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A B S T R A C T

Designing and synthesizing a new photocatalytic material with highly efficient organic pollutant degradation
ability has been still a severe challenging subject. In this work, a ultrathin Cu2O nanowires@nanoporous copper
(NPC) composite ribbon with multimodal hierarchical structure has been successfully prepared by dealloying an
amorphous Cu50Zr45Al5 ribbon, followed by anodizing and then heat treatment. The diameter of the single Cu2O
nanowire ranges from 4.5 to 11 nm and a large number of nanopores with small sizes of 2–3 nm are dispersed on
each nanowire. The in-situ growth of Cu2O on the NPC substrate with increasing anodizing time results in a
peculiar morphology evolution. The Cu2O gradually grows from the initial pen-like nanowire clusters to the
flower-like nanowires. This work also provides the formation mechanism for the Cu2O nanowires through the
understanding of the balance between thermodynamics and dynamics processes which is controlled by the
applied current density. The new composite demonstrates ultrahigh photocatalytic property for RhB. The out-
standing performance of the Cu2O@NPC composite is attributed to the synergy effect of large specific surface
area (32.90 m2 g−1), the low activation energy (27.2 kJ/mol) as well as the multimodal hierarchical porous
structure. The mechanism on the RhB degeneration is also investigated.

1. Introduction

Water pollution caused by the discharge of various organic dyes has
been an increasingly environmental deterioration issue nowadays.
Among various attempts, the advanced oxidation processes (AOPs) are
considered to be the most effective method for degrading organic pol-
lutants. The AOP methods, including photocatalysis, the Fenton process
and ozonation, are due to the generation of hydroxyl radicals (·OH)
with strong oxidation to decompose organic dyes in sewage [1,2]. In
particular, photocatalytic degradation process using semiconductors
has received considerable attention because of its low cost and high
efficiency. In addition to the widely applicable photocatalysts such as
TiO2 and ZnO [3,4], the p-type semiconductor Cu2O has been employed
owing to its narrower band gap (2.17 eV) [5]. The unique nature of
Cu2O more easily produces photo-generated electrons and holes, and
improves the photocatalytic performance [6,7]. However, it is a big
issue for pure Cu2O photocatalysts that photo-generated electrons and
photoholes are prone to recombine with each other, hindering their
photocatalytic activity and stability seriously [8]. One of the most ef-
fective solution ways is to construct the Cu2O/Cu heterostructures

which enable enhance the photocatalytic properties of Cu2O-based
semiconductors since Cu substrates can so quickly transfer photo-gen-
erated electrons that avoid the recombination with photoholes [9–11].

To date, there have been some reports on novel Cu2O@Cu hetero-
structures with different Cu substrate materials, such as Cu2O nano-
needles on Cu foam [12], Cu2O flakes on Cu foil [13] and Cu2O film
with the spongy structure on Cu foil [14] and so on. As described above,
the Cu substrate not only provides a conductive path for the Cu2O layer
as well as a template for growing Cu2O. Moreover, the microstructure of
Cu substrate has a significant effect on the morphology and size of Cu2O
[15]. It is found that offering the Cu substrates with high density of
porosity and small size of skeleton is benefit in modifying the micro-
structure of Cu2O, which subsequently enhances its performance.
Therefore, it is necessary to develop a new Cu substrate with rich
porosity and much smaller size of skeleton which can refine the Cu2O
microstructure and then largely improve the performance using the
Cu2O@Cu heterostructure.

Recently, nanoporous metals (NPMs), as exemplified for nano-
porous Au, Pt, Pd and Cu etc., with unique bicontinuous ligament/
channel structures have attracted much attention due to their adjusted
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ligaments and pore sizes with a wide range scale from several to hun-
dreds of nanometers [16–19]. Based on NPC substrate, a series of CuO
or Cu2O nanostructures have been fabricated, such as Cu2O nanopetal
with a thickness of 300 nm [20,21], CuO nanowire with a diameter of
120 nm [22,23], core-shell Cu@Cu2O nanocomposite with a size of
300 nm [24,25] and so on. Compared with the Cu2O structure on the Cu
foam, the finer Cu2O nanostructure on the NPC substrate enhances the
photocatalytic performance. However, so far the fabrication methods
for metal oxides on NPC substrate are limited to be immersion, calci-
nation or oxidation in air, and hence it is difficult to control the mor-
phology evolution of Cu2O.

