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Facile synthesis of a Z-scheme Ce0,/C3N, heterojunction with enhanced
charge transfer for CO, photoreduction
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ABSTRACT Using solar energy to convert CO, into value-
added fuel is crucial for the goal of global carbon neutrality.
Effective separation of photogenerated charges is important
for improving photocatalytic CO, reduction efficiency. Here-
in, we report a facile in situ exfoliation and conversion strategy
to synthesize a novel CeO,/C;N, heterostructure by uniformly
distributing CeO, nanoparticles onto ultrathin porous C;N,
nanosheets. The ultrathin porous structure of C;N4 not only
increases the specific surface area to provide more active sites
but also effectively shortens the migration distance of photo-
generated electron holes to avoid their recombination. In
addition, the well-dispersed CeO, on C;N, shows an intimate
interface contact, which allows more charges to be transferred
through the increased interface surface area. The as-synthe-
sized CeO,/C;N, heterojunction with well-matched band gaps
and a Z-scheme structure prolongs the lifetime of photo-
induced charge carriers and maximizes the redox ability of the
photocatalyst. Without a noble metal cocatalyst or a sacrificial
agent, the CO, photoreduction performance of the CeO,/C;N,
heterojunction is approximately 5-fold enhanced compared
with that of bulk C;N4. This study provides a facile strategy for
the design and practical application of direct Z-scheme pho-
tocatalysts for sustainable energy conversion.

Keywords: Z-scheme heterojunction, CeO,/C;N,, photocatalysis,
CO, reduction

INTRODUCTION

Converting CO; into value-added chemical fuels is crucial for
the energy crisis and environmental pollution problems induced
by the greenhouse effect [1-4]. Photocatalytic CO, conversion
can not only reduce the total CO, concentration but also obtain
useful chemical materials, which is considered one of the most
sustainable and greenest strategies for achieving global carbon
neutralization [5-9]. Developing novel photocatalysts with a
high solar energy utilization rate and a high CO, conversion rate
is of great importance.

Recently, carbon nitride (C5N4) has been considered a pro-
mising photocatalyst for CO, photoreduction owing to its low
cost, metal-free nature, robustness, environmental friendliness,
and appropriate band gap [10-12]. However, the inherent
defects of C3N, always induce fast electron-hole recombination,
which seriously affects its photocatalytic performance. Strategies

must be carried out to facilitate the electron-hole separation.
Notably, compared with bulk C;N; (BCN), two-dimensional
(2D) C;N4 nanosheets have a larger specific surface area and
faster electron transfer rate, which facilitates the photoinduced
carrier migration to the surface and suppresses the recombina-
tion of electrons and holes, thereby improving the efficiency of
solar energy conversion [13-15]. Moreover, designing an effec-
tive heterojunction with a suitable energy band structure is
another method to enhance the charge separation efficiency,
suppress the recombination of electrons and holes, and facilitate
photocatalytic performance [16-18]. First, materials with over-
lapping band structures with C;N, should be selected to build
reasonable heterojunctions to ensure the mutual transfer of
photoinduced electrons and holes [19]. Second, it is beneficial to
adjust the geometric dimensionality and morphology of pho-
tocatalysis nanomaterials to expand the specific surface area,
increase the surface active sites, and promote charge transfer
[20-22]. Third, maximizing and optimizing the contact interface
between the two semiconductors effectively expedite the charge
transfer rate and improve their photocatalytic performance.
Thus far, methods such as self-assembly under heat treatment
[23] and mechanical stirring [24], which are used to synthesize
the two semiconductors separately before preparing the com-
posite catalysts, have been developed to synthesize C;N,-based
heterojunctions. Recently, in situ methods such as one-step
solvothermal phosphating [25], co-calcination [26], and che-
mical precipitation [27] have been developed to synthesize
C;Ny-based heterojunctions with a more intimate contact for
improved charge transfer. Therefore, designing proper in situ
methods to construct semiconductor nanoparticles onto 2D
C;Ny4 nanosheets by matching the band gaps and controlling
intimate contact can further promote the electron-hole separa-
tion and improve their photocatalytic properties.

Inspired by natural photosynthesis, constructing an artificial
Z-scheme photocatalyst is considered a promising strategy for
CO, reduction because of its spatially separated active sites for
reduction and oxidation and strong redox ability [28]. Generally,
a Z-scheme heterojunction is composed of a reduction semi-
conductor with a negative conduction band (CB) and an oxi-
dation semiconductor with a positive valence band (VB). Under
light excitation, the electrons are excited from the VBs of the two
semiconductors to the CBs, leaving photoinduced holes in the
VBs. Then, the photoexcited electrons in the oxidative semi-
conductor directly migrate and recombine with the photo-
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induced holes in the reductive semiconductor [29]. In this way,
the separation of reductive and oxidative active sites can be
further promoted. Simultaneously, the redox ability of the Z-
scheme heterojunction can be efficiently enhanced [30]. There-
fore, the design and manufacture of new Z-scheme hetero-
structure nanocomposites with appropriate band positions and
improved charge separation and transfer are needed to improve
photocatalytic efficiency. C;Ny can easily form heterojunctions
with various semiconductor materials for its negative CB, nar-
row bandgap, and ideal physical/chemical properties. To con-
struct an efficient C;Ny-based Z-scheme photocatalyst, choosing
another semiconductor with a more positive VB position and
matched bandgap is the key issue for achieving improved
directional electron transfer.

