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Graphic Abstract 

 

Nitrogen-doped CeOx nanoparticles modified g-C3N4 was successfully prepared via a 

one-pot method, showing greatly enhanced photocatalytic activity for hydrogen 

generation under visible light when compared to the pure g-C3N4 photocatalyst. 
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Nitrogen-doped CeOx nanoparticles (N-CeOx NPs) were directly formed on graphitic carbon nitride (g-

C3N4) via a facile one-pot method by annealing the mixture of Ce(NO3)3 and melamine as CeOx and g-

C3N4 precursors, respectively. Nitrogen was in-situ doped into CeOx in the NH3 atmosphere released by 

melamine decomposition during annealing process. The physical and photophysical properties of N-CeOx 

NPs modified g-C3N4 photocatalysts were investigated to reveal the effects of N-CeOx NPs on the 10 

photocatalytic activities of g-C3N4. It was found that the one-pot annealing method was favorable for 

forming intimate interfacial contact between N-CeOx and g-C3N4. The visible light photocatalytic 

hydrogen production activity over g-C3N4 was enhanced by ca. 1.2 times with N-CeOx NPs modification. 

The great enhancement in photocatalytic performance for the N-CeOx/g-C3N4 heterojunction should be 

mainly because of the promoted charge transfer and charge separation between N-CeOx NPs and g-C3N4 15 

as resulted from the intimate interfacial contact and Type II band alignment. Additionally, the improved 

visible light absorption of N-CeOx NPs induced by nitrogen doping could be another reason for the 

enhanced photocatalytic activity of the N-CeOx/g-C3N4 heterojunction.  

Introduction 

Photocatalytic water splitting to produce hydrogen over 20 

semiconductors by solar irradiation has received considerable 
attention due to its potential applications to alleviate global 
energy crisis and environmental pollution. The development of 
efficient photocatalysts utilizing visible light (~ 43% of the solar 
spectrum) is of vital importance to fulfill practical application of 25 

this technique. H2 production under visible light irradiation has 
been demonstrated with myriad of semiconductor 
photocatalysts,1-3 including oxides, sulfides, oxynitrides, et al. 
However, some intrinsic drawbacks, such as poor optical 
absorption ability (e.g., TiO2,

4 ZnO5) for wide band gap oxides, 30 

poor photochemical stability for sulfides (e.g., CdS6), and 
complicated preparation process for oxynitrides (e.g., GaN:ZnO7) 
still greatly limit their practical application for photocatalytic 
solar-hydrogen conversion. To address these limitations, novel 
photocatalytic materials with efficient visible light absorption and 35 

good photochemical stability as well as facile preparation method 
must be developed for practical application of this state-of-the-art 
technique.  
 Since the first demonstration by Wang et al.,8 the novel metal-
free polymer n-type semiconductor prepared by simply annealing 40 

the cheap and abundant precursors (urea, melamine, dicydiamide, 
cyanamide, et al.), namely layered carbon nitride with a graphitic 
structure (g-C3N4), has attracted extensive interest for its proper 
band gap (Eg ~ 2.7 eV) and excellent photocatalytic stability.9 
However, due to the poor optical absorption above 460 nm and 45 

the fast recombination of photogenerated electron-hole pairs, the 

photocatalytic efficiency of pure g-C3N4 was relatively low. To 
enhance its photocatalytic performance, different methods have 
been exploited, including creating porous structures,10 doping 
with metal11 or non-metal ions,12 combining with other 50 

semiconductors13 and loading co-catalysts.14 Among them, 
combining g-C3N4 with other semiconductors to form 
semiconductor/g-C3N4 composite photocatalysts has been most 
widely studied. Many kinds of nanocomposites such as BiOBr/g-
C3N4,

13 TiO2/g-C3N4,
15 ZnO/g-C3N4,

16 Fe2O3/g-C3N4,
17 and 55 

Ag2O/g-C3N4
18 have been developed for the improved charge 

separation and/or enhanced visible light absorption, leading to 
higher photocatalytic activities than pure g-C3N4. 
 As one of the reactive rare earth oxides with outstanding 
catalytic properties, CeOx has been widely used in solar cells, 60 

photocatalytic degradation of dye pollutants and hydrogen 
evolution.19,20 By far, various kinds of heterojunctions formed 
between CeOx and other semiconductors (e.g., TiO2,

