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The Cu/CeO2 nanoporous composite material was prepared via a one-step and energy-saving method of
solution combustion synthesis (SCS). The phase composition, surface morphology and optical charac-
teristics of Cu/CeO2 were studied. The results show that the SCS products are composed of cubic fluorite
CeO2 and Cu. Due to the generation and escape of gas during the synthetic reaction, the SCS CeO2 shows
porous structure, in which the mesopores (diameter 10e17 nm) nest in the wall of large pores (diameter
80e300 nm). X-ray photoelectron spectroscopy (XPS) outcomes indicate that the oxygen vacancy con-
centration of CeO2 increases (18.97%e30.93%) with the increase of Cu concentration. The decoration of Cu
greatly enhances the catalytic activity of CeO2 nanomaterials. 30 wt% Cu/CeO2 composite material shows
the best photocatalytic activities for the degradation of methyl orange (MO) (95.99%), which is about 4.3
times that of CeO2 at the same time (120 min). UV-vis diffuse reflectance spectroscopy (DRS) results
show that the semiconductor band gap is reduced with the addition of metallic Cu, which leads to the
enhancement of photocatalytic activity. The free radical trapping experiments demonstrate that $O2

e and
hþ are the main active species in the photocatalytic degradation of MO. Based on the above results, a
hypothesized mechanism for enhanced photocatalysis of Cu/CeO2 nanomaterials was proposed: the
porous structure provides more reactive sites and channels for mass transfer, and the presence of
metallic Cu improves the oxygen vacancy concentration of CeO2 and then promotes charge-carrier
separation, which helps enhance the photocatalytic performance of Cu/CeO2.

© 2022 Published by Elsevier B.V. on behalf of Chinese Society of Rare Earths.
1. Introduction

There are more than 105 dyes on the commercially dyes with
over 7 � 105 t produced by textile, printing, and paper industries
annually.1 Various methods have been utilized to remove organic
pollutants from aqueous environments such as adsorption,2 coag-
ulation and flocculation,3 ion exchange and electrochemical
methods,4 etc. Most of the above remediation techniques are not
only costly but also have complicated operation processes, and may
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produce harmful by-products of aromatic amines.5 Photocatalysis
is a way of material conversion by using light energy. It generates
holes and hydroxyl radicals under light to completely oxidize and
degrade organic pollutants in wastewater. Cerium, which accounts
for 0.0046 wt% of the earth's crust, is the most abundant rare earth
element,6 and its oxidation state possesses excellent thermal sta-
bility, chemical stability. As a stable rare-earth oxide, CeO2 has
attracted a lot of attention on account of its high mobility of the
oxygen species and reversible conversion from Ce4þ and Ce3þ,
which makes it have excellent redox and oxygen storage capacity.7

So it is cheap and widely used in cosmetics, fuel cells, sensors,
etc.8e10 Besides, it is very important in the field of photocatalysis.
Zou et al. used CeO2 hybridized C3N4 to enhance the photocatalytic
hydrogen evolution of visible light11; Wang et al. increased the
photocatalytic performance of CeO2 catalysts to reduce CO2 to H2O
with the irradiation of simulated sunlight produced by Fe-doped
CeO2 catalysts12; Zhong et al. prepared hollow CeF3 nanospheres
s.
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co-doped with activator Tm3þ and sensitizer Yb3þ for photo-
catalytic nitrogen fixation.13

Nevertheless, because of the wide band gap of CeO2 (~3.2 eV),
the low utilization rate of sunlight and fast recombination effi-
ciency of electron-hole, the application of CeO2 in wastewater
treatment has been limited. Surface modification of CeO2 with
metal makes it useful and effective to better the photocatalytic
performance of CeO2. For example, Li et al. employed the oxygen
vacancy and the synergism between Ni and CeO2 to enhance the
catalyst activity in the phenol gasification14; Negi et al. modified
CeO2 with Ag to improve its photocatalytic performance and ach-
ieved approximate 100% degradation of Rhodamine B (RhB) dye in
150 min.15 Among them, Cu-modified CeO2 nanomaterials have
received widespread attention because of their low cost and high
natural abundance. Also, the introduction of Cu in CeO2 further
improves the reversible redox cycle, effectively suppresses
electron-hole coincidence, and increases oxygen storage
vacancies.16e18