Cerium dioxide (CeQO,), a commonly used oxide semi-
conductor material, has the advantages of a positive VB position,
abundant surface defects, and controllable morphology [31].
Interestingly, Ce®* and Ce** can coexist on the CeO, surface.
Oxygen vacancies (Vo) are generated based on the redox
behavior between Ce** and Ce**, which can act as active sites for
CO, adsorption and photocatalytic reduction [32]. In addition,
the Vo and Ce** benefit the formation of defect energy levels
under the CB of CeO,, which can narrow the bandgap of CeO,
and enhance the visible light absorption efficiency. Further, the
narrowed bandgap of CeOs, is near the bandgap of C;N,, which
can produce similar amounts of photogenerated electrons and
holes under irradiation and promote electron transfer from the
CB of CeO, to the VB of C;Ny, forming a Z-scheme hetero-
junction. Furthermore, catalysts with small sizes often induce
larger specific surface areas and an increased amount of surface
active sites, which is more conducive to the occurrence of
adsorption and chemical reactions. Therefore, constructing a
novel heterojunction structure with small-sized CeO, particles
uniformly distributed on CsN, nanosheets can achieve proper Z-
scheme heterostructures with not only effective contact and
well-matched band structures to promote electron-hole separa-
tion but also a large specific surface area with multiple active
sites and enhanced CO, adsorption.

Herein, using an in situ exfoliation and conversion strategy,
we have successfully fabricated a CeO,/Cs;Ny heterojunction with
increased specific surface area, promoted photogenerated carrier
separation, enhanced CO, adsorption, and high CO, photo-
reduction activity. The C;N, nanosheets feature a nanoporous
structure with enhanced surface area. Further, CeO, nano-
particles are uniformly distributed on the nanosheets, with an
average particle size of 18.8 nm. The obtained CeO,/C;Ny het-
erojunction possesses a direct Z-scheme structure, which enables
semiconductors to facilitate the separation of photogenerated
charges and maintain the redox capacity at the appropriate
position for photochemical CO, reduction. The intimate inter-
face between CeO, and C;Ny also enables more charges to be
transferred because of the increased surface area, which leads to
an increased rate of CO, photoreduction. Benefiting from the
increased specific surface area, promoted photogenerated carrier
separation, and enhanced CO, adsorption, the obtained CeO,/
C;Ny heterojunction shows CO and CH, yields of 35.96 and
2.40 pmol g™, respectively, for 4 h without a noble metal coca-
talyst or a sacrificial agent, which are much higher than those of
BCN, CeO,, and CeO,/BCN. This study provides a springboard
for the design and practical application of ultrathin C;N4-based
direct Z-scheme photocatalysts.
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EXPERIMENTAL SECTION

Synthesis of Ce0,/C;N4 composites

The CeO,/C3N4 composites were synthesized using an in situ
exfoliation and conversion approach. First, the hexagonal rod-
like layered precursor was prepared according to our previously
reported method [33]. Typically, 1 g of melamine was mixed
with 1.2 g of phosphorous acid and 100 mL of deionized water
in a beaker, and then the beaker was placed in a water bath at
80°C for 1 h under vigorous stirring. Second, the solution was
transferred to a Teflon-lined autoclave and treated at 180°C for
10 h. After naturally cooling to room temperature, the pre-
cursors were obtained by washing the obtained solid with
deionized water repeatedly and drying at 60°C. Third, 0.8 g of
the precursor was placed in a two-necked flask connected with a
funnel and a circulating water vacuum pump, which was used to
remove the air in the flask and adsorbed in the precursors as
much as possible to reach high vacuum (vacuum degree:
—0.1 MPa). Fourth, 0.4 g of Ce(NO3);-6H,0 was dissolved in a
mixed solvent of 10 mL of ethanol and 3 mL of ethylene glycol.
This solution was added to the flask through a funnel with
continuous stirring under a vacuum. After continuous stirring
for 30 min, the solid was collected by centrifugation to remove
the cerium ions, which were not inserted into the interlayer of
the precursors, and then the precipitate was redissolved in a
mixed solution of 15 mL of ethanol and 5 mL of ethylene glycol.
Finally, the mixture was hydrothermally heated at 180°C for
30 min, followed by cooling to room temperature naturally. The
obtained solid was washed three times with ethanol, then dried
at 60°C overnight, and finally calcined at 440°C for 4h in a
muffle furnace. The product was labeled as CeO,/C;Ny,

Synthesis of BCN
BCN was obtained by directly heating urea in a covered crucible
at 550°C for 3 h at a heating rate of 2°C min™".

Synthesis of CeO,/BCN composites

For comparison, CeO,/BCN was synthesized using BCN as the
matrix rather than a layered precursor. This method is similar to
the synthesis of CeO,/C;N,. BCN and Ce(NOs);-6H,O were
mixed in 15 mL of ethanol and 5 mL of ethylene glycol under
stirring for 30 min and hydrothermally reacted at 180°C for
30 min. Then, the obtained precipitate was washed with ethanol,
dried, and finally calcinated in air at 440°C for 4 h.

