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a  b  s  t  r  a  c  t

Micron-sized  Cu2O with  different  coverage  of  Cu  nanoparticles  (NPs)  on  the  sphere  has  been  synthesized
by  a  redox  procedure.  The  absorption  spectra  show  that Cu  NPs  induce  the  surface  plasmon  resonance
(SPR)  at  the wavelength  of ∼565  nm.  Methylene  blue  (MB)  photodegrading  experiments  under  visible-
light  display  that  the Cu2O–Cu–H2O2 system  exhibits  a superior  photocatalytic  activity  to  Cu2O–H2O2 or
pure H2O2 with  an  evident  dependency  on  Cu coverage.  The  maximum  photodegradation  rate  is 88% after
visible-light  irradiating  for 60  min.  The  role  of the Cu  NPs  is  clarified  through  photodegradation  experi-
ments  under  420 nm  light  irradiation,  which  is  different  from  the SPR  wavelength  of  Cu NPs  (∼565  nm).
By  excluding  the  SPR  effect,  it proves  that Cu  SPR  plays  a key  role  in  the photodegradation.  Besides,  a
urface plasmon resonance
u2O
isible-light-driven

dark  catalytic  activity  is  observed  stemming  from  the  Fenton-like  reaction  with  the  aid  of H2O2. The rad-
ical  quenching  experiments  indicate  that  both  •O2

− and  •OH  radicals  contribute  to  the photocatalysis,
while  the  dark  catalysis  is  only  governed  by the •OH  radicals,  leading  to a lower  activity  comparing  with
the  photocatalysis.  Therefore,  with  introducing  Cu  NPs  and  H2O2, the Cu2O-based  photocatalytic  activity
could  be  significantly  improved  due  to  the  SPR  effect  and  dark  catalysis.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Since the discovery of water splitting on n-type TiO2 electrodes
1], semiconductor photocatalysts have been extensively studied.
ill now, TiO2 has been proven to be the most successful semi-
onductor photocatalyst in the environmental and energy-related
elds such as water splitting for hydrogen generation, initiating
he chemical reactions and degrading the organic pollutants [2–4].
owever, the wide bandgap of 3.2 eV restricts its absorption to UV
rradiation, which is only less than 5% of the solar energy. The devel-
pment of photocatalysts with high activity under visible-light will
llow the main part (about 46%) of the solar spectrum to be used

∗ Corresponding authors. Tel.: +86 2223509930.
E-mail addresses: chengyahui@nankai.edu.cn (Y. Cheng), liuhui@nankai.edu.cn

H. Liu).

ttp://dx.doi.org/10.1016/j.apsusc.2015.12.238
169-4332/© 2016 Elsevier B.V. All rights reserved.
[2]. Over recent years, there are two main approaches to exploit
the visible-light responsive single-phase photocatalysts [5]. One
is to modify the TiO2 by doping other elements or forming the
reduced TiOx [3,6–8], and the other is to develop new types of semi-
conductors with narrower bandgap, such as �-Fe2O3, CdS, BiVO4,
WO3, Cu2O, and etc. [9–13].

Among the narrow bandgap semiconductor photocatalysts, the
cuprous oxide (Cu2O) with a direct bandgap of 2.17 eV is very
attractive because of its unique properties such as p-type character,
comparatively negative conduction band position, low-cost, abun-
dance and non-toxicity. In recent years, there is a growing interest
to the synthetic, morphological, and catalytic properties of pristine
Cu2O [13–16]. For example, Ho et al. synthesized submicrometer-

sized Cu2O with morphological evolution from cube to hexapod
[13]. Photocatalytic tests exhibited no degradation for the MB.
Zhang et al. prepared polyhedral Cu2O microcrystals [15]. The
degradation rate of methyl orange is about 30% after visible-light

dx.doi.org/10.1016/j.apsusc.2015.12.238
http://www.sciencedirect.com/science/journal/01694332
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rradiating for 3 h. Kuo et al. fabricated monodispersed Cu2O trun-
ated nanocubes and octahedra with controllable sizes [16]. The
egradation rate of the rhodamine B is only about 30% after 6 h
f irradiation. All these results demonstrate that the bare Cu2O
hotocatalysts have a limited photocatalytic activity.