Till now, Cu-CeO2 has been synthesized in various methods,
such as hydrothermal, precipitation bonding, microwave, and solid-
state. Channei et al. synthesized Cu-doped cerium dioxide nano-
particles by combining homogeneous precipitation with impreg-
nation methods19; Azizi et al. doped 5 wt%e20 wt% copper into
CeO2 nanostructures by a sonochemical method, and the perfor-
mance of the synthesized catalyst was evaluated via the degrada-
tion of MO.20 The preparation methods in the above reports are all
completed in a two-step or multi-step process (CeO2 is first pre-
pared, and Cu is loaded by other technologies.). Compared with the
above technologies, solution combustion synthesis (SCS) is an
efficient preparation method, which uses the self-propagating
exothermic reaction between reactants for material synthesis
without the addition of any surfactants or extra chemicals.21,22 In
addition, the SCS method does not need special and expensive
equipment, and has been used to synthesize thousands of nano-
materials, such as NiO, CuO, Bi2O3, etc.23e25 And some metals or
metal/oxide composite (Ni, Ag/CeO2, etc.) could also be synthesized
via SCS in one step. However, there is no relevant report on the one-
step preparation of Cu/CeO2.

Herein, a series of Cu-decorated CeO2 composites were suc-
cessfully prepared in one step by the modified solution combustion
synthesis method. And then the structure and photocatalytic
properties of the as-synthesized catalysts were characterized. The
loading of Cu affects the recombination rate of carriers and the
concentration of oxygen vacancies (OVs) in the CeO2 photocatalyst,
and made it exhibit a significantly lower band gap than that of
CeO2. Moreover, the photocatalytic degradation performance of Cu/
CeO2 nanomaterials was investigated through the degradation of
MO, and a feasible mechanism was proposed in combination with
the trapping experiment. This work provides an easy and conve-
nient way to synthesize a photocatalyst for the treatment of
wastewater.
Table 1
The amounts (g) of reagents for each sample.

Samples Solution A Solution B

Ce(NO3)3$6H2O C4H6O6 Cu(NO3)2$3H2O C4H6O6

A1 2.17 1.05 0 0
A2 (10 wt% Cu) 2.17 1.05 0.32 0.24
A3 (20 wt% Cu) 2.17 1.05 0.65 0.48
A4 (30 wt% Cu) 2.17 1.05 0.98 0.73
2. Experimental

2.1. Materials and synthesis

All the following raw materials were obtained from Aladdin
Chemical Reagent Co., Ltd., China, and were used directly without
further purification: cerium nitrate hexahydrate (Ce(NO3)3$6H2O,
AR), tartaric acid (L-C4H6O6, ACS), copper nitrate trihydrate
(Cu(NO3)2$3H2O, AR), and Methyl Orange (MO, AR).

Cu/CeO2 photocatalysts powders were prepared via solution
combustion synthesis method in argon atmosphere. The reaction of
Ce(NO3)3$6H2O and L-C4H6O6 can be represented as Eq. (1); and the
251
reaction between Cu(NO3)2$3H2O and L-C4H6O6 is identified as Eq.
(2).
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18
5
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In a typical SCS procedure, 2.17 g Ce(NO3)3$6H2O, 0.98 g
Cu(NO3)2$3H2O, and 1.78 g C4H6O6 were dissolved in 10 mL
deionized water (DIW) with magnetic stirring for 10 min at 353 K.
The obtained homogeneous colloidal liquid was transferred into a
quartz boat and heated at 600 �C in the argon-filled tubular furnace
for 30 min. This sample was labeled A4 (30 wt% Cu). Other samples
denoted as A1, A2 and A3 (CeO2, 10 wt% Cu and 20 wt% Cu) ac-
cording to the weight ratio of Cu/CeO2 were synthesized using the
same steps. The amounts of reagents are listed in Table 1. The re-
action process of Cu/CeO2 is shown in Fig. S1.
2.2. Characterization

