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For photocatalytic CO2 reduction, directional charge-transfer channel and abundant active sites are of signifi-
cance. Herein, we designed and fabricated phosphate modified octahedral CeO5 {111} surface coupling with g-
C3Ny4 (P-CeO2/g-C3Ny) for photocatalytic CO5 reduction, which had superior activity than others, i.e., P-CeOy, g-
C3Ny, Ce04y/g-C3Ny4. The characterization results revealed the coordination environment of P species, as well as,
the presence of hydrogen bond between phosphate and amino. Through the PO}~ bridge, the interfacial electrons

donated from g-C3N4 to CeO,, leading to the Z-scheme formation and fast photo-generated charge transfer.
Furthermore, PO}~ modification increased more oxygen-containing functional groups on surface, which acted as
Lewis basic sites for COy reactant adsorption and activation. Therefore, under the synergistic interaction of
charge-transfer channel and abundant active sites, P-CeO2/g-C3Ny is a potential photocatalyst for CO3 reduction.

1. Introduction

Carbon dioxide (CO») is one of the major factors contributing to the
greenhouse effect of the Earth’s atmosphere, and the resulting envi-
ronmental problems have had a significant impact on human health [1].
One of the most promising ways to deal with this problem is to directly
convert CO5 photocatalysis into solar energy, which not only alleviates
environmental problems, but also provides high-value renewable fuels
[2,3]. Among all the possible methods, the semiconductor-based carbon
dioxide photoreduction technology stands out for its advantages of
economy, high efficiency and renewable [4-7]. Therefore, it is of great
significance to develop semiconductors with high selectivity to reduce
CO,.

So far, various semiconductors include g-C3N4 [8,9], ZnInyS4 [10],
TiOy [11-13], WO3 [14], MOF [15], CeOy [16-19], CdS [20], and
SrTiO3 [21] have been widely used in the field of photocatalysis. In
many metal oxide carriers, cerium oxide (CeO3) has a good application
prospect in photocatalytic hydrogen production and CO; reduction, due

to its abundant oxygen vacancies, unique 4f'5d* orbital and the ability
of Ce**/Ce>" to store and release oxygen during redox [10,22-24]. In
particular, it has been reported that the physical and chemical properties
are dependent to the exposed crystal planes of CeO2 [25-27]. Due to the
different exposed atoms of CeOs surfaces, the corresponding stabilities
are varies. It was showed that the CeO5 {111} facet was provided with
the lowest surface energy, {110} facet was followed, and {100} facet
had the highest surface energy [28]. Therefore, CeO2 {111} facet has the
highest stability, which is the most common crystal planes existing in
nanoparticles. In addition, it has been reported that CeO2 {111} is
beneficial for photocatalysis. For example, Li et al. [29] proposed that
the photo-generated electron migration on CeO {111} facets is much
more straight forward than {100}, leading to the decreased probability
of recombination. Guo et al. [30] studied the effects of doping Pd, Ru
and Cu in CeO2 {111} on the adsorption, activation and reduction
selectivity of CO,, and showed that Cu/CeOy {111} has the highest
reduction selectivity to CO,. On the basis of that, it could be proposed
that CeO, with {111} facet is a potential catalyst for COg
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photo-reduction.

According to literature research, it is found that phosphate modifi-
cation can significantly extend the photo-generated charge life of the
catalyst, thereby improving its photocatalytic activity [31]. Bai et al.
[32] prepared phosphate-modified g-C3Ny4 as a high efficiency photo-
catalyst for HoO5 production. They found that phosphoric acid modifi-
cation enhanced the adsorption capacity of Oy and increased the
electron pair hole separation rate. Luan et al. [11] treated porous silica
with appropriate amount of phosphoric acid, thus improving its pho-
tocatalytic activity for degrading gaseous acetaldehyde and liquid
phenol (as colorless model pollutants). Phan et al. [15] successfully
synthesized with phosphoric acid concentration by two solvent method
Pt/H3PO4@MIL-101Cr catalysts. They showed that the total number of
acid spots and its acid density on the surface of the catalyst increased
significantly after modification with phosphoric acid.