Synthesis of CeO,

Briefly, 0.1 g of Ce(NO;);-6H,O was dissolved in 20 mL of
ethanol with magnetic stirring for approximately 30 min.
Afterward, the solution was transferred to a 50-mL Teflon-lined
autoclave and heated for 10 h at 180°C, followed by naturally
cooling in air. The solid products were collected by centrifuga-
tion, washed with ethanol, and dried at 60°C. Finally, the sam-
ples were calcined in air at 440°C for 4 h.

Characterization

The surface morphology and particle size of samples were
obtained using scanning electron microscopy (SEM, Hitachi S-
4800) with an acceleration voltage of 5kV and transmission
electron microscopy (TEM, JEOL F200) at 200 kV. Powder X-
ray diffraction (XRD) patterns were obtained from a Bruker D8
Advance diffractometer with Cu Ka radiation (A = 1.5406 A). N,
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adsorption-desorption isotherms were measured by Micro-
meritics Tristar II. X-ray photoelectron spectroscopy (XPS) and
VB XPS spectra measurements were performed on a VG
ESCALABMK II with Mg Ka achromatic X-ray source. The
ultraviolet-visible (UV-Vis) diffuse reflectance spectrum (DRS)
was obtained from a Shimadzu UV-2550. Photoluminescence
(PL) spectra were obtained from a Hitachi F-4600 fluorescence
spectrophotometer with a photoexcitation wavelength of
365 nm. Fourier transform infrared (FT-IR) spectroscopy was
recorded on a Nicolet iS 50 FT-IR spectrometer, using KBr as
the diluent. Electron paramagnetic resonance (EPR) measure-
ments were performed on a Bruker EMX plus model spectro-
meter. In situ diffuse reflectance infrared Fourier transform (in
situ DRIFT) spectra were recorded on a Nicolet iS 50 FT-IR
spectrometer using a DRIFT cell with a quartz window. Before
the test, the photocatalyst was placed in an in situ chamber and
purged with Ar for 60 min to remove impurities adsorbed on its
surface. Then, high-purity CO, was bubbled into deionized
water, and the mixture of CO, and water vapor was introduced
for 30 min. Finally, the DRIFT spectra were recorded under
different illumination times. The thickness of the sample was
analyzed using a Multimode Nanoscope VIII instrument (Bru-
ker) atomic force microscope (AFM). Thermogravimetric ana-
lysis (TG) was performed on a TA Q600 thermal analyzer at a
heating rate of 5°C min~'. The work functions were measured
using a scanning Kelvin probe (SKP5050, Scotland).

Photochemical measurements

The photochemical tests of the samples were performed in a
conventional three-electrode quartz cell using a computer-con-
trolled CHI660E electrochemical workstation. The light source
was a 300-W Xe lamp with a simulated sunlight filter (AM 1.5).
An Ag/AgCl electrode and a platinum wire were used as the
reference electrode and the counter electrode, respectively. A
Na,SO, solution (0.2 mol L™) was used as the electrolyte after
nitrogen was injected for 3h. The process to prepare the
working electrode with the as-obtained sample was as follows:
10 mg of catalyst was dispersed in 2mL of ethanol. After
ultrasonic treatment, the obtained homogeneous suspension was
sprayed on the surface of fluorine-doped tin oxide glass with an
area of 1cm? and calcined at 350°C for 2h in a nitrogen
atmosphere for further use.

Photocatalytic activity for the reduction of CO,

The photocatalytic CO, reduction performance of the catalysts
was evaluated using a Labsolar-6A (Beijing Perfectlight) online
test device. The photocatalyst (10 mg) and 3 mL of H,O were
added to the reaction vessel, which was evacuated to remove air
and then filled with CO, (> 99.999%) until the pressure was
80 kPa. After the reactor was maintained for 30 min to establish
adsorption-desorption equilibrium, a 300-W xenon lamp (Beij-
ing PerfectLight) was used as the light source. No cocatalysts or
sacrificial agents were used during the photocatalytic reaction.
The photocatalytic reactor was connected to an online gas
chromatograph for hourly gas collection and analysis. Gas
products were analyzed using a gas chromatograph (GC 2002,
Shimadzu) equipped with a flame ionization detector and a
thermal conductivity detector.

Theoretical calculations
All calculations were implemented by the Vienna Ab-initio
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Simulation Package code [34]. The generalized gradient
approximation Perdew-Burke-Ernzerhof functional was selected
for the exchange and correlation potential [35]. Weak van der
Waals interaction was considered by the density functional
theory (DFT)-D3 functional [36]. The cut-off energy for the
plane wave was 400 eV. The gamma point in the Brillouin zone
was chosen for integration. The total energies of the systems
converged to 107 eV in the iterative solution to the Kohn-Sham
equation. The force on each atom was reduced to 0.05 eV A~
after geometry optimization.

