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Abstract
A series of CeO2/CdS photocatalysts were prepared by simple solvothermal and auxiliary calcination using cerium nitrate 
as the precursor. Two different forms of CeO2 (nanosheets (NF-CeO2) and nanorods (NR-CeO2)) were successfully prepared 
and used to degrade rhodamine B (RhB) to study the photocatalytic activity of the composites. On this basis, the effects of 
composite proportion and preparation technology on the photocatalytic activity of the composites were studied. The morphol-
ogy, structure, photoelectric properties and chemical composition of the composites were analyzed. Compared with single 
photocatalysts (NR-CeO2 and CdS), the NF-CeO2/CdS and NR-CeO2/CdS composite catalyst have stronger photocatalytic 
performance. In addition, capture experiments and ESR showed that both ∙O−

2
 and h+ impacted on the RhB degradation. 

After four repeated cycles, NR-CeO2/CdS (1:6) showed stable RhB degradation activity. In the aspect of catalyst interface 
design, this work not only provides an effective method for the preparation of catalysts with high photodegradation rate and 
good reuse, but also provides a feasible idea for further research on the degradation of emerging pollutants by photocatalysts.

Keywords  CeO2/CdS photocatalysts · Morphology control · RhB degradation · Type II heterojunction structure · 
Photocatalytic mechanism

1  Introduction

As a consequence of economic development, population 
growth and the industrial development brought environ-
mental pollution and energy crises to the ecosystem, which 
have caused serious environmental problems and threaten 
the health of human and the sustainable development of 
economics [1–3]. The major pollutant is water pollution, it 
a critical social issue because water quality is closely related 
to our day-to-day living. Therefore, finding an effective 
method to remove the emerging recalcitrant organic pollut-
ants from wastewater is extremely necessary. In photoca-
talysis process, photocatalyst has a greatly influence to the 
photocatalytic degradation efficiency of pollutants. Thus, the 
search for excellent photocatalysts will never stop. Among 

various photocatalysts, semiconductor nanomaterials have 
received more attentions due to the merits of low cost and 
high activity, which is one of the promising green energy 
technologies and plays an important role in environmen-
tal pollutants degradation, such as ZnO, TiO2, and g-C3N4 
[4–6]. Unfortunately, the applications of these traditional 
photocatalysts are generally limited due to their inherent 
wide band gap and low degradation efficiency [7–9]. The 
abundant rare earth oxides, as a new type of semiconduc-
tor photocatalyst, which has attracted utilized based on its 
superior photocatalytic properties under visible light irra-
diation due to its appropriate band gap and energy band 
positions [10, 11]. As one of the most abundant, cerium 
dioxide (CeO2) has a favarable application prospects due to 
its strong oxygen storage capacity, low cost, non-toxicity, 
easy conversion from Ce4+ to Ce3+ and chemically and bio-
logically stable [12–14]. However, wide band gap (about 
2.7 eV), rapid recombination of electron−hole, and lower 
visible light utilization efficiency (about 4% of solar energy) 
restrict CeO2’s photocatalytic ability. To overcome the 
above-mentioned issues, CeO2-based composites have been 
widely designed to improve its photocatalytic degradation 
of organic pollutants. Such as element doping, formation 
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the type II and Z-scheme heterojunction structure with 
other semiconductors, manufacturing defects, etc. [15–18]. 
Among them, many CeO2-based composites based on type 
II and Z-scheme heterostructures to increase the migration 
rate of photogenerated charge carriers and the light utili-
zation efficiency of photocatalytic materials, which exhibit 
better visible light absorption photocatalytic performance 
than CeO2 alone [19, 20]. For instance, Zhang et al. have 
successfully used the one-step co-precipitation method to 
synthesize CeO2 on the surface of BiOI. The CeO2/BiOI 
heterostructure exhibited good photodegradation property 
for RhB under visible light irradiation, which reached 98% 
in 60 min [21].

Cadmium sulfide (CdS), considered as one of the most 
promising material for photocatalytic material due to the 
suitable bandgap, excellent visible light absorption and 
excellent capacity for charge carrier transport [22, 23]. 
More importantly, CdS can form heterojunction structure 
with CeO2 due to its appropriate matched bandgap, thus 
effectively improving the photocatalytic activity of CeO2 
[24–26]. It has been reported that the microstructure of 
materials, including band structure and electron transfer 
process, is greatly affected by its tunable morphology [27]. 
Up to now, many morphologies of CeO2 and CdS have 
been synthesized, such as 1D CdS nanorods and 2D CeO2 
nanosheets into composites, the composite showed better 
photocatalytic degradation ability, and the decomposition 
rate of tetracycline removal was up to 98.0% [28]. And 1D 
CdS nanoparticles/1D CeO2 nanoparticles into compos-
ites, which has good photocatalytic degradation efficiency, 
and the degradation rate of pollutants reaches about 76.0% 
after 120 min with simulated sunlight [29]. Therefore, the 
microstructure of the composite can be further improved via 
adjust the morphology, including charge transfer efficiency 
and band structure, which is conducive to the construction 
of heterojunction and the improvement of photocatalytic 
performance.

