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a b s t r a c t

Highly efficient visible-light-active CuO/Cu2O heterostructured composite hollow microspheres
were successfully developed under an appropriate molar ratio of the copper precusor to the
reductant ― D-sorbitol for photocatalytic degradation of methyl orange with outstanding photostability.
The hollow microsphere structure composite displayed high visible-light photocatalytic activity and
reproducibility toward the degradation of methyl orange, due to its high adsorption capacity, enhanced
light scattering effects, high throughput hollow reaction regions within the hollow structures and de-
creased recombination of photogenerated electrons and holes. This demonstrated useful hollow micro-
spheres act as an example of developing highly efficient heterostructured binary metal oxides for pho-
tocatalytic water purification.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

CuO and Cu2O semiconductors with narrow bandgaps have
received much attention in recent years because of their various
promising applications in environmental remediation and energy
production [1,2]. In consideration of their potential applications,
CuO or Cu2O materials with various hollow structures have been
also attempted [3,4], which show higher surface area and porosity,
greater light-harvesting capacity and higher photocatalytic activity
for pollutant degradation than their particulate counterparts [5].
Moreover, in contrast to single one, the bi-component metal oxi-
des integrating two types of functional materials show higher
photocatalytic efficiency owing to increased charge separation
capability and extended energy range of photoexcitation [6,7]. In
fact, CuO/Cu2O composite hollow structures photocatalyst offers
enhanced activities over their single counterparts [8,9]. However,
no reports on synthesis of CuO/Cu2O composite hollow structures
ao@griffith.edu.au (H. Zhao).
d were considered as co-first
for the application in the environmental remediation under visible
light irradiation have been attempted yet [10].

Besides, the stability of a given photocatalyst is a crucial factor
for its practical application. Cu2O has been reported possessing
poor stability in aqueous solution under light illumination [11,12],
while CuO is a very stable phase of copper oxide and can be suc-
cessfully used as a protection layer to keep Cu2O from photo-
corrosion [13]. Unfortunately, the investigation of photostability of
CuO/Cu2O composite hollow structures has not been concerned
yet. Therefore, the fabrication of CuO/Cu2O composite hollow
structures with highly visible-light-driven photocatalytic activity
and good stability is highly desirable. Meanwhile, to fabricate the
hollow structure photocatalysts, the template-directed approaches
have been demonstrated to be effective methods, while the soft
template method is more advantageous than hard template one
owing to negligible external template and post-treatment process
[14,15].

In this work, the synthesis of CuO/Cu2O composite hollow
microspheres was reported by using a facile soft-template assisted
hydrothermal method. The reuslting sample was used as a visible-
light-driven photocatalyst for the degradation of organic pollutant,
exhibiting high photocatalytic efficiency and good stability.
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Fig. 1. XRD (A), SEM (B), TEM (C), N2 adsorption-desorption isotherm and pore size distribution curve (D) and high resolution TEM (E) data of the prepared CuO/Cu2O
composite hollow microspheres.
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2. Experimental

2.1. Synthesis procedure

In a typical synthesis procedure, appropriate amounts of
Cu(CH3COO)2 �H2O and D-sorbitol were added into a 5 g L�1

Pluronic P123 aqueous solution under vigorous stirring, and the
molar ratio of Cu(CH3COO)2 �H2O to D-sorbitol was 10:1. The mixed
solution was then transferred into a 60 mL Teflon container for
hydrothermal treatment under 150 °C for 24 h. After that, the
precipitation was collected and then washed with distilled water
for three times. Microwave-assisted extraction was used to remove
the template from the as-prepared samples dispersed in ethanol
and finally air-dried overnight at 55 °C.

2.2. Characterization

The crystallographic information of the prepared samples was
established by X-ray diffraction (XRD, Rigaku D/MAX-2200 VPC).
The morphology and microstructure were characterized using a
field emission scanning electron microscopy (SEM, JOEL JSM-890)
and a transmission electron microscopy (TEM, Philips F20). Ni-
trogen adsorption-desorption isotherm was obtained with a Mi-
cromeritics ASAP 2020 system. Surface data was obtained using
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250).
UV–visible (UV–vis) diffuse reflectance spectra were recorded on a
UV–vis–NIR spectrophotometer (HITACHI U-3010). The isothermal
adsorption and photocatalytic activity for the visible light de-
gradation of methyl orange (MO) was evaluated and the char-
acterization details were provided in the Supporting information.
Fig. 2. XRD (A-B) and XPS (C-D) patterns of the samples
3. Results and discussion