RESULTS AND DISCUSSION

Morphological and structural information

An in situ exfoliation and conversion method was used to syn-
thesize the CeO,/C;Ns composites (Fig. la). First, layered
supramolecular precursors were synthesized by the hydro-
thermal method. Second, ethanol and ethylene glycol helped
cerium ions to insert into the interlayer of the precursor under
vacuum conditions. Third, the ions gradually grew to form
nanoparticles during the solvothermal process. Finally, the
precursors were exfoliated into nanosheets by heat treatment
with small-sized CeO, uniformly loaded on them. The mor-
phology of the as-synthesized CeO,/CsN; composites was
characterized with SEM and TEM. As shown in Fig. 1b, ¢, CsNy
exhibits a unique layered structure with nanopores. Under
vacuum, cerium ions, ethanol, and ethylene glycol enter the
interlayer of the hexagonal layered rod precursor (Fig. S1) syn-
thesized by self-assembly of melamine. The interlayer force of
the precursor is destroyed during heat treatment, and finally, it is
exfoliated into nanosheets. Nanopore formation is due to the
release of gas during heat treatment. Furthermore, CeO, nano-
particles with an average size of 18.8 nm (Fig. S2) can be
recognized in TEM images as uniformly dispersed on the C;N,
nanosheets (Fig. 1d-f). The lattice spacing of the CeO, nano-
particles is 0.31 nm (Fig. 1f), corresponding to the (111) crystal
plane of CeO,. The scanning TEM (STEM) image (Fig. 1g) and
energy dispersive X-ray (EDX) mapping images (Fig. 1h-k) of
CeO,/C3Ny clearly exhibit uniformly distributed C, N, O, and Ce
elements, suggesting the coexistence of CeO, and C;Ny in the
composites. These results demonstrate the successful synthesis
of CeO,/C;N, composites. The AFM image shows that the
thickness of CeO,/C;N, is approximately 5nm (Fig. S3),
revealing the ultrathin structure of C;N4 nanosheets. In com-
parison, CeO,/BCN was synthesized by using BCN instead of the
precursor. The SEM image shows only BCN with aggregated
CeO, of approximately 500 nm distributed on it (Fig. S4). The
SEM image of the CeO,/C3;N, composite prepared without
vacuum assistance (Fig. S5) shows separated C;N4 nanosheets
and aggregated CeO, particles with a size of 200-500 nm, which
proves that the vacuum-assisted intercalation strategy is crucial
for the heterojunction synthesis. These results prove that the in
situ intercalation strategy is effective for efficiently exfoliating
C;Ny and successfully dispersing CeO, to prepare the composites
with intimate contact, which benefits the charge separation and
transfer.

To further certify the structure and composition, powder XRD
and FT-IR spectroscopy were applied. As shown in Fig. 2a, the
Ce0,, CeO,/C3Ny, and CeO,/BCN samples exhibit the char-
acteristic diffraction peaks at 26 of 28.5°, 33.1°, 47.5°, and 56.3°,
corresponding to the (111), (200), (220), and (311) crystal planes
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(a) Schematic of the synthesis of the CeO,/CsN, heterojunction. (b, ¢) SEM images of CeO,/C;N,. (d-f) TEM and high-resolution TEM (HR-TEM)

images of CeO,/CsN,. (g) High-angle annular dark-field-STEM (HAADF-STEM) image of CeO,/C;N, and (h-k) the corresponding EDX mapping images of

elemental C, N, O, and Ce.

of CeO, (JCPDS no. 34-0394), respectively [37]. In addition,
diffraction peaks at 13.7° and 27.8° are observed in CeO,/BCN
and pristine BCN, corresponding to the (100) and (002) crystal
planes of C;Ny, respectively. Compared with that of CeO,/BCN,
the diffraction peak of CeO,/C;N, at 13.7° is not obvious, and
the peak at 27.8° is broader, indicating the formation of a 2D
porous sheet structure of CeO,/C;Ny [38].

The above results indicate the successful exfoliation of BCN
and the combination of the two compounds, consistent with the
results from FT-IR spectroscopy. As shown in Fig. 2b, for pure
C;3Ny, three strong characteristic vibrational peaks are observed.
Typically, the peak at 804 cm™ is attributed to the bending
vibration of the heptazine rings on C;N,. The vibration peaks
from 1200 to 1700 cm™ are related to the stretching of aromatic
C-N, corresponding to the typical C-N, and C=N heterocyclic
skeleton. The broad peak located at 3500-3000 cm™ is attributed
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to the physically absorbed water molecules and amino (-NH,)
groups [39]. The spectra of CeO,/CsN4 and CeO,/BCN give
similar IR signals to pure C;N, but the peak in the
3500-3000 cm™! range is wider and has a slight redshift because
of the hydrogen bond between CeO, and C;N, [40]. Hydrogen
bonding can further promote electron transfer between two
species [41]. Moreover, the contents of C;N, and CeO, in the
synthesized composites were evaluated with the TG. As an
organic compound, C;N4 completely decomposes with increas-
ing temperature, while CeO, eventually remains as CeO,.
Therefore, the mass ratio of CeO, in the CeO,/C;N, composite
was confirmed to be 5.3% (Fig. S6).

Nitrogen adsorption-desorption measurements were taken to
investigate the textural and structural properties of the as-
acquired catalysts. The N, adsorption-desorption isotherms of
CeO,/C3Ny, CeO,/BCN, CeO,, and BCN are displayed in Fig. 2c.

August 2023 | Vol.66 No.8
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Figure 2 (a) XRD patterns of CeO,/C;N,, CeO,/BCN, CeO,, and BCN. (b) FT-IR spectra of CeO,/C;N4, CeO,/BCN, and CeO,. (c) Nitrogen adsorption-
desorption isotherms of CeO,/C3N4, CeO,/BCN, CeO,, and BCN. (d) C 1s and (e) N 1s XPS spectra of CeO,/C3N, and BCN. (f) Ce 3d XPS spectra of CeO,/

C3N4 and CeOz.