In order to improve the photocatalytic activity of Cu2O, three
asic requirements should be further optimized including car-
iers’ excitation, separation, and transportation. Therefore, it is
ssential to create a composite structure, either the p–n junc-
ion (e.g., Cu2O/TiO2 [17], Cu2O/ZnO [18], and Cu2O/TaON [19]) or
he Cu2O/metal contact [20–24], which have been demonstrated
o be potentially effective photocatalysts. Among the composite
tructure strategies, the Cu2O/noble metal structure is one of the
romising candidates. Taking advantage of the noble metal, the
hotocatalytic efficiency can be improved greatly by suppress-

ng the charge recombination [25]. Moreover, it has been proved
ecently that the efficiency can be further enhanced by utiliz-
ng the synergistic effect of the surface plasmon resonance (SPR)
20,26–29].

SPR can be characterized as the resonant photo-induced col-
ective oscillation of valence electrons, established when the
requency of surface electrons oscillating against the restoring
orce of positive nuclei [30]. Incorporating plasmon metal (e.g., Au,
g, Cu and etc.) into semiconductors will enhance the photocat-
lytic activity by concentrating electromagnetic fields, scattering
he electromagnetic radiation, transferring the plasmonic energy
o excite the electron–hole pairs, or directly generating the hot
lectrons [30–37]. So far, the influence of the Ag and Au induced
PR on the photocatalysis are of particular interest [21,38,39].
owever, the noble metal is significantly costly and the reserves
re very limited. Therefore, the development of an inexpensive
lasmon-metal-based photocatalyst, such as Cu-based photocat-
lyst, is urgent.

In this work, a composite of Cu2O microsphere caped with
ano-sized Cu particles was proposed. In addition to the charge
eparation and the SPR effect, this specific Cu2O–Cu compos-
te presents more advantages. First, compared with the existing

etal@Cu2O and Cu2O@metal core–shell structure [21,23,24], both
u2O and Cu could be irradiated, and the excited carries pre-

er to stay on the external surfaces. Second, stemming from the
maller work function of Cu than Au, the excited electrons (or
oles) are readily moved to Cu (or Cu2O) surface without resis-
ance from the Schottky barrier, resulting in the improvement
f the carrier separation. Third, compared with the SPR in the
ore–shell structure, isolated nano-sized Cu particles cause the
ocalized surface plasmon resonance (LSPR), and thus lead to sev-
ral orders of magnitude enhancement of the surface local field
hen two Cu particles separated by ∼1 nm [30]. In the follow-

ng parts, MB  degradation experiments will be carried out to
xamine the superior catalytic performance. The reaction mech-
nism is investigated through the radical quenching experiments.
hese results may  be helpful to develop new types of high effi-
iency photocatalysts for the applications of cleaning the organic
ollutants.

. Experimental

.1. Materials

Cupric sulfate (CuSO4·5H2O), sodium hydroxide (NaOH), eth-
lene glycol, H2O2 and isopropyl alcohol (IPA) were obtained
rom Tianjin Jiangtian Chemical Technology Co., Ltd., China. d-

lucose was provided by Tianjin Guangfu Technology Development
o., Ltd., China. Nitroblue tetrazolium (NBT) was purchased from
laddin Industrial Co., China. Degussa P25 TiO2 was  purchased

rom Hualisen Trading Co., Ltd., China. All chemicals were of
ience 366 (2016) 120–128 121

analytical grade and were used as received without further purifi-
cation. Aqueous solutions were prepared using deionized water.

2.2. Synthesis of Cu2O–Cu composites

The Cu2O–Cu composites with different coverage of Cu NPs
were synthesized following a facile redox procedure [40]. Details
of the synthetic procedures were described as follows: 2 mmol
CuSO4·5H2O, 20 ml  ethylene glycol, and 10 ml  deionized water
were added into a conical flask, which was immersed in water
bath at 60 ◦C. The mixture was  stirred with a magnetic stirrer
for 10 min  in order to ensure the ethylene and CuSO4 dissolved
completely. Then, 10 ml  5 M of NaOH solution was added in a drop-
wise manner. After 5 min, 10 ml  1.1 M of d-glucose solution was
added into the blue suspension within 30 s. The mixed solution
soon turned yellow. The entire reaction was kept at 60 ◦C for var-
ied periods of reaction (10, 20, 30, 40, 50, 60, and 150 min) under
magnetic stirring. A brick-red color appeared gradually. When the
reaction finished, the precipitate was  separated from the solution
by centrifugation at 4000 rpm for 5 min, washed with alcohol and
deionized water several times, and dried at 60 ◦C for 60 min in a
vacuum oven. According to the reaction time, the samples were
labeled as S10, S20, S30, S40, S50, S60, and S150, respectively.

