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• The Na2S2O8 was photo-activated by 
CoFe2O4–CeO2 to degrade orange II. 

• The degradation rate of OII reached 
98.5% in 60 min. 

• The material could be recycled using 
magnetic separation. 

• The degradation rate was almost un-
changed during five cycling. 

• Several free radicals were the major 
active species for Orange II degradation.  
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A B S T R A C T   

Novel core shell CoFe2O4–CeO2 (CoFe–Ce) nanocomposite was synthesized and investigated as an efficient 
photocatalyst to activate sodium persulfate (Na2S2O8, PS) for orange II (OII) degradation. The CoFe–Ce nano-
composite was successfully designed and synthesized by a facile hydrothermal reaction followed by calcination 
and characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), trans-
mission electron microscopy (TEM), ultraviolet–visible diffuse reflectance spectroscopy (UV–Vis DRS), and 
vibrating sample magnetometer (VSM). Compared with pure CoFe2O4 and CeO2, the photocatalytic efficiency of 
CoFe–Ce nanocomposite was significantly improved. Under the irradiation of visible light, the catalytic degra-
dation efficiency of orange II could reach to 98.5% within 60 min. Additionally, the as-prepared material could 
be recycled for at least five times using magnetic separation ability of the nanocomposite, and during the cycling 
the dye degradation rate was almost unchanged. The active species produced during the degradation were 
studied by classical quenching experiments, and the different types of free radicals produced in the system were 
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further confirmed by electron paramagnetic resonance (EPR) spectroscopy. This novel nanocomposite is ex-
pected to have potential application for degradation of organic pollutants in wastewater by utilizing solar energy.   

1. Introduction 

In recent years, visible light (Vis) assisted catalytic degradation has 
received increasing attention. Solar energy is a cheap, renewable and 
environmentally friendly energy source and its application to solving 
environmental problems can be cost-effective(Aslam et al., 2018). 
Because visible light accounts for 42% of the solar spectrum, it is 
important to develop new and efficient visible light catalysts for the 
degradation of organic pollutants. 

At present, advanced oxidation technology (AOPs), especially pho-
tocatalysis technology, is considered as an excellent environmentally 
friendly treatment technology because it is highly efficient, cost effective 
and green(Zhu et al., 2021b). In addition, sulfate radical-based 
advanced oxidation processes (SR-AOPs) have been attracting 
increased attention due to their capability and adaptability in decon-
tamination of organic contaminants(Dou et al., 2020a; Sun et al., 2020; 
Zhu et al., 2020). Semiconductor photocatalysis is considered as an 
effective way to solve energy crisis and environmental pollution(He 
et al., 2019; Liang et al., 2021). For example, the synergistic reaction of 
semiconductor cobalt and peroxymonosulfate (PMS) has been found to 
be highly effective in generating sulfate radicals, which are effective in 
degrading organic contaminants(Dou et al., 2020b). 

CeO2, an n-type semiconductor, has been used as a photocatalytic 
material due to its physiochemical stability, strong adsorption selec-
tivity, non-toxicity, and suitable energy level(Dai et al., 2014; Wen et al., 
2018a). However, because of its poor visible light absorption and high 
photo-generated carrier recombination properties(Dvořák et al., 2011), 
it is often used to match with other energy-matched semiconductor 
catalysts to increase its photocatalytic efficiency. 

Magnetic separation of materials from solutions is an efficient and 
low-cost adsorbent/catalyst separation method, which has attracted 
researchers’ attention(Qiu et al., 2016). Especially, magnetite nano-
materials have the advantage of easy separation by strong magnetic 
field, which is convenient for recycling and reuse(Lo et al., 2021). 
Among metal nanomaterials, iron-based nanomaterials have attracted 
much attention because of their abundant availability, low cost, 
non-toxicity, fast reaction and high efficiency. It has been reported in the 
literature that modifying the surface of magnetic nanomaterials with 
different compounds can improve its pollutant removal performance(Shi 
et al., 2020). 

Core-shell nanomaterials have become a hot topic for research in the 
field of new materials at present, because their structure can be designed 
and optimized on the nanometer scale as their properties are expected to 
be better than or different from those of a single component. The hollow 
structural material obtained by removing the core from the core-shell 
material has the characteristics of low density, large specific surface 
area and good surface permeability, and has broad application prospects 
in many high-tech fields. 

