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Nitrogen and sulfur co-doping CeO2 nanorods for efficient 
photocatalytic VOCs degradation  

Hui Yanga, c, 1, Lu Jiaa, Jun Haraguchic, Yue Wanga, Bin Xua, *, Qitao Zhangb, *, Zhaodong Nana, Ming 
Zhanga, Teruhisa Ohnoc, *, 

Ceria and its derivatives are environmentally-friendly and sustainable photocatalysts with strong oxygen storage/release 

ability, good photostability and high cost-effectiveness. In this work, nitrogen and sulfur synchronization doped ceria (NS-

CeO2) with a regular nanorod morphology was successfully prepared, in which doping was obtained just from one 

precursor and by one-step calcination treatment. The photooxidation performance of acetaldehyde on NS-CeO2 was 

significantly better than that of undoped ceria. As confirmed by density functional theory (DFT) calculations, the oxygen 

atoms exposed on the surface are partially replaced after doping with nitrogen and sulfur, resulting in generating new 

impurity level states near the Fermi level and reducing the bandgap of NS-CeO2. Meanwhile, the increased concentration 

of oxygen vacancies formed a doping transition state which can act as electrons captured center effectively. In addition, 

that transition state further exhibits media role of interfacial charge separation due to its effective restriction of 

recombination of electrons and holes, which can further improve the photocatalytic performance of NS-CeO2. Herein, an 

effective strategy for synthesizing non-metallic doped CeO2-based semiconductor photocatalysts that can degrade 

volatile organic compounds is proposed.

1. Introduction 

The serious threat of global environmental pollution, 

especially pollution caused by volatile organic compounds (VOCs), 

has inspired researchers in various fields to develop more effective 

solutions for environmental pollution.1-4 Photocatalysis technology 

has been well recognized as a promising solution and the use of 

photocatalysis technology is expected to increase.5-8 Previous 

investigations of photocatalysts have mainly focused on traditional 

titanium dioxide (TiO2), but its practical application has been 

seriously hindered by its wide band gap and low visible light 

absorption. Cerium oxide (CeO2) belongs to a traditional n-type 

semiconductor with relatively flexible conversion ability between 

trivalent and tetravalent cerium oxidation states. While it also 

possesses some properties similar to those of TiO2 such as chemical 

and physical stability, non-toxicity and low cost.9, 10 That is to say 

CeO2 has great potential as a promising photocatalyst for 

environmental management. Unfortunately, its photocatalytic 

efficiency is still inefficient due to its fast recombination rate of 

electron-hole pairs and low ratio of surface-active sites.11, 12  

Hence, how to inhibit the recombination of carriers and how 

to enlarge the proportion of surface-active sites are research core 

points in the field of photocatalysis. Non-metallic doping has been 

proved to be one of the most effective methods for solving the issue 

of rapid electron/hole recombination. Doping can effectively 

reduce the band gap value of original CeO2, thus later expanding 

the absorption spectrum from the ultraviolet light region to the 

visible light region, which is an important component of solar 

radiation. Non-metallic elements (such as B, C, N, F, P and S) with 

radii similar to the oxygen ions radius are introduced into the CeO2 

bulk by substituting oxygen from the lattice, which usually results 

in oxygen vacancies and structural defects.13-15 These oxygen 

vacancies can result in the construction of a benefit transition state 

between the valence band and conduction band, which can act as 

electron capture centre and effectively slow down the 

recombination rate of photogenerated hole-electron pairs. In 

addition, it is also found that efficacious doping can significantly 

increase the concentration of trivalent cerium (Ce3+) in CeO2, which 

can further profitably delay the recombination efficiency of 

photoexcited electrons and holes.16, 17 

For example, Zhang et al. used density functional theory 

calculation to reveal that doping nitrogen into CeO2(110) induces 

new impurity level and reduces the activation energies, which 

facilitates water oxidation performance.18 Mansingh et al. reported 

the preparation of N/S co-doped CeO2 and their results showed 

that doped CeO2 has improved photocatalytic activity for Cr (VI) 