Because of its attractive electronic structure, excellent chemical and
thermal stability, and environmental friendliness, graphite carbonitrides
(g-C3Ny4) are considered as promising two-dimensional nonmetallic
materials in the fields of photocatalysis [33], electrocatalysis [34-36],
and lithium-based batteries [37]. Moreover, g-C3Ny is a flexible support
used to encapsulate semiconductor nanocrystals. Xu et al. [38] observed
that g-C3Ny4 on graphite diacetylene nanocomposite could extend the life
of photo-generated charge carrier and improve its photocatalytic Hy
production performance. Zhu et al. [39] proposed that the presence of
g-C3N4 was beneficial for the multi-level electronic transfer on
CeO2@MO0S3/g-C3Ny, in which a Z-scheme system is formed between
MoS; and g-C3Ny, leading to the fast transfer and separation of interface
charges. Compared with the typical type-II heterojunction [40], at the
interface of Z-scheme system, the photoelectrons in CB with lower
reducibility and holes in VB with low oxidation would be recombined,
and the electrons and holes with strong redox ability are beneficial for
the activity [8].

Recently, the g-CsN4@CeO; catalysts with a higher superiority in
photocatalytic CO4 reduction have been reported [20,23,41]. However,
little attention is paid to phosphate species modified CeO3 {111} /g-C3Ny4
for photocatalytic COy reduction, especially the role of phosphate.
Therefore, in the work, we designed and fabricated phosphate on octa-
hedral CeOy {111} surface coupled with g-C3N4 (P-CeO2/g-C3N4) for
photocatalytic COy reaction, and the role of phosphate species was
investigated in detail. Firstly, the coordination environment of P species
was investigated by FT-IR, 'H and 3!P solid-state MAS NMR, and the
interfacial electronic interactions were explored by XPS and DFT
calculation, which showed the bridge role of PO;. Under the strong
interfacial electronic interaction, the Z-scheme formation and fast
photo-generated charge transfer were present on P-CeO2/g-C3N4. Sec-
ondly, the adsorption and activation process of CO, reactant molecules
on catalyst surface were studied by CO»-TPD. Finally, in-situ CO5-ad-
sorption DRIFTS under light irradiation were determined to propose the
reaction mechanism for CO5 photocatalytic reduction and the positive
role of PO3~ in reaction sites. To our knowledge, the work provides a
comprehensive understanding for the role of phosphate in the charge
transport channel and reactant molecule adsorption/activation, both of
which synergistically photocatalytic CO, reduction, and thus beneficial
for the design and fabrication of high-efficient photocatalysts.

2. Experimental section
2.1. Materials

Urea, cerium nitrate hexahydrate (Ce(NO3)3-6H20) and sodium
phosphate tribasic dodecahydrate (NagPO4-12H20) were purchased

from Sinopharm Chemical Reagent Co., Ltd. All chemicals are used of
analytical grade.
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2.2. Photocatalyst synthesis

2.2.1. P-CeO4/g-CsN,

Graphite-like g-C3N4 was synthesized by directly heating urea at 550
°C for 4 h in a muffle furnace. The composite of P-CeO5/g-C3N4 was
obtained using a feasible hydrothermal treatment, and the mole ratio of
CeO,, carbon nitride and phosphate is 1: 4.72: 0.01. In detail, Ce
(NO3)3:6H50 (1 mmol) was dissolved in a mixture of g-C3N4 powder and
deionized water (20 mL) under vigorous stirring and then
NazPOy4-12H50 (0.01 mmol) was slowly dispersed in 20 mL deionized
water, which was added into the above mixture and stirred. Subse-
quently, the above mixture was sealed into a 50 mL Teflon-lined auto-
clave, followed by hydrothermal treatment at 170 °C for 17 h. The
precipitates were separated by centrifuging, washed five times with
deionized water and ethanol respectively, and fully dried in a vacuum
oven at 60 °C for 12 h.

2.2.2. P-CeO2

Phosphorus modified cerium oxide (P-CeO2) was synthesized by the
same method without g-C3N4. The pure CeO- could be obtained on the
basis of P-CeO, by washing with deionized water and ethanol for many
times until there was no phosphorus, as demonstrated by XPS analysis
below.

