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Abstract:  

In this study, yttrium-doped CeO2 was introduced into polymeric carbon nitride 

(PCN) through one-step hydrothermal reaction to form the Y-doped CeO2/PCN (YCC) 

nanocomposited photocatalysts. Morphology of products was observed by emission 

scanning electron microscopy (SEM) and high-resolution transmission electron 

microscopy (HR-TEM). The structure of the products was characterized by X-ray 

diffractometer (XRD), FT-IR and Raman analysis. Optical absorption and band 

energy properties were investigated by UV–vis, PL and VB-XPS spectra. The X-ray 

photoelectron spectroscopy (XPS) results further revealed that the surface active 

oxygen and Ce
3+

 concentration of nanocomposited photocatalyst were significantly 

increased compared with pure CeO2 and PCN counterparts. The YCC composites 

exhibited excellent photoredox performance under visible light irradiation, affording 

to 5.73- and 3.74-fold higher for RhB degradation and proton photoreduction to 

produce H2 than that of pure CeO2. The Y-doped nanocomposited means adopted in 

this study not only improve the optical utilization of visible light, but also effectively 

inhibit the recombination of photogenerated charge carriers, which are conducive to 

promote the photoredox performance synergistically. 
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1. Introduction 

Recently, researchers are enthusiastically working on the development of 

photocatalytic materials that respond to visible light and have a narrow band gap [1-3]. 

Some paradigmatic metal oxide semiconductor materials just show a feeblish visible 

light response. Thus, they merely exert better photocatalytic activity in the 

decomposition of water and organic pollutants field under UV irradiation. Among 

them, cerium oxide (CeO2) is one of the most important rare earth metal oxides. It has 

been extensively used in various applications including UV blockers, polishing 

materials, catalysts, electrolytes, sensors, and solar cells. It is mostly due to many 

excellent characteristics such as low toxicity, high thermal and chemical stability, as 

well as its resistance to photocorrosion [4-7]. The prominence of CeO2 material is 

mainly due to its large deviation in the stoichiometry as a result of easy reducibility of 

Ce
4+

 ions to Ce
3+

 ions that lead to the formation of abundant oxygen vacancies (Ov) [8, 

9]. It was also shown that more Ce
3+

 ions mean higher concentration of oxygen 

vacancies as well as better visible light absorption, which are much more facilely to 

generate superoxide radicals in photocatalytic dye degradation [10, 11]. Therefore, 

oxygen defects generated in the synthesis process play a role in promoting or 

inhibiting the photocatalytic performance [12, 13]. 

The polymeric carbon nitride (denoted as PCN) is yellow powder semiconductor 

and it is the most stable phase at room temperature among seven phases of C3N4 



allotropes [14]. As a fascinating metal-free polymer photo (electro)-catalyst, PCN 

shows many outstanding advantages, such as environmental friendliness, low 

fabricating cost, well physical-chemistry stability, excellent optical and electronic 

features. However, PCN still confronts several challenge issues, such as fast 

recombination rate of photoinduced electron-hole pairs, low specific surface area and 

limited active sites. In order to surmount these restrictions, many strategies have been 

developed to improve photocatalytic performance of PCN, including the development 

of various PCN nanostructures, doping with metal or non-metal, and constructing 

PCN-based heterojunction composites [15-17]. Although the quantum efficiency of 

PCN materials is still low so far, it provides a new, meaningful exploration to satisfy 

the strategy of sustainable development. Due to PCN has a moderate visible-light 

absorption capacity, it is often adopted as a suitable platform to complex with 

inorganic nanoparticles to enhance their visible-light response [18, 19]. Instead of 

simple physical mixing between PCN and inorganic material, it is crucial to 

strengthen the interfacial contact between them so as to form an efficient 

heterojunction for involved catalytic reactions. 

Therefore, we developed a novel Y-doped CeO2/PCN (YCC) heterojunction 

photocatalyst through a facile in-situ growing process of Ce(NO3)3·6H2O, and 

Y(NO3)3·6H2O on PCN surface in this paper. Y-doping is a cost-effective way to hoist 

the concentration of oxygen vacancies and visible light absorption of CeO2. As far as 

we can concern, YCC nanocomposited heterojunction photocatalyst was fabricated 

herein for the first time, which obviously distinguished from most of the previous 



reports based on pure CeO2 photocatalyst. The photocatalysis properties of YCC were 

systematically assessed by decomposition of RhB and hydrogen production under 

visible light illumination. Y-doped CeO2 and PCN complement each other, which is 

benefitting from their highly matched band structures. In detail, the electrons 

generated by PCN photo-excitation transferred smoothly to the conduction band of 

Y-doped CeO2, while the photo-induced holes on valence band of the Y-doped CeO2 

flowed to valence band of PCN component. Thus the electron and hole pairs are 

separated effectively and the recombination rate is also decreased dramatically. In 

conclusion, attributing to the matchable band structures and close interfacial 

osculation between two components, the as-prepared YCC nanohybridized 

photocatalyst achieve distinctly ameliorative photoredox performance than that of 

single component counterpart.  