21 Cu2O,22 
BiVO4,

23 CdS,24 etc.) have been developed with enhanced 
photocatalytic performances due to the improved charge 65 

separation ability. However, in these CeOx/semiconductor 
composite photocatalysts, CeOx could only act as a Type II band 
alignment counterpart to improve the charge separation but not as 
a visible light sensitizer due to its large band gap (Eg ~ 2.9 eV) 
limiting its optical absorption in visible light region. Nitrogen 70 

doping was a widely accepted approach to enhance the visible 
light response of CeOx as well as other wide band gap metal 
oxides.4,25,26 Mao et al.25 synthesized nitrogen doped CeOx (N-
CeOx) through a wet-chemical route, the optical property of CeOx 
was much improved and then the visible-light photocatalytic 75 
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performance for methylene blue decomposition was enhanced. 
Jorge et al.26 prepared porous nitrogen doped CeOx with effective 
visible light-active performance for the decomposition of 
acetaldehyde by annealing mesoporous nanocrystalline ceria 
under NH3 at 550-700 º C. Note that g-C3N4 can be easily 5 

synthesized from various simple precursors via a 
polycondensation reaction at around 500-600 ºC with NH3 
released.27,28 It becomes highly possible to dope nitrogen into the 
lattice of the semiconductors to form N-semiconductor/g-C3N4 
heterojunction by heating the mixture precursors of 10 

semiconductors and g-C3N4.
29-31 However, as far as we know, N-

CeOx/semiconductor composite photocatalysts with N-CeOx 
acting as an effective visible-light sensitizer have not been 
reported yet. 
 In the present study, we successfully prepared a series of 15 

nitrogen doped CeOx nanoparticles (N-CeOx NPs) modified g-
C3N4 photocatalysts via a facile one-pot method by simply 
heating the mixture of Ce(NO3)3 and melamine as CeOx and g-
C3N4 precursors under 550 ºC. The effect of N-CeOx NPs on the 
optical absorption and charge carrier separation, and then the 20 

enhanced photocatalytic activities of g-C3N4 were investigated in 
detail. 

Experimental Details 

Synthesis Procedure 

All chemicals in the present study are of analytical grade and 25 

used as received without further purification. N-CeOx NPs 
modified g-C3N4 photocatalysts were prepared by a facile one-pot 
method as illustrated in Fig S1. Typically, 3.0 g of melamine and 
V mL (V = 1, 3, 5, 7, 10, 15) of 0.031 g/mL Ce(NO3)3•6H2O 
aqueous solution were added into 200 mL of distilled water, and 30 

heated at 90 °C for 1 h under stirring, the temperature was then 
raised to 100 °C for complete water evaporation. The resulting 
mixture was put into an alumina crucible with a cover, and 
annealed at 550 °C under Ar flow (30 mL/min) for 4 h with 
ramping rate of 20 °C/min. g-C3N4 modified with different 35 

amounts of N-CeOx NPs by adding V mL of 0.031 g/mL 
Ce(NO3)3•6H2O aqueous solution is denoted as Ce-CN-V (V = 1, 
3, 5, 7, 10, 15). 
 Pure g-C3N4 and CeOx was prepared by the same process 
without adding Ce(NO3)3 or melamine. Ce-CN-M composite as 40 

reference was prepared by mechanical mixing of CeOx and pure 
g-C3N4. Ce-CN-T composite was also prepared as reference by 
the two-step method, namely, annealing the grounded mixture of 
melamine and pure CeOx following the same heating process as 
described above. To be consistent with the loading amount of 45 

CeOx in Ce-CN-5, CeOx used for preparing Ce-CN-M and Ce-
CN-T was obtained by heating and then annealing 5 mL of 0.031 
g/mL Ce(NO3)3•6H2O aqueous solution at 550 °C. In addition, 
reference samples of Ce-CN-M2 and Ce-CN-T2 were also 
prepared following the same preparation procedure as Ce-CN-M 50 

and Ce-CN-T, respectively, while using 15 mL of 
Ce(NO3)3•6H2O aqueous solution as the CeOx precursors in order 
to be consistent with the loading amount of CeOx in Ce-CN-15. 

Characterization 

The transmission electron microscopy (TEM) images were 55 

obtained from a FEI Tecnai G2 F30 transmission electron 

microscope at an accelerating voltage of 300 kV. The X-ray 
diffraction (XRD) patterns were obtained from a PANalytical 
X’pert MPD Pro diffractometer operated at 40 kV and 40 mA 
using Ni-filtered Cu Kα irradiation (Wavelength 1.5406 Å). UV-60 

vis absorption spectra (UV-vis) were measured on a HITACHI 
U4100 instrument equipped with labsphere diffuse reflectance 
accessory. Photoluminescence spectra (PL, including steady and 
time-resolved fluorescence emission) were carried out at room 
temperature on a PTI QM-4 fluorescence spectrophotometer. X-65 

ray photoelectron spectroscopy (XPS) data were obtained on a 
Kratos Axis-Ultra DLD instrument with a monochromatized Al 
Kα line source (150 W). All binding energies were referenced to 
the C 1s peak at 284.8 eV. 