The contents of metallic Cu in the Cu2O–Cu composites are
determined by titrimetric methods. The specific mass percentage
of Cu is ca. 0.5%, 1.2%, 7.5%, 10.2%, 31.7%, 38.4%, and 98.5% for S10,
S20, S30, S40, S50, S60, and S150, respectively. The details of the
titrimetric methods are shown in the Supplementary data.

2.3. Characterization methods

The phase structures were investigated using X-ray diffraction
(XRD, D/max-2500) with Cu K� radiation (� = 0.15406 nm, 40 kV,
100 mA). The valence states were analyzed by X-ray photoelec-
tron spectroscopy (XPS, Thermo Escalab 250Xi) with Al K� X-ray
source. The morphologies and microstructures of the Cu2O–Cu
composites were characterized by scanning electron microscopy
(SEM, S-3500N) and transmission electron microscopy (TEM, JEOL
2200F, Akishima-shi, Japan) operating at 200 kV. UV–vis absorption
spectra were acquired with UV–vis spectrophotometer (HITACHI
UV-4100).

2.4. Photocatalytic activity tests and electrochemical
measurement

The photocatalytic activity was evaluated by the degradation of
azo dye MB  at a concentration of 10 mg/l under the visible-light.
A typical degradation process is as below. 9 mg  of Cu2O–Cu pow-
der were dispersed in 30 ml  of dye solution. The suspension was
stirred in the dark for 60 min  before illumination to achieve an
adsorption/desorption equilibrium of organic molecules on the sur-
face of Cu2O–Cu. Hereafter, 0.03 ml  of 30 wt%  H2O2 was added into
the solution. Then the photocatalytic reactions were carried out at
room temperature by using a 90 W tungsten lamp as visible-light
source. During the photocatalytic reaction, the circulating cool-
ing water is used to avoid temperature rise. The reduction of the
optical absorption peak of MB was  determined from the UV–vis
spectrophotometer. At different time intervals, 3 ml  of solution was
sampled for analysis. After centrifugation, the absorbance of the
solution was  measured. The degradation rate of dyes was calculated

using the following equation:

D = (C0 − C)
C0

× 100% = (A0 − A)
A0

× 100%, (1)



1 face Sc

w
e
i

s
p
s
t
C
e
c
(
w
1

2

t
c
t
a

3

3

3

t
(
0
p
i
a
s
r

F
o

22 Y. Cheng et al. / Applied Sur

here A is the absorbency of the MB  solution at 664 nm with differ-
nt intervals and C is the concentration of dye solutions at different
ntervals.

An electrochemical analyzer (PAR Versastat 4-200) in a
tandard three-electrode system was used to perform the
hotoelectrochemical (PEC) measurements. The photocatalyst
ample was coated onto the indium tin oxide (ITO) glass elec-
rode. Then the ITO was sintered at 400 ◦C in vacuum for 1 h. The
u2O–Cu coated ITO, Pt and Ag/AgCl were used as the working
lectrode, counter electrode, and reference electrode in the electro-
hemical analyzer system, respectively. Na2SO4 aqueous solution
1 M)  was used as the electrolyte in this system. The PEC responses
ere measured using a Xe lamp (300 W)  with a light intensity of

00 mW/cm2.

.5. Radical quenching experiments

The method of the radical quenching experiments is the same as
he photocatalytic activity tests. During the test, NBT with the con-
entration of 2.5 × 10−2 mM was added into the solution to quench
he •O2

− radicals. IPA with the volume percentage of 0.5% was
dded into the solution to quench the •OH radicals.

