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a  b  s  t  r  a  c  t

Copper  oxide  composites  with  tunable  composition  and  morphology  were  hydrothermally  synthesized
and  used  as  highly  efficient  photocatalysts  towards  the  degradation  of  dye  pollutants  under  visible  light
irradiation.  Effects  of key  synthesis  reaction  parameters,  i.e.,  soft  template  (P123),  pH  of  precursor  solu-
tion,  hydrothermal  reaction  temperature,  the durations  on  the  resultant  copper  oxide  structures  have
been systematically  investigated  and  a tentative  mechanism  was  proposed  for  the formation  of  the copper
oxide  composites  with  different  synthesis  reaction  parameters.  Furthermore,  the  photocatalytic  activities
of resultant  copper  oxide  materials  towards  the  degradation  of  dye  (methyl  orange)  demonstrated  strong
ollow structure
isible light
hotocatalysis
ye pollutant

dependence  on  the  compositional  and  morphological  properties  of  the  photocatalysts.  CuO/Cu2O  hollow
microsphere  composites  exhibited  the highest  visible  light  photocatalytic  activity  that  can  be attributed
to  their  unique  hollow  structure  and  CuO/Cu2O heterostructure.  The  demonstrated  controlled  growth
of metal  oxide  composite  hollow  structure  provides  enlightenments  in  fabrication  of  highly  efficient
heterostructured  photocatalysts  for environmental  remediation.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

With the rapid development of global industrialization, water
elated problems such as the fresh water shortage and water
ollution have become one of the most vital factors that con-
traint the sustainable development of human society and economy
1,2]. Industries such as dyeing process not only consume a great
eal of water, but also generate large amount of dye wastewa-
er [3]. Unfortunately, despite of their general use, conventional
ater purification methods (e.g., activated sludge process, physical

dsorption and membrane separation, etc.) have obvious draw-
acks, such as long period, high cost for second pollution, low

ineralization ability and even generation of abundant byproduct

4]. Therefore, green and efficient technologies are highly desirable
o resolve the current water shortage and pollution problems.

∗ Corresponding author. Tel.:+ +86 20 85291501; fax: +86 20 85290706.
∗∗ Corresponding author. Tel.:+ +61 7 55528261; fax: +61 7 55528067

E-mail addresses: antc99@gig.ac.cn (T. An), h.zhao@griffith.edu.au (H. Zhao).

ttp://dx.doi.org/10.1016/j.apcata.2015.10.005
926-860X/© 2015 Elsevier B.V. All rights reserved.
Heterogeneous photocatalysis as a green technology has
demonstrated potentials for the utilization of abundant and clean
energy source (natural solar light) for the purpose of water
purification and recycling [5–7]. However, the most reported semi-
conductor photocatalysts to date are active only under UV light
illumination, greatly limited their practical applications. Exten-
sive efforts have therefore been devoted to develop visible light
active photocatalysts. Inexpensive and abundantly available cop-
per oxide semiconductors with narrow bandgaps (1.2 eV for CuO
and 2.0 eV for Cu2O) have received much attention in recent years
in the field of environmental remediation and renewable energy
production [8–11], becoming promising candidates to replace
traditional UV-light-active photocatalysts. Recent studies indi-
cate that the photocatalytic activities of photocatalysts are highly
dependent on their composition and structure [12,13]. To date,
copper oxide materials with various hollow structures have been

prepared [14,15], show higher surface area and porosity, lower
bulk density, greater light-harvesting capacity, and thus higher
photocatalytic activity toward the oxidation of pollutants than
their solid counterparts [13,16,17]. For example, Yu et al. reported