In our previous study [26], we have successfully synthesized a self-
supporting Cu2O/CuO nanosheets @NPC composite rod by an ano-
dizing method. The anodizing process was conducted at the lower
current density of 5 mA/cm2. In this work, as the current density in-
creases, the anodized product was found to change to the ultrathin
Cu2O nanowires rather than sheet-like nanostructure, implying that the
Cu2O morphology can be manipulated only by controlling the current
density of anodizing. The aim of this work is to explore the influences of
the ligament/channel structure of NPC and the anodizing parameters
on the morphology evolution of Cu2O nanowires in detail. The in-depth
understanding model on the correlation between Cu2O morphology and
anodizing parameters for the Cu2O@NPC composite is further pro-
posed, which is useful for designing the Cu2O nanostructure with tai-
lored properties. In addition, the photocatalytic property of the as-
synthesized Cu2O@NPC heterostructure for the degradation of RhB
with H2O2 is evaluated in conjunction with the clarification of the
mechanism for the RhB degeneration.

2. Experimental methods

2.1. Preparation of nanoporous Cu (NPC) ribbon as substrate

A Cu50Zr45Al5 (at.%) ingot was prepared by arc-melting elemental
Cu, Zr and Al of 99.99 mass% purity under an argon atmosphere. The
amorphous ribbons with a width of 2 mm and a thickness of ~25 μm
were produced by a singer-roller melt spinning apparatus. The cir-
cumferential velocity of the wheel was 34 ms−1. The NPC substrates
were prepared by dealloying Cu50Zr45Al5 amorphous ribbons in a
0.05 M HF solution at 298 K for 2 to 4 h.

2.2. Synthesis of Cu2O@NPC composite with ultrathin Cu2O nanowires

Prior to anodizing process, the specimens with a gauge dimension of
35 mm in length were washed in deionized water and dehydrated al-
cohol. In a DC Power Supply (TPR-12010D), the anodizing processes
[27] were carried out under 20 mA/cm2 for 1–20 min at about 298 K, in

which the NPC ribbon and platinum mesh were fixed at opposite sides
of the electrolytic cell as the anode and cathode, respectively. After the
reaction, the products were rinsed in deionized water and then calcined
at 473 K for 2 h in air. The concentration of the Cu2+ ions dissolved in
KOH solution for the NPC substrate ribbon with an area of
2.5 × 0.2 cm2 was examined by inductively coupled plasma-optical
emission spectrometry (ICP-OES).

2.3. Microstructure characterization

The structure was examined by X-ray diffractometer (Bruker, D8-
Advance) with Cu Kα radiation. The surface oxidation states were
analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Fisher
Scientific). The morphology and chemical composition of the as-syn-
thesized samples were examined by transmission electron microscopy
(TEM, JEM-2100F, JEOL) and scanning electron microscopy (SEM,
Nova nanoSEM 450, FEI) equipped with an X-ray energy dispersive
spectroscope (EDS). Nitrogen adsorption-desorption isotherm was de-
termined by a surface area and porosity analyzer (ASAP2020M + C).
The specific surface area and the pore size distribution were examined
by the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) method, respectively.

2.4. The photocatalytic degradation performance for rhodamine b (RhB)

The photocatalytic property of the Cu2O@NPC composites was
evaluated by measuring the decomposition rate of RhB, with the pre-
sence of H2O2, in a neutral condition. The specimen with an effective
photocatalytic area of 2.5 × 0.2 cm2 was added into a mixed solution
containing 6 mL of 10 mg/L RhB solution and 2 mL of 30 mass% H2O2.
The light source was a 500 W Xe lamp equipped with a cut-off filter
(λ ≥ 420 nm). The distance between the lamp and the mixed solution
was 10 cm and the irradiation intensity was 100 mW cm−2. The pho-
tocatalytic degradation was examined with a UV spectrophotometer
(Lambda-750) for the 3 mL of the reacted solution. For comparison, the
photocatalytic property of Cu2O@Cu foam composite with the same
effective photocatalytic area synthesized by the anodizing method was
also evaluated.