reduction than pure CeO2 under visible light irradiation, but the 

time durations of 24, 36 and 48 h for hydrothermal method was too 

lengthy.19 Thus, doping of non-metallic elements is a common 

method for improving the photoelectric chemical properties of 
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semiconductor materials. How to introduce more catalyst active 

sites into catalytic reactions is also a tough nut to crack. Nanorod-

like CeO2 photocatalysts exhibit a high specific surface area and 

sufficient active sites, which may improve the photocatalytic 

performance by efficient light absorption.20 

In this work, photocatalysts of regular CeO2 nanorods doped 

with non-metallic nitrogen and sulfur under different calcination 

temperatures were successfully synthesized. Morphology and 

mapping images displayed that doped elements distributed evenly 

on the surface of NS-CeO2 nanorods. DFT calculations verified that 

N and S co-doping can generate new impurity level states near the 

Fermi level, which effectually narrowing the band gap. 

Photooxidation performance of acetaldehyde (CH3CHO) 

degradation was also confirmed. Active species trapping 

experiments also illustrated that superoxide radicals (·O2
-) and 

holes played a leading role in CH3CHO degradation reactions. 

Therefore, doping with suitable nonmetallic elements is efficient 

for improving the photo-redox activity of other CeO2-based 

semiconductor photocatalysts. 

2. Experimental Section 

2.1  Synthesis of photocatalysts 

For a typical synthesis process, a glass bottle was filled with a 

mixture of 20 mL ethanol and 20 mL water, and 1,3,5-

benzenetricarboxylic acid (C9H6O6, 0.42 g, 2 mmol), cerium (Ⅲ) 

nitrate hexahydrate (Ce(NO3)3·6H2O, 0.87 g, 2 mmol), 4-

aminobenzenesulfonic acid (C6H7NO3S, 0.52 g, 3 mmol) were 

dissolved in this mixture solution at the same time. Then the 

mixture was magnetically stirred at 70 ℃ for 3 hours. After the fully 

mixing reactions, the white precipitate was obtained by 

centrifugation and was washed with an ethanol: water (1:1, V/V) 

mixture for three times. Later, the precursor was dried overnight at 

60 ℃ and then calcinated at different temperatures (600, 700 and 

800 ℃) in an air atmosphere for 3 hours at a heating rate of 

5℃·min-1. Finally, N and S-co-doped CeO2 (NS-CeO2) products 

under different temperatures were obtained and kept for further 

use. For comparation, undoped CeO2 products under different 

temperatures were also prepared without adding C6H7NO3S as 

precursor. In addition, before the activity test, the samples were 

irradiated under a UV lamp for 12 hours to remove organic 

adsorbates on the photocatalyst surface. 

2.2 Characterization of photocatalysts 

A powder X-ray diffraction (XRD) instrument (MiniFlex II, 

Rigaku Co., Japan) with CuKα (λ = 1.5418 Å) radiation (30 kV, 15 mA) 

was used for crystalline phase characterization. A UV-vis 

spectrometer (UV-2600, Shimadzu Co.) was used to measure the 

absorption properties. Morphology information and elemental 

mapping images were observed by SEM (Jeol, JSM-6701F) equipped 

with EDX component. X-ray photoelectron spectroscopy (XPS) was 

carried out on a Thermo scientific Escalab250Xi system at room 

temperature under 10-9 Pa using Al Kα radiation. Fourier transform 

infrared (FT-IR) spectra were measured from KBr pellets using a 

TENSOR27 system. Thermogravimetric (TG) analyses experiments 

were performed on PE Diamond TG/DTA with a heating rate of 10 

℃ /min under N2 atmosphere. photoluminescence (PL) 

spectroscopy measurement was performed at an excitation 

wavelength of 290 nm on a fluorescence spectrophotometer 

(Hitachi F-4500) at room temperature. Photocurrent 

measurements were performed on an electrochemical analyzer 

(HSV-110, Hokuto Denko Co.) in a standard three-electrode 

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

reference electrode. Na2SO4 (0.1 M, PH = 6) aqueous solution was 

used as the electrolyte. The working electrode was irradiated by a 

Xe arc lamp (PXE-500, USHIO Inc.) and its intensity was controlled 

at 100 mW/cm2. Meanwhile, a shutter was used to control the light 

switch every 20 s to test the photocurrent response.  