The crystalline phase composition and structures of the as-
prepared CeO2 and Cu/CeO2 were analyzed by powder X-ray
diffraction (XRD, Bruker D8 advance, Germany) in the 2q ranging
from 20� to 80�. The microstructures and elemental composition of
as-prepared samples were explored by a field emission scanning
electron microscope with energy dispersive spectroscopy (FE-SEM,
Hitachi SU8220, Japan). The morphology and size of the Cu/CeO2
were characterized via high-resolution transmission electron mi-
croscopy (HRTEM, TecnaiG2 F20, USA) with the nickel grid as the
powder supporter. The chemical states of CeO2 and Cu were
determined by X-ray photoelectron spectroscopy (XPS, Escalab
250Xi, USA) with Al Ka radiation source. The charging effect on as-
prepared samples was compensated via binding energies refer-
enced to 284.8 eV of C 1s’ peak. The specific surface area, average
pore diameter, and total pore volume of the Cu/CeO2 composites
were characterized using N2 gas Brunauer-Emmett-Teller analysis
(BET, BELSORP-max, Japan). And the pore size distribution curves
were characterized from the adsorption and desorption branches
based on the Barrett-Joyner-Halenda (BJH) method.

The optical properties were analyzed via a UV-vis spectropho-
tometer (Lambda 750 s, USA) at 554 nm, and the photo-
luminescence (PL, FLS980, UK) spectra were recorded by applying a
325 nm excitation. And the photochemical properties of the as-
prepared photocatalytic materials were determined by using a
three-electrode chemistry apparatus (CHI-760E, China). The
transportability of photo-generated electrons and holes in photo-
catalysis was investigated by testing the transient photocurrent
response of the products in ten lights on/off cycles.
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2.3. Photocatalytic performance

In each experiment, 50 mg sample was dropped to MO aqueous
solution and stirred in the dark for 30 min to maintain uniform
suspension and achieve adsorption/desorption equilibrium. Then,
under the irradiation of the visible light source, 5 mL was taken
every 20 min and centrifuged to remove the photocatalyst. Next,
the change of dye concentration in the solution was characterized
by UV-Vis spectroscopy. The efficiency of catalytic degradation was
calculated according to Eq. (3):

Catalytic efficiency ¼
�
A0 � Ai

A0

�
� 100% (3)

where Ai denotes the MO solution concentration after degradation,
while A0 represents the initial concentration of MO solution.
3. Results and discussion

3.1. Phase constitution and structural properties

Fig. 1 presents the X-ray diffraction patterns of CeO2 samples
and Cu/CeO2 nanoparticles. The presence of sharp peaks in the XRD
patterns manifests that the SCS products have good crystallinity.
For products A1 (CeO2), the major peaks at 2q ¼ 28.55�, 33.08�,
47.48�, 56.33�, 59.09�, 69.40�, 76.70� and 79.07� can be assigned to
the cubic fluorite structure of CeO2 (JCPDS 34�0394). And the three
new peaks at 2q ¼ 43.29�, 50.43�, and 74.13� as shown in the XRD
patterns of Cu/CeO2 are indexed to the cubic Cu (JCPDS 04-0836),
manifesting the existence of metal Cu in the composites.

In order to obtain metal Cu, extra fuel of tartaric acid and argon
atmosphere was used, resulting in a reductive environment. As
shown in Eq. (2), in the “copper nitrate tartaric acid” system, CuO is
formed at the early stage of the reaction, and then CuO is reduced to
metal Cu by the reducing gas (CO) released from fuel decomposi-
tion (Eq. (4)). In addition, CeO2 is a stable oxide that is difficult to be
reduced by CO.

CuOþCO ¼ Cuþ CO2 (4)

Moreover, the relative height of the Cu diffraction peaks be-
comes higher with the increase of the Cu amount. Based on the XRD
patterns, the crystalline grain size (D) of A1, A2, A3 and A4 were
Fig. 1. XRD patterns of CeO2 and Cu/CeO2 composites.
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calculated as 5.3, 6.1, 3.7 and 4.4 nm, respectively, utilizing the
Scherrer equation26 (Eq. (5)).