2.3. Characterization

For photocatalyst, X-ray diffraction (XRD) was characterized on a
Philips X’'Pert Pro diffractometer under Ni-filtered Cu-Ka radiation
(A = 1.5418 nm). The morphologies and particle size of the synthesized
catalysts were taken on a transmission electron microscopy (TEM, JEM-
200CX) at 200 kV. Surface chemistry and VB were usually examined by
XPS (ESCA PHI500). The optical properties of samples in the range of
200-800 nm were recorded by a UV-vis spectrophotometer diffuse
reflectance spectroscopy (DRS, UV-3600Plus) with the reference of
BaSOg. Fourier transform infrared (FT-IR) spectra of samples within the
range of 400-4000 cm ™' were analyzed by Nicolet5700 FT-IR spec-
trometer at the spectral resolution of 4 cm . Photoluminescence (PL)
spectra were carried out by a FluroMax-4 fluorescence spectrophotom-
eter with an excitation wavelength of 325 nm at room temperature. The
superoxide radicals were obtained at 77 K under visible light. CO-TPD
experiment was carried out in a quartz U-tube reactor with a multi-
function chemisorption analyzer (Tianjin Pengxiang, China) detected by
the TCD. The 100 mg catalyst powder was heated to 200 °C for 1 h at a
rate of 10 °C/min under N5 flow, and then cooled to room temperature.
After pretreatment, CO2 flow passed through the catalyst bed for 30 min,
subsequently followed by nitrogen flow to wash the sample for 60 min.
Then, TPD results were obtained by heating 50 °C to 450 °C under Ny
flow at a heating rate of 10 °C/min. The in-situ diffuse infrared Fourier
transform (in-situ DRIFT) spectrum was recorded on a Nicolet 5700 FT-
IR spectrometer with a frequency range of 1200-4000 cm ' and a
spectral resolution of 4 cm ™! (scanning times:32). The spectrometer was
equipped with a highly sensitive mercury cadmium telluride detector,
cooled by liquid Ny. The DRIFT cell (Harrick) was equipped with a KBr
window and a heater, which could heat the sample to 400 °C. The
catalyst powders placed on the sample stand were carefully smoothed to
enhance the IR reflection. The samples were purged with Ny flow at
150 °C to remove physically adsorbed water and other impurities. After
pretreatment, the CO, flow was cooled to room temperature until
saturation adsorption. Then the N5 flow at room temperature was used
to eliminate the physically adsorbed CO,, and the DRIFTS spectra were
measured. 'H and 3'P solid-state MAS NMR measurements were per-
formed on a Bruker avance III spectrometer. The photocatalytic active
species of the system were explored through methylene blue (MB)
degradation. Different scavengers such as isopropanol (IPA), ethyl-
enediaminetetraacetic acid (EDTA), and benzoquinone (BQ) were used
as the scavengers of hydroxyl (-OH), holes (hh), and superoxide (-O3),
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p-CeO(111)

Fig. 1. TEM images of (a) g-C3N4 and (b) P-CeO,/g-C3N4. (¢) The HRTEM image of P-CeO5/g-C3Ny4. (d) The corresponding element-sensitive mapping images of P, O,

Ce, N, C of P-Ce0,/g-C3N..

respectively.

2.4. Electrochemical measurements

The light wavelength of full spectrum in electrochemical measure-
ments (including photocurrent and electrochemical impedance spec-
troscopy (EIS) measurements) on a CHI660E electrochemical
workstation were carried out on a standard three-electrode cell.
Fluorine-doped tin oxide, Hg/HgsCly electrode and platinum wire
electrode were used as the working electrode, reference electrode and
counter electrode of the sample. 0.1 M Na3SO4 and Xe lamp were uesd as
the electrolyte solution and light source, respectively.

2.5. Photocatalytic test

The photocatalytic reduction of CO, was carried out in a 50 mL
Teflon-lined autoclave, using a 300 W Xe lamp as light source. Typically,
the catalyst powder (50 mg) was uniformly dispersed in 5 mL of distilled
water and high purity of CO5 gas was added up to 4 bar. The suspension
was stirred for 30 min and then irradiated with full spectrum for 8 h. The
CO product was monitored at a 120 min interval by an online gas
chromatograph. In addition, a cycle experiment was conducted, with
each cycle lasting 8 h. After each cycle, the used sample was washed
several times in distilled water and then dried in an oven at 80 °C.

