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Abstract: CuO/CeO, p—n heterojunction composites were synthesized using an easy microwave reflux method with
homogeneous precipitation technology, and their photocatalytic performance in terms of methylene blue degradation
was studied. The results showed that the degradation effect of the CuO/CeO, heterojunction composites was
substantially stronger than that of CeO,. The composite prepared with a Cu/Ce molar ratio of 1/3 (1/3 Cu/Ce) exhibited
the highest catalytic activity, achieving a degradation efficiency of 96.2% within 180 min. The improved photocatalytic
performance was attributed to the formation of a p—n heterojunction between CuO and CeO,, which considerably
promoted the separation and transport of photogenerated carriers. The band offset of the CuO/CeO; heterostructure was
calculated; its valence band offset was 1.58 eV and conduction band offset was —0.48 eV, further demonstrating the

formation of a p—n heterojunction.
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1 Introduction

Various organic wastewaters are released into
the water environment, considerably affecting
the ecological balance of nature and human
health [1-4]. Ecofriendly, low-cost, and high-
efficiency technologies must be developed for
water decontamination [5—7]. Semiconductor photo-
catalysts can mineralize organic pollutants
by producing reactive radicals; they exhibit
considerable potential for decomposing various
types of pollutants [8,9]. The rare earth oxide
CeO> has high chemical corrosion resistance, light
corrosion resistance, and intense ultraviolet light
absorption ability. CeO, has a redox cycle of

Ce*/Ce* and hence is widely used for the photo-
catalytic treatment of organic wastewater [10—12].
CeO; has a wide bandgap and high photogenerated
carrier recombination efficiency, limiting its photo-
catalytic performance. To overcome this limitation,
a p-n heterojunction can be constructed to
reduce the bandgap and inhibit electron—hole
recombination [13,14]. At the p—n heterojunction,
the Fermi level can reach equilibrium through the
diffusion of electrons from the n-type semi-
conductor to the p-type semiconductor via the
interface, forming a built-in electric field pointing
from the n-type semiconductor to the p-type semi-
conductor [15—17]. In other words, there are two
driving forces for the photogenerated electron
migration in p—n heterojunction: the band potential
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difference and the built-in electric field. Therefore,
p—n heterojunctions can realize the -effective
separation of electron—hole pairs, accelerate the
charge transfer to the catalyst surface, and prolong
the lifetime of the photogenerated carriers. Currently,
various p—n heterojunction photocatalysts with
matching-energy-level  structures have  been
prepared [18—20], such as Ce0,/Co30s [21],
NiO/Ce0O; [22], and CeO,/CuS [23]. Although some
progress has been made in this regard, there is
still a need to develop CeO:-based heterojunction
photocatalysts that can effectively reduce their
bandgaps and improve the charge separation
efficiency of electron—hole pairs. Moreover, more
research needs to be conducted on the principle of
p—n heterojunction formation.

To regulate the bandgap and improve the
electron—hole separation efficiency, a p-type semi-
conductor with a suitable bandgap can be used to
compound with CeO;, and construct a new p-n
heterojunction material. As a p-type semiconductor
material, CuO exhibits good visible-light absorption
capacity and stable physicochemical properties and
is inexpensive. Moreover, it is often compounded
and modified with wide-bandgap semiconductors,
thereby improving the light absorption capacity of
the composite materials and separation efficiency
of electron-hole pairs. BHARATHI et al [24]
synthesized CuO/ZnO nanocomposites having
various copper and zinc contents. Compared with
Zn0O, the degradation rate of methylene blue
(MB) using the CuO/ZnO nanocomposites with
5% Cu content reached 96.57% within 25 min.
The enhanced photocatalytic performance of the
nanocomposites was attributed to the inhibition
of electron—hole pair recombination due to the
presence of a p—n interface. DURSUN et al [25]
prepared WO3/CuO  heterojunction materials.
Compared with pure WOs, the adsorption rate and
degradation speed of MB dye using the prepared
sample with a CuO mass fraction of 0.75%
increased by 38.4% and 25.7%, respectively. The
enhanced photocatalytic activity was attributed to
the formation of a heterojunction mechanism
between CuO and WO;, which promoted the
photo-induced carrier separation. Recombining
CeO; with CuO to form a p—n heterojunction will
effectively improve the photocatalytic activity of
CeO; because CeO; and CuO have matching band
structures.