D ¼ Kl
b cos q

(5)

Fig. 2(a, c) is the SEMmicrographs of the SCS CeO2, showing that
the as-prepared CeO2 (Fig. 2(a)) is composed of many irregular
nano flake-like structures. A further observation from high-
magnification images (Fig. 2(c)) reveals a porous structure, in
which the CeO2 crystalline grains form as the skeleton and two
kinds of pores appear in it. The diameter of the large pores is around
80e300 nm, while the mesopores, which nested in the wall of the
large pores, are only 10e17 nm. The generation of these pores can
be ascribed to the production and escape of gas during the syn-
thetic reaction. According to Eq. (1), the production of 1 mol CeO2 is
accompanied by the production of 7.1 mol of gas. Fig. 2(b, d) are the
SEM images of 30 wt% Cu/CeO2 (A4) at different magnifications,
which also exhibit similar porous structures with large pores and
mesopores. The BET (see Fig. S2) surface area of the 30wt% Cu/CeO2
composites is measured to be 23.42 m2/g, which is less than that of
the CeO2 (33.21 m2/g). And the pore volume of 0.082 cm3/g is
slightly reduced compared with CeO2 (0.093 cm3/g). The EDS map
(Fig. 2(eeh)) shows that Cu, Ce, and O elements are uniformly
distributed throughout the sample, which indicates that Cu is
evenly decorated on the CeO2 matrix.

From the TEM images (Fig. 3) of the 30 wt% Cu/CeO2 composite,
it can be seen that this sample is composed of many spherical
nanoparticles, whose diameters ranging from 3.3 to 7.8 nm. The
HRTEM image (Fig. 3(b)) exhibits well-crystallized lattice fringes of
the SCS Cu/CeO2 composite. Fig. 3(b) is an enlarged version of the
box of Fig. 3(a), in which the lattice fringes with a plane spacing of
0.204 nm correspond to the (111) crystal plane of the face-centered
cubic (fcc) Cu phase, while the lattice spacing (0.268 nm) is
matchedwell with the (200) crystal plane of CeO2. In a nutshell, the
HRTEM observations are highly identical with the XRD results and
the FESEM energy spectrum results, which further illustrates the
successful synthesis of Cu-decorated CeO2 composites via the one-
step SCS method.

The detailed chemical state and bonding environment of the as-
synthesized photocatalytic materials were made certain via using
XPS (Fig. 4). The charging effect on the as-prepared samples was
compensated via binding energies referenced to 284.8 eV of C 1s’
peak. The XPS survey spectra of Cu/CeO2 are shown in Fig. 4(a). And
Fig. 4(b) shows the high-resolution XPS spectra of Ce 3d of all the
as-synthesized composite nanomaterials. It is obvious that all the
Ce 3d spectra of all samples could be divided into four pairs of spin-
orbital splitting bimodal peaks, and cerium exists in the mixed-
valence states of the Ce element.27 The resolved binding energies
at 882.1, 888.4, 897.9, 900.7, 907.5 and 916.4 eV28,29 are indicative of
Ce4þ 3d state,30,31 while the other peaks (884.6 and 903.4 eV)
present characteristic of Ce3þ 3d state.32 Compared with pure CeO2,
the electron binding energy peaks of Ce species in 10 wt% Cu/CeO2,
20 wt% Cu/CeO2 and 30 wt% Cu/CeO2 composite nanomaterials
slightly shift toward high electron binding energy, indicating that
the chemical environment of Ce species in Cu/CeO2 composite
nanomaterials changes with the increase of Cu loading.33 Whereas,
in terms of the XRD results, cerium exists as CeO2 in the tetravalent
state, and without diffraction peaks of Ce2O3, which implies that
trivalent cerium ions exist in the crystal lattice of CeO2. The exis-
tence of Ce3þ in CeO2 crystalline will induce the lattice distortion
and generate more oxygen vacancies in the CeO2 crystalline.

For the sake of comparing the Ce3þ concentration in CeO2 before
and after Cu loading, the area of fitted peaks was calculated by Eq.
(6) (the results are listed in Table S1).



Fig. 2. SEM images of CeO2 (a, c) and 30 wt% Cu/CeO2 (b, d); EDS mapping images of CeO2 (e) and for Cu (f), Ce (g) and O (h) of the 30 wt% Cu composite.