The specific surface area of the sample can be obtained from
Brunauer-Emmett-Teller analysis. CeO,/C3N4 has the largest
specific surface area (74.9 m* g™'), which is approximately 3.7
times that of CeO, (20.2 m? g™"), 6.0 times that of CeO,/BCN
(12.5 m? g7), and 8.9 times that of BCN (8.4 m? g!). The larger
surface area of the CeO,/C;N; heterojunction photocatalyst
might provide more catalytically active reaction sites and pro-
mote CO, adsorption to improve the photocatalytic performance
[42].

To investigate the surface structure and interaction between
CeO, and C;Ny of CeO,/C3Ny, XPS analysis was performed. As
shown in Fig. S7a, the survey spectra of CeO,/C;N, further
indicate the presence of C, N, O, and Ce elements, suggesting
that the heterostructure is obtained. The C 1s spectrum (Fig. 2d)
shows the characteristic peaks of C;N, at 284.61 and 288.14 eV,
which can be attributed to the C-C, and N-C=N groups,
respectively [43]. Notably, the N-C=N groups of CeO,/C;N, are
shifted toward a higher binding energy compared with pure
C;Ny, indicating partial electron transfer from C;N, to CeO,
[44]. The electron transfer is also indicated by the N 1s spectrum
(Fig. 2e). The N 1s spectrum of CeO,/C3N, can be deconvoluted
into three main peaks at 398.90, 400.23, and 401.38 eV, corre-
sponding to sp*-hybridized C=N-C, tricoordinated ((C);-N)
nitrogen atoms, and amino (C-N-H) groups, respectively
[45,46]. Correspondingly, the peaks of N 1s in CeO,/C;Ny are
also shifted slightly toward higher binding energies compared
with those of pure C;Ny. Furthermore, the Ce 3d peaks can be
fitted into eight peaks labeled as v, (882.54 V), v; (884.55 eV),
v, (889.15 eV), v3 (898.82 eV), 1y (901.14 €V), u; (903.24 €V), u,
(908.05 eV), and u3 (917.18 eV) (Fig. 2f). Four of these peaks, uy,
U1, Uy, and us, can be attributed to Ce 3ds/,, while the other four
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peaks can be assigned to Ce 3ds/, [47]. In addition, v; and u; are
consistent with the features of the Ce** 3d state, and the other six
peaks indicate the presence of Ce** ions [48]. Thus, the Ce** and
Ce’* species coexist on CeO, and CeO,/C;N, surfaces.

In addition, the EPR spectrum of CeO, in Fig. S8 shows two
paramagnetic signals (g1 = 1.96 and g = 1.94), which also sup-
port the presence of Ce®* [49]. Fig. 2f shows that the proportion
of Ce**/(Ce** + Ce**) (26.5%) in CeO,/C;N, is higher than that
of pure CeO; (23.3%). The higher proportion of Ce** indicates
an increased content of oxygen vacancies in the material, which
benefits the charge transfer and performance improvement
[50,51]. Moreover, compared with the pristine CeO,, the binding
energies of Ce 3d in CeO,/C;N, are slightly shifted to lower
energies, which is caused by the partial electron transfer from
C;N; to CeO,. Three diffraction peaks at 529.64, 531.4, and
532.67 eV are observed in the O 1s spectrum (Fig. S7b), corre-
sponding to lattice oxygen (Op), chemisorbed oxygen or/and
weakly bonded oxygen species (Oc), and surface-adsorbed
oxygen species, respectively [52]. CeO,/C;N; has lower O
content; thus, it contains more oxygen defects. In addition, the
Or peak of CeO,/Cs3N, is shifted to higher binding energy
because the formation of oxygen defects decreases the electron
density of lattice oxygens, and the other two peaks shift toward
lower binding energies due to the charge transfer between spe-
cies [53]. The above XPS results prove that after the combina-
tion, the electrons on CeO, transfer to C;Ny, forming an internal
electric field directed from C;N, to CeO, near the interface. The
strong interfacial coupling effect between C;N, and CeO, can
promote the separation and transfer of photogenerated carriers
and further improve CeO,/C;N, photocatalytic performance. In
addition, no characteristic peak of the P element was found in
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the P 2p spectrum (Fig. S7¢), indicating that adsorbed P species
were completely removed through multiple washing with water.

Band structure and photogenerated charge transfer

The optical properties and band structure of the samples can be
recognized by UV-vis solid DRS and VB XPS spectra. The
absorption edges of the two heterojunction materials clearly
exhibit slight blueshift compared with pure C;N, (Fig. 3a), and
Ce0,/C;Ny has an obvious absorption in the visible range, which
is more conducive to the generation of photogenerated carriers.
The corresponding band gaps of BCN and CeO; are estimated to
be 2.70 and 2.87 eV, respectively (Fig. 3b). Notably, C;Ny4 has
marginal absorption of visible light because of the electron
transition from the VB of N,, orbitals to the CB of C,, orbitals.
The VB positions can be obtained from VB XPS (Fig. 3c). The
VB positions of pure CeO, and pure BCN can be estimated as
2.42 and 1.67 eV, respectively. Thus, the CB edges are calculated
according to the corresponding band gap and VB band values to
be —1.03 and —0.45 eV for pure BCN and pure CeO,, respec-
tively. Further, we conducted the Mott-Schottky test of BCN and
CeO; at three frequencies (Fig. S9), and the CB positions were
determined to be —1.01 and —0.49 eV, respectively, consistent
with the calculated results using the corresponding band gap and
VB band values. The more positive the VB of CeO; is, the more
negative the CB of C3N4, and the interlaced energy-level struc-
ture between them is more conducive to the formation of an
efficient Z-type charge transfer system.