In this paper, a series of CeO2/CdS photocatalysts were 
prepared using cerium nitrate as precursor by a facile sol-
vothermal method and assisted calcination method. 1D CdS 
nanorods were successfully fixed on 2D NF-CeO2 and 3D 
NR-CeO2. As previously reported heterojunction formed 
between CdS and CeO2 can greatly inhibit the recombina-
tion of photogenerated charge carriers, CdS/CeO2 shows 
excellent RhB degradation performance under light irradia-
tion. The experimental results showed that the composited 
effect of NR-CeO2/CdS was better compared with NF-CeO2/
CdS, and the degradation efficiency was up to 98.3%, which 
was much higher than that of CdS and NR-CeO2. The vis-
ible light catalytic performance of CeO2 was investigated 
by degrading RhB. When used in combination with CdS 
nanoparticles, it can be significantly enhanced. This excel-
lent activity is mainly attributed to the high energy crystal 

surface exposure of CeO2, which greatly promotes the sepa-
ration of electron–hole pairs [30]. In addition, through trans-
mission electron microscopy high resolution transmission 
electron microscopy (TEM) high resolution transmission 
electron microscopy (HRTEM) characterization analysis, it 
was found that the surface differences of the main exposed 
crystals and the effect of morphology on the surface atomic 
structure of the crystals [31–34]. The type II transfer mecha-
nism of NR-CeO2/CdS composites was verified by capture 
experiments and ESR technique.

2 � Experimental Section

2.1 � Materials

Cerium nitrate hexahydrate (Ce(NO3)3·6H2O), ammo-
nium bicarbonate (NH4HCO3), sodium hydroxide (NaOH), 
cadmium nitrate tetrahydrate (Cd(NO3)3·5H2O), thiourea 
(CH4N2S), barium sulfate (BaSO4), benzoquinone (BQ), 
p-benzoquinone (IPA), Sodium oxalate (Na2C2O4), RhB 
were purchased from McLean (Shanghai, China). Deion-
ized water, Dimethyl Formamide (DMF) and methanol were 
provided by Yongchang chemical reagent.

2.2 � Preparation Method

2.2.1 � Preparation of NF‑CeO2

1.39 g Ce(NO3)3·6H2O was dissolved in 200 mL deion-
ized water with the aid of magnetic stirring. Then, 0.75 g 
NH4HCO3 was dissolved in 200 mL with the aid of mag-
netic stirring. When transparent solution was obtained, 
Aqueous solution of NH4HCO3 was further added into the 
Ce(NO3)3·6H2O solution and magnetically stirred for 30 min 
to form a uniform suspension at 0 ◦C temperature. Then the 
sediment collected through filtering, centrifuge with deion-
ized water. All of the obtained precursors were calcined at 
400 ◦C for 4 h, and cooled at room temperature. The proce-
dure of preparing is appeared in Scheme 1.

2.2.2 � Preparation of NR‑CeO2

0.87 g Ce(NO3)3·6H2O was dissolved in 20 mL deionized 
water with the aid of magnetic stirring. When transparent 
solution was obtained, quickly adding 10 mL of 1 mol/L 
sodium hydroxide solution with the aid of magnetic stirring 
for another 5 min at room temperature. Subsequently, the 
suspension was transferred into Teflon lined stainless steel 
autoclave, which was then heated at 130 ◦C for 18 h. The 
procedure of preparing is appeared in Scheme 2.
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2.2.3 � Synthesis of CeO2/CdS

0.274 g of Cd(NO3)3·5H2O and 0.05 g CH4N2S were dis-
persed into 35 mL of DMF, The mixture was sonicated for 
20 min, to which the prepared NF-CeO2 or NR-CeO2 was 
further added. Magnetic stir after 5 min and transferred to a 
Teflonlined stainless steel autoclave with 100 mL capacity. 
Hydrothermal synthesis was then conducted at 200 °C for 
3 h in an electric oven. After the reaction, the products were 
washed thoroughly with DMF and methanol and dried for a 
further 12 h at 60 °C to get the final products. The synthesis 
process are shown in Scheme 3 and Scheme 4.