Fig. 3. TEM (a) and HRTEM (b) images of the 30 wt% Cu composite.
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CCe3þ ¼
Ce3þ

Ce3þ þ Ce4þ
(6)

where Ce3þ ¼ U1 þ V1 and Ce4þ ¼ U þ U2 þ U3 þ V þ V2 þ V3
(Fig. 4(b)). Sample A4 shows the highest CCe

3þ value (30.93%), fol-
lowed by A3 (27.53%) and A2 (25.57%). And A1 material had the
lowest CCe3þ value (only 18.97%), which means that the percentages
of Ce3þ ions are highly dependent on the Cu content. Higher Ce3þ
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concentration in CeO2 will induce more OVs, which will promote
the electron transfer process, effectively prevent the charge car-
riers’ recombination, and help to enhance the photocatalytic ac-
tivity.34 Due to the addition of copper nitrate and tartaric acid in the
reaction system, the reaction environment is in a fuel-rich state.
The reduction of Cu2þ to Cu (Eq. (4)) was achieved during the
combustion of the fuel-rich system due to the reducing environ-
ment created by the product gases (CO),35 and part of the tetrava-
lent cerium ions are also reduced to trivalent (Eq. (7)). And then,



Fig. 4. XPS spectrum of Cu/CeO2 (a), high-resolution XPS spectra of Ce 3d (b), Cu 2p (c) and O 1s (d).
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with the increase of copper, the corresponding fuel will also in-
crease, leading to a further increase in reducing gas and the con-
centration of trivalent cerium.

CeO2 þ xCO ¼ CeO2�x þ xCO2 (7)

The Cu 2p XPS fine spectrum of the sample is shown above
(Fig. 4(c)), and a split peak fit to it reveals binding energy peaks near
932.6 eV (Cu 2p3/2) and 952.4 eV (Cu 2p1/2) corresponding to zero-
valent metallic copper.36,37 It is noteworthy that the Cu 2p XPS fine
spectrum of the sample fails to observe a clear satellite peak cor-
responding to Cu2þ, implying that the sample does not have a
significant oxidation state on the surface and only exhibits the
characteristics of zero-valent metallic copper. The core-level XPS
spectra of O 1s of composite A4 are shown in Fig. 4(d), there are two
peaks at 529.2 and 531.3 eV in the samples, which are attributed to
O2
� confined by Ce4þ ions and O2

� ions to Ce3þ ions, respectively.38

These findings are also in accord with the work of Zheng et al.39

To determine the valence state of Cu, the samples were sub-
jected to Auger electron analysis. Fig. S3 in S.I. shows the Cu LMM
Auger signals spectrum of sample A4, which was fitted to the split
peaks, and it is found that the fitted peak near the kinetic energy of
918.2 eV corresponds to copper metal.40 This corresponds well to
Eq. (4), where CuO is completely reduced to Cu.
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3.2. Photocatalytic characterization

The optical properties of materials directly affect their photo-
catalytic activity. The results of UV visible absorption spectra are
illustrated in Fig. 5, it can be found that all samples have the light
response in the visible-light region l ¼ 400e600 nm). Compared
with the synthesized CeO2, the Cu/CeO2 composite has higher ab-
sorption intensity in the visible region, and the redshift trend of the
absorption edge increases with the increase of Cu content. The
trend of the band gap of the synthesized products is shown in the
Tauc diagram in Fig. 5(b), and it is obvious that the band gap value
decreases with the increase of Cu content. The narrowing of the
band gap indicates the electronic interaction between Cu and CeO2.
These factors contribute to the enhancement of visible-light ab-
sorption and the formation and transfer of photogenerated charges
and carriers at the interface.

As shown in Fig. 6(a), photoluminescence (PL) measurements
were executed to determine the conveyance of photo-electrons and
holes. It is well known that PL intensity is associated with the
recombination of photogenerated charges in semiconductors.
Compared with CeO2, Cu/CeO2 nanomaterials exhibits a lower ab-
sorption peak at 300e700 nm under the excitation of 350 nm,
showing that the combination of Cu could restrict the fluorescence
of CeO2. The lower PL spectrum intensity implies that the electron-



Fig. 5. (a) UV-vis diffuse reflectance spectra (DRS) of all CeO2 and Cu/CeO2 composites; (b) Tauc's plot of CeO2 and Cu/CeO2.

Fig. 6. (a) PL spectra of all CeO2 and Cu/CeO2 composites; (b) Photocurrent response of CeO2, 10 wt% Cu/CeO2, 20 wt% Cu/CeO2 and 30 wt% Cu/CeO2.
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hole recombination rate is reduced, which means a longer lifetime
of the photogenerated carriers.