Photocatalytic Activity Evaluation 70 

Photocatalytic hydrogen evolution was performed in a gas-closed 
circulation system with a 230 mL Pyrex cell as the photoreactor. 
A 300 W Xe lamp was used as the light source, and the UV part 
of irradiated light was removed by a 420-nm cutoff filter. 
Hydrogen evolved was analyzed on a thermal conductivity 75 

detector (TCD) gas chromatograph (NaX zeolite column, N2 as a 
carrier gas) every 60 min. In a typical experiment, the 
photocatalyst powder (50 mg) was dispersed in 200 mL of 10 
vol% triethanolamine (TEOA) aqueous solution under stirring. Pt 
(1 wt%) was photodeposited in situ on the photocatalysts from 80 

the precursor of H2PtCl6•6H2O. Nitrogen was purged through the 
reactor for 15 min before photocatalytic reaction to remove 
oxygen. The temperature for all the photocatalytic reactions was 
kept at 35 ± 0.5 °C by thermostatic water bath. 

Results and Discussion 85 

Fig. 1 shows the TEM images of the as-prepared Ce-CN-V (V= 1, 
5, 10) photocatalysts. g-C3N4 photocatalyst exhibits a layered 
structure as shown in Fig. 1A-C, which offered good substrate for 
loading N-CeOx NPs. As demonstrated in Fig. 1A, for the Ce-
CN-1 photocatalyst, N-CeOx NPs were dispersed evenly on g-90 

C3N4 with a size range of 7-17 nm (See Fig. S2 in ESI† for the 
particle size distribution). With the volume of the Ce(NO3)3 
precursor solution increased to 5 mL, more N-CeOx NPs were 
found on the surface of g-C3N4 (Fig. 1B). Despite of aggregation, 
no bulk CeOx was found on g-C3N4 and the particle size 95 

distribution of Ce-CN-5 was almost the same with that of Ce-CN-
1, as evidenced in Fig. S2. Further increasing the volume of 
Ce(NO3)3 precursor solution gave rise to more aggregates of N-
CeOx NPs, covering larger areas of g-C3N4 surface, as observed 
for Ce-CN-10 (Fig. 1C). It was reported that the shading effect 100 

induced by nanoparticle aggregation was detrimental for the 
photocatalytic hydrogen production reaction by covering the 
active species at the photocatalyst’s surface.32,33 As shown in Fig. 
1D, the fringe spacings of N-CeOx in Ce-CN-5 were measured to 
be 3.18 Å and 1.96 Å, corresponding to the (111) and (220) 105 

lattice planes of cubic CeOx, respectively, which are a little larger 
than the reported values of (111) and (220) lattice planes of cubic 
CeOx (3.12 Å and 1.91 Å, JCPDS 004-0593). This is very likely 
because that nitrogen was introduced into the crystal lattice of 
CeOx, and thus the lattice parameters of nitrogen doped CeOx in 110 

Ce-CN-V nanocomposites became larger than those of pure CeOx, 
due to the substitution of 4-coordinated O2- (ionic radius : 1.38 Å) 
by N3- (ionic radius: 1.46 Å) in CeOx.

34 
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Fig.1 TEM images of Ce-CN-V photocatalysts: (A) V=1, (B) V=5, (C) V 
=10, (D) The magnified TEM image of Ce-CN-5. 

 X-ray diffraction (XRD) patterns for g-C3N4, CeOx and Ce-
CN-V photocatalysts were taken to investigate their crystal 5 

structures. As shown in Fig. 2A, the (100) peak at 2θ = 13.0° 
corresponding to d value of 0.676 nm is related to an in-plane 
structural packing motif of g-C3N4, such as the hole-to-hole 
distance of the nitride pores in the crystal.35 Both pure g-C3N4 
and Ce-CN-V nanocomposites show a strong characteristic (002) 10 

peak at 2θ = 27.4°, corresponding to the interlayer-stacking of the 
conjugated aromatic system with a stacking distance of 0.326 nm, 
indicating that the as-prepared nanocomposites possess layered 
structures of g-C3N4. It was also found that with increased N-
CeOx amounts in the nanocomposites, the relative intensity of 15 

both (100) and (002) peaks were significantly decreased, maybe 
due to the deposition of N-CeOx onto the surface of g-C3N4.