Herein, a new p—n heterostructure composite
CuO/CeO, was prepared using an atmospheric
microwave reflux method with homogeneous
precipitation technology, and the effect of the CuO
content on the structural, optical, and photocatalytic
properties of CeO, was investigated. Moreover,
the photocatalytic performance of CuO/CeO; was
evaluated via the degradation of an MB solution as
the model pollutant. The possible mechanism of
CuO/CeO;, p—n heterojunction for the enhanced
photocatalytic activity was deduced from the results
of a free-radical-trapping experiment. Furthermore,
this was confirmed by calculating the shift of the
band position of CuO/CeO; heterojunction. This
method might provide a new approach for revealing
the photocatalytic mechanism of p—n heterojunction
composites.

2 Experimental

2.1 Preparation of CuO/CeQ; composites

The CuO/CeO, composites were synthesized
using a facile microwave reflux method with
homogeneous precipitation technology. Briefly,
10 mmol Ce(NO3)3‘6H20, 5 mmol Cu(NO3)2‘6H20,
2 g polyvinylpyrrolidone and 60 mmol urea were
dissolved in 100 mL deionized water and stirred to
form a transparent solution. The solution was
transferred to a 250mL flask to perform a
microwave reflux reaction. After microwave
treatment for 60 min, a considerable precipitate was
generated. The precipitate was separated via
centrifugation, washed several times with distilled
water and ethanol, and dried at 60 °C for 12 h.
Finally, the products were calcined at 500 °C for 2 h
in a muffle furnace to obtain the 1/2 Cu/Ce sample.
Other CuO/CeO, composites were prepared by
changing the molar ratio of Cu/Ce to 1/3, 1/4, and
1/6, which were then Ilabeled as 1/3 Cu/Ce,
1/4 Cu/Ce, and 1/6 Cu/Ce, respectively.

2.2 Characterization

The phase structure of the CuO/CeO;
composites was analyzed via X-ray diffraction
(XRD) wusing an X-ray diffractometer (Rigaku
SmartLab) with CuK, radiation (1=1.541874 A).
The particle morphology and microstructure
of the samples were characterized using scanning
electron microscopy (SEM; Zeiss SUPRA—55) and
high-resolution transmission electron microscopy
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(HRTEM; Philips-FEI Tecnai F30). The specific
surface area of the samples was measured using
Brunauer—Emmett—Teller (BET; SSA—4300) method.
Fluorescence spectra were measured using a
fluorescence spectrophotometer (Hitachi F—7000).
The diffuse reflectance spectra of the products were
obtained using an ultraviolet—visible (UV-Vis)
spectrophotometer equipped with an integration
sphere (Perkin Elmer Lambda 750 s). The chemical
state and elemental composition of the synthesized
CuO/CeO; composites were determined using X-ray
photoelectron  spectroscopy (XPS; ESCALAB
250XTI). All binding energies were calculated with
reference to the energy of the Cls peak of
contaminant carbon at 284.8 eV.