3. Results and discussion

3.1. Characteristics of multimodal hierarchical porous structure of the
Cu2O@NPC heterojunction

Fig. 1a and Fig. S1 show XRD patterns of as-spun Cu50Zr45Al5 ribbon
before and after dealloying, as-prepared Cu(OH)2 and Cu2O nanowire
arrays prepared at different anodizing times. The as-spun Cu50Zr45Al5
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Fig. 1. (a) XRD patterns of the as-spun Cu50Zr45Al5 ribbons before and after dealloying, and the as-prepared Cu2O nanowire arrays prepared at different anodizing
times. (b) The Cu 2p XPS spectrum of the as-prepared Cu2O nanowires.
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ribbon consists of an amorphous structure. The sample dealloyed in
0.05 M HF for 2 h is identified to be an fcc Cu (JCPDS #04-0836) in-
cluding minor Cu2O (JCPDS #05-0667), revealing the formation of
nanoporous Cu (NPC) on the surface after etching Zr element [28].
After anodizing NPC in 0.5 M KOH solution at 20 mA/cm2 for 1 min
(Fig. S1), the new emerging characteristic diffraction peaks are indexed
as the (0 0 2), (1 1 1), (0 2 2), (1 3 0), (1 5 0), (2 0 0), (0 2 4) planes of
orthorhombic Cu(OH)2 (JCPDS #13-0420). This indicates that the Cu
(OH)2 product is formed on the surface of NPC matrix. The result is
further supported by the TEM observation in Fig. S2. Then, by calcining
Cu(OH)2 at 473 K for 2 h, there are new characteristic diffraction peaks
emerging in the XRD patterns of the anodized products (Fig. 1a). These
peaks are indexed as the (1 1 0), (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2)
planes of cubic Cu2O and minor CuO (JCPDS #48-1548), indicating
that the Cu(OH)2 are converted to Cu2O after heat treatment. Fur-
thermore, with increasing anodizing time from 1 min to 15 min, the
content of Cu2O increases gradually. The XPS profile (Fig. 1b) shows
the presence of Cu 2p peaks for the as-prepared Cu2O products ano-
dized for 5 min. The Cu+ peak at the position of 933.3 eV suggests the
existence of Cu2O [29], being consistent with the XRD results. More-
over, the peak at 934.8 eV and two satellite peaks are characterized as
Cu2+, which is ascribed to the slight oxidation of the surface of Cu2O
products.

The SEM images in Fig. 2 reveal the surface morphologies of NPC
matrix and its corresponding Cu2O@NPC composite. The commercial
Cu foam and the Cu2O@Cu foam composite are also shown for com-
parison. After dealloying the Cu50Zr45Al5 glassy ribbon in 0.05 M HF for
2 h, the NPC consists of a bicontinuous ligament/channel structure, as
seen in Fig. 2a. The average sizes of the ligament and channel are about
36 nm and 27 nm, respectively. In Fig. 2b, a large number of discrete
nanoclusters aggregated by ultrathin Cu2O nanowires grow on the NPC
substrate after anodizing for 5 min. Fig. 2c and d also show the
morphologies of the Cu foam and Cu2O@Cu foam composite after the
same anodizing time for 5 min. Comparing with the Cu2O nanowires
grown on the commercial Cu foam, the sizes of the Cu2O nanowires on
the NPC are much smaller and the shapes are more flexible, being

favorable for mechanical integrity during photocatalytic degradation.
This phenomenon indicates that NPC substrate with much smaller na-
noporous structure is effective for refinement of Cu2O nanowires, which
in turn ensures higher performance.