13 
Here, the weakening of the (100) peak could be attributed to that 
the nitride pores were slightly distorted with N-CeOx 
modification and then the hole to hole distance was changed.35,36 20 

While for the (002) peak, the weakening could be resulted from a 
decrease in structural correlation length induced by the 
introduction of small sized N-CeOx NPs.37,38 
 The XRD peaks of pure CeOx were in good agreement with the 
cubic phase of CeOx (JCPDS 004-0593). For the Ce-CN-V 25 

nanocomposites, with the volume of Ce(NO3)3 precursor solution 
increasing, the CeOx diffraction peaks gradually appeared and 
became stronger, indicating more N-CeOx NPs presented in the 
nanocomposites. However, as shown in Fig. 2B, the XRD peaks 
at 2θ = 28.6°, 33.1°, 47.5° for CeOx slightly shifted to lower 30 

angle for Ce-CN-V, which should be attributed to the substitution 
of 4-coordinated O2- (ionic radius: 1.38 Å) by N3- (ionic radius: 
1.46 Å) in CeOx.

34 This is understandable because the nitrogen 
doping happened to CeOx NPs obtained by annealing Ce(NO3)3 
precursor in the NH3 atmosphere25,26 created by heating melamine 35 

at 550 ºC, as described in Fig. S1 and S3 in ESI†. In addition, 
when compared with the reference samples of Ce-CN-T2, Ce-CN-
M2, these three XRD peaks also slightly shifted to lower angle for 
Ce-CN-15, as shown in Fig. S4 in ESI†. These results could help 

distinguish the N-CeOx NPs modified g-C3N4 from CeOx/g-C3N4 40 

composites, again indicating that the one-pot method was 
favorable for nitrogen doping into the lattice of CeOx, as 
compared to the mechanical mixing or two-step method. 

 
Fig.2 (A) XRD patterns of g-C3N4, CeOx and Ce-CN-V photocatalysts 45 

with various volumes of Ce(NO3)3 precusor solution; (B) XRD patterns of 
CeOx, Ce-CN-V (V = 7, 10, 15) in the range of 2θ = 25-50°. (◆) and (●) 

were denoted to mark the characteristic peaks of g-C3N4 and CeOx, 
respectively. 

 As determined by the XPS analysis (Fig. S5), the actual weight 50 

ratios of Ce in Ce-CN-V (V = 1, 3, 5, 7, 10, 15) were determined 
to be 0.95, 2.45, 4.22, 5.88, 8.52 and 12.82 wt%, respectively. 
The weight contents for all the elements (C, N, O, Ce) in g-C3N4 
and Ce-CN-V were also calculated and listed in Table S1 in ESI†. 
Ce 3d XPS spectra of pure CeOx (Fig. 3a) and Ce-CN-15 (Fig. 3b) 55 

were further compared to evidence that nitrogen was introduced 
to the crystal lattice of CeOx. As shown in Fig. 3, due to the 
highly nonstoichiometric nature of CeOx, both 3+ and 4+ states 
are present in CeOx and Ce-CN-5. Note that the Ce 3d binding 
energies (both Ce3+ and Ce4+) of Ce-CN-5 are slightly lower than 60 

those of pure CeOx. For example, the binding energies of Ce4+ 
3d3/2, Ce4+ 3d5/2, Ce3+ 3d3/2 and Ce3+ 3d5/2 for pure CeOx are 
centered at ca. 916.8, 898.1, 900.7 and 882.3  eV, respectively; 
while those for Ce-CN-5 are located at 916.4, 897.9, 900.4 and 
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882.0 eV, respectively. Such lower shift in Ce 3d binding energy 
for Ce-CN-5 should be attributed to an increase in electron 
density around the Ce cation (Ce-N > Ce-O), which was induced 
by the replacement of oxygen atoms by nitrogen atoms with 
lower electronegativity.25,39  5 

 
Fig.3 Ce 3d XPS spectra of the (a) CeOx and (b) Ce-CN-15 photocatalysts. 