2.3 Photocatalytic experiment

The photocatalytic properties of the as-prepared
samples were determined via the degradation of the
MB solution under UV irradiation using a 500 W
mercury lamp. Briefly, a photocatalyst (150 mg)
was dispersed in the MB solution (300 mL;
10 mg/L). Before irradiation, the suspension was
stirred in a dark environment for 30 min to ensure
adsorption—desorption equilibrium. After irradiation,
4mL of the suspension was withdrawn every
30 min and centrifuged to remove the CuO/CeO,
composites. Subsequently, the absorbance of the
MB solution was measured at 664 nm using a
UV—Vis spectrophotometer. The degradation
efficiency was evaluated using the function
AdA0x100%, where Ao represents the absorbance of
MB after dark adsorption and A; represents the
absorbance at the illumination time ¢. The trapping
experiments were performed using a procedure
similar to the aforementioned procedure, except
for the addition of tert-butyl alcohol (TBA, a
hydroxyl radical scavenger), ethylenediamine
tetraacetic acid disodium salt (EDTA-2Na, a hole
scavenger), and p-benzoquinone (BQ, a superoxide
radical scavenger).

3 Results and discussion

3.1 Phase composition and morphology

Figure 1 shows the XRD patterns of pure CeO,
and CuO/CeO, composites. The characteristic
XRD peaks indicated that the obtained CeO,
and CuO/CeO, composites were well crystallized.
The XRD peaks at 26 values of 28.5°, 33.1°, 47.5°,

«(111)

CeO,

1176 Cu/Cm

1/4 Cu/Ce A* s s

3CuCe) 3o 0 A Al
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Fig. 1 XRD patterns for pure CeO, and CuO/CeO,
composites

56.4° and 59.1° marked by the plum blossom shape
were respectively indexed to (111), (200), (220),
(311), and (222) crystal faces of cubic fluorite-
structured CeO, (JCPDS No. 34-0394) [26], while
XRD peaks at 26 of 35.5° and 38.7° labeled by the
rhomboid shape were assigned to the monoclinic-
structured CuO [27]. For the 1/4 Cu/Ce and
1/6 Cu/Ce samples, the XRD peak corresponding to
the CuO phase was absent because the amount of
doped Cu was relatively low. Cu species were
doped into the CeO; lattice in the form of ions or
dispersed on the surface of CeO; in the form of fine
CuO clusters without changing the phase structure
of CeO, [28]. Similar phenomena have been
previously reported [29]. AVGOUROPOULOS
et al [30] reported that the absence of the CuO peak
in CeO»/CuO (CuO molar fraction of 15%) samples
was attributed to the solid solution formed via the
addition of Cu*" to the CeO; lattice. When the Cu
content was increased, two prominent XRD peaks
corresponding to the CuO phase appeared in the
1/2 Cu/Ce and 1/3 Cu/Ce samples, indicating that
Cu ions entering the lattice of CeQO, reached
saturation. The excessive Cu ions precipitated into
the CuO phase, and the intensity of the
corresponding XRD peaks gradually increased with
increasing CuO content [31]. The inset in Fig. 1
shows that the XRD peak corresponding to the (111)
crystal plane of the CuO/CeQO, composite moved
toward, a large angle compared with that of pure
Ce0O,, suggesting that the CeO, lattice was doped
with Cu ions. Additionally, the XPS survey spectrum
for 1/3 Cu/Ce revealed that the composites
comprised Cu, Ce, and O.
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Figure 2 presents typical SEM images of pure
Ce0O; and CuO/CeO; composites. The pure CeO;
prepared using the microwave reflux method
presents regular rhombohedra-shaped morphologies.
Interestingly, as CuO and CeO, were compounded,
the morphology of CeO, in CuO/CeO, composites
completely changed from rhombohedra shape to
polyhedral shape, whereas CuO exhibited a regular
spherical shape and was dispersed around or on the
surface of the polyhedrons. The well-dispersed CuO
and CeO, exhibited a strong interfacial interaction,
promoting the transfer of photogenerated carriers
on the surface of the CuO/CeO, composites, which
is conducive to improving their photocatalytic
activity. Furthermore, the number of CuO spheres
increased with increasing Cu/Ce molar ratio, which
is consistent with the increasing trend of the
intensity of the CuO peak in the XRD pattern.