2.3 Photooxidation experiment of CH3CHO removal  

Photocatalytic oxidation ability was assessed via 

decomposition of acetaldehyde (CH3CHO, gas, Wako Chemical 

Reagent Co. Ltd). Firstly, 100 mg of prepared photocatalyst powder 

was spread on the bottom of a glass dish of 3 cm in diameter, and 

then the glass dish was placed in a Tedlar bag with a volume of 500 

mL. Next, 500 ppm gaseous CH3CHO with dry synthetic air filled was 

injected into the bag together, and the bag was then put into a dark 

box for 2 hours to reach an adsorption-desorption equilibrium. 

Then, an autonomous light-emitting diode lamp was used as a light 

source and its intensity was controlled at 0.6 mW/cm2, which 

emitted light with a central wavelength of ca. 365 nm. At last, the 

real-time amount of generated CO2 was measured by an on-line gas 

chromatograph (Agilent Technology 3000 A Micro-GC, FID 

detector). 

2.4 Active species trapping experiments 

Scavengers of tert-butanol (TBA), benzoquinone (BQ) and 

ethylene diamine tetraacetate acid disodium (EDTA) were applied 

for trapping hydroxyl radicals (·OH), superoxide radicals (·O2
-) and 

holes (h+), respectively. All of the chemicals were bought from 

Wako Chemical Reagent Co. Ltd and they are analytical grade and 

could be used directly. In sequence, 100 mg of the photocatalyst 

and 1.0 mmol of each scavenger were dissolved in an ethanol/H2O 

mixture (10 mL, v/v, 1:1) via stirring for 30 min and ultrasonic 

treatment for 20 min in order to obtain a uniform suspension. Then 

it was evenly coated and vacuum-dried at 90 ℃. Finally, the 

photooxidation CH3CHO degradation for species trapping samples 

were also confirmed by the above test steps in 2.3 section. 

2.5 Theoretical Calculation Details 

We used the Vienna Ab initio Simulation Package (VASP) to 

perform all density functional theory (DFT) calculations within the 

generalized gradient approximation (GGA) using the Perdew-

Burke-Ernzerhof (PBE) formulation. We chose the projected 

augmented wave (PAW) potentials to describe the ionic cores and 

take valence electrons into account using a plane wave basis set 

with a kinetic energy cutoff of 520 eV. The k mesh in Brillouin-Zone 

was set as 2π × 0.03Å−1. Partial occupancies of the Kohn-Sham 

orbitals were allowed using the Gaussian smearing method and a 

width of 0.05 eV. The electronic energy was considered self-

consistent when the energy change was smaller than 10−6 eV. A 
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geometry optimization was considered convergent when the force 

on each atom was smaller than 0.02 eV/Å. 

3. Results and Discussion 

3.1 Phase composition and morphology characterization 

As shown in Fig. 1a, the XRD diffraction peaks of CeO2 are 

approximately located at 28.54°, 33.18°, 47.49° and 56.37°, and 

they correspond to the crystal planes of (111), (200), (220) and 

(311), respectively.21, 22 All diffraction lines are ascribed to the cubic 

fluorite structural CeO2 phase (space group: Fm-3m (225)), which is 

well consistent with the standard data of JCPDS card (No. 00-034-

0394). In addition, all of the diffraction peaks displayed no impurity 

peak of other phases, indicating that the sulfur and nitrogen co-

doping has little effect on the crystal growth of CeO2. However, in 

contrast to pure CeO2, the highest peak (111) in the XRD pattern 

after doping shows a distinct shift to a lower angle under all 

calcination temperatures (Fig. 1b).23 These apparent changes can be 

assigned to the successful introduction of sulfur and nitrogen into 

the crystal structure of CeO2. 