2.6. DFT calculation

All the spin theoretical simulations in our work were carried out on
the Vienna ab initio Simulation Package (VASP) with the version 5.4.1.
The Generalized gradient approximation (GGA) with the Perdew-Burke-
Emzerhof (PBE) functional form was employed to evaluate the electron-
electron exchange and correlation interactions while the projector
augmented-wave (PAW) methods were implanted to represent the core-
electron (valence electron) interactions. Plane-Wave basis function was
set with a kinetic cut-off energy of 400 eV. The ground-state atomic
geometries were optimized by relaxing the force below 0.02 eV/A and
the convergence criteria for energy was set with the value of 1.0 x 107>
eV/cell. A Monkhorst-Pack meshes with the size of 3 x 3 x 1 were
employed to slab models Brillouin zone for our calculations. Gaussian
method was employed for the stress/force relaxations total energy, and
electronic structures.

3. Results and discussion
3.1. Morphological and structural information

The morphologies and nanostructures of bare g-C3N4 and P-CeO/g-
C3N4 composite were investigated by TEM as demonstrated in Fig. 1.
The layered structure of g-CsN4 was observed in the TEM (Fig. 1a)
image, because of its planar graphitic-like structure. In Fig. 1b, it can be
apparently observed that g-C3N4 acts as a flexible support and the P-
CeO nanoparticles with octahedral morphology are uniformly loaded
on the g-C3Ny sheets [42]. Moreover, the HRTEM image was used to
explore the exposed crystal plane of P-CeO,. In Fig. lc, the lattice
spacing is 0.31 nm, corresponding to the {111} plane of CeO,, while the
blurred area below the indigo dotted line is g-C3sN4 due to its poor
crystallinity [43]. It can be clearly seen that the octahedral P-CeOq
{111} and g-C3N4 are closely combined to form a heterojunction
structure, which is considerable for the electron transfer at the interface
between heterojunction structure [44]. Besides, the energy dispersive
X-ray spectroscopy mapping (Fig. 1d) further shows that elements,
including P, O, Ce, N, and C, are homogenously distributed on the
composite material, and most of the P is loaded on CeOs surface, indi-
cating a close interfacial contact between P-CeO, and g-C3Ns.

The phase structures of g-C3sNy4, CeOs, P-CeO,, and P-CeOy/g-C3Ny
composites were investigated by XRD characterization. As shown in
Fig. S1, as for g-C3Ny, the characteristic peak around 27.7° is assigned to
the (002) diffraction planes and corresponded to interlayer stacking of
aromatic segments. Additionally, the intensity of the diffraction peaks at
ca. 28.6°, 33.3°, 47.5°, 56.2° are indexed as the (111), (222), (200),
(311) crystal planes of the CeO (JCPDS no0:04-0802), respectively. In P-
CeO,/g-C3N4 composites, the XRD pattern is similar to CeO,, and the
characteristic peaks belonging to g-CsN4 are missing,which is possible
that the relatively diffraction intensity of CeOx- is too strong and it masks
the signal of g-C3N4. To confirm the presence of both g-C3N4 and P in the
obtained P-CeO/g-C3N4 composites, FT-IR analysis and ICP were
further performed. Obviously, in Fig. S2, the significant peak at
808 cm ! is ascribed to the bending pattern of the heptazine ring of g-
C3N4 and the peaks in the range of 1700-1200 cm ™! are typical tensile
vibrations of g-C3N4 [32,45]. Moreover, the existing of P was deter-
mined from ICP technology, and the mass ratio of P/Ce is close to the
experimental input ratio of 0.22 (Table S1). On the basis of TEM, XRD,
FT-IR and ICP results, it is suggesting that phosphate modified octahe-
dral CeO; {111} manoparticles are successfully loaded on the g-C3Ny4
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Fig. 2. The contact angle results of (a) g-CsN4 and (b) P-CeO,/g-C3Ny; () H MAS NMR result of P-Ce05/g-C3Ny; (b) 31p MAS NMR result of P-Ce05/g-C3Ny.
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Fig. 4. Schematic diagram of photoinduced electron-hole separation process for P-CeO,/g-C3N4 Z-scheme heterojunction.