Transmission electron microscopy (TEM)
images of 1/3 Ce/Cu were obtained for a closer

examination of the microstructure of 1/3 Ce/Cu.
Figure 3(a) presents the TEM image of 1/3 Ce/Cu.
As shown in this figure, 1/3 Ce/Cu exhibited two
morphologies: spherical particles and polyhedral
structures. The CuO spheres were attached to the
surface of CeO, polyhedron to form an intimate
interfacial contact, which can be observed in the
TEM image. The lattice fringes are visible in the
HRTEM image shown in Fig. 3(b), with interplanar
spacings of 0.19 and 0.23 nm corresponding to the
(220) plane of CeO, and (111) plane of CuO,
respectively.

Figure 4 shows the N, adsorption—desorption
isotherms and pore size distribution of pure
CeO; and CuO/CeO; composites. The prepared
nanoparticles presented a type-IV isotherm curve
with a H4 hysteresis loop based on the [UPAC
classification [32], reflecting the presence of
mesopores in the sample. Furthermore, stacking of
the samples led to the formation of pores. Except

Fig. 2 SEM images of pure CeOz (a), 1/2 Cu/Ce (b), 1/3 Cu/Ce (c), 1/4 Cu/Ce (d) and 1/6 Cu/Ce (e)
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Fig. 3 TEM (a) and HRTEM (b) images of 1/3 Cu/Ce
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Fig. 4 N, adsorption—desorption isotherms and pore size
distribution curves (inset) for pure CeO, and CuO/CeO,
composites

for the 1/2 Cu/Ce samples, incorporating CuO
increased the specific surface area of the CuO/CeO,
composites. The BET surface area of the CuO/CeO»
composites gradually decreased with increasing
CuO content, suggesting that adding excessive CuO
is not conducive to increasing the specific surface
area of the samples. The surface area of the samples
decreased with increasing CuO content, which is in
accordance with a previous report [33].

The average pore size distribution of
CuO/CeO; composites measured using the Barrett—
Joyner—Halenda method was 2—10 nm, which is in
the mesoporous range and consistent with the
adsorption—desorption isotherm results (Fig. 4).
Table 1 lists the pore volume, BET surface area, and
average pore size of the samples. The specific
surface area of 1/3 Cu/Ce (62.3 m*g) is slightly
smaller than those of 1/4 Cu/Ce and 1/6 Cu/Ce
(64.5 and 66.1 m?/g, respectively). This indicates

(b)

CuO
. d=0.23 nm

CuO
. d=0:23nm
ir, (QRAD)
st
i 7

that the specific surface area of the CuO/CeO:
composite does not considerably increase with the
combination of CuO and CeOs.

Table 1 Specific surface area, pore volume and pore
radius of CeO, and CuO/CeO; composites

Specific surface Pore volume/ Average pore

Sample area/(m>-g ') (cm3-g ™) radius/nm
CeO» 56.2 0.042 6.41
1/2 Cu/Ce 30.7 0.073 8.60
1/3 Cu/Ce 62.3 0.041 5.22
1/4 Cu/Ce 64.5 0.057 5.21
1/6 Cu/Ce 66.1 0.041 4.67

3.2 Diffuse reflectance spectroscopy (DRS), photo-

luminescence (PL), and XPS results

Generally, the performance of photocatalysts
strongly depends on their optical activities.
Therefore, the optical absorption performance of
pure CeO, and CuO/CeO; composites was
investigated using UV-Vis DRS. As shown in
Fig. 5(a), pure CeO, exhibited a strong absorption
band at a wavelength <400 nm, which is consistent
with previous studies [34]. In contrast to pure CeO»,
all the CuO/CeO, composites exhibited strong
responses to UV and visible light. After introducing
CuO, the absorption intensity of the CuO/CeO;
composites considerably increased in the wave-
length range of 400—800 nm and the absorption
edge was slightly red-shifted. This suggests
that CuO/CeO, composites exhibit better light
absorption performance and photocatalytic activity
than pure CeO». This may be because the combination
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Fig. 5 UV—Vis DRS (a), and (ahv)*—photon energy (hv)
relationship curves (b) of CeO,, CuO and CuO/CeO;
composites