. Results and discussion

.1. Basic properties of the Cu2O–Cu composites

.1.1. Structure and morphology
The XRD patterns of Cu2O–Cu composites with different reac-

ion time are shown in Fig. 1. The diffraction peaks of S10 sample
curve a) can be indexed to a pure Cu2O (space group Pn3m;  JCPDS
5-0667). From curve b to curve f, the peaks corresponding to
olycrystalline Cu (space group Fm3m;  JCPDS 04-0836) emerges,
ndicating that the samples consist of Cu2O and Cu phases. The rel-
tive intensity of the Cu peaks increases with the reaction time,
howing an increase of Cu mass fraction. As the reaction time
eaches 150 min  (curve g), the Cu2O diffraction peaks disappear,

ig. 1. The XRD patterns of Cu2O–Cu composites. Curves a to g present the samples
f  S10, S20, S30, S40, S50, S60, and S150, respectively.
ience 366 (2016) 120–128

indicating that Cu2O have been reduced to Cu completely. The XRD
results reveal a conversion from Cu2O to Cu with prolonged reac-
tion time. In addition, the Cu2O diffraction peaks of all samples have
no observable shift, implying that no interstitial Cu atom distorts
the Cu2O lattice [40].

The morphologies of Cu2O–Cu composites are characterized by
SEM and shown in Fig. 2. It can be seen that the micron-sized Cu2O
are covered by Cu NPs with different coverage. Both the Cu2O and
Cu2O–Cu have good monodispersity with uniform size and shape.
In Fig. 2a, the S10 sample consists of aggregated Cu2O microspheres
with a diameter of ∼1 �m.  The surfaces of the microspheres are
smooth without any small particles. At the reaction time of 20 min,
some small Cu NPs appear on the Cu2O surface as shown in Fig. 2b.
The amount of the Cu NPs increases as accumulating the reac-
tion time (from Fig. 2b–f). Besides, the size of Cu2O microspheres
reduces while that of the Cu NPs increases over the reaction time.
On the other hand, the evolution of the Cu coverage density is note-
worthy. For the S20, only a few particles exist on the Cu2O surface.
From 20 min  to 50 min, the particles coverage area increases mono-
tonically as shown in Fig. 2b–e. Especially for the S50 in Fig. 2e,
the Cu2O particles are completely enclosed by Cu NPs. However, as
the reaction time extends to 60 min  (S60), the Cu NPs fall off the
Cu2O surface as shown in Fig. 2f, inducing the Cu coverage density
decreased significantly.

Fig. 3 displays the TEM bright field images of a typical sam-
ple (S40) measured at different magnifications. The low resolution
images consist with the SEM images. The high resolution TEM
(HRTEM) images show that the Cu2O-microsphere surface is cov-
ered by lots of small NPs. The inset of Fig. 3d displays the fast Fourier
transform (FFT) pattern of the selected areas in HRTEM images. The
obtained FFT pattern indicates a regular spot pattern, presenting a
single-crystalline nature of the particle. The set of diffraction spots
can be indexed to the [1 0 1] zone axis of Cu, demonstrating the
existence of the Cu on the Cu2O surface.

3.1.2. Tuning optical properties by adjusting the coverage of Cu
NPs

Optical properties were investigated by the UV–vis absorption
spectra. As shown in Fig. 4, the S10 sample has a broadening absorp-
tion with the characteristic peak of Cu2O at 490 nm [20,40] and
the free exciton peak at 421 nm [41]. As the content of Cu NPs
increases, the absorbance at ∼490 nm increases first in the reac-
tion time region of 10 to 40 min, and then decreases gradually in the
region of 50 to 150 min. Specifically, for the S150, the absorbance
at ∼490 nm disappears completely, indicating that the Cu2O have
been completely reduced to Cu.

Beyond the absorption peak at ∼490 nm,  the S20 to S150 sam-
ples exhibit a broad absorbance centered at the wavelength of
∼565 nm which becomes more pronounced with increasing Cu
content. The ∼565 nm absorbance of the pristine Cu (S150) is the
most evident one in all samples. The analogous absorbance at
around 565 nm has also been observed in other metallic Cu sys-
tems as a signature of the SPR [42–44]. It should be noticed that
the Cu absorption spectra has a sloping background caused by the
interband transitions [42,44]. Moreover, Fig. 4 indicates that the
center of the SPR peak moves to the higher wavelength as the reac-
tion time increases, exhibiting a red-shift. It has been demonstrated
that the SPR peak position and the plasmon field intensity depend
on the shape and size of the nanoparticles as well as the dielectric
of the surrounding medium [45]. According to the SEM images in
Fig. 2, the Cu particle grows up with increasing the reaction time.
Therefore, the red-shift of the SPR peak over the reaction time may

be attributed to the increase of the size of the Cu NPs [46].