Fig. 3a–e depict the morphology evolution of Cu2O nanowires
grown on NPC substrate during anodizing at 20 mA/cm2 for different
times. After anodizing for 1 min, the as-formed Cu2O (Fig. 3a) are
composed of pen-like nanowire clusters consisting of a large number of
nanowires gathering together, indicating that the individual Cu2O na-
nowire is so thin that they must gather together for keeping minimum
free energy. During the subsequent anodization of the NPC for 5 min
(Fig. 3b), Cu2O nanowires continuously grow on the NPC substrate.
Moreover, it is found that the preferentially formed Cu2O nanowires
gradually spread out from the top of the nanowire cluster as the na-
nowires grow to bigger and longer sizes. More detailed morphology of
the Cu2O nanowire is shown in the inset image with higher magnifi-
cation in Fig. 3b. With further increasing anodizing time to 10 and
15 min, some of the nanowire clusters continue to grow into nano-
flowers (Fig. 3c and d). The single nanoflower consists of hundreds of
nanowires which are radially distributed on the NPC matrix. Mean-
while, other nanowires twine together to form channels with macro-
porous structures. However, after anodizing for 20 min (Fig. 3e), bun-
ches of nanowires on the NPC amazingly disappear. The reasons for the
disappearance of nanowires on the surface can be speculated in either
way as follows: (1) the nanowires dissolve in the KOH solution and then
the concentrations of Cu2+ ions in the solution would increase. (2) The
nanowires fall off the surface of the NPC substrate into KOH solution
and remain in the original shape without being dissolved. Then, ICP-
OES was carried out to measure the concentration of Cu2+ ions dis-
solved in KOH, since the concentration of Cu2+ ions in the solution is
the key point. After anodizing the NPC substrate in KOH solution for 1,
5, 10, 15 and 20 min, respectively, all the concentration of Cu2+ ions in
KOH solution are measured to be negligible low. Thus, it is reasonable
to infer that the Cu2O nanowires with coarse structure fall off the sur-
face of the NPC substrate rather than dissolve into the solution, judging
from the fact that no Cu2+ ions in KOH are detected by ICP-OES. This
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Fig. 2. SEM images revealing the surface morphologies of (a) the bare NPC and (b) the corresponding Cu2O@NPC composite after anodizing for 5 min. Surface
morphologies of (c) the commercial Cu foam and (d) Cu2O@Cu foam composite.
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phenomenon is just as the too mature epidermal cells shed from the skin
over time. Besides, a large amount of Cu together with a minor amount
of O element is recognized in the inset EDS spectra. The changes in the
length and width of Cu2O nanowire cluster with anodizing time follow
a non-linear law, as plotted in Fig. 3f. With increasing anodizing time
from 1 min to 15 min, both the length and width of the Cu2O nanowire
cluster increase initially and then remain unchanged in the longer an-
odizing time, in agreement with the intensity variation of the Cu2O
diffraction peak for the anodized Cu2O@NPC composite in the XRD
patterns. The average length increases from 1.65 μm at 1 min to
3.59 μm at 15 min, while the width increases from 0.43 μm at 1 min to
4.76 μm at 15 min. As a result, the size, shape and amount of the Cu2O
nanowires can be controlled within a wide range only by changing the
anodizing time.

In addition, the growth process of the Cu2O nanowires over time on
the NPC substrate is further clearly confirmed in the cross-sectional
images shown in Fig. 4a–c. Fig. 4d presents the schematic illustration of
the growth process. It is seen that the Cu2O nanowires uniformly and

vertically grow on the surface of the NPC. There is a good interface
combination between the Cu2O nanowire layer and NPC substrate. As
seen in Fig. 4a–c, the thickness of the Cu2O layer increases with in-
creasing anodizing time. The thickness of the Cu2O layer for the Cu2O@
NPC composites anodized for 1, 5 and 15 min is 1.68, 4.25 and 5.57 µm,
respectively. The combination of anodizing and heat treatment pro-
cesses is very suitable for the preparation of such 1D Cu2O nanowires.
Specifically, Fig. 5 shows the morphology of Cu2O nanoflowers at dif-
ferent growth stages prepared by changing anodizing time. It is seen in
Fig. 5a that a number of nanowire clusters that are not fully open yet
construct a nanoflower with a common endpoint. The length and dia-
meter of a single nanocluster are about 3 μm and 579 nm, respectively.
When each nanowire cluster reaches a certain size, it changes to the
nanoflower consisting of ultrathin nanowires (Fig. 5b). The corre-
sponding cross-sectional view in Fig. 4c exhibits a fan-shaped structure.
During the final stage of flower-like Cu2O growth, some nanowires
merge together to form a coarse structure (Fig. 5c).