2. Experimental section 

2.1 Materials 

Melamine, sodium phosphate, cerium nitrate hexahydrate (Ce(NO3)3·6H2O) and 

yttrium nitrate hexahydrate (Y(NO3)3·6H2O). All the chemical reagents used in the 

experiment were of analytical grade, commercially available with 99.9% purity and 

were used without further purification. Deionized water was used throughout the 

experiment. 

2.2 Methods 

2.2.1 Preparation of PCN 

Sample PCN was prepared according to the previously reported method with a 



slight modification [18]. First, 15.0 g melamine was transferred to a quartz crucible 

and calcined at 550 ℃ for 4 hours at a rate of 5 ℃/min under air condition. After 

cooling to room temperature, the product was collected. 

2.2.2 Preparation of Y-doped CeO2 

The typical synthetic procedures were depicted as follows and the optimal 

synthesis condition had been discussed previously [20]. First, 1.74 g Ce(NO3)3·6H2O 

and 0.16g Y(NO3)3·6H2O precursors were simultaneously dissolved in 150 ml 

deionized water with vigorously magnetic stirring at room temperature for 30 min. 

Then 0.015 g Na3PO4 was added to the solution and stirred for 30 mins continuously. 

The solution was then transferred to a 200 ml Teflon-lined stainless steel autoclave 

and heated at 200 ℃ for 24 hours. After cooling to room temperature, the pale 

yellow products were collected by centrifugation, washed with deionized water and 

ethanol for at least 3 times respectively, then dried at 70 ℃ for 18 hours to collect 

the product of Y-doped CeO2.  

2.2.3 Preparation of YCC 

Typically, YCC heterojunction photocatalyst was prepared under the same 

conditions with preparation of Y-doped CeO2 except for changing the dissolution 

process. Additional 0.2 g of as-prepared PCN was simultaneously dissolved in 

deionized water together with Ce(NO3)3·6H2O and 0.16g Y(NO3)3·6H2O precursors. 

Other steps are the same and finally get the product of YCC. 

2.3 Characterization 

X-ray diffraction (XRD) was performed on a Bruker-AXS X-ray focus using Cu 



Ka radiation source (40 kV/4 mA). The Fourier transform infrared spectroscopy 

(FT-IR) of the samples were recorded on KBr pressed pellets in the frequency range 

of 4000-400 cm
−1

. Raman spectra were determined by In Via Laser Confocal Raman 

Spectrometer. Morphology and elemental mapping of the products were observed by 

an FE-SEM (Hitachi, S-4800) and HR-TEM (FEI, Tecnai G
2
 F30S-TWIN, 300 KV).  

UV-vis diffuse reflectance spectra (DRS) were measured by a Varian Cary 5000 

UV-vis spectrophotometer. The X-ray photoelectron spectroscopy (XPS) experiment 

was carried on a Shimadzu KRATOS AXIS-NOVA system at room temperature 

under 10
−9 

Pa using Al Kα radiation and C 1s peak (284.6eV) reference. The 

photoluminescence (PL) spectroscopy measurements were performed at an excitation 

wavelength of 325 nm on a fluoro-spectrophotometer (Hitachi FL4600) at room 

temperature. Electron paramagnetic resonance (EPR) radical signal was recorded by a 

Brucker EPR A200 spectrometer. 

2.4 Photocatalytic activities evaluation 

2.4.1. Degradation of RhB experiment 

RhB was employed as a model pollutant to evaluate the photooxidation activity 

of as-prepared samples. In a typical experiment, 120 mg photocatalyst was added in 

120 mL of 20 mg·L
-1

 RhB aqueous solution. Prior to irradiation, the suspension was 

stirred in the dark for 30 mins to reach adsorption-desorption equilibrium. During the 

photocatalytic tests, 4 mL of the sample was taken at a given time interval, and 

filtered to remove photocatalyst particles. Finally, the degradation results were 

monitored by UV-vis spectrophotometer according to the peak value of maximum 



absorption (λmax = 554 nm for RhB). 

2.4.2 Hydrogen evolution experiment 

Photocatalytic hydrogen evolution reactions (HER) were carried out in a 

bottom-irradiation vessel connected to a glass gas circulation system. 20 mg of the 

photocatalyst powder was dispersed in 50 mL aqueous solution containing 10 vol% 

triethanolamine as sacrificial agent. The deposition of 3 wt% Pt as a reducing 

co-catalyst was achieved by dissolving H2PtCl6 in the above 50 mL reaction solution 

and then in-situ photo-deposited for one hour. The reaction temperature was kept 

around 15 °C with condensation water circulation system. The amount of H2 

generated was determined using online gas chromatograph (FULI GC9790 Plus). 