The optical impact of the incorporation of dopants into the 

CeO2 lattice was also analysed by UV-vis absorbance spectra. 

Related results confirmed that the doping strategy can greatly 

enhance light absorption and induce narrowing of the bandgap 

value of CeO2 (Fig. 1c). Moreover, the band gap value of NS-CeO2 at 

700℃ was calculated to be 2.98 eV, which is smaller than the 

bandgap values of other comparable samples (Fig. 1d). This result 

signifies that co-doping of nitrogen and sulfur in CeO2 can induce 

smaller bandgap energy (Eg), which is recognized as one of the 

critical factors for enhancing the photooxidation efficiency 

ultimately.24, 25 

As exhibited in Fig. 2a and Fig. S1, pure CeO2 under different 

temperatures shows a nanorod morphology with a diameter of 

approximately 500 nm. After doping with nitrogen and sulfur, the 

products still maintain the nanorod-stacked structure. 

Furthermore, EDS mapping analysis (Fig.s 2b-f) indicated that after 

doping of nitrogen and sulfur, all the doping elements as well as Ce 

and O have a good distribution on the surface of NS-CeO2 

photocatalysts. And EDS spectra was used to confirm the superficial 

concentration of N and S dopant are about 6.34 and 1.66%, 

respectively (surface). XPS result displayed the value of N and S are 

about 5.32% and 1.78% in NS-CeO2, respectively (surface). Organic 

element analysis (OEA) test measurement was applied to test the 

actual concentration of N (3.55%) and S (1.26%) dopant (bulk). 

The surface chemical composition before and after nitrogen 

and sulfur doping were confirmed from XPS measurements (Fig. 

S3). As displayed in Fig. 3a, concentration of trivalent (denoted as 

(μ0, ν0), (μ1, ν1)) and tetravalent (denoted as (μ, ν), (μ2, ν2), and (μ3, 

ν3)) cerium was obtained after deconvolution treatment from XPS 

signals.26, 27 The contents of Ce3+ and Ce4+ in pure CeO2 were 

calculated to be 22.7% and 77.3%, respectively. While, the 

concentration of [Ce3+] after N and S doping into CeO2 reaches 

31.8%, which is obviously increased than that in the undoped CeO2 

product. Meanwhile, these peaks display an evident shift to a lower 

binding energy (BE), manifesting that N and S are indeed doped into 

the lattice of CeO2. Hence, it’s understandable that the substitution 

of suitable dopants availably affects the chemical bond 

environment of Ce–O by the reduction from Ce4+ to Ce3+, and this is 

also the primary cause of the concentration of oxygen vacancies 

(OVacancy) increased.28, 29 In addition, three types of oxygen species 

from the O1s electron core level were confirmed after 

deconvolution, which can be ascribed to lattice oxygen (OLattice), 

oxygen vacancies (OVacancy) and active surface oxygen (OSurface) (Fig. 

3b).28, 29 Compared with pure CeO2, the BE of these oxygen species 

obviously shifts towards a higher BE after N and S doping. It should 

be noted that doping mainly affects the peak area (18.5%) of 

OVacancy, and the concentration in NS-CeO2 is much superior than 

pure CeO2 (7.78%). This may be because the introduction process 

can make up for the lack of doping-related charge and enhance the 

generation of OVacancy in doped CeO2. And the highly active OVacancy 

can serve as active trapping centers for electrons and create a 

doping-induced transition state between the conduction band (CB) 

and valence band (VB).23, 29 The transition state can efficiently 

inhibit the recombination of electron-hole pairs. Hence, it offers 

Fig. 1 (a) XRD patterns, (b) detailed view of the highest (111) peak patterns, 
(c) UV-vis absorption spectra and (d) Tauc plot analysis for band gap 

calculation of all samples. 