 Fig. 4 shows UV-vis absorption spectra to evaluate the optical 
absorption properties of the as-prepared photocatalysts. As 
calculated by the Kubelka–Munk method,40,41 the absorption 10 

edges of pure g-C3N4 and CeOx at about 460 nm and 430 nm 
corresponds to band gaps of 2.70 eV and 2.90 eV, respectively. 
The narrowed band gap and band position fine-tuning of CeOx by 
nitrogen doping was also confirmed by DFT calculation (see 
Computational Methods and Fig. S6 in ESI † ). By forming 15 

nanocomposites, the absorption edge showed gradual red shift to 
490 nm for Ce-CN-15 with increasing N-CeOx loading amounts. 
It was also found that the light absorption in the range of λ > 500 
nm was obviously enhanced, mainly due to the nitrogen doping 
induced significant increase of the light absorption above 500 20 

nm.25,26,34 The enhanced visible light absorption was beneficial 
for the photocatalytic performance as widely reported.17,18 
However, for the Ce-CN-V (V = 1, 3, 5, 7, 10, 15) photocatalysts, 
the increasing N-CeOx loading amounts, which could gradually 
enhance the visible light absorpation, would give rise to more and 25 

more serious shading effect32,33,41 and hence offset the benefit of 
the light absorption of N-CeOx. As a result, this negative shading 
effect induced by excessive loading of N-CeOx NPs leads to 
decreased photocatalytic activity for hydrogen production, as  
verified by the hydrogen production evaluation of the Ce-CN-V 30 

photocatalysts in the later sections. 
 It was also noted that the visible light absorption of Ce-CN-5 
was greatly enhanced compared to Ce-CN-T or Ce-CN-M (See 
Fig. S7 in ESI†), especially in the range of λ > 500 nm. This 
should be attributed to that nitrogen was hardly introduced into 35 

the lattice of CeOx by the two-step method or the mechanical 
method, and thus the visible light absorption ability of Ce-CN-5 
with N-CeOx modification was much stronger than Ce-CN-T or 
Ce-CN-M with only CeOx modification. 

 40 

Fig.4 UV-vis diffuse reflectance spectra of the as-prepared photocatalysts. 
(a) pure CeOx, (b) g-C3N4 and Ce-CN-V photocatalysts with various V: (c) 

V = 1, (d) V = 3, (e) V = 5, (f) V = 7, (g) V = 10, (h) V = 15. 

 The photoluminescence (PL) emission spectra are very useful 
to understand the behavior of photo-generated charge carriers in 45 

photocatalysts, since PL emission is resulted from the irradiative 
recombination of electrons and holes.42 Fig. 5A shows the PL 
spectra for the as-prepared Ce-CN-V photocatalysts. All the 
photocatalysts exhibited a broad emission peak centered at 
around 460 nm, and a tail extending to 700 nm. The emission 50 

could be attributed to the band-band PL phenomenon related to 
the recombination of photoinduced electrons and holes in g-
C3N4.

41,43 The PL emission intensity exhibits the highest value for 
pure g-C3N4 and decreases monotonously with increasing N-
CeOx contents. This indicates that the recombination of 55 

photogenerated charge carriers is inhibited in the Ce-CN-V 
photocatalysts, due to the photo-induced electron hole pairs are 
efficiently separated in the N-CeOx/g-C3N4 heterojunctions.  
 To prove the N-CeOx/g-C3N4 heterojunctions prepared by the 
one-pot annealing method is superior for charge carriers 60 

separation, PL spectra of the reference samples (Ce-CN-T, Ce-
CN-M) were also taken for comparison, as shown in Fig. 5B. For 
the Ce-CN-T photocatalyst prepared by the two-step method, the 
PL intensity was stronger than that of Ce-CN-5, meaning the 
poorer charge separation in Ce-CN-T than in Ce-Ce-5. This 65 

should be due to that the larger size of CeOx nanoparticles and 
hence the poorer interfacial contact between CeOx and g-C3N4 (as 
evidenced in Fig. S8C,D in ESI†) will consequently result in the 
less efficient charge separation in Ce-CN-T. While for the 
mechanical mixture sample of Ce-CN-M, the PL emission 70 

intensity was even much stronger relative to Ce-CN-T, indicating 
the very poor charge separation between CeOx and g-C3N4 in Ce-
CN-M. This is reasonable, given the serious aggregation of CeOx 
nanoparticles and loose interfacial contact between CeOx and g-
C3N4 (Fig. S8E,F in ESI†) by simply mechanically mixing CeOx 75 

and g-C3N4. 
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Fig.5 (A) Photoluminescence (PL) spectra of the Ce-CN-V photocatalysts. 
(a) g-C3N4, (b) Ce-CN-1, (c) Ce-CN-3, (d) Ce-CN-5, (e) Ce-CN-7, (f) Ce-