The changes in the material morphology and electronic
structure not only affect the band gap structure of the materials
but also substantially inhibit the recombination of photo-
generated carriers. Steady-state and time-resolved PL spectro-
scopy was used to reveal the photophysical properties of

photogenerated electron holes. According to the steady-state PL
spectra (Fig. 3d), the peak intensity of CeO,/C;Ny is considerably
lower than that of CeO,/BCN and BCN, which indicates that its
electron-hole recombination rate is effectively inhibited. Subse-
quently, time-resolved fluorescence spectra were obtained, and
the results are shown in Fig. S10. The corresponding fluores-
cence lifetime results show that the CeO,/C;N, heterojunction
has the longest lifetime of 7.3 ns, indicating that the charge
separation efficiency has been improved by constructing the
CeO,/C;Ny heterojunction structure.

Photoelectrochemical measurements were performed to fur-
ther investigate the mechanism of the photocatalytic activity of
the composites. Transient photocurrent response is a useful
technique for studying the separation efficiency of photo-
generated electron-hole pairs and further evaluating the per-
formance of charge carrier generation and transfer in reactive
systems. As is well known, the photocurrent largely depends on
the number of photogenerated electrons, and the greater the
number of generated electrons is, the greater the photocurrent
density. As shown in Fig. 3e, the saturation photocurrent den-
sities remain constant when the light is turned on and decrease
immediately once the light is turned off. Notably, the photo-
current response of CeO,/C;Ny is approximately 5-, 4-, and 2-
fold higher than those of CeO,, BCN and CeO,/BCN, which
denotes that CeO,/CsN4 has a more efficient separation and
longer lifetime of photogenerated electron-hole pairs. The
enhanced photocurrent of CeO,/C;N, indicates a higher
separation efficiency of photogenerated electrons and holes,
which is due to the interaction of C;N4 and CeO,. In addition,
Fig. 3f shows the electrochemical impedance spectra (EIS) of the
photocatalysts. In each case, only one arc/semicircle can be
observed on the EIS plane. The arc radius of the EIS Nyquist plot

o ——BCN b [___pcwN ¢
——CeO,/C,N, —CeO,
-~ ——CeO,BCN =
= | - —
o ——CeO, S = | BCN
Lo © .
3 & S 1.67 eV
2 > >
g 3 2
(e} [0}
8 =
<
¢ CeO,
250 350 450 550 650 24 26 30 32 34 0 2 4 6 8 10 12 14
Wavelength (nm) hv (eV) Binding energy (eV)
d 350000 e 20 f
——BCN & 18] — Ce02/03N4 50004
300000 4 ——CeO,/BCN £ 164 Lighton Light off ——CeO,/BCN
——CeO,/CN, < o7 Henton ——BCN 40004
250000 - 3 14 l CeO,
> > —
G 200000 = 124 & 3000+
2 <}
e o 104 =
2 150000 2 gl T 2000
o ——CeO
100000 2 6l p
3 1000{ & . ——BCN
50000 g —o— CeO,/BCN
- £ c2) ] 0 —o—CeO,/CN,
400 450 500 550 600 650 0 100 200 300 0 1000 2000 3000 4000 5000
Wavelength (nm) Time (s) Z (Q)

Figure 3 (a) UV-vis DRS spectra of CeO,/C5Ny, CeO,/BCN, CeO,, and BCN. (b) Corresponding plots of (ahv)? versus photon energy (hv). (c) VB XPS
spectra of BCN and CeOs. (d) Steady-state PL spectra of CeO,/C;Ny4, CeO,/BCN, and BCN (365 nm excitation). (e) Transient photocurrent response of CeO,/
CsNy, CeO,/BCN, CeO,, and BCN with repeated on-off cycles under simulated sunlight irradiation. (f) Nyquist plots of EIS for CeO,/C3N,, CeO,/BCN, CeO,,
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reflects the reaction rate at the electrode surface. It is much
smaller for the CeO,/Cs;N, electrode than for BCN, CeO,, and
CeO»/BCN, indicating rapid interfacial charge transfer and
effective separation of photogenerated electron-hole pairs. In
this respect, these results agree well with the photocurrent
measurements. Moreover, the linear sweep voltammetry (LSV)
results of CeO,, BCN, CeO,/BCN, and CeO,/C;N, are shown in
Fig. S11. The CeO,/C;N4 composite has the highest current
density under identical voltage conditions; thus, the photo-
generated carrier density inside this catalyst is higher than
that of other samples under the same light intensity. These
excellent optoelectronic properties of CeO,/C3;N, indicate its
efficient charge carrier generation and transfer under photo-
emission, which is crucial for excellent CO, photoreduction
performance.