TEM observation was made to further analyze the structure of the
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Fig. 3. The morphology evolution of Cu2O nanowires grown on NPC substrate during anodizing at 20 mA/cm2 for different times: (a) 1 min, (b) 5 min, (c) 10 min, (d)
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Fig. 4. The cross-sectional structures showing the growth process of the Cu2O nanowires over time on the NPC substrate: (a) 1 min, (b) 5 min and (c) 15 min. (d)
Schematic illustrations presenting the corresponding features.
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Cu2O nanowires. Fig. 6a shows that a Cu2O nanoflower is coexistent
with a large number of separated nanowires (marked with yellow ar-
rows) whose sizes range from 4.5 to 11 nm. The low-magnification
bright-field TEM image in Fig. 6b provides an apt overview of the na-
nowire cluster which consists of dozens of nanowires. Surprisingly, a
large number of nanopores with much smaller sizes of around 2–3 nm
are distributed on ultrafine nanowires, as shown in the high-magnifi-
cation bright-field TEM image (Fig. 6c). Moreover, the corresponding
selected-area electron diffraction (SAED) pattern (inset in Fig. 6c) can
be analyzed as a cubic Cu2O structure, which is further supported by
the identified results of the diffraction fringe shown in Fig. 6d and e.
These results are consistent with the aforementioned XRD analyses,
verifying the formation of Cu2O. Based on the SEM and TEM analyses,
the as-synthesized Cu2O@NPC composite exhibits a multimodal hier-
archical porous structure, including the macropores from nanowire
twining, mesopores from NPC matrix, and the micropores presented on
each nanowire.

In this work, the Cu2O was obtained by calcining Cu(OH)2 with
nanowires morphology (Fig. S2a), which was prepared by anodizing
NPC matrix, and the wire-like shape was well inherited from the
structure of Cu(OH)2. Hence, to understand the formation mechanism
of the Cu2O nanowires, the formation mechanism of Cu(OH)2 nano-
wires should be proposed first, though it is similar to that in our pre-
vious work [26]. We have successfully synthesized sheet-like Cu(OH)2

by anodizing the NPC at the lower electric field of 5 mA/cm2. When a
higher electric field of 20 mA/cm2 is applied on NPC, the wire-like Cu
(OH)2 instead sheet-like Cu(OH)2 is synthesized, meaning that the
morphology of nanostructured Cu(OH)2 can be manipulated by only
controlling the current density of anodizing. To examine the influence
of current density on the anodized product morphology, Fig. S3 shows
the morphologies of Cu(OH)2 obtained by anodizing NPC at 5 or
10 mA/cm2 for 10 min, respectively. At 5 mA/cm2 (Fig. S3a), there are
only Cu(OH)2 nanosheets on the NPC. When the current density in-
creases to 10 mA/cm2 (Fig. S3b), the Cu(OH)2 nanosheets and nano-
wires appear simultaneously on the NPC matrix. The sizes of the Cu
(OH)2 nanowires are much larger than those of the Cu(OH)2 na-
nosheets. Until the current density of anodizing further increases to
20 mA/cm2, the as-synthesized Cu(OH)2 exists in the form of nanowires
(Fig. 3b). It is evident that the electric field strength dominates the
morphology of Cu(OH)2.

It is known that the growth behavior of a crystal is determined by its
intrinsic structure (thermodynamic factors) as well as the crystal
growth conditions (kinetic factors). Thermodynamic factors decide the
most stable equilibrium structure of the crystal, whereas kinetic factors
influence its morphology evolution and final shape. The final mor-
phology of a crystal is the consequence of the competition between
thermodynamic and kinetic processes [30]. Combined with the for-
mation mechanism of sheet-like Cu(OH)2 in our previous work [26], the

2 m 2 m 2 m

Fig. 5. The morphology evolution of Cu2O nanoflowers at different growth stages with anodizing time: (a) initial stage, (b) mature stage and (c) coarsening stage.