XRD pattern of a typical sample shown in Fig. 1A reveals that all
the diffraction peaks can be assigned to Cu2O and CuO with the
content ratio for Cu2O to CuO of ca. 23:1, indicating the dominant
Cu2O phase. Meanwhile, the sample consists of high-purity hollow
microspheres with an average diameter of ca. 2.0 mm and a shell
thickness of ca. 200 nm (Fig. 1B-C). Interestingly, the shell of hol-
low microsphere is porous and composed of numerous nano-sized
crystallines. The N2 adsorption-desorption isotherm confirms a
type IV (IUPAC classification) isotherm with a typical H3 hysteresis
loop [16], indicating the existence of mesoporous structure and
slit-like pores (Fig. 1D). The pore size ranges from 4.0 to 100 nm,
confirming the presence of many mesopores (inset of Fig. 1D).
High resolution TEM image reveals the interlayer distance of
0.245 nm and 0.253 nm, agreeing well with the (111) and (002)
lattice planes of Cu2O and CuO, respectively (Fig. 1E). All these
results indicate that the mesoporous CuO/Cu2O composite hollow
microspheres are successfully synthesized by using a facile soft-
template assisted hydrothermal method.

The template plays a significant role in the formation of well-
defined hollow microspheres. In the absence of P123, only
CuO/Cu2O composite aggregates are obtained (Fig. S1). Copper
precursor is also found to be crucial that CuO/Cu2O composite
hollow microspheres is obtained when Cu(CH3COO)2 �H2O is used,
and bulky particles are obtained in the resultant sample composed
of CuO and Cu(OH)2 (or mixed Cu2O and Cu3SO4(OH)4) when
Cu(NO3)2 �3H2O (or CuSO4) is used as the copper precursor (Fig. 2A
and S2A-S2B).

In addition, the molar ratio of Cu(CH3COO)2 �H2O to D-sorbitol
prepared from different copper precursors and MR.
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(assigned as MR) is found as another significant synthesis para-
meter. When the D-sorbitol is absent (Fig. 2B), characteristic peaks
for CuO (002) and (111) planes (2θ¼35.6° and 38.7°) as well as
Cu2O (111) plane (2θ¼36.4°) are observed. The content ratio of
Cu2O to CuO equals to 0.4:1, indicating that the sample is the
CuO/Cu2O composite with dominant CuO phase. However, when a
little amount of D-sorbitol is added (MR40), a sharp increase of the
content ratio of Cu2O to CuO (ca. 7:1) is observed, which further
Fig. 3. Adsorption isotherms (A) and photocatalytic degradation (C) of MO on the prepare
CuO/Cu2O composite solid microspheres). Absorption spectra of MO at different time (B),
(E) on CuO/Cu2O composite hollow microspheres.
increases to ca. 23:1 when the amount of D-sorbitol continuously
increases (MR10, Fig. 1A). And only Cu2O is obtained when the MR
decreases to 1:1. In the case of Cu 2p XPS spectrum of the sample
prepared without D-sorbitol and with suitable MR (taking MR10 as
an example) (Fig. 2C-D), peaks at 933.5 and 953.5 eV suggest the
existence of Cu2O, while those at 935.3 and 955.4 eV are consistent
to the peaks of CuO [17,18]. Moreover, the spectra of these samples
display several strong satellite peaks between Cu 2p3/2 peak and
d samples ((a) Cu2O particles, (b) CuO/Cu2O composite hollow microspheres and (c)
stability test (D) and schematic diagram of the enhanced photocatalytic mechanism



J. Chen et al. / Materials Letters 182 (2016) 47–51 51
its first satellite on the higher enery side of about 8 eV, which is
the characteristic of the material such as CuO having a d9 config-
uration in ground state [19,20], further proving the existence of
CuO. However, two peaks at 933.5 and 953.5 eV without satellite
peaks are observed for the sample prepared with MR1, indicating
the only existence of Cu2O. Notably, the peaks for Cu2O become
stronger with the decrease of the intensity of the peaks for CuO as
the MR increases, confirming the increase of the content ratio of
Cu2O to CuO. Obviously, only appropriate molar ratio of copper
precusor to the reductant-D-sorbitol leads to the formation of
mixed CuO and Cu2O composite. Moreover, sample prepared with
the MR1 (without D-sorbitol or MR40) shows solid bulky particles
(solid microspheres) (Fig. S2C-S2D), further confirming that the
well-defined CuO/Cu2O composite hollow microspheres can only
be obtained when the MR is 10.