Herein, a core-shell CoFe2O4–CeO2 (CoFe–Ce) photocatalytic nano-
material with hollow spherical structure was designed and synthesized 
by hydrothermal and calcination methods. The photocatalytic activity of 
CoFe–Ce material was evaluated by the degradation of orange II (OII), 
and a possible degradation mechanism was proposed. Although our 
research group has carried out some research work on the degradation of 

OII pollutants previously(Ji et al., 2021; Zhu et al., 2021a), the good 
magnetic property of the presently developed CoFe–Ce nanocomposites 
is highly useful for repeated use. 

2. Experimental 

2.1. Synthesis of materials 

CoFe2O4–CeO2 catalysts were fabricated using the previously 
developed hydrothermal methods (Wilson et al., 2012; Wetchakun et al., 
2013) but with some modification. The detailed procedures of hybrid 
core–shell CoFe–Ce nanocomposites are as follows: First, 19.817 g of 
glucose was dissolved in 100 mL of water and the mixed solution was 
placed in a Teflon reactor and heated at 170 ◦C for 6 h. The precipitate in 
the solution was separated by centrifugation and washed with deionized 
water and ethanol. The carbon template was obtained after drying the 
separated solid. Next, 70.21 mg of carbon template was mixed with 35 
mL of ethylene glycol and sonicated for 30 min. Then 0.8732 g cobalt 
nitrate, 0.9732 g ferric chloride and 1.9683 g sodium acetate were 
added to the mixture and stirred for 30 min. The mixture was placed in a 
Teflon reactor and heated at 200 ◦C for 12 h. The CoFe2O4 hollow 
spheres were separated by a magnet and dried after washing with 
deionized water and ethanol. 

To prepare the final product of CoFe–Ce spheres, 0.3726 g cerium 
chloride and 0.16 g sodium hydroxide were added to 100 mL ethanol to 
form cerium hydroxide sol. Then 0.5 g CoFe2O4 hollow spheres and 2.0 
mL polyethylene glycol were added into the cerium hydroxide sol and 
sonicated for 30 min. Then the sol mixture was placed in an oven at 
70 ◦C to form a gel. After that, the gel was placed in an oven at 200 ◦C for 
1 h and then calcined at 400 ◦C for 2 h in a furnace to form hollow core- 
shell structures. The sample was cooled to room temperature, washed 
with deionized water and dried at 60 ◦C to obtain the core-shell CoFe–Ce 
spheres. 

2.2. Characterization of materials 

The crystallinity and phase formation of the catalyst materials were 
investigated by X-ray diffraction (XRD) using Cu Ka (λ = 0.15418 nm) 
radiation with a D/max-2500 diffractometer (Rigaku Co., Japan). 
Morphologies and sizes of the materials were observed by a scanning 
electron microscope (SEM, JEOL, JSM-6360LA, Japan) and a trans-
mission electron microscope (TEM) (FEI Tecnai G2 f20 s-twin 200 kV). 
Ultraviolet–visible diffuse reflectance spectra (UV–Vis DRS) were ob-
tained with an UV–vis spectrophotometer (UV-2450, Shimadzu). The 
magnetic properties of the samples were analyzed by vibrating sample 
magnetometer (MPMS SQUID VSM) and the electron paramagnetic 
resonance (EPR) spectra were collected by EPR spectrometer (Bruker, 
A300) to determine the types of free radicals generated in the reaction 
system. 

2.3. Methods of photocatalytic experiments 

The photocatalytic activity of core-shell CoFe–Ce nanospheres was 
evaluated through the degradation of OII by CoFe–Ce/PS/Vis system. In 
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a typical photocatalytic experiment, the CoFe–Ce (0. 3 g L− 1) and PS 
(0.02 M) were added to the OII solution (0.1 mM, 100 mL) and the 
visible light source (4 × 24 W LED lamp) and magnetic mixer (500 rpm) 
were turned on. A sample of 2 mL was removed from the reaction system 
at specific time intervals and filtered with a Millipore filter (0.22 μm). 
The filtered solution (1 mL) was added into the colorimetric tube and 
diluted 10 times. A UV–Vis spectrophotometer (UV-2450, Shimadzu, 
Japan) was used to determine the concentration of OII in the samples. 
The maximum absorption wavelength was 484 nm. 