2.3 � Material Characterization

The crystal structure of the powder samples was investi-
gated with X-ray diffraction (XRD, Model D/MAX-3b) with 

Cu-Ka radiation (λ = 0.154 nm), using a voltage of 40 kV, a 
current of 10 mA, in 2θ ranges from 5° to 80°. The morphol-
ogy of the samples were studied by field-emission scanning 
electron microscopy (SEM, FEI Sirion200), at an accel-
erating voltage of 20 kV with an energy-dispersive X-ray 
spectrometer (EDS), and the crystal structure and lattice 
spacing of samples were featured by transmission electron 
microscopy (TEM, JEM2100) at an accelerating voltage of 
200 kV. X-ray photoelectron spectroscopy (XPS, Thermo 
Escalab 250Xi) was used at 15 kV voltage to characterize 
the chemical states of the powder samples. UV–vis diffuse 
reflectance spectra (UV-DRS, UV-757CRT) were meas-
ured at room temperature by mixing samples with BaSO4 
powder, and using it as the reference substance for reflec-
tivity. The photoluminescence (PL) spectra of samples col-
lected on shimadzu RF-5301 spectrophotometer were used 
to determine the recombination of electrons and holes in 

Scheme 1   Flow chart of NF-CeO2 preparation

Scheme 2   Flow chart of NR-
CeO2 preparation

Scheme 3   Schematic diagram of material preparation: synthesis of the NF-CeO2 /CdS
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the photocatalyst. The excitation wavelength was 280 nm. 
Photocurrent response (I-T), Mott–Schottky (MS) meas-
urements, Electrochemical impedance spectra (EIS), linear 
sweep voltammetry (LSV) were carried out on VMP3 elec-
trochemical workstation to study the FTO working electrode. 
The saturated Ag/AgCl and Platinum electrodes are the 
counter electrode and the reference electrode respectively, 
and 0.5 M Na2SO4 is the electrolyte.

2.4 � Photocatalytic Experiment

The photocatalytic activity of CeO2/CdS catalysts were 
determined by the decomposition of RhB under visible light 
illumination. Briefly, 50 mg of sample was mixed with 50 ml 
of RhB solution (20 mg/L) and continuously stirred in a 
beaker for 3 h. Under dark condition, Stirred on the beaker 
for 1 h to obtain the adsorption–desorption equilibrium. 
After that, the suspension was continuously irradiated with 
a 300 W xenon lamp (GX2500, Shanghai). About 6 ml of 
liquid was taken from the beaker every 0.5 h for centrifuga-
tion, and the supernatant was taken for analysis by visible 
spectrophotometer. The adsorption wavelength of RhB used 
was 450 nm. In addition, 1 mmol BQ, 1 mmol IPA, and 
1 mmol Na2C2O4 were used as scavengers of ·O2−, ·OH, and 
h+, respectively. Electron spin resonance (ESR, EMX-500 

10/12) spectra was performed to detect the reactive spe-
cies, including 5, 5-dimethyl-l-pyrroline N-oxide (DMPO) 
capture radical ·O2− and 2,2,6,6-Tetramethylpiperidinooxy 
(TEMPO) capture radical h+.

3 � Results and Discussion

3.1 � XRD phase Analysis

The crystallographic and phase structure of the obtained 
samples were examined by XRD, and the diffraction patterns 
were shown in Fig. 1. As shown in Fig. 1a, all the diffraction 
peaks were exactly matched to cubic phase CeO2 for pure 
CeO2 (JCPDS No. 34–0394), while the characteristic peaks 
of CdS can be indexed to the hexagon phase CdS (JCPDS 
No. 41-1049). No other impurity peaks were found, indicat-
ing that high purity CeO2 and CdS were prepared, and the 
peak of NR-CeO2 was sharper than that of NF-CeO2. No 
other impurity peaks were found in the XRD pattern, indicat-
ing high purity of the material. The main diffraction peaks of 
CeO2 in 2θ value of 23.89◦, 30.25◦, 32.72◦, 42.30◦, 46.97◦, 
56.89◦ belong to the (011), (013), (110), (114), (020), (123) 
crystal planes of the tetragonal CeO2 (JCPDS No. 34-0394), 
respectively. Furthermore, the diffraction data of CdS, the 

Scheme 4   Schematic diagram of material preparation: synthesis of the NR-CeO2 /CdS