Before detecting the photocatalytic performance, the system was fully degased and 

injected Ar as carrier gases. The light source was a 300 W Xe lamp (Beijing Perfect 

Light Co. Ltd, PLS-SXE300) with 420 nm filter cutoff. 

2.4.3 Photoelectrochemical measurements 

The typical working electrode was prepared as follows: 30 mg of sample was 

dispersed in 30 mL of acetone and underwent 60 min ultrasonic treatment. Then 20 

mg single iodine was added to enhance its ionic strength and sonicated for 30 min. 

Next, the product was electroplated onto a 6 cm × 1 cm conductive glass (ITO) using 

an electrophoresis method with a 15 V DC power supplying for 5 min. At last, the 

ITO glass was dried at 60°C for 10 hours to obtain the film electrode. The working 

electrode was irradiated by a Xe arc lamp with a 420 nm filter cutoff. Na2SO4 (0.1M) 

aqueous solution was used as the electrolyte. Photoelectrochemical measurements 



were performed on an electrochemical analyzer (CHI660D, Shanghai, Chenhua) in a 

standard three-electrode configuration with a Pt as the counter electrode and Ag/AgCl 

as a reference electrode. 

2.4.4 Active species trapping experiments 

In order to detect active species in the photocatalytic process, K2Cr2O7 was used 

as electron (e
-
) scavenger, ethylenediaminetetraacetatic acid disodium (EDTA) was 

selected as the hole (h
+
) scavenger, tert-butanol (TBA) was employed as the hydroxyl 

radical (•OH) scavenger and 1, 4-benzoquinone (BQ) was chosen as the superoxide 

radical (•O2
−
) scavenger. The photocatalyst with different scavenger (1 mM) was 

dispersed in RhB solution (120 ml, 20 mg·L
-1

). The following processes were similar 

to the RhB photodegradation experiment as-described in experimental section of 

2.4.1. 

2.4.5 Photocatalytic reduction of Cr(VI) 

The photocatalytic evaluation test of Cr(VI) was done in the GHX-2 

photocatalytic reactor. Simulated visible light source system under the condition of 

one Xe lamp with a power of 250 W, two λ> 420 nm filters and temperature 

controlling in 25 ℃. The photocatalytic reduction Cr(VI) efficiency test method as 

following: First, 120 mL 20 mg/L K2Cr2O7 solution, 120 mg photocatalysts and 1 mL 

100 mg/mL of formic acid were added to the reaction flask. Then setting the 

experimental temperature, open the circulating water, and continue stirring for 60 min 

in the dark to achieve the adsorption-desorption equilibrium of the photocatalyst and 

Cr(VI) aqueous solution. After 60 minutes, the Xe lamp was turned on, and 4.0 mL of 



the suspension reaction liquid was withdrawn from the reaction flask at regular 

intervals, and the K2Cr2O7 solution was separated from the photocatalyst by filtration 

with double layers of cellulose acetate membrane (pore size is 0.22 µm). Finally, the 

Cr(VI) concentration in the filtrate was determined by diphenylcarbazide (DPC) 

spectrophotometry (the maximum absorption wavelength of the purple complex 

formed by DPC and Cr(VI) was λmax = 540 nm). 

 

3. Results and discussion 

3.1 Morphology characterization 

The morphology of YCC was characterized by SEM, TEM and HR-TEM. Fig.1a 

and Fig.S1a show that CeO2 fabricated by hydrothermal treatment exhibits an 

octahedral morphology with average particles size about 100 nm. As given in Fig.1b 

and Fig.S1b, the as-prepared nanocrystals Y-doped CeO2 still remain morphology of 

octahedra. The multi-layered block structure of PCN with smooth surface can be 

clearly observed from Fig.1c and Fig. S1c. As given in Fig.1 (d, e) and Fig.S1 (d, e) 

numerous CeO2 and Y-doped CeO2 polyhedral nanoparticles were successfully 

deposited on PCN resulting in the formation of the heterojunction in CeO2/PCN and 

YCC, respectively. This kind of morphology has the higher specific surface area of 

