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A B S T R A C T

A free-standing Cu2O/CuO@nanoporous copper/bulk metallic glass (Cu2O/CuO@NPC/BMG) composite rod
with a multimodal hierarchical porous structure has been successfully prepared by a facile two-step synthesis
strategy consisting of dealloying and anodizing. The NPC/BMG composite is first fabricated by dealloying of
Cu50Zr45Al5 BMG rod. Then the ultrafine Cu2O/CuO nanosheet arrays are synthesized by anodizing of the NPC/
BMG rod followed by heat treatment. The as-obtained Cu2O/CuO@NPC/BMG composite possesses a multimodal
hierarchical porous structure comprising interconnected pores ranging from micro, meso to macro sizes. It is
worth pointing out that there are several “barren lands” without nanosheets grown on the surface of the com-
posite. Further analyses indicate that the microstructures of substrate materials not only dominate the sizes of
Cu2O/CuO sheets, but also influence the nucleation and growth of Cu2O/CuO sheets. Meanwhile, the possible
formation mechanism of the Cu2O/CuO nanosheets is proposed. Accordingly, the Cu2O/CuO@NPC/BMG
composite shows remarkably high photocatalytic degradation performance and excellent cycling stability for
RhB due to the multimodal hierarchical porous structure, ultrafine Cu2O/CuO nanosheets in the entire NPC and
the integration design strategy.

1. Introduction

Cuprous oxide (Cu2O) and cupric oxide (CuO), as a p-type metal
oxide semiconductor with narrow band gaps of 2.17 eV and 1.2 eV,
respectively, have created extensive interest because of their multi-
functional properties and promising applications in photocatalysis and
purification of water [1–3]. In the last several decades, the chemical
methods have been commonly used to prepare nanostructured cupric
and cuprous oxide particles [4–6]. However, the powdery Cu2O/CuO
nanocatalysts easily aggregate during catalytic reaction, resulting in
great reduction of their catalytic activity and lifetime. Therefore, it is
necessary to develop a free-standing Cu2O/CuO photocatalytic material
with high performance.

Based on the degradation performance of the photocatalytic mate-
rials, what really matters in addition to the nanorization is the porosity
[7]. The well-designed overall architecture including the dimension,
shape and porosity of Cu2O/CuO photocatalytic materials can provide
larger surface area and more active sites, which play an important role
in degradation of organic pollutants [8,9]. To date, using copper metal
(copper plate, copper foil, copper net and copper foam) as a substrate,
researchers have fabricated Cu2O/CuO nanostructures with diversified
tailored shapes, such as nanowires, nanorods and nanospheres etc. by a

variety of ways including solution-phase route, hydrothermal method,
thermal oxidation and so on [10–14]. It is indicated that the micro-
structure of the substrate material had a great influence on the dis-
tribution of the active materials [15]. Although the copper foam with a
three-dimensional micron architecture and a rich porosity is the most
promising substrate among the copper sheet, foil and net, it is limited to
the micro-scale and untunable pore sizes. Very recently, with the ap-
pearance of nanoporous metals (NPM), a popular route to produce
Cu2O, CuO or CuS nanocatalysts on a NPM substrate has been proposed
[16–19]. By rationally designing the composition of precursor alloy and
controlling the parameters of dealloying process, the ligaments and
pore sizes of the nanoporous metals (NPM) can be adjusted from several
nanometers to hundreds of nanometers flexibly [20–22]. Lu et al.
[16,17] demonstrated the synthesis of a CuO nanowire array grown on
the nanoporous copper (NPC) ribbon by thermal treatment at 500 °C.
The diameter of the nanowire is about 120 nm and the length is over
1 μm. By immersion of the NPC ribbon templates in anhydrous ethanol,
Dan et al. [18] achieved two types of Cu2O nanoarchitectures, i.e.,
nanobelts of above 480 nm in width and nanopetal exceeding 300 nm in
thickness. Unlike copper foam, it is well established that the composi-
tion and pore size of the NPC can be easily tailored by tuning alloy
constituents and dealloying conditions [23,24]. Thus, the size of the
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prepared Cu2O/CuO nanostructures such as nanowires, nanobelts, na-
nopetal networks etc. can be controlled. So far, a significant advance
has been made in the fabrication of Cu2O/CuO nanocatalysts grown on
the NPC thin film or ribbon with high multifunctional performance
[16–18]. However, one must realize one major drawback, i.e., the na-
nostructured Cu2O/CuO@NPC ribbons easily suffer from significant
frangibility and breaking into the pieces during preparation and pho-
tocatalytic degradation due to the high brittle nature of NPC thin
ribbon, which have greatly restricted their commercial applications.