CN-10, (g) Ce-CN-15. (B) PL spectra of (a) g-C3N4, (b) Ce-CN-M, (c) 
Ce-CN-T, (d) Ce-CN-5. 5 

 The charge separation in composite photocatalysts is usually 
related to the band alignment induced charge transfer at the 
interfaces of the two components (e.g., type II band alignment).41 
In the present work, the valence band maximum (VBM) edge 
potentials of CeOx and g-C3N4 was measured by valence band X-10 

ray photoelectron spectroscopy (VB XPS) to estimate the band 
alignment for the Ce-CN-V photocatalysts. As shown in Fig. 6, 
the peak assigned to Ce 4f can be observed at ~ 1.5 eV. It was 
reported that Ce 4f was accompanied by Ce2O3 whereas absent 
for pure CeO2,

44 confirming the presence of Ce3+. The band 15 

stretching from ca. 3 to 8 eV is assigned to the O 2p orbitals.44 
For CeOx, the valence band is derived from the O 2p orbitals, and 
the band gap of 2.9 eV is derived from O 2p - Ce 4f 
transition,24,44 thus the VBM edge of as-prepared CeOx is 
estimated to be about 2.24 eV below the Fermi band (Ef) from the 20 

VB XPS spectra. For g-C3N4, the VBM edge is estimated to be 
2.36 eV from Fig. 6, in accordance with our previous reports.41,43 
According to the equation ECB = EVB - Eg,

41,45 ECB of CeOx and g-
C3N4 were calculated to be 0.66 eV and 0.32 eV above Ef, 

respectively. Based on the above deduction, as illustrated in Fig. 25 

6, the ECB difference of 0.34 eV could facilitate the electron 
transfer from the conduction band of CeOx to that of g-C3N4; 
while the EVB difference of 0.12 eV will favor hole transfer from 
the valence band of g-C3N4 to that of CeOx. Note that due to 
nitrogen doping in N-CeOx, the real Eg value for the N-CeOx 30 

must be smaller (dotted line in Fig. 6),  as suggested by the 
improved visible light absorption and DFT calculation results, 
leading to enhanced visible light response of the nanocomposites 
photocatalysts of N-CeOx/g-C3N4 (e.g., the as-prepared Ce-CN-V 
heterojunctions).  35 

 

Fig.6 VB XPS spectra for (a): CeOx and (b): g-C3N4. The inset is the 
energy band alignment of CeOx/g-C3N4 heterojunction. (solid lines: band 
position for pure CeOx (red) and g-C3N4 (black); black dotted lines near 

the CB and VB of CeOx: estimated band position for N-CeOx 40 

nanoparticles). Ef: fermi level; EVB: valance band energy level; ECB: 
conduction band energy level. 

 To further confirm the efficient charge separation between N-
CeOx and g-C3N4 induced by Type II band alignment and 
intimate interfacial contact, time-resolved fluorescence emission 45 

decay spectra of Ce-CN-5, and g-C3N4, Ce-CN-M, Ce-CN-T as 
references were measured at room temperature as shown in Fig. 7. 
The kinetic parameters for these as-prepared samples are 
summarized in Table 1. The average lifetimes of the carriers (τavg) 
were determined to be 4.94 ns, 4.99 ns, 9.85 ns and 21.10 ns for 50 

g-C3N4, Ce-CN-M, Ce-CN-T and Ce-CN-5, respectively (See 
decay kinetics calculation in Supporting Information), indicating 
that the charge recombination in g-C3N4 was effectively inhibited 
once modified with N-CeOx (or CeOx) nanoparticles.41,43,45  
Especially, the N-CeOx/g-C3N4 heterojunction prepared by the 55 

one-pot annealing method (Ce-CN-5) showed greatly prolonged 
carrier lifetime when compared to the reference samples of g-
C3N4, Ce-CN-M and Ce-CN-T, again confirming the efficient 
charge transfer and separation between N-CeOx and g-C3N4, due 
to the intrinsic straddling (Type II) band alignment and the 60 

intimate interfacial contact. 
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Fig.7 Time-resolved fluorescence emission decay curves for g-C3N4, Ce-CN-5, Ce-CN-T and Ce-CN-M at room temperature. Observation wavelength for 

all the samples was 470 nm and the excitation wavelength was 337 nm. Solid lines represent the kinetic fit using tri-exponential decay analysis 

Table 1 Kinetic parameters of the as-prepared samples emission decay analysis. 