dx.doi.org/10.1016/j.apcata.2015.10.005
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2015.10.005&domain=pdf
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hat the Cu2O spheres with hollow structure possessed higher
hotocatalytic efficiency towards methyl orange degradation than
hat with solid octahedral structures, due to the hollow sphere
tructures with higher surface area and greater light-harvesting
apacity [18]. Moreover, in contrast to single component metal
xide, bi-component metal oxides integrated two types of func-
ional materials show higher photocatalytic efficiency by increasing
he charge separation and extending the energy range of pho-
oexcitation [19]. Wang et al. [20] reported the preparation of
niform CuO/Cu2O composite hollow microspheres through a sim-
le hydrothermal method. The resultant materials also exhibited
igher photocatalytic activity for the degradation of dye pollutant
nder UV light illumination than sole CuO sample. Meanwhile,
u et al. [21] also synthesized the CuO, Cu2O, and CuO/Cu2O
omposite hollow spheres. However, none of them showed pho-
ocatalytic activity under visible light irradiation. Indeed, it is
till a great challenge to synthesize copper oxide composite with
ood tunable structure and high visible light photocatalytic activ-
ty. Furthermore, by regulating the structure properties of copper
xide composite (e.g., composition and morphology), it is expected
hat the resultant materials may  possess controllable visible-light-
riven photocatalytic activity. However, the research on such topic

s still limited attempted.
Herein, copper oxide composite with tunable composition and

orphology was obtained by a facile hydrothermal method. Exper-
mental parameters such as the amount of template (Pluronic
123), pH value of precursor solution, hydrothermal reaction
emperature and hydrothermal time were studied in detail to
nvestigate their effects on the composition and morphology of
he resultant samples as well as their photocatalytic activity.

oreover, the possible formation mechanism of the copper oxide
omposite was tentatively proposed based on the experimental
esults. Finally, the photocatalytic activities of the prepared sam-
les were evaluated by the degradation of a typical dye pollutant,

.e., methyl orange, under visible light illumination, and the per-
ormance enhancement mechanism of the copper oxide composite
hotocatalyst was also illustrated.

. Experimental

.1. Reagents

Cu(CH3COO)2·H2O, d-sorbitol, ethanol, acetic acid and NaOH
ere all purchased from Sinopharm Chemical Reagent Co., Ltd.

luronic P123 (Ma  = 5800) was obtained from Sigma–Aldrich. All
eagents were analytic grade, and all aqueous solutions were pre-
ared with deionized water.

.2. Synthesis

In a typical synthesis procedure, appropriate amounts of
u(CH3COO)2·H2O and d-sorbitol (molar ratio of 10–1) were added

nto a 5.0 g L−1 Pluronic P123 aqueous solution under vigorous stir-
ing. The pH value of the precursor solution was  4.5. Then, the
esulted solution was hydrothermally treated at 150 ◦C for 24 h.
fter that, the precipitate was collected and washed adequately
ith distilled water for three times. Controllable parameters were

nvestigated including different pH value of the precursor solution
3.5–6.5), hydrothermal reaction temperature (125–200 ◦C) and
ydrothermal reaction time (0–72 h). Microwave-assisted extrac-

ion in ethanol (30 mL  g−1) for 15 min  was subsequently used to
emove P123 from the as-prepared samples. The samples were
nally air-dried overnight at 55 ◦C prior to characterization and
hotocatalytic experiment.
General 521 (2016) 34–41 35

2.3. Characterization

The crystallographic structure information of the samples was
collected by powder X-ray diffraction (XRD, Rigaku D/MAX-2200
VPC). Surface analysis for the samples was  performed using X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250). The mor-
phology and microstructure of the products were characterized by
field emission scanning electron microscopy (SEM, JOEL JSM-890)
and transmission electron microscopy (TEM, Philips F20).

2.4. Evaluation of photocatalytic activity

Visible light photocatalytic experiments were performed by
photocatalytic degradation of methyl orange (MO) aqueous solu-
tions with an initial concentration of 20 mg L−1. The photocatalytic
reactor consisted of a 160 mL  Pyrex glass bottle with a jacket out-
side, a magnetic stirrer underneath and a halogen lamp (Philips,
100 W)  in parallel to the glass bottle with an distance of 8.0 cm
(the illuminance of ca. 9000 lx). The light spectrum of halogen
lamp was measured in the range between 400 and 600 nm.  Dur-
ing the experiment, the reaction temperature was kept at 25 ± 2 ◦C
by a continuous circulation of water in the jacket around the reac-
tor. Reaction suspensions were prepared by adding 0.225 g of the
synthesized photocatalyst into 150 mL of MO  aqueous solution
under continuously stirring. Prior to irradiation, all the reaction
suspensions were kept on stirring in dark for 60 min to establish
an adsorption–desorption equilibrium. A 3.0 mL  of reaction solu-
tion was taken out at given time intervals and filtered through a
0.2 �m millipore filter for the analysis. The concentration of MO
was analyzed by a Thermo Spectronic Helios � UV–vis spectrometer
(� = 463 nm).