With the aim of developing a cost-effective, free-standing Cu2O/
CuO@NPC composite rods and a further minimizing Cu2O/CuO na-
nostructure, which benefit for higher degradation activity for organic
dyes, design strategy for initial alloy precursor and suitable fabrication
technique is quite important. This work focuses on dealloying
Cu50Zr45Al5 bulk metallic glass (BMG) rod to prepare the nanoporous
copper/bulk metallic glass (NPC/BMG) substrate rod. Then, the ano-
dizing technology followed by heat treatment process is employed on a
NPC/BMG rod to fabricate ultrafine Cu2O/CuO nanosheet arrays for the
first time. The possible nucleation and growth mechanism of Cu2O/CuO
nanosheets is proposed. Moreover, the catalytic performance of the as-
prepared Cu2O/CuO@NPC/BMG composites for the oxidative de-
gradation of RhB with H2O2 is examined.

2. Experimental methods

2.1. Synthesis of Cu2O/CuO@NPC/BMG composite rod

A NPC/BMG substrate rod with a diameter of 2mm was fabricated
by chemical dealloying of Cu50Zr45Al5 BMG rod in 0.05M HF at 298 K
for 1 day, as described in our previous paper [25]. Then, the anodizing
measurements were performed by DC Power Supply (TPR-12010D). A
NPC/BMG substrate rod with gauge dimensions of 20mm in length and
2mm in diameter, and a platinum mesh were used for working and
counter electrodes, respectively. At about 298 K, anodizing process [26]
was conducted in 0.5M KOH and at the constant current density of
5mA/cm2 for 10–30min. The as-anodized products were washed in
distilled water and then calcined at 473 K for 2 h in air. The synthesis
process of a free-standing Cu2O/CuO@NPC/BMG composite rod, with
the Cu2O/CuO nanosheet arrays grown on NPC/BMG substrate, is
schematically illustrated in Fig. 1. To study the effect of substrate ma-
terials with different pore/ligament structure on the surface morphol-
ogies of the anodized samples, the same condition was also employed
on commercial Cu foam and Cu plate.

2.2. Microstructure characterization

The XRD patterns were detected by X-ray diffractometer (D/Max-
2500, Rigaku V) with Cu Kα radiation. X-ray photoelectron spectro-
scopy (XPS, Thermo Fisher Scientific) measurements were utilized to
obtain the surface oxidation states. The microstructure and morphology
of the as-prepared specimens were examined by transmission electron
microscopy (TEM, Tecnai G2 F20) and scanning electron microscopy
(SEM, Nova nanoSEM 450, FEI) equipped with an X-ray energy dis-
persive spectroscope (EDS). The wettability was measured by a contact
angle (CA) measurement system (JC2000C1). Nitrogen adsorption-
desorption isotherm was measured by a surface area and porosity
analyzer (ASAP2020M+C). The specific surface area and the pore size
distribution were obtained using the Brunauer-Emmett-Teller (BET)
method and the Barrett-Joyner-Halenda (BJH) method, respectively.
Photoluminescence (PL) spectra were performed by fluorescent spec-
trometer (FSP920).

2.3. The degradation performance for rhodamine B (RhB)

The catalytic performance of the Cu2O/CuO@NPC/BMG composite
rods was investigated by measuring the decomposition rate of RhB,
with the presence of H2O2, in a neutral condition. The catalyst sample
with effective catalytic area of 1 cm2 was added into the 6mL of 10mg/
L RhB solution, followed by the addition of the 2mL of 30 mass% H2O2.
The mixed solution was irradiated under a 500W Xe lamp equipped
with a cut-off filter (λ≥ 420 nm). The distance between the lamp and
the solution was about 10 cm and the irradiation intensity was
100mW cm−2. The photocatalytic degradation was examined with a
UV spectrophotometer (Lambda-750) for the 3mL of mixed solution
after the reaction. The Cu2O/CuO@Cu foam composite with the same
area prepared by the anodizing methods was also measured for com-
parison.