Now we return to discuss the evolution of the ∼490 nm
absorbance. First, the absorbance gets stronger from S10 to S40.
This may  be caused by the enhancement of Cu SPR, which is added
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Fig. 2. The SEM images of the Cu2O–Cu samples of (a) S1

o the Cu2O peak at ∼490 nm.  Moreover, Cu NPs on the Cu2O sur-
ace will increase the reflection of the transmission light to improve
ts re-absorbance. Second, from S40 to S150, the absorption inten-
ity gradually declines to zero. As exhibited in Fig. 2d–f, the Cu
overage density increases with the reaction time, and the Cu2O
articles are covered by Cu NPs completely for S50. Consequently,
he number of the photon arriving at the Cu2O surface is reduced
nd the light absorption intensity of Cu2O is decreased accordingly.
s the reaction time is longer than 60 min, the Cu NPs start to fall off

he Cu2O surface. However, since the reaction time is rather long,
ost of Cu2O have been reduced to Cu. As a result, the absorption

f Cu2O gets weaker obviously. For the sample of S150, the Cu2O
ave been reduced completely, thus, the absorption peaks of Cu2O
isappeared.

.2. Degradation of MB
.2.1. Effects of the Cu NPs on MB  degradation
In order to study the photocatalytic activity of the Cu2O–Cu

omposites, the degradation of MB  in aqueous solution under the
S20, (c) S30, (d) S40, (e) S50, and (f) S60. Scalebar: 1 �m.

visible-light was performed. During the test, the degradation rate
of MB  was monitored by the UV–vis absorption spectrum. First, the
concentration evaluation of the pure MB  solution was  measured
under the photo irradiation. As shown in Fig. 5, the concentra-
tion of the MB  solution is almost unchanged after irradiated for
60 min. Besides the pure MB  degradation, all other experiments
were carried out in the presence of H2O2. The commercial TiO2
(P25) and the H2O2 were used as the references. The inset of Fig. 5a
shows absorption spectrum of MB  at various visible-light irradia-
tion times in the presence of S40. It can be seen that the MB has a
sharp absorption peak around 664 nm whose intensity reduces over
the irradiation time. After irradiating for 60 min, the peak almost
vanishes suggesting that the MB  is degraded.

Fig. 5a presents the concentration ratio C/C0 of MB  solution (the
ratio of the MB  concentration C to the original MB concentration C0)
as a function of irradiation time. The curve S10 shows the degra-

dation of MB  by Cu2O, which leads to 52% degradation rate of
MB after irradiating for 60 min. However, the degradation rate is
only 30% and 28% for P25 and H2O2, respectively. After introduc-
ing Cu NPs to the Cu2O surface, the activity of photodegrading MB
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Fig. 3. TEM bright field images of S40 sample. (a)–(d) With different magnifications. The c
selected areas.

i
d
a
t

performance.
Fig. 4. The UV–vis absorption spectra of Cu2O–Cu composites.

s further improved. With increasing Cu NPs content, the degra-

ation rate increases and reaches the maximum of 88% for S40
fter irradiating for 60 min, and then decreases gradually with fur-
her increasing Cu NPs content. The trend is illustrated in Fig. 5b
ircles indicate the measurement areas. The inset of (d) is the fast FFT images of the

through the histogram. Interestingly, the maximum degradation
rate is well consistent with the absorption spectrum in Fig. 4, in
which the S40 has the strongest absorption at the visible-light range
due to the SPR. The result indicates that the SPR contributes a crucial
effort to improve the photocatalytic activity. Besides, it should be
mentioned that the photosensitization role of dyes can be ruled out
since the degradation rate for both S10 and P25 are low and these
photosensitization role should be constant for all samples.