Fig. 6. (a) TEM image of flower-like Cu2O nanostructure in coexistence with a large number of separated nanowires. The low- (b) and (c) high-magnification TEM
images of Cu2O nanowire cluster with the SAED pattern. (d) and (e) HRTEM images of Cu2O nanowires.
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formation mechanism of Cu(OH)2 nanowires is proposed in Fig. 7. It is
suggested that the formation of the Cu(OH)2 nanowires or nanosheets is
mainly composed of two aspects (Fig. 7): (1) preferential in-situ nu-
cleation of Cu(OH)2 on the ligament surface of NPC on the basis of
thermodynamic control, and (2) the nanowires or nanosheets further
grow under the kinetic control process which is modulated by the ap-
plied electric field. The NPC substrate with a bicontinuous ligament/
channel structure has large specific surface area, which results in a high
surface energy. In addition, during the dealloying process, a variety of
crystal defects involving atom vacancies and dislocations generate on
the ligament surface of NPC [26,31]. During the anodizing process, NPC
in KOH solution is oxidized to Cu2+ ions by applying external electric
field. Therefore, in the thermodynamic control process, OH– ions are
easily bonded with Cu2+ ions and subsequently the generation of Cu
(OH)2 nuclei at the crystalline defects of the NPC surface is triggered by
higher distortion energy. On the other hand, at the kinetic growth stage
of Cu(OH)2 with orthorhombic crystal structure, the critical point
whether nanosheet or nanowire is formed, is dominated by applied
external electric fields. As is seen from Fig. 7a, at the lower current
density of 5 mA/cm2, the electric field force is not strong enough, so the
process is mainly governed by free ion diffusion. Only Cu(OH)2 na-
nosheets can be synthesized by self-assembly on NPC in the previous
work. While at the higher current density of 20 mA/cm2 (Fig. 7b), the
process is mainly dominated by ion diffusion controlled by external
electric field force. It is much easier for the Cu2+ ions to diffuse

directionally from NPC ligament to the top of Cu(OH)2 nanowires. As
the anodizing time increases, precursor Cu(OH)2 nanoparticles tend to
nucleate and grow to form nanowires owing to the attachment and
oriented aggregation of the new nanoparticles [32]. Accordingly, the
final morphology of as-anodized products in this work is the Cu(OH)2
nanowire rather than the more stable polyhedron, indicating that the
kinetic factors which is controlled by the applied external electric field
dominate the orientated growth of Cu(OH)2 crystal. Subsequently,
during calcining at 473 K for 2 h in air, Cu(OH)2 is converted to Cu2O.
These reactions are presented as follows:

Cu(OH)2 → CuO + H2O (1)

CuO + Cu → Cu2O (2)

According to reaction (1), Cu(OH)2 is converted to CuO. Then, on the
basis of reaction (2), CuO is completely reduced to Cu2O by Cu in NPC
substrate. Finally, the Cu2O is produced successfully and the wire-like
shape is well inherited from the structure of Cu(OH)2.

The nitrogen absorption-desorption isotherm of the Cu2O@NPC
composite anodized for 15 min (Fig. 3d) is shown in Fig. 8. The BET
specific surface area is about 32.90 m2 g−1, which is larger than that
(28.85 m2 g−1) of the Cu2O/CuO nanosheets obtained in the previous
work [26]. The Cu2O@NPC composite with large specific surface area is
conducive for photocatalysis performance because of the active sites
generated in the high-efficient degradation process. In addition, Fig. 8b
shows the pore size distribution. The size mainly ranges from 1 to

Fig. 7. Possible growth mechanisms of (a) the Cu(OH)2 nanosheet and (b) the Cu(OH)2 nanowire.
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10 nm. The typical mesoporous features for the Cu2O@NPC composite
enable to increase the contact areas between organic dye molecules and
active materials.

3.2. Photocatalytic degradation performance of the composite ribbon

The catalytic performance and stability of the as-prepared Cu2O@
NPC composites were examined by photocatalytic degradation for RhB
as a model reaction. Fig. 9a shows the variations in the UV absorption
spectrum of a mixed solution of RhB and H2O2 in the presence of Cu2O
nanocomposite anodized for 15 min (Fig. 3d) after different illumina-
tion durations. Obviously, the characteristic adsorption peak of RhB at
553 nm drops with the prolonging of reaction time and becomes very
weak only after 5 min. Meanwhile, the original red color of RhB solu-
tion gradually becomes transparent, as shown in the inset photos of
Fig. 9a. The decreasing RhB concentration is plotted as a function of the
reaction time in Fig. 9b. In the absence of H2O2 or catalyst (anodized for
15 min), the degradation rate of RhB is only 13% and 19% after 9 min,
respectively. This indicates both the H2O2 and Cu2O nanowires are
essential for the photocatalytic degradation of RhB. Compared to the
Cu2O@Cu foam composite, the Cu2O@NPC catalyst appears to con-
tribute to an outstanding photocatalytic performance towards RhB
oxidation due to the smaller channel of the NPC skeleton and the ul-
trathin Cu2O nanowires. In particular, the degradation performance of
the Cu2O@NPC catalysts significantly increases at the anodizing time of
15 min. According to the SEM images (Fig. 3), the improvement in the
degradation performance is mainly caused by the denser Cu2O nano-
wire twining on the NPC surface. In addition, the fan-shaped Cu2O