Photocatalytic performance

The CO, photocatalytic reduction reaction performance of dif-
ferent samples was evaluated without a noble metal cocatalyst or
a sacrificial agent. Fig. 4a, b exhibit the time-dependent CO and
CHy, yields for different catalysts under full light irradiation.
Pure BCN and pure CeO, exhibit relatively low production rates
of CO (7.16 and 5.48 umol g™! in 4h) and CH, (0.64 and
0.20 pmol g™' in 4 h), resulting from the rapid charge recom-
bination. Compared with pure CeO, and pure BCN, CeO,/C;N,
and CeO,/BCN show improved photocatalytic performance,
indicating that the heterostructure plays an important role in
promoting electron-hole separation for an improvement in
photocatalytic performance. CeO,/C;N, exhibits the highest
photocatalytic CO, reduction performance with 35.96 pmol g™
of CO, which is approximately 5-, 6.5-, and 2-fold larger than
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Figure 4 (a) Time courses of photocatalytic CO evolutions. (b) Time courses of photocatalytic CH, evolutions. (c) Photocatalytic CO, reduction activities of
BCN, CeO,, CeO,/BCN, and CeO,/C;Ny for 4 h. (d) Four-cycle experimental diagram of CeO,/C;N, photocatalyst. (e) In situ DRIFT spectra of CeO,/C3N,.
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those of BCN, CeO,, and CeO,/BCN, respectively, with the CH,
yield of 2.40 umol g! for 4 h. This enhanced performance is
caused by the increased specific surface area, CO, adsorption,
and the effective separation of photogenerated carriers.

Generally, the photocatalytic reduction efficiency of CO,
mainly depends on the adsorption and activation of CO,, the
light absorption capacity, and the charge transfer capacity of the
catalyst. The adsorption and activation of CO, is the first step in
the reduction reaction. CeO,/C3Ny4 contains numerous oxygen
defects, which can make CO, molecules combine with the sur-
face of the catalyst through chemical bonds, which is conducive
to further reactions [54]. In addition, the larger specific surface
area of the lamellar structure can increase the adsorption
capacity of CO, and provide more active sites. Moreover, the
construction of the Z-scheme heterojunction has good inter-
facial activity and can improve charge separation efficiency.
Control experiments show that no CO or CH, was detected in
the absence of photocatalysts or light irradiation, indicating that
these components are necessary for the current gaseous photo-
catalytic CO, reduction process. In addition, experiments were
performed by replacing CO, with Ar, and no obvious reduction
products were detected. This result also proves that CO, is the
only carbon source. Fig. 4d shows the cycling stability experi-
mental results of CeO,/C;N,. The photocatalytic performance of
CeO,/C3Ny has no obvious attenuation after four cycles, indi-
cating the excellent photostability of the CeO,/C;N, hybrid and
its potential for long-term photocatalytic applications.

To better understand the photoreduction process, the in situ
DRIFT spectroscopy of CeO,/C;N4 was used to characterize the
adsorbed species and key intermediates during the reaction. As
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shown in Fig. 4e, in the range of 1000-1750 cm™, nine main

characteristic absorption peaks are observed. All peaks increased
with the irradiation time. The peaks that appeared near 1268,
1457, and 1646 cm™ indicated the presence of carboxylate
(CO;7) and hydrocarboxylate (HCO;™) species, respectively [55].
The peaks at 1418, 1507, 1339, and 1576 cm™ are due to the
groups of monodentate carbonate (m-CO;*") and bidentate
carbonate (b-CO3*), respectively [56]. *COOH, which is gen-
erally considered the main intermediate of CO formation, is
observed at 1194 and 1541 cm™! [57,58]. However, no obvious
peaks of active species that can generate CH, are observed. These
observations show that the adsorbed CO, molecules are more
often converted into CO, and less CH, is generated, consistent
with the experimental results.

Proposed mechanism of CO, photoreduction

To further study the enhanced CO, photoreduction performance
of CeO,/C;Ny, EPR spectroscopy was used to analyze the elec-
tron transfer direction in the system. The experiment was per-
formed at room temperature. 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO) was used as the spin-trapping reagent. The character-
istic peaks of active superoxide (+O,”) species and hydroxyl
(¢OH) radicals of C;N4, CeO,, and CeO,/C;Ny composites are
shown in Fig. 5a, b. As displayed in Fig. 5a, a 1:1:1:1 electron
spin resonance spectrum signal corresponding to the DMPO-
«0O,~ characteristic peak is observed in the C;N, and CeO,/C;Ny
composites, but no obvious signal is observed in CeO,. Notably,
for the CeO,/C;sNy4 composites, the signal intensity of the «O,~
characteristic peak is stronger than that of C;Ny. For CeO, and
Ce0,/C;N4 composites, four obvious characteristic peaks with
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Figure 5 DMPO spin-trapping EPR spectra of (a) DMPO-+0,™ and (b) DMPO-+OH of CeO,/C3Ny, BCN, and CeO,. Calculated work functions and top view

of (c) C3Ny and (d) CeO,.

3172

© Science China Press 2023

August 2023 | Vol.66 No.8



SCIENCE CHINA Materials

ARTICLES

an intensity near 1:2:2:1 are observed, indicating that the signal
is due to DMPO-+OH, and no corresponding EPR signal is
observed in C;N,. Similarly, the «OH signal of the CeO,/C;N,
composite is stronger than that of CeO,. All the above trapping
conclusions indicate that the prepared hybrid follows the Z-
scheme system rather than the traditional type-II heterojunction
structure. Furthermore, the EPR spectrum signal intensity of
Ce0,/C;Ny is stronger than that of a single semiconductor,
which is caused by the retained photogenerated electrons and
holes with stronger reduction ability and the oxidation ability of
the Z-scheme heterojunction.