It has been reported that the photoexcited plasmonic energy
can be transferred from the SPR metal to the interfaced Cu2O
in three ways, i.e., the local electromagnetic field enhancement
(LEMF) for the charge separation, the plasmon-induced resonant
energy transfer (PIRET) [39], and the direct electron transfer (DET)
of the hot electrons [47]. Through these ways, the generation of
the electron–hole pairs will be improved greatly. With further
increasing the reaction time, the Cu NPs break away from Cu2O,
resulting in a reduction of the SPR contribution. Besides, since the
content of Cu2O decreases remarkably, the degradation rate of MB
is decreased from S40 to S60. The overall trend demonstrates an
enhanced photocatalytic activity stemming from the presence of
Cu NPs, and the S40 sample displays the highest photocatalytic
The role of Cu NPs on the photocatalysis can further be under-
stood by studying the response of the photodegradation efficiency
on the special wavelength of the incident light. The narrow



Y. Cheng et al. / Applied Surface Science 366 (2016) 120–128 125

Fig. 5. (a) Photodegradation of MB  vs. irradiation time for the Cu2O–Cu composites,
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Table 1
List of the catalytic conditions for different specimens.

Sample Visible-light Cu2O–Cu (S40) H2O2 Period NBT IPA

1# N N N – N N
2#  Y Y N 60 min N N
3#  Y N Y 60 min N N
4#  Y Y Y 60 min N N
5#  N Y Y Over night N N
6#  N N Y Over night N N
7#  Y Y Y 60 min Y N
8#  N Y Y Over night Y N

in dark. However, the degradation efficiency of MB  in dark (5#)
is lower than that in the visible-light (4#). On the other hand,
the H2O2 alone (6#) doesn’t degrade the MB  in dark, implying a
iO2 and H2O2. The inset of (a) is the absorption spectrum of MB  solution at differ-
nt  irradiation time in the presence of S40. (b) The MB degradation rate over the
u2O–Cu specimens irradiated by 420 nm and visible light for 60 min, respectively.

and-pass optical filters were used to control the wavelength of
he light. Since the SPR only appeared at around 565 nm,  if the
ample is irradiated by the light with lower wavelength than
65 nm,  the effect of the SPR can be excluded. The 420 nm filter is
elected in the measurement. Besides, in order to provide sufficient
ight intensity, the 300 W xenon lamp was used as the light source.
ig. 5b demonstrates the degradation rate of MB  for different
amples irradiated by the 420 nm light. It shows that when the SPR
ffect is excluded by the 420 nm light, the photocatalytic activity
xhibits no significant Cu content dependency, indicating that the
PR effect plays a key role in MB  degradation under the visible-light.

The role of Cu NPs on the separation of the photogenerated
arrier during the photocatalysis was investigated by the electro-
hemical impedance spectroscopy (EIS) measurements. The typical
yquist plots of the EIS are shown in Fig. S1 in the Supplementary
ata. In the EIS plots, only one semicircle was observed for each
ample, which is associated with the charge transfer process [48].
t is known that the arcs in the Nyquist plot reflect charge-transfer
esistance at the surface of the electrode. Obviously, with increasing
he Cu content, the arc radius of the EIS spectra decreases, indicat-
ng that a fast interfacial charge transfer and an effective separation
f the photogenerated electron–hole pairs have occurred with the
id of Cu NPs [49–53].

.2.2. Effects of the H2O2 and dark catalytic reaction
It is worth noting that all the photodegradation experiments

bove were performed in the presence of the H2O2 which is crucial
n the high efficiency photocatalysis. The role of H2O2 is studied
hrough series of comparative experiments as listed in Table 1 (from
# to 6# specimen). The photographs of the obtained MB  solutions
nder different experimental conditions are demonstrated in Fig. 6.

Fig. 6a–d show the results under the visible-light. It can be seen
hat the MB  solutions containing only Cu2O–Cu (2#) or only H2O2
3#) still keep in blue after irradiated by visible-light for 60 min,
xhibiting faint fading comparing with the original MB  solution

1#). While, the solution containing both Cu2O–Cu and H2O2 (4#)
ecomes almost colorless after irradiating, consisting with the
V–vis absorption spectrum results in Section 3.2.1. Therefore, it
an be inferred that both Cu2O–Cu and H2O2 are necessary for the
9#  Y Y Y 60 min N Y
10#  N Y Y Over night N Y

high efficiency photodegradation. It has been known that if the
Cu2O is irradiated by the visible-light, it will be excited to generate
the electron–hole (e−–h+) pairs. The photogenerated e− and h+ can
react with the oxidants and reducers separately to produce active
oxidative radicals such as superoxide radical (•O2