nanoflowers are able to enhance the contact area with the RhB solution.
A practical photocatalyst should be stable enough for repeated appli-
cations. As shown in Fig. 9c, to test the repeatability of the Cu2O@NPC
composites, the photocatlytic experiment was repeated seven cycles. In
the seventh cycle, the degradation rate of RhB is still above 96% and the
Cu2O nanowires (inset in Fig. 9c) still maintain fairly good morphology
and integrity, demonstrating excellent recyclability.

The dynamics process of photocatalytic degradation can be simply
expressed by degradation rates and activation energy. It has been well
recognized that the activation energy reflects the influence of tem-
perature on the reaction processes. However, due to the higher de-
gradation rate of the composites obtained by anodizing for more than
10 min, it is difficult to accurately describe the effect of temperature on
the photocatalytic curves. So, we used the composites obtained by an-
odizing for 5 min as the samples to evaluate degradation rate constant
and activation energy. Fig. 9d shows that as the temperature increases
from 298 K to 328 K, the degradation accelerates significantly. The
degradation rates of RhB follow the Langmuir–Hinshelwood (L–H)
pseudo-first-order kinetic model which is described as below [33,34]:

=ln(C/C ) k t0 (1)

where C0 is the initial concentration of RhB, C is the concentration of
RhB at reaction time t, k is the degradation rate constant. Based on
Fig. 9d and Eq. (1), −ln(C/C0) versus t for RhB photodegradation at
different temperatures is plotted in Fig. S4. It appears that there is a
linear relationship between −ln(C/C0) and t. The degradation rate
constants (k) are calculated to be 0.35 min−1 at 298 K, 0.67 min−1 at
318 K and 0.98 min−1 at 328 K. On the other hand, the activation
energy is evaluated on the basis of the following Arrhenius Eq. (2)
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presenting the relationship between rate constant and temperature
[22,35]:

= +ln k E /RT ln Aa (2)

where k is the degradation rate constant, Ea is the activation energy, R
is ideal gas constant, T is temperature, and A is a frequency factor. As
shown in the inset of Fig. 9d, there is a good linear relationship between
−lnk and 1000/RT. It is calculated that the activation energy (Ea) is
about 27.2 kJ/mol for the photocatalytic degradation process of RhB by
Cu2O@NPC composite over the temperature range of 298–328 K. The
activation energy is lower than those of the previously reported results
[22,35], which can effectively promote the photocatalytic reaction.

Table 1 summarizes several Cu2O photocatalytic materials reported
in previous works [24,26,36–40]. The Cu2O materials are usually
combined with metals or metal oxides and form heterogeneous com-
posites to improve the photocatalytic degradation performance
[24,26,37–40]. However, the present Cu2O@NPC composite ribbon
shows higher degradation performance and cycling stability compared
with other Cu2O photocatalytic materials. For the shape of specimen, it
is easier for the ribbon (this work), rod [26], plate [38], foil [39], and
mesh [40] to recover from the reaction solution than powders
[24,36,37]. Especially, the interfacial bonding between the in-situ
grown Cu2O and the Cu matrix is much stronger than that for ex-situ
grown Cu2O, which is more conducive for the Cu2O@NPC composite
obtained in this work to be taken out and to improve the cycling sta-
bility. Compared to the 2D Cu2O nanosheets [26,40], the porous Cu2O
nanowires with 1D nanostructures and the fan-shaped nanoflowers
offer a large specific surface area and a suitable pathway for photo-
generated electrons transport, resulting in superior degradation ac-
tivity.