of CuO regulates the bandgap of the sample,
enhancing its light absorption capacity. Furthermore,
a shoulder peak was observed at a wavelength of
~430 nm, indicating a defect energy level. The
shoulder peak of the CuO/CeO, -composites
broadened and intensified after the introduction of
CuO, indicating that the addition of CuO increased
the defect concentration in the CuO/CeO;
composites [35]. The increase in defect
concentration is beneficial to promoting the
separation of photogenerated electron—hole pairs,
thereby improving the photocatalytic activity of the
sample.

UV—Vis DRS can be used to estimate the
bandgap (E;) of a sample as follows: (ahv)’=
A(hv—Es), where a represents the absorption
coefficient; 4 and hv represent absorption constant
and incident photon energy, respectively. Figure 5(b)
shows the (ahv)>-photon energy (hv) relationship
curves of the prepared samples. The bandgaps of
pure CeO,, CuO, 1/2 Cu/Ce, 1/3 Cu/Ce, 1/4 Cu/Ce,

and 1/6Cu/Ce can be obtained via extrapolating
the linear part of the curves and are measured to
be 295, 1.85, 2.51, 246, 2.67, and 2.82¢V,
respectively. The bandgap of CuO/CeO, composites
is smaller than that of pure CeO,, and the decrease
in bandgap can be attributed to the formation of a
heterojunction composite [36].

Figure 6 shows the obtained PL emission
spectra. The PL emission intensity is related to the
recombination of photogenerated electrons and
holes [37,38]. In general, a higher PL strength
indicates rapid electron—hole recombination, while
a lower PL strength indicates the inhibition of
electron—hole recombination, implying a longer
photoelectron lifetime and improved photocatalytic
activity. The emission peaks of CuO/CeO;
composites and CeQO, samples were observed at
380—550 nm with an excitation wavelength of
243 nm. The prepared CuO/CeO, composites
exhibited a distinct decrease in emission intensity
relative to pure CeO,, indicating that electron—hole
pair recombination was effectively inhibited. This
may be attributed to charge transfer between
CeO; and CuO, which accelerates the carrier
migration [39,40]. The 1/3 Cu/Ce sample exhibited
the lowest PL intensity, indicating that hetero-
junction formation considerably enhanced the
separation efficiency of photoelectron—hole pairs,
prolonging the lifetime of photogenerated electrons
and improving the photocatalytic activity of the
sample.

1/2 Cu/Ce
1/3 Cu/Ce
1/4 Cu/Ce
1/6 Cu/Ce
CeO,

300 400 500 600 700 800
Wavelength/nm

Fig. 6 PL spectra of pure CeO, and CuO/CeO,
composites

Furthermore, the emission spectra of the
CuO/CeO; composites exhibited a slight blue shift
compared to that of pure CeQO,, which may be
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attributed to the shift of impurity energy level
between Ce (4f) and O (2p) due to the combination
of Cu [41]. These results suggest that the CuO/
CeO, composites can achieve efficient charge
transfer and separation between CuO and CeO,,
improving their photocatalytic activity.

The chemical state and elemental composition
of pure CeO,, 1/2 Cu/Ce, 1/3 Cu/Ce, and 1/6 Cu/Ce
were further investigated via XPS. For the
1/3 Cu/Ce sample, only the peaks of Ce, Cu, and O
were observed in the XPS survey scanning
spectrum, indicating that there are no other
impurities in the prepared samples (Fig. 7(a)). The
Ce 3d orbits were divided into two groups caused
by spin-orbit coupling and fitted with eight peaks
(Fig. 7(b)). The six peaks labeled u, u”, u"’, v, v"
and v"" were attributed to the 3ds; and 3ds,, for Ce**
states, respectively, and the two peaks labeled u’
and v’ corresponded to the 3ds» and 3ds, for Ce**
states, respectively. This result reveals that Ce*" and
Ce*" coexist on the CuO/CeO, sample surface.
Furthermore, the binding energy of CeO; in all
CuO/CeO, composites was slightly greater than
that of pure CeO,. The shift of the peak position to