DFT calculations were used to directly explain the interfacial
charge transfer between C;N, and CeO,. As shown in Fig. 5¢, d,
the calculated work functions of the C;N4 (001) and CeO, (111)
surfaces are 4.63 and 6.21 eV, respectively, indicating that charge
transfer can occur at the interface between C;N, and CeO,. The
work function of C;N; is more negative than that of CeO,,
indicating that the electrons of C;Ny4 can spontaneously flow into
CeO; through the CeO,/C;N, heterostructure interface until the
equivalent Fermi level is obtained. The electron transfer then
creates an internal electric field. Therefore, C;Ny is positively
charged at the interface, while CeO, is negatively charged. This
result is consistent with the XPS measurement result. We also
tested the work functions of C3;N, CeO,, and CeQO,/C;3N,
through a Kelvin probe (Fig. S12), and the results obtained are
almost consistent with the theoretical calculation results.

On the basis of the above experimental results, we propose the
band structure and electron migration path before and after
CeO; and C;Ny contact (Fig. 6). Particularly, the initial Fermi
energy level of C3Ny is higher than that of CeO,. When the CeO,
particles are tightly bound on the C;N, surface, electrons flow
spontaneously from C;Nj to CeO, until their Fermi energy levels
are aligned. Therefore, the edge of the energy band is bent at the
interface, and an internal electric field from C;N4 to CeO, is
generated at the interface. Under simulated sunlight illumina-
tion, CeO, and C3N, are excited to generate electrons (e”) and
holes (h*). Therefore, driven by the internal electric field at the
interface of the CeO,/C;Ny heterojunction, the excited electrons
in the CeO, CB are transferred to the interface and combine
with the photoinduced holes in the C;N, VB, thus maintaining
the strong reducibility of electrons in the C;N, CB and the
strong oxidation of holes in the CeO, VB. Photogenerated
electrons accumulated on the C;N, surface facilitate photo-
reaction. The CO, molecules adsorbed on the catalyst capture

Vacuum level

these electrons and then react with protons to generate CH, and
CO [59]. At the same time, the holes left on the CeO, VB will
oxidize water into oxygen, thereby completing the photocatalytic
reduction of CO,.

Therefore, the CeO,/CsN; Z-scheme heterostructure can
achieve efficient separation of photogenerated carriers compared
with single-component catalytic materials. Because of these
unique properties, CeO,/C;N, can effectively enhance the pho-
tocatalysis of CO, to CO and CH, under simulated illumination.
Furthermore, the prepared CeO,/C;N4 composite can not only
achieve strong interface interaction through the close combi-
nation between CeO, and C;Ny but also establish an effective
interface electronic effect. In addition, the CeO,/C;N, hetero-
junction has a large specific surface area, which increases the
contact area between the active site and CO,, thereby increasing
the amount of adsorbed CO,. Meanwhile, the presence of oxy-
gen vacancies on CeO, also promotes the adsorption of CO,
[60].

CONCLUSIONS

In this work, Z-scheme heterostructures with CeO, nano-
particles uniformly loaded on ultrathin porous C;N, nanosheets
were designed and fabricated by using an in situ exfoliation and
conversion approach. The CeO,/CsN; composite possesses
improved photocatalytic performance in photocatalytic CO,
reduction, with an evolution rate of 35.96 umol g™! for CO and
2.40 pmol g™ for CH, in 4 h without a noble metal cocatalyst or
a sacrificial agent, which is an approximately 5-fold photo-
activity improvement compared with that of BCN. The
improved performance of CeO,/C;N, hierarchical composites is
mainly due to synergism between the following advantages:
(1) the ultrathin porous nanosheets can not only increase the
specific surface area to provide more active sites but also effec-
tively shorten the migration distance of photogenerated electron
holes to reduce the possibility of their recombination; (2) the
construction of CeO,/C;N, heterojunctions with intimate
interface contact can effectively promote the separation and
transfer of photogenerated carriers; (3) the well-matched band
gaps of CeO, and C;N, induce the Z-scheme structure, which
has good ability of light collection and utilization and can
separate the active sites in space to achieve strong redox ability.
Our study exemplifies the artificial construction of a direct Z-
scheme ultrathin C;Ny4-based photocatalyst and can help to
broaden its application. In the future, constructing more C;N,-
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based direct Z-scheme photocatalysts with matched band
alignments and intimate interfaces will be crucial for expanding
the potential use of photocatalysts in various applications. By
adjusting the position of the energy band through heterojunc-
tion construction, photocatalysts with suitable band structures
can be designed for dual simultaneous redox reactions for the
production of value-added chemicals. Moreover, because of their
low cost, high yield, and environmental friendliness, C;N4-based
photocatalysts can also be developed to treat contaminated
drinking water and wastewater containing hazardous or non-
biodegradable compounds. Finally, because of their outstanding
biocompatibility and the low biological toxicity of C;N,, the
application of these photocatalysts in the field of biomedicine
(e.g., magnetic resonance imaging and photodynamic therapy) is
highly promising.
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