23.11 m
2
/g and 39.26 m

2
/g than that of PCN and CeO2 counterparts, which is benefit 

for catalytic reaction. (shown in Fig. S7) Obviously, CeO2 nanocrystals anchored on 

the surface of PCN in YCC are distributed randomly, which is attributed to the 

indetermination distribution of amino groups within CN conjugated frameworks. As 



can be seen from Fig.1f, the lattice spacing values of CeO2 are 0.270 nm and 0.325 

nm, indicating that these crystal faces are assigned to the (200) and (111) exposed 

crystal planes of the cubic fluorite structure of CeO2. There are obvious interfacial 

transition zones between CeO2 and PCN in YCC. Based on the above observation, we 

can draw the conclusion that the heterojunction of YCC is formed between the (111) 

and (200) planes of CeO2 and the amorphous PCN. Besides, the energy dispersive 

spectrometer (EDS) measurement (Fig.S2) shows that YCC nanocomposites are 

composed of Y, Ce, O, C and N elements. EDS mapping results are presented in Fig.2, 

it further manifests that these elements have a good distribution in the surface and 

bulk of the YCC. In view of the above results, it can be inferred that the YCC 

nanohybridized photocatalyst was successful prepared by this facile in-situ 

hydrothermal treatment. 

3.2 Structure characterization 

Fig.3 shows the XRD patterns of PCN, CeO2, Y-doped CeO2, CeO2/PCN and 

YCC. As presented in Fig.3a, two distinct peaks located at 13.1° and 27.5° are both 

found in pure PCN and YCC. The strongest peak at 27.5° is a characteristic peak 

indexed to the (002) interlayer stacking of aromatic systems for graphitic materials. 

The dense structure can lead to the localization of the electrons and stronger 

interaction between the layers [21]. The smaller angle peak at 13.08° of YCC is 

assigned to (100) (d=0.676 nm), which is associated within-planar repeated nitride 

pores. The distance is slightly smaller than the size of one tris-s-triazine unit (ca. 

0.730 nm), which is attributed to the presence of slightly rotational angularity in the 



structure. 

The characteristic diffraction peaks of CeO2 appear at 28.5°, 33.1°, 47.6° and 

56.4°, corresponding to the crystal planes of (111), (200), (220) and (311) planes 

respectively [22, 23]. The relative intensity ratios of these characteristic peaks keep 

consistent with the standard data reported in JCPDS card (No. 34-0394), which 

reveals that there is no orientation crystal growth of the as-prepared CeO2 

nanocrystals. Meanwhile, all of the diffraction lines can be indexed to the phase of 

CeO2 with a cubic fluorite structure (Space group: Fm-3m (225)). The sharp 

diffraction peaks of all CeO2-contained samples suggest a high degree of crystallinity 

without impurity peaks, indicating that the concentration of the Y dopant has 

negligible effect on crystalline phase purity of the products. However, comparing the 

highest XRD peak of CeO2 with Y-doped CeO2 (enlarged image in Fig.S3a), it makes 

clearly that after yttrium doping the (111) peak of CeO2 significantly shifted from 

28.58° to a lower angle of 28.43°. It indicates that crystal lattice of Y-doped CeO2 was 

expanded conspicuously due to the introduction of yttrium into the crystal structure. 

In general, the characteristic diffraction peaks of PCN and CeO2 still remain in YCC. 

Besides, in order to study the actual doping quantity and the doping position, 

Rietveld refinements were further performed on different parameters according to its 

diffraction linesin (given in Fig.S4) [24]. The lattice parameter value (a) of CeO2 was 

changed from 5.4129 Å to 5.4325 Å (Tab.S1) after yttrium doping. The enlarged 

lattice parameter means that yttrium is successfully doped into the CeO2 lattice, 

affording to the prominent expansion of crystal lattice. However, the lattice parameter 



value (a) of YCC is 5.4286 Å. This value is slightly lower than that of Y-doped CeO2 

sample. It may be due to the steric hindrance effect produced by the combination of 

PCN and Y-doped CeO2, which partly limits the entry of Y
3+

 into CeO2 lattice. Using 

the Scherrer’s formula, the particle size (D) of the samples was calculated (Tab.S1). 

The D values of Y-doped CeO2 (45.2 nm) and YCC (58.2 nm) are slightly smaller 

than CeO2 counterpart (67.3 nm) after doping by yttrium. The results are in good 

consistent with the SEM and TEM observations. The effect of doping weakens the 

changing of particle size, which derived from the crystal lattice expanding or 

contracting [25, 26]. 

The FT-IR spectra of PCN, CeO2, Y-doped CeO2, CeO2/PCN and YCC were 

shown in Fig.3b. For pure PCN, the peak located at 1646 cm
-1

 is attributed to the C=N 

stretching vibration, while the peaks of 1565 cm
-1

, 1408 cm
-1

, 1320 cm
-1

 and 1238 

cm
-1

 are related to stretching vibration of aromatic C-N [24]. The peak near 805 cm
-1

 

is attributed to the out-of plane breathing vibration of triazine unit connection [27, 28]. 