To understand the reason for the significant improvement of de-
gradation activity for the novel Cu2O@NPC composite together with
the roles of H2O2, a schematic configuration of the reaction process and
the microstructure is illustrated in Fig. 10. In regard to the reaction
process, the role of H2O2 is to provide hydroxyl radicals (•OH) that are
essential for the degradation of RhB. The RhB can react with the hy-
droxyl radicals (•OH) and finally be degraded. The generation of hy-
droxyl radicals (•OH) from H2O2, which is significantly accelerated by
the presence of Cu2O nanowires catalyst, results from the Fenton re-
lated reactions and photocatalytic reactions as following: (a) By the
Fenton related reactions as described in our previous study [26], the
Cu+ in the Cu2O could react with H2O2 to generate hydroxyl radicals
(•OH). (b) By the photocatalytic reactions, H2O2 acts as an effective
photo-electron acceptor. Cu2O + hν (visible light) → Cu2O (h+ + e-)
and then H2O2 + Cu2O (e−) → •OH + OH−. Through the reactions, it
is clearly seen that the H2O2 not only promotes the separation of the
photo-generated electrons and holes in Cu2O, but also produces more

photo-generated hydroxyl radicals (•OH) for the degradation of RhB. On
the other hand, the multimodal hierarchical porous structure and
Cu2O/NPC heterojunction play unique roles in enhancing the photo-
catalytic property (Fig. 10). Firstly, because of the macroporous and
microporous structures, Cu2O nanowires can absorb more light and
produce a large number of photo-generated electrons and holes. Due to
the Cu2O/NPC heterojunction, the mesoporous network of NPC can so
quickly transfer photo-generated electrons which would avoid the re-
combination with photoholes [41,42]. Secondly, the macroporous
structure from nanowires twining and the nanoflowers with fan-shaped
structure can offer ideal channels to transfer RhB molecules in solution.
The micropores presented on each nanowire offer more active sites,
significantly enhancing the degradation property of the Cu2O@NPC
nanocomposite. All in all, the novel Cu2O@NPC composite with mul-
timodal hierarchical porous structure has shown excellent performance,
providing a promising avenue to design photocatalytic materials.

4. Conclusions

A simple two-step preparation method is introduced to synthesize a
multimodal hierarchical porous structured Cu2O@NPC composite
ribbon. The Cu2O ultrathin nanowires with sizes from 4.5 to 11 nm,
uniformly grow on the NPC matrix. Especially, a large amount of na-
nopores with the sizes of 2–3 nm are distributed on each nanowire. As
the anodizing time increases, the Cu2O gradually grows from the initial
pen-like nanowire clusters to the flower-like nanowire clusters.
Meanwhile, the morphology evolution of Cu2O can be controlled by the
electrochemical current density of anodizing. As the Cu2O nanowire
clusters gradually open, the photocatalytic performance significantly
increases. Especially, the Cu2O@NPC composite anodized for 15 min
demonstrates ultrahigh degradation activity of 99% degradation of RhB
after 5 min in the presence of H2O2 and excellent cycling stability that is
still above 96% after seven cycles, which are attributed to the large
specific surface area (32.90 m2 g−1), the low activation energy
(27.2 kJ/mol) and the multimodal hierarachical porous structure.
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Table 1
Comparison of photocatalytic performance among different Cu2O materials.

Cu2O materials Sample state (growth form) Sample specification Organic dye concentration Degradation efficiency Stability Ref.

Core-shell Cu@Cu2O Powders 6 mg 20 mg/L MO 92%
35 min

– [24]

Cu2O/CuO@NPC/BMG Rod (in-situ growth) 0.31π cm2 10 mg/L RhB 99%
9 min

95.2% retention
7 cycles

[26]

Cu2O
nanowire octahedra

Powders 30 mg 20 mg/L MB 100%
20 min

– [36]

Cu2O/Cu Powders 30 mg 10 mg/L MB 100%
120 min

91% retention
4 cycles

[37]

Cu2O/Si NWAs Plate (ex-situ growth) 1 × 1 cm2 10 mg/L RhB 97.5%
60 min

– [38]

Cu2O/TiO2 network Foil (ex-situ growth) 4 × 1 cm2 20 mg/L PNP 100%
210 min

86% retention
5 cycles

[39]

Cu2O nanosheets Mesh (in-situ growth) 3 × 2.5 cm2 10 mg/L MO 96%
100 min

80% retention
3 cycles

[40]

Cu2O@NPC Ribbon (in-situ growth) 0.2 × 2.5 cm2 10 mg/L RhB 100%
5 min

96% retention
7 cycles

This work
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