Fig. 2 (a) FE-SEM image, (b) HAADF image and (c-f) distribution of element 
mapping images of an NS-CeO2 sample under the condition of a temperature 

of 700℃. 
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strong evidence that doping of CeO2 is in favour of improving 

photocatalytic activity when compared with pure CeO2. 

In addition, Fig. 3c displays the high-resolution peak of N 1s 

and the BE at 399.73 eV is well in conformity with the Ce-N bond 

into the CeO2 crystallite.30 Deconvoluted XPS spectrum of S 2p 

displayed two peaks at 166.34 and 165.06 eV, corresponding to S-

O and S-Ce bonds,19 which proves the presence of the S dopant at 

substitutional and interstitial sites of the NS-CeO2 sample (Fig. 3d). 

Overall, N and S substitution of oxygen can form more trivalent 

cerium (Ce3+) and facilitate the generation of oxygen vacancies 

(OVacancy). The potential of the conduction band (CB) was obtained 

from Mott-Schottky (M-S) plots test (Fig. S4) and ultraviolet 

photoelectron spectroscopy (UPS) of photocatalysts was further 

carried out to verify the specific location of band gap structure (Fig. 

S5). The results uncovered that the dopants are indeed introduced 

into the crystal lattice of CeO2, leading to influence on the 

electronic properties of the nitrogen and sulfur co-doping products. 

3.2 Investigation of photoelectric characteristics 

As expressed in Fig. 4a, light-illuminated photocurrent 

response activity with time was performed to confirm the interface 

charge separation conditions. The photocurrent curves of products 

suddenly increase and decrease when the light is turned on and off, 

respectively, indicating their intrinsic properties of the 

semiconductor.29, 31 The current intensity of NS-CeO2 (275 μA/cm2) 

is higher than that of undoped CeO2 (115 μA/cm2). More 

importantly, the intensity value of NS-CeO2 is 2.67-times greater 

than that of commercial CeO2 (102 μA/cm2). The superior intensity 

illustrates that these photoexcited electrons and holes in NS-CeO2
 

are much more effectively separated and transferred than those in 

other comparable samples.  

Photoluminescence (PL) spectra were also frequently utilized 

to investigate the recombination efficiency of photogenerated 

electron-hole pairs.29, 32 Commercial CeO2 represents a stronger 

characteristic PL peak located at 390 nm and that is greatly 

attributed to intrinsic defects of CeO2 (Fig. 4b). The weaker peak at 

435 nm is mainly assigned to surface oxygen vacancies of CeO2, 

which are existed between the O 2p valence band and the Ce 4f 

conduction band. 29 Also, pure and NS-doped CeO2 samples all 

displayed with the same number of PL emission peaks. While the 

intensity was more distinctly decreased for NS-CeO2 sample and 

suggested the lowest radiative recombination of the photoexcited 

carriers (e- and h+). It is notable that the characteristic peaks of CeO2 

and NS-CeO2 red-shift from 400 nm to 407 nm, indicating their 

better visible light response ability. And the weaker peak shift from 

435 nm (CeO2) to 446 nm (NS-CeO2), illustrating doping-related 

defect energy level in NS-CeO2 is 0.07 eV below than CeO2. In 

general, the above analysis indicated an excellent promotion of 

hole-electron pairs separation in NS-CeO2 sample, which is 

beneficial for the photo-redox reactions and can efficaciously 

enhance the photocatalytic efficiency. 