3. Results and discussion 

3.1. Characterization of CoFe–Ce 

The powder X-ray diffraction (XRD) patterns of as-prepared CoFe–Ce 
nanocomposites are presented in Fig. 1. As we can see from Fig. 1, the 
(111), (220), (311), (400), (422), (511), (440), (620), (533), (622) and 
(444) diffraction planes can be indexed to the diffraction peaks of the 
sample at about 18.46◦, 30.29◦, 35.55◦, 43.40◦, 53.76◦, 57.22◦, 62.79◦, 
71.6◦, 74.4◦, 75.6◦ and 79.2◦, respectively. The above peaks are similar 
to the standard pattern of CoFe2O4 (PDF#22–1086)(Hu et al., 2021). 
Besides, the peaks of (111), (200), (220), (311), (222), (400), (331) and 
(420) match with the standard phase of CeO2 (PDF#43–1002)(Wen 
et al., 2018b). Thus, both CoFe2O4 and CeO2 are observed in CoFe–Ce 
composites, as expected. Fig. 1 shows that the heterojunction was 
formed between CoFe2O4 and CeO2. In addition, no other impurity 
peaks were found, which indicated that the prepared samples were 
phase pure or without any detectable impurity phases. 

It is well known that the photocatalytic activity of semiconductor 
photocatalyst is closely related to the light absorption capacity, and the 
key factor that determines its photocatalytic performance is the photo-
catalytic activity of the catalyst. Therefore, the light absorption perfor-
mance of the catalyst was tested by ultraviolet–visible diffuse 
reflectance (UV–Vis DRS) and is shown in Fig. 2. The prepared com-
posite catalyst can absorb ultraviolet and visible light with wavelength 
less than 700 nm. It can be seen from the illustration in the inset of Fig. 2 
that the band gap energy (Eg) of CoFe–Ce sample was calculated to be 
about 2.15 eV by Tauc plot method. 

The size and morphology of CoFe–Ce nanocomposite particles were 
observed by scanning electron microscopy (SEM) at different magnifi-
cations (Fig. 3). It can be seen from the SEM images that the CoFe–Ce 
particles are spherical monodisperse with no obvious agglomeration. 
Very rarely, hollow morphology (see arrow in Fig. 3a) was observed by 
SEM. As can be seen in Fig. 3c, d, TEM images indicated that CoFe–Ce 
particles are of core-shell structure, the lighter parts in the middle are 
considered as hollow (see arrow). Hollow spaces are of different shapes 
and sizes, and the maximum size is about several nanometers. From TEM 
image of composite particle, the morphology of outer layer of the 
CoFe–Ce sample appears to be different from that of the core (Fig. 3d). 

Magnetic property is one of the most important properties of mate-
rials, and now it is widely used in industry for separating solids from 
liquid. Fig. 4 shows magnetic hysteresis loops of CoFe2O4 particles and 
CoFe–Ce composites. As shown in Fig. 4, the value of saturation 
magnetization (MS) of CoFe–Ce composite is lower than (MS) that of 
CoFe2O4 magnetic particles. By comparing the two VSM curves, it can be 
observed that the value of saturation magnetization of CoFe2O4 was 
reduced by surface modification. 

3.2. Photocatalytic activity 

The catalytic performance of the prepared samples under visible 
light irradiation at room temperature was evaluated by degradation of 
OII. Fig. 5a shows the degradation efficiency of OII under different 
conditions. There was little or no degradation of OII under the condition 
of visible light only. It can be seen from Fig. 5a that the adsorption of 
CoFe–Ce was negligible. When only oxidant (PS) was added, the 
degradation rate of the reaction system was less than 5.5%. The degra-
dation rate of OII was about 5.7% within 45 min, when the system only 
had CoFe–Ce samples and light conditions. This result further proved 

Fig. 1. XRD pattern of CoFe2O4–CeO2 sample.  

Fig. 2. UV–Vis diffuse reflectance spectra of CoFe2O4–CeO2 sample. Inset of 
Fig. 2 shows band gap energy of CoFe2O4–CeO2 as determined by the rela-
tionship between the absorption value (Ahν)2 versus the photon energy (hν). 
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that CoFe–Ce had strong visible light absorption capacity as shown in 
Fig. 2. Only 14.7% of OII was removed by CoFe–Ce/PS system, and 
54.1% of OII was degraded by PS/Vis system within 90 min. However, 

the degradation efficiency of CoFe–Ce/PS/Vis system was significantly 
higher than that of other systems as 98.5% of OII could be degraded 
within 60 min. As demonstrated in Fig. 5b, the photocatalytic degra-
dation of OII by CoFe2O4 and CeO2 could reach 55.5% and 40.0%, 
respectively. Compared with CoFe–Ce composites, both CoFe2O4 and 
CeO2 presented low degradation efficiencies towards OII. 