On the other hand, the photocurrent density test is an effective
method to study the transportability of photo-generated electrons
and holes in photocatalytic reactions. In general, the stronger the
photocurrent response of the photocatalyticmaterial, the better the
separation of photogenerated carriers and the lower the degree of
recombination. As shown in Fig. 6(b), the transient and uniform
photocurrent response of CeO2, Cu/CeO2 composites can be
observed with the opening and closing process of light. Among all
the samples, A4 exhibited the highest photocurrent, successively
followed by A3 and A2, which ended with the as-synthesized CeO2
sample. Each of the composite materials introduced with Cu
element has a higher photocurrent than that of the as-synthesized
CeO2. The above results further demonstrate that the introduction
of the Cu element significantly improves the broad charge life and
separation efficiency of CeO2. These photoelectrochemical results
are in good accordance with the photocatalytic performance and
the PL test.

The photocatalytic activities of all the as-prepared samples
were assessed by the degradation of MO dye pollutant molecules
in aqueous media under ultraviolet-visible irradiation. From
Fig. 7(a), it can be seen that after 120 min, the photocatalytic
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efficiency of Al is 21.98%, and the introduction of Cu increases the
degradation efficiency. In particular, the photocatalytic efficiency
of 30 wt% Cu (A4) composites exhibits the best performance
(95.99%), which is about 4.3 times that of CeO2 (A1) at the same
time (120 min). MO was almost not degraded with the absence of
photocatalyst under ultraviolet-visible irradiation. To study the
kinetic relationship of photocatalytic degradation, the relation-
ship between ln(Ai/A0) and radiation time was plotted based on
the photocatalytic experimental data (Fig. 7(b)). The values of
ln(Ai/A0) can be calculated from the photocatalytic performance
experimental values. The first-order kinetic reaction line was
fitted, and the first-order rate constant (k) was estimated by the
relationship of eln(Ai/A0) ¼ kt.41 The more thoroughly MO is
degraded, the higher the k value is.42 The estimated pseudo-first-
order rate constants (k) are 0.0015 (min�1), 0.0051 (min�1), 0.0119
(min�1) and 0.0215 (min�1) for A1, A2, A3 and A4 nanoparticles,
respectively. With the addition of Cu, the rate constant increases
gradually, and the rate constant for the 30 wt% Cu/CeO2 sample is
about 4.3 times that of CeO2. These results implied that the
presence of Cu can improve the light absorption intensity, effec-
tively separate the photogenerated electron-hole pairs and pro-
long the charge carrier lifetime, thus significantly improve the
photocatalytic performance.



Fig. 7. Time profiles of photocatalytic degradation of MO over the as-prepared samples and inset shows the color change of MO for the Cu-30% composite as a photocatalyst (a) and
kinetic data fitting for the degradation of MO (b); UV-Vis absorption spectra of MO solutions containing (c) and cycle test of Cu-30 wt% composite (d).
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As shown in Fig. 7(c), the photocatalytic activity of the 30 wt%
Cu/CeO2 composite was further examined by the degradation de-
gree of methyl orange dye aqueous solution under the irradiation of
xenon lamp. Contaminant concentrations were measured at regu-
lar intervals (20 min) and absorbance intensities are compared. The
major absorption band of methyl orange at around 464 nm faded
gradually with time under simulated visible light irradiation in the
existence of A4 sample, which indicates the degradation of MO dye.
In addition, from the perspective of practical application, the sta-
bility of as-prepared samples is noteworthy besides the photo-
catalytic activity. Therefore, the reusability of 30wt% Cu composites
photocatalyst was evaluated by recirculation experiments. As
depicted in Fig. 7(d), the 30 wt% Cu composites still keep excellent
degradation efficiency of 93.3% after 5 cycles, which proves the
photostability of the as-prepared photocatalyst.

To further study the photocatalytic mechanism, the trapping
experiments of reactive species were conducted to figure out the
main active species. The trapping experiment is similar to the
photocatalysis experiment, and isopropyl alcohol (IPA),43 1,4-
benzoquinone (BQ)44 and ammonium oxalate (AO)45 were added
into MO aqueous solution as the effective scavengers to clear $OH,
$O2

e and hþ, respectively. Fig. 8(a) depicted that the addition of the
scavengers decreases the degradation efficiency of MO, which is
more so for BQ and AO (the photocatalytic efficiency is only 15.1%
and 11.3%). Moreover, when IPA is added, there is no obvious effect
on the degradation of MO (89.4%). In a nutshell, $O2

e and hþ species
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serve a significant function in the photocatalytic degradation of
MO.