3. Results and discussion

3.1. Characteristics of hierarchical porous Cu2O/CuO@NPC/BMG
composite rod

Fig. 2a shows the optical morphologies of the as-cast Cu50Zr45Al5
rod, as-dealloyed sample (NPC/BMG) obtained by dealloying the
Cu50Zr45Al5 rod in 0.05M HF for 1 day, and as-anodized sample by
anodizing the dealloyed sample followed by heat treatment. The ano-
dizing was applied in 0.5M KOH and at the constant current density of
5mA/cm2 for 10min. From Fig. 2a, it is clearly seen that the color
changes from argentous to a typical Cu metallic luster for the as-

Fig. 1. Schematic illustration showing the synthesis process of a free-standing Cu2O/CuO@NPC/BMG composite rod.
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dealloyed rod, and then to black for the sample after anodizing and
calcination. For NPC ribbons (Fig. 2b), however, the high brittle nature
does not allow the subsequent anodizing process to be performed effi-
ciently. Therefore, it is evident that the Cu50Zr45Al5 BMG rod as the
precursor material shows unique advantages. The XRD patterns
(Fig. 2c) confirm that the as-cast Cu50Zr45Al5 rod exhibits a typical
amorphous structure and the product scraped from the as-dealloyed
composite is an fcc Cu (JCPDS #04–0836) companying with minor
Cu2O (JCPDS #05-0667). For the as-anodized sample, many new peaks
are observed in the XRD pattern, wherein the characteristic diffraction
peaks correspond to the (110), (111), (200), (220), (311), (222) planes
of cubic Cu2O and the (110), (11−1), (111), (20−2), (202), (31−1),
(113) planes of monoclinic CuO (JCPDS #48–1548). Accordingly, the
Cu2O/CuO products are formed on the surface of NPC/BMG substrate
rod. According to previous studies [27], the integral intensity of Cu2O
and CuO planes can be used for calculation of the relative content of
Cu2O phase (wt%) in the Cu2O/CuO composite layer. The relative
content of Cu2O is about 78%. On the other hand, the Cu 2p XPS is
measured to clarify the composition of the as-prepared Cu2O/CuO na-
nosheets. As shown in Fig. 2d, the peak is located at 934.2 eV together
with the FWHM of 3.8 eV and the characteristic shake-up satellite peaks
suggest the existence of Cu2+, while lower binding energy with
932.8 eV is characteristic of Cu+ [28]. XPS analysis results show that
the as-prepared layer on NPC/BMG substrate surface consists of Cu2O
and CuO, which is in agreement with the XRD results.

In order to investigate the pore/ligament structure on growth and
sizes of Cu2O/CuO nanosheets, the surface morphologies of bare NPC,
commercial Cu foam and their corresponding anodized samples are
examined by SEM in Fig. 3. The anodized Cu plates by anodizing
treatment at the same condition are also shown for comparison. The
NPC substrate (Fig. 3a) exhibits a bicontinuous and interpenetrating
nanoporous structure. The sizes of the ligament and channel are about
118 nm and 45 nm, respectively. In Fig. 3b, it is found that a large
number of ultrafine Cu2O/CuO nanosheets with the thin thicknesses of
about 9 nm uniformly cover on the surface of NPC substrate which
anodized in 0.5M KOH and at the constant current density of 5mA/cm2

for 10min. The cross sectional morphology (Fig. 3c) shows that the
thickness of the Cu2O/CuO layer is about 113 nm. The thickness and
morphology of the Cu2O/CuO can be tuned by varying the electrolyte

concentration, anodizing current density and time. When the anodizing
time increases to 15min, the sizes of the nanosheets (Fig. 3d) grow to
bigger scale. For comparison, the morphologies of the commercial Cu
foam, and Cu2O/CuO@Cu foam composite (Fig. 3e and f) together with
the Cu sheet after anodizing for 10min (Fig. 3g and h) are also shown.
It is found that the sizes of the Cu2O/CuO nanosheets grown on the Cu
foam surface are much larger than those on the NPC. On the contrary,
there are only corrosion pits and cracks on the Cu plate after anodizing.
The results imply that the pore/ligament structure not only dominates
the sizes of Cu2O/CuO sheets, but also influences the nucleation and
growth of Cu2O/CuO sheets.