1957

the high-energy region in the XPS spectrum was
due to the reduction of the local electron cloud
density [42], confirming that charge transfer occurs
at the interface between CuO and CeOs; this charge
transfer changes the chemical environment of Ce**
ions. Based on the peak areas, the Ce** contents
were calculated according to Ref. [43]. The results
revealed that the Ce*" contents (mass fraction) in
pure CeO,, 1/2 Cu/Ce, 1/3 Cu/Ce, and 1/6 Cu/Ce
were 15.2%, 20.7%, 27.4%, and 16.4%, respectively.
A higher Ce*" content indicated a higher content
of surface oxygen vacancies, which considerably
improved the photocatalytic activity of the
nanoparticles [32]. The content of Ce*" ions initially
increased and then decreased. The Ce** content in
the 1/3 Cu/Ce sample was the highest. Moreover,
the 1/3 Cu/Ce sample exhibited the optimal
photocatalytic activity, indicating that a high
content of oxygen vacancies plays a leading role in
the photocatalytic reaction. This result is also
consistent with the results reported in a previous
study [44].

Figure 7(c) shows the Cu2p core-level XPS
spectra of 1/2 Cu/Ce, 1/3 Cu/Ce, and 1/6 Cu/Ce.
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Fig. 7 Wide scanning XPS spectra of 1/3 Cu/Ce (a), XPS spectra of Ce 3d (b), Cu 2p (c), and O 1s (d)
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Each sample exhibited two characteristic peaks
with a spin-orbit splitting energy gap of 20 eV. The
binding energies were located at 933.1, 953.1,
932.7, 952.7, 933.1, and 953.1¢V, in which the
binding energies located at 933.1, 932.7 and 933.1 eV
were corresponded to the typical characteristic
peaks of Cu 2ps» of Cu**and others were assigned
to Cu 2pi» of Cu** [45]. Moreover, there are two
satellite peaks near 938—946 eV, which are typical
vibration peaks of Cu?* [46]. These results
suggested that Cu species in the composites exist
mainly as Cu?**, which is consistent with the XRD
results.

Figure 7(d) presents the XPS spectra of O Is
of the 1/2 Cu/Ce, 1/3 Cu/Ce, 1/6 Cu/Ce, and pure
CeO, samples; the O 1s core-level spectrum for all
the samples exhibited three peaks. The binding
energies of O 1s in 1/3 Cu/Ce composites were
observed at 529.0, 531.0, and 532.1 eV. The peaks
at 529.0 and 531.0eV corresponded to lattice
oxygen, and the peak at 532.1 eV was attributed to
chemisorbed oxygen on the sample surface [47].

3.3 Photocatalytic activity

The photocatalytic performance of the CuO/
CeO;, composites was evaluated through MB
degradation experiment under UV irradiation. As
shown in Fig. 8, the absorbance of MB gradually
decreased with increasing illumination time. The
photocatalytic activities of all the CuO/CeO;
composites were considerably higher than that of
pure CeO,. The photocatalytic activity initially
increased and then substantially decreased with
increasing CuO content (Fig. 9(a)). After 180 min
of illumination, the 1/3 Cu/Ce sample exhibited the
highest degradation efficiency of 96.2%, while the
pure CeO,, 1/2 Cu/Ce, 1/4 Cu/Ce, and 1/6 Cu/Ce
samples exhibited degradation efficiencies of
78.4%, 80.4%, 92.4%, and 85.8%, respectively. The
degradation efficiency of the 1/4 Cu/Ce and
1/6 Cu/Ce samples decreased because of the lower
CuO content. Moreover, the number of effective
heterojunctions produced via the combination of
CuO and CeO, was considerably reduced, which
in turn decreased the photocatalytic activity. The
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Fig. 8 UV—Vis absorption spectra of MB solution by 1/2 Cu/Ce (a), 1/3 Cu/Ce (b), 1/4 Cu/Ce (c) and 1/6 Cu/Ce (d)