−) and hydroxyl
radical (•OH) to degrade the organic pollutant. However, the top of
the Cu2O valance band is higher than the oxidation potential of H2O
so that the h+ can’t react with OH− to form •OH. The introduction
of Cu will further raise the valance band of Cu2O because the work
function of Cu is smaller than that of the Cu2O. So the Cu2O–Cu
composite can’t generate •OH effectively through the photogen-
erated holes. In addition, the dissolved oxygen in the water is too
trace to effectively produce •O2

−. Therefore, the Cu2O–Cu photo-
catalyst without H2O2 has poor activity. The introduction of H2O2
provides a large amount of O2 involving the reaction of producing
oxidative •O2

−. The •O2
− radicals further react with H2O2 to form

•OH, which has strong oxidative capacity. Besides, the H2O2 can
also react with photogenerated electrons directly to produce •OH
[54].

To gain further insights into the role of H2O2, the comparative
experiments were carried out in dark and shown in Fig. 6e and
f. In the presents of both Cu2O–Cu and H2O2, the MB  solution
fades significantly and produces numerous of bubbles in dark (5#),
indicating that the Cu2O–Cu–H2O2 system enables MB  degradation
Fig. 6. Photographs of MB  solutions under different catalytic conditions.
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ynergistic effect of Cu2O–Cu and H2O2 for degrading MB  in dark.
he phenomenon of degrading MB  in dark is interesting since
here are no photogenerated electron and hole to generate the
xidative radicals. Recently, the similar dark catalysis phenomena
ave also been observed in the TiO2–H2O2 [55] and BiOBr–H2O2
54] system, which were attributed to the Fenton-like behaviors. It
s known that the Fenton reaction, which is one of the most widely
pplied advanced catalytic method for degrading the organic
ollutants by generating the •OH radicals [56], takes place in the
ystem containing both ferrous and H2O2. The mechanism of the
enton-like reaction in the Cu2O–Cu–H2O2 system may  be similar
ith the Fe2+ system following the equations [57,58]:

u+ + H2O2 → Cu2+ + • OH + OH− (2)

u2+ + H2O2 → Cu+ + • O2H + H+ (3)

The Cu+ ions react with H2O2 to generate •OH radicals, mean-
hile the Cu2+ ions prefer to produce Cu+. As a result, Cu+ amount

s maintained and only H2O2 is consumed during the whole reac-
ion. Actually, the existence of the Cu+ ions and Cu2+ ions can be
roved by the XPS measurements. In Fig. S2 in the Supplemen-
ary data, it shows the Cu 2p XPS spectrum for the samples of S10,
40, S60 and S150. Both the Cu 2p1/2 and Cu 2p3/2 peaks include
he chemical states of Cu2+ and Cu1+ (Cu0). The peaks located at
he binding energy of ∼932.6 eV and 952.2 eV are characteristics of
u1+. The broadening parts of both two peaks at the binding energy
f ∼932.2 eV and 953.8 eV are related to the Cu2+ on the sample
urface. In the next part, the radical quenching experiments will
rove the generation of the •OH radicals in the solution, which will
e the evidence for the Fenton-like reaction.

.2.3. Radical quenching experiments
To address the mechanism of the high photocatalytic activ-

ty, the quenching experiments for the oxidative radicals in the
atalytic process were carried out as listed in Table 1 (7#–10#
pecimen). First, NBT is used to quench the •O2

− radicals (7# and
# in Table 1). Under the visible-light in Fig. 6g, comparing with
he solution without the quenching agent (4#), the addition of the
O2

− quenching agent (7#) makes the photocatalyst deactivated
vidently, indicating that the •O2

− radicals play a crucial role for
B photodegradation. On the other hand, in darkness as shown in

ig. 6h, the solution added NBT (8#) has no evident color differ-
nce compared with the solution without NBT (5#), revealing that
he quenching of •O2

− radicals has no remarkable effect on the dark
atalysis. Therefore, the dark catalysis is not dominated by the •O2

−

adicals.
Second, the effects of the •OH radicals on degrading MB  are

etected using IPA as a quenching agent of •OH radicals in presence
nd absence of visible-light (9# and 10# in Table 1), respectively.
s shown in Fig. 6i, after quenching •OH radicals under the visible-

ight (9#), the degrading speed decreases greatly compared with
he solution without quenching agent (4#). It means that the •OH
adicals also contribute to the MB  photodegradation. While for
he dark catalytic reaction with the IPA in Fig. 6j, the solution
10#) keeps in blue and shows no fade overnight, indicating that
hen •OH radicals are quenched, the dark catalytic ability of the
u2O–Cu–H2O2 is lost. So it can be deduced that the dark catalytic
eaction is dominated by •OH radicals, which is in accordance with
q. (2) in Section 3.2.2 for the Fenton-like reactions.