In order to characterize the microstructure of the Cu2O/CuO na-
nosheets, TEM images of the nanosheets on NPC and a single nanosheet
at high-magnification are shown in Fig. 4a and c. It is clearly seen that
the sizes of nanosheets range from 60 to 130 nm. Moreover, a large
number of nanopores with much smaller sizes of about 2–3.5 nm are
distributed on the nanosheets. To our knowledges, such ultrafine na-
noporous structure has never been reported in previous studies.
Moreover, Fig. 4b shows the selected-area electron diffraction (SAED)
pattern taken from a random assembly of nanosheets. All diffraction
rings could be identified as monoclinic CuO and cubic Cu2O, which are
further confirmed from the spacing of the lattice fringe contrast shown
in Fig. 4c. The SEM and TEM results indicate that the free-standing
Cu2O/CuO@NPC/BMG composites present a multimodal hierarchically
porous structure, containing the macropores from nanosheets interla-
cing, mesopores from NPC substrate, and micropores appeared on the
each nanosheet. Particularly, unlike other preparation methods
[16–18], the anodizing process performed on NPC/BMG is a most ef-
fective way to synthesize the Cu2O/CuO with ultrafine nanostructures.

Fig. 5a shows the large scale of surface morphology of the Cu2O/
CuO@NPC/BMG composite at low-magnification. Surprisingly, it is
observed that there are several “barren lands” without nanosheet
growth on the surface. The inset in Fig. 5a represents the SEM image at
a higher magnification taken from the region A. It is clearly seen that
the barren region consists of unconnected pore structure, which results
from the unformed pore area of the NPC substrate shown in Fig. 5b.
These interesting phenomena discovered in this work reveal that three
dimensional (3D) porous structure with continuous ligament frame-
work can facilitate the growth of Cu2O/CuO nanosheets. The

Fig. 2. (a) Optical morphologies of the as-cast
Cu50Zr45Al5 rod, as-dealloyed sample (NPC/BMG)
immersed in 0.05M HF for 1 day, and as-anodized
sample after anodizing the as-dealloyed sample in
0.5M KOH for 10min followed by heat treatment.
(b) Optical morphology of the NPC ribbons. (c) XRD
patterns corresponding to the samples in (a). (d) The
Cu 2p XPS spectrums of the as-prepared Cu2O/CuO
nanosheets.
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reasonable explanations can be deduced from two aspects. Firstly, on
the basis of thermodynamic control process, the NPC region with a
continuous ligament/pore structure has larger specific surface area and
thus leads to higher surface energy than those with discontinuous pores
(Fig. 5b). Secondly, it is observed that many kinds of crystal defects

including dislocation and atom vacancies are generated on the 3D NPC
ligament surface during the dealloying (Fig. 5c and d), which may act
as nucleation sites for nanosheets. Moreover, it was reported that the
NPC region with a continuous ligament/pore structure has a higher
curvature and thus has more nucleation sites [29,30]. These are also

Fig. 3. (a) Surface morphology of the NPC/BMG substrate. (b) Surface and (c) cross sectional morphologies of the Cu2O/CuO@NPC/BMG composite after anodizing
for 10min. (d) Surface morphology after anodizing for 15min. Surface morphologies of (e) the commercial Cu foam, (f) Cu2O/CuO@Cu foam composite, (g) and (h)
Cu plate after anodizing.