The photocatalytic degradation efficiency was calculated
according to Eq. (1).

Degradationefficiency (%) = C

C0
× 100% (1)

where C presented the concentration of residual MO after reaction
and C0 was  original concentration of MO.

3. Results and discussion

3.1. Characterization

Fig. 1A shows the XRD patterns of the samples prepared with and
without the addition of template P123. Obviously, all the diffrac-
tion peaks can be assigned to Cu2O (JCPDS card no. 78-2076) and
CuO (JCPDS card no. 80-1917), suggesting the coexistence of both
Cu2O and CuO phases in the samples. Further SEM result reveals no
hollow structure is formed without P123 (Fig. 1B). On the contrary,
adding a suitable amount of P123 (5.0 g L−1) in the preparation pro-
cess results in the formation of high-purity hollow microspheres
with an average diameter of ca. 2.0 �m and a shell thickness of
ca. 200 nm (Fig. 1C–E). This implies that P123 template only acts
as a structure-directing agent to facilitate the formation of hollow
structure. Similar results have also been reported for the synthesis
of other metal oxide hollow spheres [22,23]. Moreover, alternation
of the amount of P123 cannot result in the change of the composi-
tion and morphology (Data not shown), again confirming the only
role as template of P123 in this study. High resolution TEM image
of the sample further reveals that the interlayer spacings of the
selected area are calculated to be 0.245 and 0.253 nm, which are

assigned to the (1 1 1) and (0 0 2) lattice planes of Cu2O and CuO,
respectively (Fig. 1F). Clearly, copper oxide composite with con-
trollable morphology can be synthesized by a facile soft-template
hydrothermal method.
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ig. 1. (A) XRD patterns of samples prepared without (a) and with (b) P123. SEM im
ample  prepared with P123. (hydrothermal temperature: 150 ◦C; pH value of precu

To understand the formation process of the copper oxide com-
osite, the effects of reaction conditions on the resultant samples
re investigated. In the process of hydrothermal synthesis, the pH
alue of the precursor solution can affect the solubility of solute,
he crystal growth rate, and ultimately the microstructure, shape
nd size of the crystals [24,25]. Thus, the effect of the pH value of
he precursor solution on the microstructures of the resulted sam-
les is firstly investigated. Herewith, acetic acid or NaOH solution

s used to adjust the pH value of the precursor solution. As seen
rom the XRD patterns (Fig. 2A), the resulted products are all pure
u2O when the pH values are selected as 3.5, 5.5 and 6.5, while a
ixture of Cu2O and CuO is obtained when the pH value equals

o 4.5, indicating too low or too high pH value of the precursor
olution is unfavorable for the formation of CuO/Cu2O composite.
his indicates that the pH value of precursor solution may  signif-
cantly influence the followed oxidation and reduction reactions
f copper ions [26]. Further XPS analysis also confirms the XRD
esults. As shown in Fig. S1A, the presence of only copper and oxy-
en in all samples can be observed, except for a small amount

f adsorbed carbon whose C 1s peak position (284.6 eV) is used
o calibrate the acquired spectra. However, high-resolution XPS
esults show significantly different. In the case of Cu 2p spectrum
or the sample prepared under the condition of pH 4.5 (Fig. 3A),
of samples prepared without (B) and with (C and D) P123. (E and F) TEM images of
olution: 4.5; hydrothermal time: 24 h).

four peaks corresponding to the Cu 2p3/2 (933.5 and 935.3 eV) and
Cu 2p1/2 (953.5 and 955.4 eV) are observed. According to the lit-
erature [27], the peaks at 933.5 and 953.5 eV are the characteristic
peaks of Cu2O, while that at 935.3 and 955.4 eV are attributed to the
CuO, suggesting the formation of Cu2O and CuO composite. How-
ever, only peaks at 933.5 and 953.5 eV can be observed from Cu 2p
spectrum of the sample prepared at other pH values (taking the
sample prepared with pH 6.5 as an example), indicating the for-
mation of pure Cu2O. In addition to the composition, pH value of
the precursor solution also shows great effect on the morphology
of the resulted samples. As shown in Fig. 4, the synthesized sam-
ple (pH 3.5) is mixture of bumpy micropolyhedrons and particles.
After increasing pH value to 4.5, uniform microspheres with hol-
low structure are obtained, which then become solid when the pH
increases to 5.5. And irregular-shaped microparticles appear when
the pH value reaches 6.5. Obviously, by simply adjusting the pH
value of the precursor solution, Cu2O or CuO/Cu2O composite with
the morphologies of polyhedrons, solid (or hollow) microspheres
or microparticles can be obtained. As one may  know, CuO/Cu2O