surface electronic structures and coordination states, is beneficial for the
photocatalytic performance. Therefore, the phosphate coordination
environment was investigated via contact angle measurement, FT-IR,
XPS and 'H and 3'P solid-state MAS NMR, in order to explore the
interfacial electronic interactions of P-CeOy/g-C3N4 composites. More-
over, the contact angle of P-CeO was determined and showed in Fig. S3.
It was proposed that P-CeO, modified g-C3Ny4, and thus the contact angle
of P-CeO,/g-C3Ny is reduced from 40.5° (g-C3Ny) to 26.3° (Fig. 2a and
b), indicating that the hydrophilicity of the composite is better, and
more oxygen-containing species are present on P-CeO5/g-C3Ny4. The XPS
spectra of O 1s also suggests the above phenomenon. The wide peak in
(Fig. S4) is fitted into three peaks, and the peaks at 528.6 and 531.1 eV
are attributed to the lattice oxygen and chemisorbed oxygen of CeOs,
respectively. Based on the calculated peak area values of I20-+0m)/
Lattice (Table S3), P-CeO./g-C3N4 surface is provided with richer
chemisorbed oxygen species, further verifying that more oxygen-
containing species are present on P-CeO5/g-C3N4.

The FT-IR spectra proposed the existing state of the surface absorbed
oxygen-containing species. In Fig. $2, the broad peaks between 3500
and 3000 cm™! ascribed to surface absorbed function groups [50]
became broaden and weaken on P-CeO,/g-C3N4 interface, suggesting
that the hydrogen bonding between phosphate and amino groups might
be present. Furthermore, 'H and 3P solid-state MAS NMR were
employed to investigate the existing state and coordination environment
of phosphate. In the 1H MAS NMR (Fig. 2¢), the two signals located at
7.4 and 12.5 ppm correspond to hydrogen bonds in amino groups, and
P—OH, respectively [46]. In addition, the signal at -1.87 ppm in the 3!P
MAS NMR (Fig. 2d) is attributed to the HPO%_ species [47]. Combined
with the results of XPS and NMR, it could be proposed that on
P-CeO5/g-C3Ny interface, the hydrogen bonds between phosphate and
amino groups are present.

Moreover, XPS and DFT calculations investigated the electronic in-
teractions via hydrogen bonds between the P-CeO,/g-C3Ny interface.
According to the literature, the C 1s XPS spectra (Fig. S5a) of P-CeO5/g-
C3N4 and g-C3N4 can be deconvoluted into two peaks, which are
assigned to 284.6 eV for graphitic C—C bond and 287.9 eV for N—C=N
bond of g-C3Ny4, respectively [9]. And the N 1s XPS spectra of
P-Ce03/g-C3N4 and g-C3Ny fitted with three peaks are attributed to
398.7 eV of C=N—C groups in the triazine rings, 399.4 eV of N-C3
groups and 400.8 eV of C-N-H, respectively, as depicted in Fig. 3a [48].
It was found that, compared to the pure g-C3Ny, the binding energies of
XPS spectra of N 1s are shifted to the higher values on P-CeO3/g-C3Ny,
suggesting that less electrons were on CN rings of P-CeQ3/g-C3N4. The
Ce 3d spectra (Fig. 3b) were determined to show the above phenome-
non. Compared to the pure CeOy and P-CeO,, the binding energies
attributed to Ce species on P-CeO,/g-C3N4 are shifted to low values,

showing that more electrons accumulate on Ce species of
P-Ce04/g-C3Ny, due to the interfacial electrons donating from g-C3Ny to
P-CeOs. In addition, the XPS spectra of P 2p also showed the above
interfacial electrons transfer process. According to the references [12,
49,50], the XPS spectra of P 2p (Fig. S5b) has been fitted into three
peaks, i.e., the peaks at ca. 133.4, 134.1 and 135.1 eV are attributed to
HPOZ~, PO3~ and P—0 bond, respectively. Combined with the results of
3lp MAS NMR (Fig. 2d) and the interfacial electronic interaction
(Fig. 3d), the XPS peak of P-CeOy/g-C3N, at ca.133.8 eV is attributed to
HPOZ . Interestingly, on P-CeO,/g-C3Ny, the binding energy is shifted to
higher value, further showing that on the formed interfacial built-in
field, the electron direction is transferred from g-C3N4 to CeO5 via the
phosphate bridge.