Fig. 4. TEM images of the nanosheets (a) with the SAED (b). (c) TEM image of a nanosheet at high magnification.
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reasons why no nanosheets on the Cu plate after anodizing are observed
(Fig. 3g and h). On the other hand, in addition to the Cu2O/CuO na-
nosheet arrays on the top surface of the NPC/BMG, it is observed that a
large amount of Cu2O/CuO nanosheets with much smaller sizes grow
on the inside of NPC (Fig. 5e). This result implies that the nanoporous
layer of Cu2O/CuO@NPC/BMG composite demonstrates good surface
wettability with KOH aqueous solution, which is further proved by
good contact interface between the Cu2O/CuO@NPC/BMG composite
and the KOH aqueous solution (the insert in Fig. 5e).

In this work, Cu2O/CuO nanostructures were prepared by calcining
Cu(OH)2 nanosheets which were obtained by anodizing NPC/BMG
substrate. So, the possible formation mechanism of Cu(OH)2 must be
explored first before the formation mechanism of the Cu2O/CuO, as
illustrated in Fig. 6. As we know, the final morphology of nanocrystals
is determined by the inherent crystal structure and external conditions
(reaction media, time, etc.) [31]. We suggest that the formation of the
Cu(OH)2 nanosheets mainly consists of three steps (Fig. 6): (I) During
the anodizing process, NPC in KOH solution is oxidized to Cu2+ ions by
applied external electric field of 5mA/cm2. As we discussed in the last
paragraph, Cu(OH)2 nucleation initially occurs at the crystal defects of
NPC ligament (Fig. 5c and d) where Cu2+ ions begin to bond with OH−

ions (Fig. 6a). Then, it is most likely that a olated > Cu
(OH)2Cu < chain oriented along the [100] direction (a-axis) (Fig. 6b)
is formed by square planar coordination of Cu2+ and OH− ions [32].
(II) By the coordination of OH− ions of one chain to the Cu2+ of
neighboring chain, these olated chains can be connected along the
[001] direction (c-axis) to form a two-dimensional (2D) layered struc-
ture paralleling to the (010) plane of Cu(OH)2 (Fig. 6c). (III) Along the
[010] direction (b-axis), the layers are stacked through the relatively
weak hydrogen bond to finally form the layered Cu(OH)2 with or-
thorhombic crystal structure (Fig. 6d). According to the Bravais-
Donnay-Harker (BDH) law [33], it seems in this work that the growth of
Cu(OH)2 along the [100] is the fastest, while that of the [010] direction
is the lowest. Therefore, the Cu(OH)2 growth along the [010] direction
is significantly prohibited and a sheet-like Cu(OH)2 structure is formed
in the initial stage of anodizing. As the anodizing time increases, it is
possibly because that the nanosheet edges are subjected to the larger

charge density [34], and Cu(OH)2 nanosheets grow into a bigger size by
Ostwald ripening along the nearly perpendicular direction to the NPC
substrate (Fig. 3b). This work can fabricate Cu(OH)2 nanosheets with
controllable ultrafine sizes by adjusting the electric field strength. Si-
milar growth mechanisms for Cu(OH)2 have been also reported in other
works [32,35,36]. However, they usually adsorbed NH3 on the (010)
plane surface of the Cu(OH)2 to further suppress the growth along the
[010] direction by hydrothermal method, which makes it more difficult
to obtain Cu(OH)2 nanosheets with controllable sizes. Subsequently,
calcined at 473 K for 2 h in air, Cu(OH)2 is converted to a main product
of Cu2O with minor CuO. These reactions are shown as follows:

→ +Cu(OH) CuO H O2 2 (1)

+ →CuO Cu Cu O2 (2)

Based on reaction (1), Cu(OH)2 are converted to CuO. Then, a large
amount of CuO is reduced to Cu2O by Cu from NPC matrix according to
reaction (2). Eventually, the Cu2O/CuO is prepared successfully and the
sheet-like morphology is well inherited from the shape of Cu(OH)2.

Fig. 7 presents N2 adsorption-desorption isotherm and the corre-
sponding pore-size distribution curve of the hierarchical Cu2O/CuO
nanocomposite. As shown in Fig. 7a, the BET specific surface area is
28.85m2 g−1. In addition, the pore feature is displayed in Fig. 7b, in
which the pore size mainly ranges from 1 to 15 nm. The microporous
and mesoporous features of the nanosheets may increase the contact
areas between active materials and RhB dye molecules.