For pure CeO2, the absorption peak at 485 cm
-1

 is due to Ce-O stretching vibration 

[29]. In the case of YCC, the characteristic vibrations peaks of PCN and CeO2 are 

both remained [30]. However, the vibration band of triazine unites at 805 cm
-1

 in YCC 

shifts to high wavenumber (Fig.S3b), which manifests the formation of chemical 

bonding between PCN and CeO2 instead of a simple physical contact. Raman spectra 

of samples are also shown in Fig.3c. A strong Raman shift at 460 cm
−1

 of CeO2 can be 

assigned to F2g vibration of the fluorite-type structure. When CeO2 was doped by 

yttrium, F2g peak shifted from 464.11 to 463.52 cm
-1

, adequately verifying the 



introduction of Y ions into MO8 in CeO2 lattice (enlarged image in Fig.S3c). In 

addition, the characteristic peak of PCN appears in 476 cm
−1

, 706 cm
−1

 and 752 cm
−1

 

and they were obviously shifted in YCC, further illustrating the strong interaction 

between Y-doped CeO2 and PCN [31].  

For semiconductors, the absorption edge of the band follows the Eq. (1): 

    (αhν)n = B(hν- Eg)                        （1） 

Where α is the absorption coefficient, B is the material-depent constent, hν is the 

discrete photon energy, Eg is the absorption bandgap, and n is the number of different 

types of electronic transitions. Calculated by Tauc plot in Fig.S3d, The band gaps of 

CeO2, Y-doped CeO2 and PCN are 2.88 eV, 2.79 eV and 2.62 eV, respectively. The 

comprehensive band gaps of CeO2/PCN and YCC are 2.72 eV and 2.66 eV, 

respectively. Obviously, compare with single-component CeO2, composite materials 

expressed distinct red-shift (Fig.3d). The appropriate match of the band structure 

between the two components in YCC can effectively promote the separation of the 

photogenerated charges and accelerate the photocatalytic redox reactions. 

The surface chemical states of YCC and the interaction between PCN and CeO2 

were investigated by XPS analysis. The survey spectra of YCC showed in Fig.S5 

indicated that the prepared composite consists of Ce, O, Y, C and N elements, which 

is well consistent to EDS result. 

Fig.4a displayed Ce 3d electron core level and two group peaks were obtained 

(denoted as v and u) after deconvolution treatment [32, 33]. According to previous 

studies, the labels of (U, V), (U2, V2) and (U3, V3) can be classified as Ce 3d5/2 and Ce 



3d3/2 related to Ce
4+

, originating from the final state of Ce (3d
9
4f

0
) O (2p

6
), Ce (3d

9
4f

1
) 

O (2p
5
) and Ce (3d

9
4f

2
) O (2p

4
), respectively. Two pairs of doublets (U0, V0) and (U1, 

V1) for the Ce 3d bond energy peak ascribed to Ce
3+

and the double lines correspond 

to Ce (3d
9
4f

1
) O (2p

6
) and Ce (3d

9
4f

1
) O (2p

5
), respectively. Compared with CeO2 

counterpart, the peak positions of Ce
3+

/Ce
4+

 in YCC shifted to higher binding energy, 

attesting the formation of heterojunction between PCN and CeO2, which is in line 

with the literature values [32]. The relative amount of cerium in the tervalent 

oxidation state was calculated by Eq.(2): 

               （2） 

  The results of [Ce
3+

] concentration were summarized in Tab.S2. It is pretty 

straightforward to infer that the concentration of [Ce
3+

] in YCC was increased up to 

27.90%, which is much higher than that of in CeO2 (18.13%), Y-doped CeO2 (22.88%) 

and CeO2/PCN (24.17%) samples. It further provides evidence for the existence of 

strong interaction between CeO2 and PCN in YCC, benefiting from the stabilization 

effect for trivalent cerium ions on PCN support [34].  

In addition, the O 1s signal can be detected in Fig.4b. For YCC, the O1s peaks of 

YCC at 529.49 eV and 532.04 eV were assigned to the lattice oxygen (Olat) and 

surface oxygen (Osur) of CeO2, respectively. The binding energies of lattice oxygen 

and surface oxygen in YCC both obviously shifted to higher binding energies 

compared with CeO2 sample without yttrium doping and PCN hybridization. After 

deconvolution and multiple-peak separation, we could obtain the concentration of 

surface oxygen [Osur] according to the Eq.(3): 



 

                                                 (3) 

Results for surface active oxygen [Osur] were also summarized in Tab.S2. The 

percentage of [Osur] for YCC is approximately 37.16% and this value is much higher 

than that of other samples. The strong interaction induced by YCC mainly affects the 

surface oxygen binding energy and it also can enhance the surface oxygen activity 

[35]. The concentration of oxygen vacancy plays a vital role in regulating the number 

of photoexcited electron-hole pairs as well as the recombination and separation of 

them. Thus the photocatalytic performance of YCC with relatively higher 

concentration of oxygen vacancy may be promoted greatly. 