3.3 Photocatalytic CH3CHO degradation activity 

The photocatalytic removal efficiency was further assessed 

from degradation of gaseous acetaldehyde (CH3CHO). Compared 

with pure CeO2 annealed at various temperatures, the 

photocatalytic activity of NS-CeO2 is obviously improved after N 

and S doping (Fig. 5a). The amount of CO2 liberation reaches a 

maximum value (1092 ppm) for the NS-CeO2 sample annealed at 

700 ℃, which value also means CH3CHO has been completely 

degraded within 12 h. The outstanding photocatalytic performance 

is attributed to the superior concentration of OVacancy, and the 

Fig. 5 (a) Time course of CO2 generation curves of all samples, test of NS-
CeO2 sample under the condition of annealed temperature of 700 ℃ (b) 

Action spectra (c) CH3CHO decomposition activities with the addition of 

EDTA, TBA and BQ sacrificial reagents and (d) Stability test. 

Fig. 3 High-resolution and separated peak curve XPS spectra of (a) Ce 3d, (b) 
O 1s, (c) N 1s and (d) S 2p. 

Fig. 4 (a) Transient photocurrent response and (b) steady-state 

photoluminescence spectra of NS-CeO2, pure CeO2 and commercial CeO2. 

Page 4 of 7Catalysis Science & Technology



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name .,  2013, 00 , 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

results well meet with the results of XPS analysis. Action spectra 

were measured to analyse the quantum efficiency of NS-CeO2 

sample annealed at 700℃ irradiated by different wavelengths from 

320 to 500 nm (Fig. 5b). Significantly, the CO2 production gradually 

decreases when the irradiation light gradually transfers from the 

ultraviolet region to the visible region, and the trend is well 

consistent with the UV-vis curve. Thus, it can be further confirmed 

that the NS-CeO2 photocatalyst exhibits a good light absorption 

dependence and it is indeed a valid photocatalytic process.  

It is also essential to analysis the main active substances in the 

CH3CHO degradation process by trapping experiments (Fig. 5c).33-35 

Before activity test, the surface water content of the photocatalyst 

was tested by TG and FTIR measurement (Fig. S6), which is one of 

the important source of hydroxyl radicals (·OH). When EDTA or BQ 

was added, the degradation efficiency decreased rapidly, indicating 

that h+ and ·O2
− both display important effects in this photocatalytic 

oxidation reactions. However, CO2 generation was mildly 

decreased after the addition of TBA, demonstrating ·OH is not the 

primary active substance in the CH3CHO degradation processes. 

Hence, the results indicate that h+ and ·O2
− are the main active 

species, while ·OH has minor effects during the process of 

degradation of CH3CHO in the nitrogen and sulfur-co-doped CeO2 

system. Moreover, the amount of CO2 liberation for NS-CeO2 

displays no distinct decrease after four cycles of CH3CHO 

photooxidation degradation (Fig. 5d), indicating that this 

photocatalyst retains excellent photocatalytic recycle stability. The 

NS-CeO2 photocatalyst as-discussed in this work performs much 

higher performance of CH3CHO oxidation than that of commercial 

metal oxide photocatalysts such as TiO2 (21 ppm), commercial CeO2 

(150 ppm), WO3 (200 ppm) and Sm-doped CeO2 (304 ppm).24, 29 

And the specific reaction process is shown by the following 

equations (1-3):   

CeO2 + hν → CeO2 [h+(VB) + e−(CB)]                                           (1) 

                       O2 + e- → ·O2
-                                                              (2) 

       CH3CHO + ·O2
-/ h+ → 2 CO2 + 2 H2O                                        (3) 