Furthermore, in order to better characterize and confirm the electron
direction of the interfacial built-in field on P-CeO5/g-C3N4, the differ-
ence in charge densities of P-CeO, and g-C3Ny4 are calculated through
DFT method, as shown in Fig. 3c and d. In the diagram, cyan and yellow
colors represented a decrease and increase in electron density, respec-
tively. Based on this, it is observed that a large number of electrons
accumulate on CeO,, while electrons decrease on g-C3N4, which indicate
that electrons are transferred from g-CsN4 to CeOy through the PO~
bridge, leading to the formed interfacial built-in field on P-CeOy/g-C3Ny.

3.3. Band structure and photo-generated charge transfer

Since band structures of photocatalysts play an important role in the
photocatalysis, which could be studied by UV-vis DRS and XPS-valence
band (VB) spectra. As shown in Fig. S6a, the band gap energies are
calculated according to the extrapolation of absorption edge and the
equation E;=1240/A. The pure g-C3N4 and P-CeO, bandgap values are
calculated to be about 2.69 and 2.57 eV, respectively. Besides, the XPS-
VB spectra of samples were determined in Fig. S7. Based on the equation
of Ecg=Eyp—Ej, the conduction band minimum (CBM) can be calculated
to be —1.08 eV for g-C3N4 and —0.23 eV for P-CeO,, respectively
(Table S4), which were closed to the Mott Schottky results of g-C3N4 and
P-CeO;, (Fig. S8), that are, —1.10 and —0.25 eV, respectively.

Considering of the built-in electronic field and band structures of P-
CeO2/g-C3Ny, it is proposed that Z-scheme heterojunction is present. In
order to further verify the Z-scheme mentioned above, the photo-
catalytic active species of the system were explored through methylene
blue (MB) degradation. Different scavengers such as isopropanol (IPA),
ethylenediaminetetraacetic acid (EDTA), and benzoquinone (BQ) were
used as the scavengers of hydroxyl (-OH), holes (™M), and superoxide
(-03), respectively [8]. It was well known that the study of the main
active species in the photocatalytic degradation process could play an
important role in deriving the charge transfer pathway of composite
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materials [51]. As shown in Fig. S9a, the addition of IPA has little effect
on the photocatalytic degradation rate of methylene blue, while the
introduction of EDTA or BQ has obvious changes. Therefore, we pre-
liminarily infers that h™ and -O; can promote the degradation of
methylene blue. Furthermore, the active species of P-CeO3 and g-C3Ny4
are h™ and -O3, respectively (Fig. S9b and c), which are consistent with
the active species of P-CeO2/g-C3Ny. In other words, only when the
electrons and holes in P-CeOy/g-C3N4 migrate in accordance with the
Z-heterojunction mechanism, electrons can be enriched on CB of g-C3Ny,
and holes are accumulated on VB of P-CeO,, as shown in Fig. 4b.
However, if P-CeO,/g-C3N4 photocatalyst has type II structure (Fig. 4a),
the Ecp edge potential of P-CeO, (—0.23 V vs NHE) is more positive than
E(CO5/CO) (—0.53 V vs NHE), which is not conducive to the reduction of
CO; to CO. Therefore, it could be reasonably concluded that the direct
Z-scheme photocatalysis system was formed in P-CeOy to g-C3Ny,
instead of a type-II scheme.

Under the interfacial electronic interactions and built-in electronic
field, P-CeO,/g-C3N4 with the Z-scheme heterojunction is provided with
fast photo-generated charge transfer. Photoluminescence (PL) spectra,
transient photocurrent responses and electrochemical impedance spec-
troscopy (EIS) Nyquist plots were used to suggest the fast charges
migration and low electron-hole recombination. Fig. S6b depicts that
the pure CeO shows a highly strong PL intensity under the excitation of
325 nm laser, and its emission band is concentrated at about 450 nm,
which can be attributed to its rapid electron-hole recombination.
However, the PO3~ modification and the formation of heterostructures
promote the charge transport at the heterojunction interface and
considerably slow down the recombination rate of photogenerated
carriers. Therefore, the P-CeO5/g-C3N4 composite has the lowest PL
intensity and photo-generated charge recombination. The transient
photocurrent responses of the bare CeO,, pure g-C3Ny4, P-CeOo, and P-
CeO2/g-C3N,4 were showed in Fig. S6c. It is well-known that the higher
photocurrent intensity indicates that a large number of charge carriers
will be generated quickly, and their separation and transmission can be
effectively achieved [52]. Compared with the bare CeO, pure g-C3Ny
and P-CeOj, the P-CeOy/g-C3N4 composite shows the highest photo-
current response intensity, which is about 2.5 times of CeO», 1.5 times of
g-C3N4 and 1.7 times of P-CeO,. Furthermore, we employed EIS as
shown in Fig. S6d to confirm this result. Compared with other single
components, the semicircle of the Nyquist curve of the P-CeO4/g-C3N4
composite material is significantly reduced, showing the shortest semi-
circle, which indicates that the charge-transfer process is accelerated
due to the POz~ bridge and the interfacial electronic interactions.
Therefore, due to the role of interfacial electronic effects, the
P-Ce0O5/g-C3Ny4 with Z-scheme heterojunction are formed, which has the
ability to efficiently promote the migration of photoinduced electrons