The main features of C 1s were given in Fig.4c, the characteristic peak at 288.24 

eV resulted from the sp
2
-bond carbon(N=C-N) of PCN, the characteristic peak at 

284.69 eV was attributed to the graphitic carbon of PCN [35]. The binding energy of 

sp
2
-bond carbon in YCC located at 288.14 eV and it decreased about 0.10 eV 

compared with that of PCN. In Fig.4d, the N 1s peak of PCN was deconvoluted to 

three fitted peaks at 398.81 eV, 400.07 eV and 401.3 eV, which would be assigned to 

the pyridine N, pyrrolic N, and graphitic N, respectively [36]. The binding energy of 

pyridine N in YCC is 398.65 eV, decreasing 0.16 eV in comparison with PCN. In 

YCC, the binding energies of C 1s and N 1s peaks were slightly lower than that of 

PCN, while the binding energies of Ce 3d and O 1s in YCC shifted to higher value 

than that of CeO2 counterpart. The oppositely shifting convincingly confirmed the 

chemical interactions between PCN and Y-doped CeO2 [37, 38]. Therefore, the XPS 



results fully illustrated the formation of heterojunction in YCC nanocomposite, which 

was also well consistent with above-mentioned TEM, XRD, FT-IR and Raman 

analysis results. 

3.3 Photocatalytic redox activity  

Degradation of RhB pollutant was employed to evaluate the photooxidation 

activity of samples. As presented in Fig.5a, the degradation curve of YCC reached 

97.12% after 360 mins under visible light irradiation, which is obvious superior to 

other samples. However CeO2 and Y-doped CeO2 samples afforded inferior 

performance in RhB degradation, attributing to their weak absorption for visible light 

and small specific surface area. Besides, the kinetic behavior of photocatalytic 

degradation of RhB was also studied in Fig.5b. The change of RhB concentration over 

time follows the first-order kinetics equation according to Eq. (4): 

-In(C/C0)= kt                         (4)  

Where C0 is the initial concentration of RhB and C is the concentration at a 

particular time. By numerical calculation, the rate constant is consistent with the 

change in concentration, which indicates that RhB oxidation action follows the law of 

Langmuir-Hinshelwood rate. Results for rate constant are summarized in the Tab.S3. 

It is worth noticing that YCC sample achieved 5.97, 4.04 and 1.33 times faster than 

that of CeO2, PCN and CeO2/PCN in photooxidation removal of RhB containments. 

In order to study the stability and reproducibility of the photooxidation activity of 

YCC, another four cycles of photocatalytic degradation RhB tests were further carried 

out. The results were given in Fig.5c, illustrating that there is almost no change in the 



photodegradation rate after five rounds of photocatalytic oxidation processes. Thus 

the as-fabricated YCC nanocomposited photocatalyst has excellent photocatalytic 

stability and reusability.  

To further evaluate the photoinduced reduction activity of the as-prepared 

photocatalysts, Fig.5d shows after 120 mins of visible light radiation, the H2 

production rate of YCC is 48.5 µmol•h
−1

, which displays 3.74 times and 3.06 times 

higher than that of CeO2 (13.0 µmol•h
−1

) and PCN (15.8 µmol•h
−1

) counterparts, 

respectively. In addition, the rate of H2 generation is 24.4 and 28.6 µmol•h
−1

 for 

Y-doped CeO2 and CeO2/PCN respectively and they are both much lower than that of 

YCC. In addition, YCC exhibited obviously more adsorption as well as accelerated 

photocatalytic reduction of Cr(VI) in comparison with pure CeO2. (shown in Fig. S8) 

The degradation rate of YCC reached 98.12% within 4 hours, which was 1.61 and 

5.79 times higher than pure PCN (60.76%) and CeO2 (16.94%), respectively. For 

quantitatively comparing the photocatalytic activities of Cr(VI), the reaction rate 

constant (k) for each samples was estimated in Tab. S5. YCC reached a highest K 

value of 0.4287 min
-1

, which was much higher than pure CeO2 (0.0127 min
-1

) and 

PCN (0.0651 min
-1

). Therefore, YCC is really a cost-effective bifunctional 

photocatalyst in view of the simultaneous improvement of the photooxidation activity 

and photocatalytic reduction capability [39]. 

