template, dandelion-
like CuO hollow microspheres have been successfully fabricated
through a simple hydrothermal method. The reaction tempera-
ture, surfactant nature, and the molar ratio of Urea/Cu(IT) all are
crucial roles on the formation of the hierarchical CuO hollow
microspheres. The dandelion-like CuO hollow microspheres
exhibited a high photocatalytic activity for the photocatalytic
decolorization of RhB aqueous solution under UV-light illumina-
tion. The unique hollow structures of the CuO microspheres may
offer potential applications in areas such as catalysis, electronics,
and optics.
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