Based on the experimental results and characterizations, a hy-
pothesized mechanism for enhanced photocatalysis of Cu/CeO2

nanomaterials was proposed. As is known to all, photogenerated
carriers are separated, electrons are introduced into the conduction
band, and holes are formed in the valence band when the semi-
conductor is illuminated. The existing OVs can capture photo-
generated electrons and convey the captured electrons to the
adsorbent of the composites, thereby effectively suppressing the
recombination of carriers and enhancing the photocatalytic activ-
ity. According to the above trapping experiments, the superoxide
and holes play a significant function in the degradation of MO. And
the existing OVs in CeO2 can capture photo-generated electrons and
convey the captured electrons to the adsorbent, thereby effectively
suppress the recombination of carriers and enhancing the photo-
catalytic activity.

As shown in Fig. 8(b), the degradation process of organics on Cu/
CeO2 composites can be well described as follows: when the CeO2
photocatalytic material is excited by ultraviolet-visible light with
energy higher than the bandgap, electrons transfer from the
valence band to the conduction band of cerium oxide, forming
photogenerated electron-hole pairs (Eq. (8)). The photogenerated
electrons and holes will be transferred to the surface of cerium
oxide, and this process will be partially recombined by emitting
photons (Eq. (9)). When the holes are trapped by organic



Fig. 8. (a) Effect of scavengers on the photocatalytic degradation of MO by the 30 wt% Cu composite; (b) schematic diagram of photocatalytic processes of Cu/CeO2 nanomaterial.
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compounds on the CeO2 surface, the holes can directly degrade the
organic compounds (as reaction (10)). In the photocatalytic reac-
tion, the organic pollutant MO dye initially adsorbed on the catalyst
surface and simultaneously it adsorbed the reactive oxygen species.
The combination of electrons shuttled in the conduction band and
dissolved oxygen in the solution produces superoxide radicals (as
reaction (11)). Superoxide radicals can also directly react with MO
to produce CO2 and H2O (as reaction (12)). The introduction of Cu
plays an important role in the composite catalyst: Cu can be directly
excited by light as an active species, the adsorbed reactant mole-
cules trigger a resonance effect and generate high-energy electrons
and holes for catalytic reactions (as reaction (13)). The photo-
catalytic degradation of organic with photogenerated electrons and
holes is in the same route as the above reactions. The possible re-
actions about photocatalytic mechanism can be summarized as
follows:

CeO2 þhv ðUVÞ /CeO2 ðe� þhþÞ (8)

e� þ hþ / hv0 ðrecombinationÞ (9)

hþ þorganics/CO2 þ H2O (10)

e� þ O2 / ,O�
2 (11)

,O�
2 þ organics/CO2 þ H2O (12)

Cuþhv ðvisibleÞ/Cu ðe� þ hþÞ (13)

Besides, Cu-modified CeO2 receives photogenerated electrons
and extends the life-span of charge carriers through surface plas-
mon resonance,46 which leads to the improvement of the separa-
tion efficiency of electrons and holes and the enhancement of
photocatalytic efficiency.

4. Conclusions

In the present study, Cu/CeO2 catalyst was successfully synthe-
sized in one step by the solution combustion combined with con-
trolling the reaction atmosphere method. The as-prepared CeO2
and Cu/CeO2 composites exhibit nanoporous structure, in which
257
the mesopores (diameter 10e17 nm) nest in the large pores
(diameter 80e300 nm). The nanoporous structure retains the high
specific surface area of nanocrystals (23.42 m2/g) and provides
more channels for mass transfer. The decoration of metal Cu on
CeO2 can generate more OVs in CeO2, which will promote the
electron transfer process, effectively prevent the charge carriers’
recombination. As a result, transient photocurrent response and the
PL spectrum demonstrate higher photo-induced charge separation
efficiency in Cu/CeO2 composites. The obtained Cu/CeO2 photo-
catalysts exhibit enhanced degradation efficiency for MO (95.99%),
which is about 4.3 times that of CeO2 at the same time (120 min).
Moreover, the Cu/CeO2 composites also exhibit promising reus-
ability and stability in five cycles (93.3%). It is expected that the Cu/
CeO2 nanomaterials could become a promising photocatalyst for
energy conversion and environmental remediation. This work
provides a simple and cost-effective method for producing metal-
supported nano-porous oxides with high porosity and surface area.
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