and holes.

3.4. CO2 adsorption/activation and photocatalytic performance

In general, the adsorption and activation process of reactant mole-
cules on the catalyst surface was of great significance to photocatalysis.
Herein, the CO,-TPD characterization was used to analyze the interac-
tion between CO, reactant and photocatalysts. As shown in Fig. 5a, it
can be found that P-CeO adsorbs more CO» than pure CeOs, indicating
that phosphate modification is beneficial to adsorbing more reactants.
Obviously, the CO,-TPD results show a wide peak in the temperature
range of 50-450 °C, which is attributed to the CO, adsorbed on the
catalyst surface and the reaction intermediates (carbonate species).
According to the present study [16,17], the broad peak is divided into
several adsorbed species: molecule-adsorbed CO, (50-180 °C), HCO3 or
carboxylate (180-370 °C), bicondentate carbonates (bfcoﬁi
370-550 °C) and monondentate carbonates (m—CO%’, 550-780 °C).
Among them, the formation of HCO3 species is due to the interaction
between the surface hydroxyl group and CO,, while the formation of
b—CO%~ and m—CO%" is resulted from the combination of CO5 mole-
cules with the surface oxygen or metal atoms of the catalysts. It can be
observed that the P-CeOy/g-C3N4 and P-CN compounds show a wide
peak at 180-450 °C, corresponding to HCO3 and b—CO%~ species with
moderate strong basicity. The peak strength of P-CeO,/g-C3Ny is higher
than that of P-CN, based on the consistent content of the testing that, it is
proposed that P-CeO,/g-C3N4 is beneficial for the adsorption of CO;
molecules. In addition, the reaction performance of CO; reduction
confirms that P-CeOy/g-C3Ny4 is provided with the best photoactivity
than others. Combined with the above-mentioned XPS of O 1s, the PO;~
modification generates more oxygen containing species, which are
provided with more lone pair of electrons and then act as the Lewis basic
sites for adsorption and activation CO2 molecules.

Furthermore, the photoreduction of CO5 was carried out under full
spectrum radiation, and the photocatalytic activities of pure g-C3Ny,
bare CeO,, P-CeO; and P-CeO5/g-C3N4 nanocomposites were evaluated
under the same conditions for comparison, as shown in Fig. 5b. The
highest CO production rate of the P-CeO2/g-C3sN4 composite is
4.184 pmol g, which is 3.5, 5, 1.6 and 1.8 times higher than g-C3Na,
CeOg, P-CN and P-CeOo, respectively. In addition, the CO yield of CeOy/
g-C3Ny is significantly lower than that of P-CeOy/g-C3N4, suggesting that
superiority of the PO3~ bridge modificated P-CeO,/g-C3N4 can enhance
the intensive interfacial electronic interactions, Z-scheme hetero-
junction formation and more Lewis basic sites. The related blank tests
were determined as following processes, respectively: (1) with the
catalyst, CO5 and H50, the reaction system stirred in dark; (2) with CO4
and HyO, the reaction system stirred under light irradiation without
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Fig. 6. CO, adsorption DRIFTS of (a) (b) P-Ce0O,/g-C3N4 and (c) (d) CeO2/g-C3Ny.