3.4 Proposed mechanism  

The photocurrent-time response was employed to evaluate the interfacial charge 

separation dynamics. From the photocurrent response curves given in Fig.6a, it can be 



clearly observed that the photocurrent curves of all samples abruptly increase and 

decrease when switching the light source on and off, indicating their semiconductor 

intrinsic nature. The photocurrent density of YCC reached 1.41 μA/cm
2
 and the value 

is1.85, 2.71, 1.52 and 1.13 times higher than the value of PCN (0.76 μA/cm
2
), CeO2 

(0.52 μA/cm
2
), Y-doped CeO2 (0.92 μA/cm

2
) and CeO2/PCN (1.24 μA/cm

2
) 

respectively. The increased photocurrent reveals that the photogenerated 

chargecarriers in the YCC are separated much more efficiently than that of 

counterpart samples. Typically, the stronger intensity of photocurrent means the 

higher transfer efficiency of photogenerated electrons and holes [41]. Thus, YCC will 

generate much more separated photo-induced electrons and holes to participate in the 

following photocatalytic redox reactions, achieving the better photocatalytic 

performance. The electrochemical impedance spectra (EIS) Nyquist plots of the pure 

PCN, CeO2, Y-doped CeO2, CeO2/PCN and YCC were shown in Fig.6b. The 

semicircle on the EIS plot indicates occurrence of charge transfer. The arc radius of 

the YCC appears to be much smaller compared with that of PCN and CeO2 

counterparts, confirming that YCC heterojunction can greatly improve the transfer 

efficiency of photoexcited electron-hole pairs driven by the internal electric field and 

interfacial interaction [42]. In general, the smaller diameter of the semicircle of the 

impedance ring means the smaller resistance of photocatalyst electron transport. 

Moreover it means the separation of photogenerated electrons and holes are faster, 

which finally affords a better photocatalytic activity [15]. 

In order to determine the electron hole recombination rate of all samples, the 



photoluminescence (PL) analysis was conducted and the corresponding PL emission 

spectrum is shown in Fig.6c. The pure CeO2 and Y-doped CeO2 show a strong peak 

cantered at 450 nm attributed to surface defects, which typically exists between the 

O2pvalence band and the Ce4f conduction band [43]. It is well-known that the 

dominant surface defects in CeO2 are oxygen vacancies. Intriguingly, the PL emission 

intensity of CeO2 and PCN after compositing was both reduced obviously. Therefore, 

PL studies have shown that coupling PCN with CeO2 is really a cost-effective 

approach to reduce the recombination rate of hole and electron pairs for a single 

component [44]. In particular, YCC sample presents the lowest PL intensity, 

indicating that it has significantly ameliorated the separation of photo-induced carriers 

thanks to the well-established heterojunction structure. Subsequently, the 

photocatalytic redox performance can be promoted distinctly. 

In order to definitely probe the promotion mechanism, trapping experiments 

were used to determine the major active species in the photocatalytic processes. Fig. 

6d indicated that the degradation efficiency of RhB was slightly impeded after adding 

tert-butanol (TBA, 1 mM) as a •OH scavenger. In addition, K2Cr2O7 (1 mM) as 

electron (e
-
) scavenger showed less effect of degradation efficiency. However, when 

the hole (h
+
) scavenger of ethylenediaminetetraacetatic acid disodium (EDTA-2Na, 1 

mM) was introduced, the degradation efficiency of RhB was significantly reduced. 

Furthermore, 1, 4-benzoquinone (BQ, 1 mM) as a scavenger of •O2
-
 also showed a 

large influence on the final degradation rate [45, 46]. The results of the active 

substance capture experiments showed that •O2
-
 and h

+ were the main active 



substances, while •OH and e
-
 had little effect on the degradation of RhB under visible 

light irradiation. The reactive oxygen species (ROS) •O2
-
 was successfully detected by 

EPR. As shown in Fig. S9, after 5 min visible light irradiation,the signal of •OH is 

very weak and strong •O2
-
 signal peaks are captured in YCC. The result is consistent 

with the result of the active species trapping experiment. 

Based on the above analysis, the schematic diagram of possible photocatalytic 

mechanism for YCC was proposed in Fig.7. Due to the matchable overlapping band 

energy levels of PCN (CB=-1.05 eV, VB=1.57 eV) and CeO2 (CB=-0.87 eV, VB= 

2.01 eV) deduced from VB-XPS in Fig.S6 and Tauc plot in Fig.7, they can form an 

effective charge-separation-type heterojunction structure. Under visible light 

irradiation, the electrons and holes in YCC are excited and separated, and then the 

electrons in conduction band (CB) of PCN transfer smoothly to CB of CeO2, 

meanwhile the holes in valence band (VB) of CeO2 migrate to VB of PCN, 

establishing a robust built-in electric filed in YCC heterojunction interfaces. The 

built-in electric filed well inhibit the recombination of active photo-generated 

electrons and holes effectively. Finally, as illustrated in Fig.7a and Fig.7b, the YCC 

heterojunction affords expectable photoredox performance for corresponding 

photooxidation of RhB dye and proton photoreduction to produce hydrogen, because 

much more photogenerated holes and electrons accumulate accordingly in the CB of 

CeO2 and VB of PCN in YCC.  