composite has demonstrated higher photocatalytic activity than
pure Cu2O [21]. Similarly, the fabricated CuO/Cu2O composite hol-
low microspheres are expected to have superior photocatalytic
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Fig. 2. XRD patterns of samples prepared at different pH value of precursor solution
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Fig. 3. XPS spectra of samples prepared at different pH value of precursor solution

75 ◦C; (c) 200 ◦C)) and hydrothermal reaction time (C) ((a) Non-hydrothermal; (b)
2  h; (c) 36 h; (d) 48 h; (e) 72 h)).

ctivity as compared with corresponding Cu2O particles or solid
icrospheres in this study.
As reported in previous work, hydrothermal reaction tempera-

ure was found to be a key parameter to influence the photocatalytic
ctivity of the resultant photocatalyst [6,28]. Thus the effect of
he hydrothermal reaction temperature on the photocatalytic per-
ormance of the synthesized sample is investigated. XRD results
isplayed in Fig. 2B reveal that both CuO and Cu2O phases exist in
he sample obtained under the hydrothermal reaction temperature
f 125 ◦C, while the content of CuO then decreases significantly,

◦
eading to the dominant Cu2O in the sample (150 C). As further
ncreasing the temperature to 175 ◦C, CuO completely disappears
nd only pure Cu2O exists in the sample. Notably, a mixture of Cu2O
nd Cu is observed for the sample synthesized under a higher tem-
(A) ((b) pH 4.5; (c) pH 6.5)), hydrothermal reaction time (A) ((a) Non-hydrothermal;
(b) 24 h) and hydrothermal temperature (B and C) ((a) 125 ◦C; (b) 175 ◦C; (c) 200 ◦C).

perature (200 ◦C). All these results indicate that the composition of
resultant sample can be readily tuned by increasing hydrothermal
reaction temperature, resulting in an in-situ reduction process of
CuO to Cu2O and then Cu. Similar results have also been found by
Li et al. [29] and Ai et al. [30]. XPS technique is further employed
to verify this conclusion (Figs. S1B and 3). The Cu 2p spectra for the
samples synthesized at the temperature of 125 and 150 ◦C illus-
trate that the existence of both CuO (935.3 and 955.4 eV) and Cu2O
(933.5 and 953.5 eV). With further increasing reaction temperature

to 175 ◦C, the peaks observed in the Cu 2p core level spectrum are in
good agreement with that of Cu2O. However, these peaks become
evidently weaker when the hydrothermal temperature increases to
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ig. 4. SEM images of samples prepared at different pH value of precursor solution.
(A)  pH 3.5; (B) pH 5.5; (C) pH 6.5).

00 ◦C, indicating the decrease of the content of Cu2O in the sam-
le. The O 1s spectra (Fig. 3C) reveal that the binding energy peak at
30.0 eV (O2− in the compounds) decreases significantly when the
eaction temperature increases from 175 to 200 ◦C with an obvi-
us increase of the peak at 532.0 eV (O from absorbed gaseous
olecules). This result suggests that copper ion in the oxide may

e reduced to metallic Cu at high hydrothermal reaction tempera-
ure [31,32]. Similarly, the morphologies of the samples prepared at
ifferent hydrothermal temperatures are also investigated (Fig. 5).
he sample prepared at 125 ◦C is consisted of flower-like clusters
ith the average size of about 10.0 �m (Fig. 5A). Further obser-

ation reveals the coexistence of few solid hemispheres. For the
ample synthesized at 150 ◦C, high-quality hollow microspheres

ith a diameter of ca. 2.0 �m can be observed (Fig. 1C). Further

ncreasing the reaction temperature to 175 and 200 ◦C, polyhedral
nd dendriform structures are obtained, respectively (Fig. 5B and
Fig. 5. SEM images of the samples prepared at different hydrothermal temperature.
((a) 125 ◦C; (b) 175 ◦C; (c) 200 ◦C).