Samples A1 τ1 (ns) A2 τ2 (ns) A3 τ3(ns) τavg (ns) χ2 
g-C3N4 0.1109 1.425 0.8667 0.033 0.0224 8.558 4.94 0.9571 

Ce-CN-M 0.1274 7.929 0.4567 1.410 0.4159 0.343 4.99 0.9606 
Ce-CN-T 0.2987 4.122 0.6196 1.207 0.0817 18.69 9.85 1.054 
Ce-CN-5 0.2488 2.269 0.1195 25.80 0.6317 0.295 21.10 0.9335 

 

5 

 The photocatalytic activity of N-CeOx NPs modified g-C3N4 
photocatalysts (Ce-CN-V, V = 1, 3, 5, 7, 10, 15) was evaluated by 
hydrogen production reaction under visible light (λ > 420 nm). Pt 
(1 wt%) was used as the co-catalyst, providing hydrogen 
evolution sites on the as-prepared photocatalyst for efficient 10 

photocatalytic hydrogen production (Fig. S9 in ESI†).8,46-48  
 As shown in Fig. 8A, all the samples are photocatalytically 
active, while no hydrogen was detected in the absence of either 
photocatalyst or light irradiation. The rate of hydrogen evolution 
over pure g-C3N4 was 134.5 µmol•h-1•g-1. With N-CeOx contents 15 

increasing, the photocatalytic activity of Ce-CN-V was greatly 
improved, with the highest hydrogen evolution rate achieved 
292.5 µmol•h-1•g-1 for Ce-CN-5, which was about 2.2 times that 
of pure g-C3N4. However, the photocatalytic activity was 
decreased with the further increasing contents of N-CeOx for Ce-20 

CN-V (V = 7, 10, 15).  
 To clarify the mechanism for photocatalytic H2 production 
over Ce-CN-V, it is necessary to make clear how the N-CeOx 
NPs influence the activity of g-C3N4, based on three effects 
resulted from N-CeOx NPs modification: (1) efficient charge 25 

separation between g-C3N4 and N-CeOx induced by the formed 
Type II band alignment,15,16 (2) N-CeOx acting as visible light 
sensitizers,17,18 (3) the negative shading effect of the excessive N-
CeOx.

32,33,41 For the Ce-CN-V (V = 1, 3, 5) photocatalysts, as 
shown from the UV-vis and PL spectra in Fig. 4 and Fig. 5A, 30 

both of the visible light absorption and charge separation 

efficiency were improved with increasing loading amoutns of N-
CeOx NPs, leading to gradual increase in photocatalytic activity 
for hydrogen evolution. On the other hand, it is noteworthy that 
both the optical absorption enhancement and the shading effect 35 

were related to the N-CeOx content, that is, the larger the N-CeOx 
content, the stronger the two effects. As seen from Fig. 4, the 
visible light absorption was increased with the increase in the N-
CeOx loading amounts; meanwhile the N-CeOx NPs aggregated 
as observed in Fig. 1C, leading to the negative shading effect of 40 

aggregated N-CeOx NPs. Thus, for Ce-CN-V (V = 7, 10, 15), 
although the light absorption ability was improved by increasing 
the N-CeOx loading amounts, the negative shading effect induced 
by aggregation of N-CeOx NPs became more significant, leading 
to the decrease in photocatalytic performances. That is to say, the 45 

three factors mentioned above balanced and competed with each 
other, eventually resulting in the highest photocatalytic 
performance for the Ce-CN-5 photocatalyst with optimized N-
CeOx loading. 
 In order to investigate the photocatalytic stability, the 50 

photocatalytic experiment for hydrogen production was run for 5 
cycles. As shown in Fig. 8B, Ce-CN-5 shows quite good stability 
for photocatalytic hydrogen production, with hydrogen 
production rate kept almost unchanged during the 35 h reaction. 
 Hydrogen production over the reference samples of Ce-CN-M 55 