catalyst; (3) with the catalyst and H,O, the reaction system stirred under
light irradiation without COs. From the above three processes, no
obvious CO production was observed, respectively (Fig. $10). On the
basis of the result of blank tests, it could be believed that the CO was
from the CO reactant. The photostability of P-CeO/g-C3Ny is of great
importance in practical applications, and thus the stability of the best P-
CeO2/g-C3N4 compound was operated by three cycles of photocatalytic
reduction of CO,. Therefore, we have conducted the XRD spectra of P-
CeO,/g-C3N4 before and after the reactions. Apparently, the XRD results
(Fig. S12) exhibit that no noticeable change of the crystal phase can be
observed in the fresh and reused composite. In addition, the recycling
rest of CO production (Fig. S11) indicated that the photocatalytic ac-
tivity of P-CeO5/g-C3N,4 remained almost unchanged after the reaction.
Thus, it can be concluded that the P-CeOy/g-C3N4 heterojunction is
stable. Moreover, the photocatalytic CO, reduction performance of
other related materials in literatures are compared in Table S2. In a
word, the P-CeO2/g-C3N4 composite has some advantages in the appli-
cation of the photocatalytic CO, reduction.

3.5. Proposed mechanism of CO2 photoreduction

In order to describe the CO5 adsorption/activation process and
determine reactant active sites on P-CeO,/g-C3N4, the in-situ COq
adsorption DRIFTS under light irradiation were performance on P-
CeO2/g-C3N4 and CeO4/g-C3Ny4 samples to explore the reaction mech-
anism. As shown in the Fig. 6, after CO5 adsorption is saturated under
dark conditions, carboxylate COz (1680 cm ™)) and HCO3 (1618 cm™H
[18,19] are generated on the P-CeO5/g-C3Ny surface. According to the
literature [21], the appearance of carboxylate and HCO3 species means
that the activation of CO, is easier, that is, P-CeOy/g-C3Ny4 is more
facilitate to adsorption and activation of CO5 reactant, consistent to the
CO9-TPD result. After exposure to light (Fig. S13), the amounts of CO4
on the P-CeO,/g-C3N4 sample gradually decrease, at the same time, the
peak in the region of 3600-3740 cm™ weakened, indicating that the
adsorbed CO2 and hydroxyl species [53] participated in the reaction.
Whereas, for CeO,/g-C3N4 sample, no absorbed carbonate species are
observed under dark conditions. Once under light irradiation, the
carboxylate CO3 (1680 cm’l) and monodentate carbonate (1510, 1402
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Fig. 7. The possible reaction mechanism of the CO, photoreduction on P-CeO,/g-C3N4 samples.

and 1287 cm™1) are generated, suggesting that after light irradiation,
CeO,/g-C3N4 sample has less ability for the CO, adsorption. In addition,
the peak intensities of COy with light exposure times on the
CeO,/g-C3N4 surface are hardly changed. Different from
P-Ce05/g-C3Ny4, which confirms that the photoreduction reaction of COy
undergoes slower and CO; is hard to activation on CeOg/g-C3Ny.
Therefore, it can be explained that the performance of P-CeOy/g-C3N4
composite is great because HCO3 species play a key role in the activation
process, due to the surface Lewis basic sites, which is easier to produce
CO.

The process mechanism of Fig. 7 were involved of four processes as
followed: (1) CO; reactant molecules are adsorbed on P-CeO5/g-C3Ny, i.
e., hybrid of empty orbitals of C atoms (CO3) and 2p orbitals of O atoms
(P-Ce0O»), hydrogen bonds of O atoms (CO3) and H atoms of amino
groups (g-CsNy). (2) Under light irradiation, photo-electrons and holes
are generated on g-C3N4 and P-CeOo, respectively. The photo-generated
electrons transfer to the hydrogen bonds of amino groups (g-C3N4) and O
atoms (CO»). (3) Under the above electronic interactions, HCO3 inter-
mediate active species are generated. (4) Under the attack of hydrogen
protons on oxygen atoms (HCO3 intermediate and PO3 "), the CO pro-
duction is formed.

4. Conclusions

In the work, the P-CeO2/g-C3N4 photocatalyst were obtained and had
the superior photocatalytic performance of CO5 reduction. In the role of
PO3~, interfacial electronic effects promoted Z-scheme formation and
fast photo-induced charge transfer. In addition, PO3~ modification
enhanced the Lewis basic sites to CO, adsorption and activation, and in-
situ CO, adsorption DRIFTS under light irradiation proposed the reac-
tion mechanism, i.e., the synergistic effects of the directional charge-
transfer channel and abundant active sites on P-CeOy/g-C3N4
photocatalyst.
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