C). Based on the above results, it is found that increasing the reac-
tion temperature in the range investigated (125–200 ◦C) will lead
to the transformation of mixed CuO and Cu2O (flower-like cluster
or hollow sphere), into pure Cu2O (polyhedron) and then to mixed
Cu2O and Cu (dendriform particle). These obtained copper-based
materials with different composition and morphology may  possess
significantly different photocatalytic activities.

The characterization results for the samples prepared with or
without hydrothermal treatment are shown in Figs. 2C, 3A and 6.
For the sample “Non-hydrothermal”, the precursor solution with
same composition is stirred for 24 h under room temperature. XRD
result reveals that only weak diffraction peaks for CuO can be
observed for the sample obtained by “Non-hydrothermal” treat-

ment, suggesting the formation of CuO with poor crystallinity. This
may  be due to incomplete reaction of most substances in the pre-
cursor solution, which can be further confirmed by the XPS result.
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Fig. 6. SEM images of the samples prepared at different hydrother

learly, binding energies for Cu 2p3/2 and Cu 2p1/2 centered at 935.3
nd 955.4 eV are observed, indicating the existence of CuO. More-
ver, the Cu 2p core level spectrum displays satellite peaks, further
onfirming the existence of CuO in the sample [27,31–33]. How-
ver, significant increase of the intensity of the diffraction peaks of
ll the samples is observed after hydrothermal treatment, indicat-
ng enhanced crystallinity (Fig. 2C). Notably, variable composition
f the resulted materials is obtained. In the case of the sample syn-
hesized after the reaction of 12 h, both diffraction peaks of Cu2O
nd CuO can be detected by the XRD technique. And the intensity
f the peaks of the former becomes stronger and that of the lat-
er is weaker with prolonging the reaction time to 24 h, implying
hat the formed CuO may  be reduced to Cu2O with the presence of
-sorbitol. And given enough reaction time (≥36 h), the formation
f pure Cu2O is observed, further confirming the above hypothe-
is. Furthermore, the morphology transformation of the samples is
lso investigated. For sample “Non-hydrothermal” treatment, only
uffy particles can be observed (Fig. 6A), most of which are then
ransformed into hollow microspheres after hydrothermal reaction
f 12 h (Fig. 6B). With increasing the reaction time to 24 h, high-
urity hollow microspheres are obtained (Fig. 1C). However, when
he reaction time is further prolonged (≥36 h), the hollow micro-
pheres are severely damaged (Fig. 6C), and irregularly shaped
articles with large sizes are formed (Fig. 6D and E). Therefore, a

uitable hydrothermal reaction time (≤24 h) is also very critical to
he formation of CuO/Cu2O composite hollow microspheres with
ood crystallinity.
ime. ((A) Non-hydrothermal; (B) 12 h; (C) 36 h; (D) 48 h; (E) 72 h).

Based on the above results, a possible soft-templating and
oriented attachment formation mechanism of the copper oxide
composite (taking CuO/Cu2O composite hollow microspheres as
an example) is proposed and shown in Fig. 7. As known, P123
possesses a long poly(propylene oxide) segment and two medium
length poly(-ethylene oxide) blocks, favorable for the formation
of micelles with dehydrated poly(propylene oxide) blocks in the
core and coronas of hydrated poly(ethylene oxide) segments at
the micellar surface [34]. Moreover, a strong complexation inter-
action has been observed between P123 and metal ions, leading to
the formation of P123-metal ion micelles in the solution [35,36]
to avoid the formation of Cu(OH)2 precipitation. Thus, in this
study, Cu2+ in the solution will firstly interact with P123 to form
P123-Cu2+ core-shell micelles, which are easily oxidized by O2
to produce P123-CuO composite micelles under high temperature
and pressure conditions. Further, CuO in the composite is reduced
to Cu2O at the presence of reductant—d-sorbitol, leading to the
formation of P123-CuO/Cu2O composite micelles. Subsequently,
these composite micelles grow and aggregate through oriented
attachment process, leading to the formation of P123-CuO/Cu2O
composite microspheres. Finally, after the removal of the P123
template by microwave-assisted extraction, CuO/Cu2O composite
hollow microspheres can be obtained successfully. This formation
mechanism is also suitable for the rest copper oxide samples with

tunable composition and morphology in this study, except differ-
ent synthesis conditions such as pH value of precursor solution,
hydrothermal temperature and time are applied.
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Fig. 7. Schematic illustration of the possible formation mec
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ig. 8. Kinetic curves (A) and rate constants (B) of photocatalytic MO degradation
y  the copper oxide composite photocatalysts.