Fig. 3A shows the adsorption isotherms of MO on the prepared
samples. For Cu2O particles, the adsorption capacity of MO is
40.9 mg g�1, which increases to 45.7 and 49.6 mg g�1 for
CuO/Cu2O composite solid microspheres and hollowmicrospheres,
indicating that CuO/Cu2O composite hollow microspheres show
the highest adsorption capacility toward MO. The lamp is then
swiched on to evaluate their photocatalytic activies under visible
light irradiation (Fig. S3). As shown in Fig. 3B, the real-time UV–vis
spectrum depicts that the absorption peaks corresponding to MO
(463 nm) disappear obviously within 300 min illumination, in-
dicating that the MO is effectively degraded by the prepared
CuO/Cu2O composite hollow microspheres under visible light ir-
radiation. One of the possible reasons may be due to the enhanced
visible light scattering of the prepared CuO/Cu2O composite hol-
low microspheres (Fig. S4). Moreover, after 300 min irradiation,
approximate 77.3%, 73.6% and 92.2% of MO is degraded by Cu2O
particles, CuO/Cu2O composite solid microspheres and CuO/Cu2O
composite hollow microspheres, respectively (Fig. 3C), and the
best degradation effciency can be obtained for CuO/Cu2O compo-
site hollow microspheres. Moreover, the degradation rate for the
CuO/Cu2O composite hollow microspheres (0.0089 min�1) is al-
most 1.8 and 2.2 times to Cu2O particles (0.0049 min�1) and
CuO/Cu2O composite solid microspheres (0.0041 min�1), further
confirming the highest photocatalytic activity of CuO/Cu2O com-
posite hollow microspheres (inset of Fig. 3C). Meanwhile, photo-
stability test is conducted and the result demonstrates that after
five repeated use, 63.1% of the degradation efficiency can still be
obtained, indicating the relatively good photostability of the fab-
ricated CuO/Cu2O composite hollow microspheres photocatalyst
(Fig. 3D). The decrease of the degradation efficiency may be con-
tributed to the generation of refractory intermediates on the
catalyst.

The superiorly visible-light-driven photocatalytic activity and
stability for the prepared photocatalyst can be attributed to its
high adsorption capacity, enhanced light scattering effects, high
throughput hollow reaction regions within the hollow structures
and decreased recombination of photogenerated electrons and
holes (Fig. 3E). Firstly, due to its high visible light absorption
capability and porous shell structure, both visible light and MO
moleculars are more conveniently penetrated into it with the
significantly accelerated diffusion velocity and reaction rate. For
instance, the molecular size of MO is 1.19 nm�0.67 nm�0.38 nm
[21], leading to the easy entrance and diffusion of MO molecules
into the pores of catalyst (pore size: 4.0–100 nm). Secondly, its
unique micro-sized hollow structure can also provide high
throughput hollow reaction regions, not only enhancing the light
harvesting and scattering, but also facilitating the transfer and
diffusion of dye molecules [5]. Thirdly, the existense of CuO can
serve as a protector minimizing Cu2O photocorrosion [13]. Mean-
while, the interface between the Cu2O and CuO acts as a rapid
separation site for the photogenerated electrons and holes, due to
the difference in the energy levels of their conduction bands and
valence bands [8,9], leading to the high utilization of the absorbed
visible light.
4. Conclusions

In summary, CuO/Cu2O composite hollow microspheres pho-
tocatalyst with highly visible light photocatalytic activity and
photostability toward degradation of dye pollutant is fabricated.
The improved photocatalytic performance is attributed to its high
adsorption capacity, enhanced light scattering effects, high
throughput hollow reaction regions within the hollow structures,
and decreased recombination of photogenerated electrons and
holes. This study will deepen the understanding of the enhanced
photocatalytic mechanism of bi-component metal oxides photo-
catalysts and promote their practical application in environmental
remediation.
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