3.3. Evaluation of the stability and reusability of CoFe–Ce 

Repeated degradation experiments were conducted to study the 
stability and reusability of CoFe–Ce composites, and the results are 
shown in Fig. 6(a). After five cycles, the photocatalytic activity of 
CoFe–Ce composites did not decrease significantly. The used catalysts 
were easily separated by an external magnet (Fig. 6b) from waste water, 
which revealed the stability and magnetic properties of CoFe–Ce com-
posites. The separated catalyst was washed with deionized water and 
then dried. The recycled samples were analyzed by XRD (Fig. 6c) and the 
recovered catalysts showed the same phases as the fresh catalysts. These 
results indicate that CoFe–Ce composites have excellent stability and 
reusability. 

3.4. Mechanism 

Hydroxyl and sulfate radicals are ubiquitous in heterogeneous acti-
vation of PS or PMS systems (Wacławek et al., 2017; Liu et al., 2018; 
Wang and Wang, 2018a). In addition, several studies have shown a new 
way to activate PS or PMS by the 1O2 and O2

•− species (Qi et al., 2016; 
Peng et al., 2018; Qin et al., 2018; Sun et al., 2020). In order to 

Fig. 3. (a) and (b) SEM images. (c) and (d) TEM images of CoFe2O4–CeO2 sample.  

Fig. 4. Magnetic hysteresis loops of CoFe2O4–CeO2 sample, when tested at 
300 K. 
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understand the mechanism of photocatalysis during the degradation 
process, radical quenching experiments were carried out. It is well 
known that Ethanol(EtOH)is useful for quenching •OH (k = (1.8–2.8) ×
109 M− 1s− 1) and sulfate radicals SO4

•- (k = (1.6–6.2) × 107 M− 1s− 1) 
while tert-butyl alcohol (TBA) acts on the •OH (k = (3.8–7.6) × 108 
M− 1s− 1) but not on SO4

•- (Shukla et al., 2010). It can be clearly seen 
from Fig. 7 that when TBA (5 mL) and EtOH (5 mL) were added to the 
photocatalytic system, the degradation rates of OII were 50.1% and 
16.1%, respectively. When BQ (1 mM) was added to the system, the 
degradation rate of OII was 37.7%. The OII dye decreased to about 
12.2% with the addition of 2 mM EDTA-2Na compared with the 

degradation rate of 98.5% without the scavengers, which suggested that 
h+ and O2

•− radicals played a key role in this photocatalytic reaction 
system. 

In order to further determine the active components of degradation 

Fig. 5. (a)Degradation of Orange II under different conditions. (b) Degradation 
of Orange II in different catalysts. Conditions: orange II 0.1 mM, catalyst 0. 3 g 
L− 1, Na2S2O8 0.02 M and initial solution pH = 5.86. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 6. (a). Repeated photocatalytic degradation of Orange II by CoFe–Ce 
composites. Conditions: orange II 0.1 mM, catalyst 0. 3 g L− 1, Na2S2O8 0.02 M 
and initial solution pH = 5.86. (b). Separating the catalysts from the mixture 
under an external magnetic field. (c). XRD patterns of the fresh and recycled 
catalysts. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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of OII in CoFe–Ce/PS/Vis system, EPR experiments were carried out. 
5,5-dimethyl-1-pyrolin-N-oxide (DMPO) was selected as spin-trapping 
agent for •OH, SO4

•− and O2
•− inducing the generation of their 

respective spin adducts. As shown in Fig. 8, DMPO-OH, DMPO-SO4
•−

and DMPO-O2
•− were detected in our system. In summary, the current 

results indicate that •OH, SO4
•− and O2

•− are the main active species for 
OII degradation in the CoFe–Ce/PS/Vis system. 

Based on the results discussed above, CoFe–Ce composites have been 
determined to have excellent photocatalytic activity as they can effec-
tively activate PS to degrade OII under visible light. The equations of 
chemical reactions are given below (Eqs. (1)–(7))(Zhou et al., 2011; 
Wang and Wang, 2018b). 