3.2. Photocatalytic degradation performance of the composite rod

The UV adsorption spectra of 10mg/L RhB solution degraded by a
Cu2O/CuO@NPC/BMG catalyst in the presence of H2O2 for different
reaction time is shown in Fig. 8a. Even at the reaction time of 1min, the
characteristic adsorption peak of RhB at 553 nm drops quickly and
becomes almost flat after only 9min. Meanwhile, the inset photo of
Fig. 8a shows that the color of RhB solution at the initial red color
changes to be almost transparent after being degraded by the Cu2O/
CuO@NPC/BMG composite for 9min. These results demonstrate that

Fig. 5. (a) Low-magnified SEM image of the Cu2O/CuO@NPC/BMG composite and the inset SEM image in region A. (b) Surface morphology of the NPC with
discontinuous pores. (c) and (d) TEM image of the NPC. (e) Overall SEM image of the Cu2O/CuO@NPC/BMG composite with the surface wettability.
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the Cu2O/CuO@NPC/BMG nanocomposite presents high degradation
performance for RhB dye solution. According to the UV adsorption
spectra of above-mentioned dye solution without a catalyst and in the
present Cu2O/CuO@NPC/BMG composite rod and Cu2O/CuO@Cu
foam composite for different reaction time, Fig. 8b plots the extent of
photodegradation of RhB (C/C0 at 553 nm) as function of reaction time
at room temperature. The C/C0 of RhB in the presence of H2O2 without
any catalyst declines slightly with the reaction time, indicating that the
H2O2 has almost no photocatalytic activity of RhB. Moreover, all the
Cu2O/CuO@NPC/BMG composites with ultrafine nanosheet arrays
exhibit excellent photocatalytic performance. Especially, the sample
anodizing for 10min shows much higher photocatalytic activity of 99%
degradation of RhB after 9min, whereas the degradation is only 40%
for the Cu2O/CuO@Cu foam composite due to the much larger sizes of
Cu foam skeleton (Fig. 3e) and the Cu2O/CuO sheets for the Cu2O/
CuO@Cu foam composite (Fig. 3f).

The mechanism of the RhB degeneration can be summarized by the
analyses of Fenton related reactions [19,37], which can be deduced as
follows:

+ → + +
+ + −Cu H O Cu OH HO˙2 2

2 (3)

+ → + +
+ + +Cu H O Cu H HO ˙2

2 2 2 (4)

Eqs. (3) and (4) further indicate that the simultaneous existence of
Cu+ and Cu2+ leads to a synergistic effect in improving properties. On
the other hand, the multimodal hierarchical porous structure plays
unique roles in improving the photocatalytic degradation performance
for RhB. Firstly, because of the macroporous and microporous struc-
tures, Cu2O/CuO nanosheets can absorb more light and produce a large
amount of photogenerated electrons and holes. NPC with mesopores
not only provides a template for growing Cu2O/CuO, but also provides
a conductive path for the Cu2O/CuO composite layer. Due to the het-
erojunction of CuxO/NPC, the mesoporous network of NPC is beneficial
for the fast transfer and transmission of photoelectrons to avoid the
recombination of electron-hole pairs, which is confirmed by PL spectra
(Fig. 8c). It is found that Cu2O/CuO@NPC/BMG composites show a
strong fluorescence quenching. The PL intensity of the sample anodized
for 10min is lower than that of the sample anodized for 15min, in-
dicating the sample anodized for 10min has a smaller recombination
and more efficient separation of electron-hole pairs. Therefore, it is not
surprising that the efficiency of photocatalytic degradation of RhB dyes
for the sample anodized for 10min is much better, which is consistent
with the results in Fig. 8b. Secondly, the macropores structure from

Fig. 6. The possible formation mechanisms of the Cu(OH)2.

Fig. 7. (a) N2 adsorption-desorption isotherm of the Cu2O/CuO@NPC/BMG composite and (b) the corresponding pore-size distribution.
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nanosheets interlacing can offer rapid pathways for the transportation
of RhB molecules of the solution. Meanwhile, the micropores appeared
on the each nanosheet provide more catalytic active sites, thus resulting
in the improved photocatalytic degradation performance for RhB.