3.4 Theoretical calculations and possible photocatalytic 

mechanism 

More importantly, the electronic influence of nitrogen and 

sulfur doping was further evaluated via the density functional 

theory (DFT) method.18, 36 The magnitude of the charge transfer was 

further calculated by Bader charge quantitatively as follows: pure 

surface oxygen atom (1.19 e), single doped with N atom (1.04 e), 

single doped with S atom (1.05 e), co-doped with N atom (1.03 e), 

and co-doped with S atom (1.05 e) (Fig. 6a-b & Fig. S7). The results 

for charge density difference displayed in Fig. 6c-d illustrate that 

doping with either N or S can obtain electrons from substrate of 

CeO2 and that the electrons transfer from internal CeO2 (cyan area) 

to the N and S position (yellow region). In addition, pure CeO2(111) 

is a semiconductor as can be seen from the results for total and 

partial density of states (DOS) results (Fig. S8). As represented in 

the DOS comparation results of all the samples, the position of Ce 

4f conduction band changed more obviously. This is probably 

because the position of doping-related transition state exists closer 

to the conduction band of CeO2 photocatalyst. After doping with N, 

new doping-related impurity level states near the Fermi level are 

gradually generated, but doping with S has little effect on the 

density of states of the system. This may be attributed to the 

smaller ionic radius of nitrogen (1.46 Å) than that of sulfur (1.84 Å), 

which is more suitable to replace oxygen (1.38 Å) incorporate into 

CeO2 crystal lattice. Meanwhile, when N and S are doped at the 

same time, S has a certain degree of effect on doping-related 

impurity level and the band gap reduced tendency are consistent 

with the results of UV-vis spectra. 

Based on results of the above-described characterization 

analysis and photocatalytic evaluation experiments, a proposed 

reaction mechanism of nitrogen and sulfur-co-doped CeO2 is 

represented in Fig. 7. Substitution of N and S into the pure CeO2 has 

an obvious influence on its cubic fluorite crystal structure. The 

oxygen atoms exposed on the surface are partially substituted by 

the N and S dopants, leading to an increased concentration of 

oxygen vacancies, which leads to the formation of doping-induced 

transition states. These increased oxygen vacancies can availably 

arrest electrons from the conduction band (CB) position and restrict 

the recombination of photo-excited electrons and holes for NS-

Fig. 6 (a, b) Bader charge diagram and (c, d) calculated charge density 

differences of NS-CeO2 sample. 

Fig. 7 A feasible mechanism for CH3CHO degradation by NS-CeO2 photocatalyst. 
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CeO2 photocatalyst. This transition states induced by doping can 

prolong the lifetime of photo-excited carriers during the migration 

process and further effectively facilitate separation ability of those 

carriers. Furthermore, these separated electrons and holes involve 

in the photo-redox reactions to produce abundant reactive oxygen 

species (ROS), which are extremely vital to fully convert the toxic 

CH3CHO VOCs to non-toxic CO2 and H2O. Based on the comparation 

results of CH3CHO decomposition and degradation, we can 

conclude that the photooxidation efficiency is distinctly improved 

after nitrogen and sulfur synchronization doping. Hence, this 

effective non-metallic doping strategy is also feasible for traditional 

semiconductors to settle the matter of pollution caused by volatile 

organic compounds. 

4. Conclusions 

In conclusion, regular CeO2 nanorod photocatalysts co-doped 

with non-metallic nitrogen and sulfur were successfully prepared. 

This convenient and advantageous preparation approach is cost-

effective and can be easily popularized to fabricate other doped 

inorganic semiconductor materials. XPS results further indicated 

the surface chemical composition, the interactions and the 

concentration of oxygen vacancies before and after doping into 

CeO2 photocatalysts. Morphology and mapping images displayed 

those doped elements are with a good distribution on the surfaces 

of NS-CeO2 nanorods. DFT calculations verified that N and S co-

doping can generate new doping-related impurity level states near 

the Fermi level, which will effectually reduce the band gap. It was 

also confirmed that NS-CeO2 possesses superior photooxidation 

CH3CHO decomposition performance compared with that of other 

CeO2-based counterparts. Results of trapping experiments also 

indicated that superoxide radicals and holes played a vital role 

during degradation reaction progresses. In a nutshell, the non-

metallic co-doped CeO2 constructed in this work can provide an 

option to produce other kinds of synchronization doped 

photocatalysts for degrading VOC pollutions as well as other 

environmental protection and photo-electrocatalysis applications. 
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