CoFe − Ce + hv→CoFe − Ce(e− )CB + CoFe − Ce(h+)VB (1)  

CoFe − Ce(e− )CB + O2→O⋅−
2 (2)  

CoFe − Ce(h+)VB + H2O/OH− →⋅OH (3)  

CoFe − Ce(e− )CB + S2O8
2− →SO⋅−

4 + SO2−
4 (4)  

S2O8
2− + hv→2SO⋅−

4 (5)  

SO⋅−
4 +H2O→⋅OH + H+ + SO2−

4 (6)  

O⋅−
2 +SO⋅−

4 + ⋅OH + OII→Degradation  products (7) 

Photocatalysts are materials that produce pairs of electrons-holes on 
their exposed surface by light. The free radicals produced by photo-
catalytic reaction have strong oxidation properties(Kamranifar et al., 
2019). The main characteristics of photocatalysts are derived from their 
valence and conduction bands. As shown in the inset of Fig. 2, the band 
gap energy (Eg) of CoFe–Ce sample is calculated to be about 2.15 eV by 
Tauc plot method. In the process of photocatalytic degradation, the 
absorbed photon energy is higher than the band gap energy of semi-
conductor composite, which leads to the transition of electrons from 
valence band to conduction band and the generation of holes in valence 

band. The mechanism of photocatalytic degradation by CoFe–Ce/PS is 
shown in Fig. 9. 

4. Conclusions 

A hybrid core-shell CoFe2O4–CeO2 nanocomposite was successfully 
synthesized and it was confirmed as a promising catalyst to activate PS 
for OII degradation under visible light. The degradation rate of OII by 
CoFe–Ce/PS/Vis system reached to 98.5% after 60 min. The radicals of 
•OH, SO4•− and O2•− were verified as the active species in this system 
for OII degradation and the degradation mechanism for this catalyst was 
proposed based on quenching experiments and EPR characterization. 
Moreover, CoFe–Ce catalyst showed good magnetically separable 

Fig. 7. Effect of different scavengers. Conditions: orange II 0.1 mM, catalyst 0. 
3 g L− 1, and Na2S2O8 0.02 M, and initial solution pH = 5.86. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 8. EPR spectra of DMPO adducts.  
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properties, which made it easy to recycle the catalyst. After 5 repeated 
cycles, the CoFe–Ce catalyst maintained its activation performance 
suggesting its very good stability. Thus, the unique core-shell CoFe–Ce 
catalyst material developed here with high activity and recyclability is 
expected to have potential applications in degradation of organic pol-
lutants and environmental remediation. 

Authors’ contributions 

Conceptualization, Data curation, Formal analysis, Funding acqui-
sition, Investigation, Methodology, Project administration, Resources, 
Software, Supervision, Validation, Visualization, all by Prof. Jianfeng 
Ma, writing - original draft by Fang Zhu, Qiuyue Ji and Jianfeng Ma and 
Writing - review & editing by all other authors, Yu Lei, Qixing Xiao, Yan 
Yang and Sridhar Komarneni. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This work was supported by the National Natural Science Foundation 
of China (Grant No. 20968005), “Qing Lan Project” of Jiangsu Province, 
“333 Project” of Jiangsu Province, Innovation and entrepreneurship 
training program for college students in Jiangsu Province (No. 
202110292062Y). 

References 

Aslam, M., Qamar, M.T., Rehman, A.U., Soomro, M.T., Ali, S., Ismail, I., Hameed, A., 
2018. The evaluation of the photocatalytic activity of magnetic and non-magnetic 
polymorphs of Fe2O3 in natural sunlight exposure: a comparison of photocatalytic 
activity. Appl. Surf. Sci. 451, 128–140. 

Dai, Q., Wang, J., Yu, J., Chen, J., Chen, J., 2014. Catalytic ozonation for the degradation 
of acetylsalicylic acid in aqueous solution by magnetic CeO2 nanometer catalyst 
particles. Appl. Catal. B Environ. 144, 686–693. 

Dou, R., Cheng, H., Ma, J., Komarneni, S., 2020a. Manganese doped magnetic cobalt 
ferrite nanoparticles for dye degradation via a novel heterogeneous chemical 
catalysis. Mater. Chem. Phys. 240, 122181. 

Dou, R., Cheng, H., Ma, J., Qin, Y., Kong, Y., Komarneni, S., 2020b. Degradation of 
methylene blue by Co3O4 with activation of bisulfite. Funct. Mater. Lett. 13, 
2050016. 
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