It is necessary to evaluate the recyclability and stability for the
photocatalysts. As shown in Fig. 9a, the degradation rate of RhB for the
Cu2O/CuO@NPC/BMG composite after seven cycles is still 95.2%.
Fig. 9b reveals that the Cu2O/CuO nanosheets after seven cycles still
keep rather good shape and integrity, though they grow to a little
bigger size by amalgamation. Only Cu and O elements are recognized in
the inset EDS spectra.

Table 1 lists several Cu2O/CuO materials with photocatalytic per-
formance reported in previous literatures [3,38–41]. The present Cu2O/
CuO@NPC/BMG composite rod exhibits much better degradation ac-
tivity and cycling stability among the photocatalytic materials based on
the active Cu2O/CuO. For the sample shape, the free-standing compo-
sites in the forms of rod (this work), net [3] and plate [38] are more
easily taken out and recycled than powdery composites [39–41]. Al-
though the Cu2O/CuO material listed in Table 1 [38] is also free-
standing, the substrate is prepared by electrodepositing Cu coating on
the Ti plate, which greatly decreases the interfacial bonding between
Cu2O/CuO/Cu and Ti plate. Conversely, in this work, the interfacial
bonding between the in-situ grown Cu2O/CuO and the Cu substrate is
much stronger. Thus, the high cycling stability of the present Cu2O/
CuO composites is attributed to the integration design strategy. Im-
portantly, the micropores of Cu2O/CuO nanosheets, the interconnected
mesoporous channels within the 3D NPC substrate and the macropore
channels of the Cu2O/CuO nanosheet clusters provide a high specific
surface with numerous catalyzing sites, thus contributing to the im-
proved photocatalytic performance. Furthermore, due to the good

surface wettability between the Cu2O/CuO@NPC/BMG composite and
the KOH aqueous solution, a large amount of active substance Cu2O/
CuO nanosheets grow on the entire NPC (Fig. 5e), which results in high
degradation performance of the Cu2O/CuO@NPC/BMG composites for
RhB. Accordingly, the present free-standing Cu2O/CuO@NPC/BMG
composite rods with the multimodal hierarchical porous structure, ul-
trafine Cu2O/CuO nanosheets in the entire NPC and the remarkable
degradation performance show a promising respect in future commer-
cialization.

4. Conclusions

A facile two-step synthesis approach, i.e., dealloying followed by
anodizing method, is firstly introduced to design a free-standing Cu2O/
CuO@NPC/BMG composite rod with a multimodal hierarchical porous
structure. The Cu2O/CuO products with the ultrafine nanosheet arrays,
whose sizes are much smaller than those in recent reports, uniformly
grow on the NPC substrate. In addition to the nanosheets interlaced
macro pores and NPC meso pores, a number of micro pores of 2–3.5 nm
are distributed on each nanosheet. In addition, the possible formation
mechanism of Cu2O/CuO is proposed and the sheet-like morphology is
well inherited from the shape of Cu(OH)2. The Cu2O/CuO@NPC/BMG
composite rod presents remarkably high degradation activity of 99%
degradation of RhB after 9min in the present of H2O2 and excellent
cycling stability that is still 95.2% after seven cycles, which are con-
tributed to the multimodal hierarchical porous structure, ultrafine
Cu2O/CuO nanosheets in the entire NPC and the integration design
strategy.

Fig. 8. (a) The UV adsorption spectra of 10mg/L RhB solution by a Cu2O/CuO@NPC/BMG nanocatalyst in the presence of H2O2 for different time. (b) The extent of
photodegradation of RhB (C/C0 at 553 nm) as function of reaction time for different catalysts at 298 K. (c) PL spectra of catalysts anodized for different times.

Fig. 9. (a) Degradation ratio of 10mg/L RhB solution by a Cu2O/CuO@NPC/BMG composite rod at different cycles. (b) The surface morphology with inset EDS
spectra of the Cu2O/CuO@NPC/BMG composite after 7 catalytic cycles.
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