composites at different illumination time
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Fig. 9 Photocatalytic degradation curves of MB by CeO;
and CuO/CeO, composites (a), and corresponding
pseudo-first-order kinetic curves (b) (ki—ks are pseudo-
first-order rate constant for MB degradation)

degradation efficiency of the 1/2 Cu/Ce sample was
also lower than that of the 1/3 Cu/Ce sample
because the CuO content in the 1/2 Cu/Ce sample
was larger than that in the 1/3 Cu/Ce sample. This
result can be attributed to the fact that excessive
CuO either covers CeO; or aggregates itself and no
effective heterojunction is formed. Additionally, the
bandgap of CuO was small and the photogenerated
electron—hole pairs easily recombined, reducing
the photocatalytic performance. WANG et al [48]
prepared a p-CuO/n-CeO, heterojunction photo-
catalyst. With the addition of H,O,, a photocatalytic
degradation efficiency of 86.2% was achieved
for RhB. Conversely, a photocatalytic degradation
efficiency of 96.2% was achieved for the p—n
heterojunction CuO/CeQO, prepared in this study
without the addition of H»Os.

The pseudo-first-order kinetic curve was
obtained via a linear fit of In (4¢/4,) and irradiation

time (7), as shown in Fig. 9(b). The fitting results of
the curve revealed that the photocatalytic
degradation process of the MB solution using the
prepared sample conforms to the pseudo-first-order
kinetic model. As shown in Fig. 9(b), the MB
degradation rate of the 1/3 Cu/Ce sample was
~2.7 times that of pure CeQO,. The improved
photocatalytic efficiency can be attributed to the
formation of p—n-type heterojunctions that promote
the rapid transfer of electrons at the CuO/CeO:
interface and reduce electron—hole recombination.

To study the active species of CuO/CeO;
composites in the degradation of MB solution,
EDTA-2Na, BQ, and TBA were added as h', -O,,
and -OH scavengers, respectively [49]. Figure 10
shows the photocatalytic efficiency of 1/3 Cu/Ce
samples in the presence of various scavengers. With
the addition of EDTA-2Na and TBA, the
degradation efficiency of MB in the 1/3 Cu/Ce
sample decreased, indicating that h* and -OH were
involved in the photocatalytic degradation process.
However, the photocatalytic efficiency considerably
decreased after the addition of BQ, indicating
that -O, was the main active species in the
degradation process.
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Fig. 10 Scavenger experiment results for photocatalytic
degradation of MB by 1/3 Cu/Ce composite

The mechanism of enhanced photocatalytic
activity of CuO/CeO: composite may be due to the
formation of p—n heterojunction between CuO and
CeQ;; the diagram of the possible mechanism is
shown in Fig. 11. CeO; is an n-type semiconductor
while CuO is a p-type semiconductor, and
their Fermi levels are close to their conduction and
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Fig. 11 Possible mechanism of improving photocatalytic activity of CuO/CeO, composites

valence bands, respectively. Thus, the Fermi level
of CeOs is higher than that of CuO. When CuO and
CeO; are in close contact to form a heterojunction
structure, the Fermi energy levels at the interface
tend to balance. To achieve this equilibrium,
electrons transfer from CeO; to CuO through
the interface, forming a built-in electric field from
n-type CeO: to p-type CuO at the semiconductor
interface, and at the same time, the Fermi level in
the system reaches equilibrium. At this time, the
conduction band potential of CuO is more negative
than that of CeO,. The electrons in the CuO
conduction band can be rapidly transferred to the
conduction band of CeO; based on the difference in
energy band potential and the action of the built-in
electric field. Electrons in the conduction band of
CeO; can react with O, in the MB solution to
generate *O,, and the O, formed can effectively
degrade the organic pollutant MB. This is
consistent with the results of free-radical-trapping
experiments.