4. Conclusions 

In summary, Y-doped CeO2/PCN hybridized photocatalyst was prepared by a 



simple in-situ hydrothermal method. The morphology and structure of the as-prepared 

YCC photocatalyst were thoroughly dissected by various spectroscopic technologies. 

The bandgap value of the as-prepared YCC nanocomposited photocatalyst was 0.22 

eV lower than that of pure CeO2. YCC exhibited excellent photoredox performance 

under visible light irradiation, affording to 5.73- and 3.74-fold higher for RhB 

degradation and proton photoreduction to produce H2 than that of pure CeO2, 

respectively. The proposed mechanism illustrated that the matchable band energy 

alignment of PCN and CeO2 contributed to a superexcellent YCC heterojunction, 

promoting the establishment of built-in electric filed and separation of photogenerated 

holes and electrons to afford the final superior photoredox performance. Consequently, 

this study can provide a cost-effective route to drive the photogenerated electrons and 

holes in photocatalyst to involve various redox reactions. 
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Figure captions 

Fig.1 TEM and HR-TEM images of (a) CeO2; (b) PCN; (c) Y-doped CeO2; (d) 

CeO2/PCN and (e) YCC; (f) CeO2 lattice fringe in YCC of (200) plane and (111) 

plane. 

Fig.2 EDS elemental mapping of Ce-K; Ce-L; Ce-M; O-K; Y-K; C-K and N-K. 

Fig.3 Structure characterization of as-prepared samples: (a) XRD patterns; (b) FT-IR 

spectra (c) Raman spectra; and (d) UV-visible diffuse-reflectance spectra. 

Fig.4 High resolution of XPS spectra: (a) Ce3d (b) O1s (c) C1s and (d) N1s. 

Fig.5 Photooxidation activity evaluation of as-prepared samples: (a) RhB variation 

curves; (b) Degradation kinetics; (c) Stability test and (d) Photoreduction activity for 

H2 production of samples. 

Fig.6 Photoelctrochemical characterization of as-prepared samples:(a) Transient 

photocurrent response; (b) EIS Nynquist plots; (c) PL spectra and (d) Degradation of 

RhB with the addition of BQ, EDTA, TBA and K2Cr2O7. 

Fig.7 Proposed mechanism for photoredox promotion by YCC photocatalyst. 

 

 

Fig.S1 SEM images of (a) CeO2; (b) PCN; (c) Y-doped CeO2 (d) CeO2/PCN and 

(e), (f) YCC. 

Fig.S2 Selected area EDS spectrum of YCC. 

Fig.S3 Structure characterization of enlarged view of samples: (a) XRD patterns; (b) 

FT-IR spectra (c) Raman spectra; and (d) UV-visible diffuse-reflectance spectra. 



Fig.S4 Rietveld refinement patterns of CeO2, Y-doped CeO2 and YCC. 

Fig.S5 XPS survey spectra of YCC. 

Fig.S6 VB-XPS spectra of CeO2 and PCN samples. 

Fig.S7 N2 adsorption-desorption isotherms of as-prepared samples. 

Fig.S8 (a) Cr(VI) adsorption and photocatalytic reduction performance and (b) 

Estimation of the reaction rate constants (k). 

Fig.S9 EPR spectra of YCC. 

 

 

Tab.S1 Summary for lattice parametres, calculated grain sizes and particle sizes of 

CeO2, Y-doped CeO2 and YCC. 

Tab.S2 Calculated [Ce
3+

] and [Osur] concentrations of as-prepared samples from XPS. 

Tab.S3 Summary for the first order kinetic equation and RhB photooxidation reaction 

rate constant of as-prepared samples. 

Tab.S4 Summary for BET-BJH adsorption. 

Tab.S5 Summary for the first order kinetic equation and Cr(VI) photoreduction 

reaction rate constant of as-prepared samples. 
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*Graphical Abstract



Highlights: 

1. The yttrium-doped CeO2 nanocrystals were introduced into polymeric 

carbon nitride (PCN) to form a cost-effective Y-doped CeO2/PCN (YCC) 

heterojunction photocatalyst for the first time. 

2. The photocatalytic performance of YCC for dye degradation and 

proton potoreduction to produce H2 were promoted synergistically. 

3. The establishment of built-in electric filed and separation of 

photogenerated holes and electrons were conducive to afford the final 

superior photoredox performance of YCC. 
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