(mechanical mixture) and Ce-CN-T (two-step prepared) was also 
tested to prove the photocatalytic superiority of N-CeOx/g-C3N4 
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heterojunction formed by the one-pot annealing method. As 
shown in Fig. 8A, the reference Ce-CN-T sample shows lower 
photocatalytic activity (201.7 µmol•h-1•g-1) than the Ce-CN-5 
sample (292.5 µmol•h-1•g-1). This may be due to limited visible 
light absorption ability of CeOx (Eg ~ 2.9 eV) without nitrogen 5 

doping as well as the much larger CeOx nanoparticles hindering 
charge transfer and separation between g-C3N4 and CeOx in Ce-
CN-T (as evidenced by PL properties in Fig. 5 and Fig. 7). 
Moreover, the Ce-CN-M reference sample, with hydrogen 
production rate of only 142.5 µmol•h-1•g-1, shows even much 10 

lower photocatalytic activity than Ce-CN-T, but close to pure g-
C3N4. This may be because the mechanical method did not form 
CeOx/g-C3N4 heterojunction with intimate interfacial contact due 
to serious aggregation of CeOx nanoparticles, resulting in the very 
low efficiency of charge transfer and separation between the two 15 

components.  

 
Fig.8 (A) Photocatalytic H2 production under visible-light irradiation over 

g-C3N4, Ce-CN-V (V = 1, 3, 5, 7, 10, 15), Ce-CN-M and Ce-CN-T 
photocatalysts. T represents CeOx/g-C3N4 (Ce-CN-T) prepared by the 20 

two-step method and M represents the mechanical mixture of CeOx and g-
C3N4 (Ce-CN-M). (B) Stable hydrogen evolution over Ce-CN-5 sample 

under visible light irradiation, the reactor was flushed with N2 to evacuate 
the produced H2 for every five hours. 

 To prove the existence and function of Pt nanoparticles as 25 

hydrogen evolution sites, TEM images for Pt loaded Ce-CN-5 
after the photocatalytic hydrogen production reaction were 
taken, as shown in Fig. S9 in ESI†. Pt NPs with an average size 
of ca. 10 nm were only formed on the surface of g-C3N4 for both 
pure g-C3N4 and Ce-CN-5, indicating that Pt NPs preferred to be 30 

reduced by the CB electrons from g-C3N4. That is to say, Pt NPs 
acted as the reduction active sites on g-C3N4 to entrap 
photoinduced electrons for photocatalytic hydrogen production, 
which has been evidenced by the previous studies.8,43,46-48 
 As analyzed above, a possible photocatalytic mechanism of the 35 

as-prepared N-CeOx NPs modified g-C3N4 nanocomposites for 
photocatalytic hydrogen production under visible light could be 
proposed and illustrated in Fig. 9. Upon visible light irradiation, 
both N-CeOx and g-C3N4 were photo-excited to produce CB 
electrons and VB holes. Due to the VB and CB energy level 40 

difference between the two components, the CB electrons in N-
CeOx could easily transfer to the CB of g-C3N4 and then 
accumulated at Pt reduction active sites for H2 production 
reaction; while the VB holes in g-C3N4 tended to transfer to the 
VB of N-CeOx to react with the sacrificial reagent in the aqueous 45 

solution. In this Pt/N-CeOx/g-C3N4 system, N-CeOx acted as 
sensitizer improving light absorption and the Type II band 
alignment formed between N-CeOx and g-C3N4 could efficiently 
separate the electron-hole pairs. Thus, the enhanced 
photocatalytic efficiency for hydrogen production under visible 50 

light was obtained over N-CeOx NPs modified g-C3N4 when 
compared to pure g-C3N4. 

 
Fig.9 Schematic of band structure and charge transfer process in N-CeOx 

NPs/g-C3N4 for photocatalytic hydrogen generation. 55 

Conclusions 

Nitrogen-doped CeOx nanoparticles modified g-C3N4 
photocatalysts were successfully prepared via a one-pot annealing 
method. The photocatalytic activity for hydrogen production over 
g-C3N4 under visible light was greatly improved by nitrogen-60 

doped CeOx NPs modification. The photoactivity was enhanced 
by ~1.2 times, with hydrogen evolution rate increased from 134.5 
µmol•h-1•g-1 for pure g-C3N4 to 292.5 µmol•h-1•g-1 for the 
optimized sample of nitrogen-doped CeOx NPs modified g-C3N4 
prepared by the one-pot method. It was believed that the greatly 65 

enhanced photocatalytic activity was mainly attributed to the 
improved visible light absorption with nitrogen-doped CeOx NPs 
acting as sensitizers as well as the Type II band alignment 
induced efficient charge separation between nitrogen-doped CeOx 
NPs and g-C3N4 with intimate interfacial contact. The present 70 

study put forward a new facile method for nitrogen doping and 
heterojunction formation in the meantime, which might open 
novel vistas for exploring nanostructured heterojunctions for 
photo(electro)catalytic and optoelectronic applications. 
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