To further wverify the aforementioned
mechanism, the method proposed by KRAUT
et al [50] was used to calculate the valence band
offset (AEvso) and conduction band offset (AEcgo)
of the CuO/CeO; heterostructure. The specific
calculation formula is as follows:

— CuO
AE‘VBO - (ECu,Zp - EVB,Cu )pure -

CeO
(Ecesa = Evpce)pue’ TAECL (D
CuO/CeO
AEWCL = (ECe,3d - ECu,Zp )heterojuncztion (2)
CeO CuO
AEcgo = Eg ’ _Eg ’ —AEyp, (3)

where AFEc represents the energy difference

between the core energy levels of Cu 2p and Ce 3d
in the CuO/CeO; heterojunction; Ecc3a and Ecyzp
represent the core-level binding energies of Ce and
Cu elements in CeO; and CuO, respectively. Evp ce
and FEvscy, and EgCeOz and Eg“o represent the
valence band and bandgap of CeO, and CuO,
respectively. As shown in Figs. 12(a—c), the valence
band tops (VBM) of CeO, and CuO were 2.22 and
1.18 eV, respectively. The differences between the
core energy level and the valence band top of Ce
and Cu elements in CeO; and CuO were 879.84 and
931.94 eV, respectively.

The difference between the core energy levels
of Ce and Cu in the CuO/CeO; heterostructure was
50.52 ¢V. Table 2 lists the core energy levels,
valence bands, and bandgaps of CeO,, CuO, and
CuO/CeO: heterostructure. According to Egs. (1)—(3),
the AEveo and AEcpo values in the CuO/CeO;
heterostructure were calculated to be 1.58 and
—0.48 eV, respectively. AEcpo is the main driving
force of photoelectron transfer from CuO to CeOs..
A higher conduction band offset indicates a greater
driving force for charge separation and transfer.
Additionally, AEvgo is the primary driving force for
transferring photogenerated holes from CeO, to
CuO. According to the abovementioned equation,
AEvgso is positive and AEcgo is negative, indicating
that the valence band and conduction band of CeO>
are lower than those of CuO. According to the
calculation results, the energy band shift diagram of
the CuO/CeQ; heterostructure was constructed, as
shown in Fig. 12(d). The calculation results of
energy band offset confirm the formation of a p—n
heterojunction structure between CuO and CeOs.
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Fig. 12 XPS core energy level and valence band position diagrams for CeO; (a), CuO (b), and CuO/CeO; (c), and

CuO/CeOs heterojunction energy band offset diagram (d)

Table 2 XPS binding energies of core levels, VBM and
bandgaps for CeO,, CuO and CuO/CeO> heterostructure

Sample State Binding energy/eV  E,/eV
Ce 3dsp 882.06
CeO2 2.95
VBM 2.22
Cu 2p3p2 933.12
CuO 1.85
VBM 1.18
Ce 3dsp 882.18
CuO/CeO2
Cu 2p3/2 932.70

4 Conclusions

(1) The photocatalytic activity of CuO/CeO,
heterojunction composites for MB was found to be
considerably higher than that of CeO,. The
1/3 Cu/Ce composite exhibited the highest catalytic
activity, achieving a degradation efficiency of
96.2% within 180 min.

(2) The p—n heterojunction formed by CuO
and CeO, can be used to construct an effective

electron transport channel, which is beneficial to
the efficient separation and rapid transport of
photogenerated carriers that considerably improves
the photocatalytic performance of the composites.

(3) The band offset of the CuO/CeO,
heterostructure was calculated; the AEvso and AEcgo
were 1.58 and —0.48 eV, respectively, demonstrating
the formation of a p—n heterojunction.
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