.2. Evaluation of photocatalytic activity

The photocatalytic activities of the prepared copper oxide sam-
les are evaluated by photocatalytic degradation of MO in water,
nd the results are presented in Fig. 8. From Fig. 8A, it can be seen
hat all samples show high photocatalytic activities, and the degra-
ation efficiency of MO  by the Cu2O microparticles reaches 77.5%
fter 300 min  of visible light irradiation, which then increases to
3.9% by CuO/Cu2O hollow microspheres with particles and 87.7%
y Cu2O solid microspheres. Cu2O micropolyhedrons with particles
89.3%) and Cu2O broken hollow microspheres (89.4%) show similar
egradation efficiency toward MO,  while the highest photocatalytic
ctivity for the degradation of MO  is obtained for the CuO/Cu2O hol-
ow microspheres (92.2%). The inset of Fig. 8A presents the linear
ttings of the relationship between −ln (C/C0) and the degradation

ime, and the rate constants are given in Fig. 8B. Clearly, pseudo-
rst-order degradation kinetics is observed, which is similar to the
inetics obtained from other metal oxide catalysis systems [37].
hanism of CuO/Cu2O composite hollow microspheres.

Moreover, the trend for the rate constant reveals that the rate con-
stant for CuO/Cu2O hollow microspheres (0.0089 min−1) is more
than 1.3 times of the other samples, again confirming the best
visible-light-driven photocatalytic activity of the CuO/Cu2O hollow
microspheres.

The superiorly visible-light-active photocatalytic activity of
CuO/Cu2O composite hollow microspheres in comparison with
other copper oxide composite photocatalysts can be attributed to
its excellent light harvesting capability, enhanced specific surface
area of the unique hollow structure and improved photogenerated
charge carrier separation within the CuO/Cu2O heterostructure. As
shown in Fig. 1, the sample shows unique hollow structure, which
can act as a reservoir not only to enhance the light harvesting, but
also to facilitate the transfer and diffusion of dye molecules in the
microsphere [16,38]. Moreover, due to the existence of both Cu2O
and CuO in the sample, the interface between these two copper
oxides can facilitate the separation of the photogenerated elec-
trons and holes due to the difference in the energy levels of their
conduction bands and valence bands [20,21], leading to the high
utilization of the absorbed visible light. Thus, the dye molecules
concentrated inside the hollow microspheres can readily react with
photogenerated active species (•OH, O2−•, h+, etc), which acceler-
ates the photocatalytic degradation of dye pollutant and results in
high degradation efficiency. This high visible photocatalytic activity
of the prepared CuO/Cu2O composite hollow microsphere photo-
catalyst may  fulfill the continuous usage for large-scale wastewater
purification process.

4. Conclusions

In summary, copper oxide composite hollow microsphere with
high visible light photocatalytic activity was  synthesized by simple
hydrothermal method. The synthesis reaction parameters showed
significant effects on the composition and morphology of the resul-
tant samples. By simply changing the synthesis reaction parameters
including the amount of Pluronic P123, pH value of the precur-
sor solution, hydrothermal temperature and time, the composition
of the resultant sample was correspondingly transformed from
CuO/Cu2O composite, to Cu2O and Cu/Cu2O composite with tun-
able morphologies such as bulky particles, polyhedrons, solid and
hollow microspheres, etc. Both the soft-templating and oriented
attachment processes might play key roles in the formation of
the copper oxide composite. Compared with other structures, the
CuO/Cu2O composite hollow microspheres displayed the best vis-
ible light photocatalytic activity of 92.2% within 300 min  toward
the degradation of MO,  which may  be due to their excellent light
harvesting capability, enhanced specific surface area of the unique
hollow structure and improved photogenerated charge carrier sep-
aration within CuO/Cu2O heterostructure.
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