.2.4. The repeated experiment
The repeated experiment of the sample is conducted through the
egradation of MB  under the visible-light using S40. Every mea-
urement cycle was for 60 min  with new prepared MB  solution
or each cycle. The results are shown in Fig. S3 in the Supplemen-
ary data. It shows that the degradation efficiency decreases with
Fig. 7. Scheme diagram of the proposed •OH radical generation process in the
Cu2O–Cu–H2O2 system and the energy band alignment.

increase the cycling time from 1 to 3 cycles. While after 3 cycles,
the degradation efficiency becomes stable with the cycling time.
The stability of these Cu2O–Cu photocatalysts needs to be further
improved in the future.

3.2.5. Mechanism of the degradation
According to the results above, the mechanism of degradation

of MB  in the Cu2O–Cu–H2O2 systems can be illustrated by Fig. 7.
Cu2O is a semiconductor with the bandgap of 2.17 eV, absorbing

the visible-light to generate electron–hole pairs. The photogenera-
ted electron–hole pairs have high activity, which may  react with
O2, H2O2, OH-, and etc. to form the oxidative radicals such as •O2

−

and •OH, governing the photocatalytic procedure.
The presence of Cu NPs promotes the photocatalysis. The UV–vis

absorption spectrum shows that the Cu NPs exhibit the SPR effect,
which increases the visible-light absorbance to improve the uti-
lizing efficiency of the visible-light. Besides, the energy can be
transferred to semiconductor Cu2O to further improve the gener-
ation of the electron and hole. Moreover, because of the low work
function and good conductive ability for Cu, the photogenerated
electrons can easily transfer to the Cu NPs to decrease the recombi-
nation of the photogenerated electrons and holes [59], which have
been proved by the EIS measurements. Besides, the Cu NPs present
at the surface of Cu2O, ensuring that both photogenerated elec-
trons and holes are on the surface to improve the photocatalytic
efficiency.

The role of H2O2 can be discussed on two  hands. During the
photocatalysis, since the top of the valance band is higher than the
oxidation potential of the H2O, the forming of the •OH through H2O
directly is forbidden. Therefore, the adding of H2O2 is necessary
because it provides O2 to produce the •O2

− and further transfers
into •OH, or reacts with photogenerated electrons directly to form
•OH. During the dark catalysis, H2O2 provides an environment for
the Fenton-like reaction in the presence of the multiple valences of
Cu. So the system can degrade the MB  in the darkness. It should be
mentioned that according to the radical quenching experiments,
both the •O2

− and the •OH radicals contribute to the MB  pho-
todegradations. During the dark catalysis, only the •OH radicals
dominate the reaction.

4. Conclusion

In this research, nano-Cu-covered Cu2O microspheres have

been synthesized and utilized in the organic pollutant degradation.
The optical results reveal that the Cu NPs introduce the SPR effect
into the catalyst. The degrading experiments display that with
the existence of Cu NPs, the photodegradation rate improves
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rom 52% for S10 sample to the maximum of 88% for S40 sample
nder the visible-light irradiation. Furthermore, by studying the
hotocatalytic efficiency under the special wavelength (420 nm)
f the incident light, it is confirmed that the SPR plays a crucial
ole on the improvement of the photocatalytic activity. Besides, in
he presence of H2O2, a dark catalytic activity is observed due to
he Fenton-like reaction. The mechanisms of both photocatalysis
nd dark catalysis were discussed through the comparative exper-
ments. It proves that both •O2

− and •OH radicals contribute to
he degradation during the photocatalytic process, while the dark
atalytic performance is only governed by the •OH radicals. In
onclusion, with the aid of SPR and dark catalysis, the Cu2O based
hotocatalytic behaviors are significantly improved.
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