Fig. 1   XRD patterns of CeO2 with different morphologies and CdS
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main diffraction peaks at 2θ value of 24.81°, 26.51°, 28.18°, 
36.62°, 43.68°, and 47.84° belong to the (100), (002), (101), 
(110), (102), (110), and (103) crystal planes of the hexagon 
phase CdS (JCPDS No. 41-1049), respectively. As shown in 
Fig. 1b, the XRD data exhibited composite characteristics 
after the addition of CeO2 for the CdS, and compared with 
NF-CeO2/CdS, the diffraction peaks of CdS and CeO2 are 
sharper indicates that NR-CeO2/CdS possessed better crys-
tallinity. It is note-worthy that some characteristic peaks of 
CeO2 (JPCDS No. 34-0394) also appeared in the XRD dif-
fraction pattern, indicating the successful combing of CeO2 
in the composite. Meanwhile, the XRD patterns in Fig. 1c 
exhibited the main diffraction peaks of CdS (marked with 
the symbol of ♣) and CeO2 (marked with the symbol of 
♥). What’s more, the NR-CeO2/CdS indicated that when the 
amount of NR-CeO2 increased, the intensities of characteris-
tic peaks raised consequently. Compared with CdS, there is 
no significant difference in XRD, proving that the presence 
of CdS negligibly influenced the crystal morphology of NR-
CeO2. On the other hand, the peak intensity in the diffrac-
tion pattern is lower or the peak width is wider than that of 
the pure material. It also indicates that NR-CeO2 interacts 

with CdS to some extent. In summary, NR-CeO2/CdS was 
successfully prepared based on the XRD diffraction pattern.

3.2 � The Microstructure of the Photocatalysts

The morphology characteristics investigated by SEM are 
shown in Figs. 2, 3, 4 and 5. The pure NF-CeO2 sam-
ple (Fig. 2a) consists of a large number of 2D nanosheets 
interwoven and assembled into a 3D flower structure, 
while NR-CeO2 (Fig. 2b) has a bar structure with a length 
of about 1 μm. CdS (Fig. 2c) consists of unregular spheri-
cal particles. After loading NF-CeO2, the morphology of 
CdS has been largely maintained, many nanoparticles are 
also noticed on the surface layer (in Fig. 3a). In Fig. 3b, 
after loading NR-CeO2, nanorods were also observed 
interspersed among the agglomerated nanoparticles. This 
indicates that CeO2 and CdS coexist in CeO2/CdS compos-
ites. The composites of NR-CeO2/CdS possess the high-
est photocatalytic performance among all samples (to be 
investigated in later photocatalytic test), so the detailed 
studies are focused on NR-CeO2/CdS. Notably, the dis-
tribution of NR-CeO2 on the CdS nanoparticles surface 

Fig. 2   SEM images of a NF-
CeO2; b NR-CeO2; and c CdS

Fig. 3   SEM images of the 
samples prepared with different 
mass ratios. a NF-CeO2/CdS 
(1:1); b NR-CeO2/CdS (1:1); 
c NR-CeO2/CdS (1:2); d NR-
CeO2/CdS (1:4); e NR-CeO2/
CdS (1:6); f NR-CeO2/CdS 
(1:8)
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Fig. 4   Elements maps analysis of NR-CeO2/CdS: a EDS patterns; b–e element analysis of Cd, S, Ce and O

Fig. 5   Elements maps analysis of NF-CeO2/CdS: a EDS patterns; b–e element analysis of Cd, S, Ce and O
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is decreased with reducing the content of NR-CeO2 in the 
Fig. 3b–f. Figure 4 and Fig. 5 are element maps of NF-
CeO2/CdS (1:1) and NR-CeO2/CdS (1:1), respectively. The 
corresponding EDS results helped to confirm homogene-
ous elemental distribution and chemical composition of 
all samples. It can be seen that the elemental distribu-
tion of Ce is sparse, owing to the fact that the content of 
Ce is lower than Cd, S and O. Meanwhile, the Tables 1 
and 2 also confirm that all elements (Cd, S, Ce and O) 
distributed in the composite, elucidating that CeO2/CdS 
composites were formed.

3.3 � Transmission Electron Microscopy Analysis

Figure 6 exhibits the TEM images of NR-CeO2/CdS and 
NF-CeO2/CdS. As shown in Fig. 6a and d, NR-CeO2 has an 
obvious rod-like structure, NF-CeO2 has a flower-like struc-
ture, and CdS has a granular structure, which is consistent 
with SEM results. From Fig. 6b, e and f, it can be found that 
the composite has some irregular particles on CeO2 surface, 
which matches well with SEM results. As shown in Fig. 6 c 
and g, different lattice fringes were found in HRTEM images 
of pure CeO2, belonging to (311) and (220) crystal planes 
respectively, with d-spacing of 0.167 and 0.210 nm, respec-
tively. The interplanar spacings of 0.187 nm can be indexed 
to CdS planes. The smooth lattice connection between CdS 
and CeO2 as shown in Fig. 3d and g demonstrates the suc-
cessful combined of CeO2 onto CdS. Different exposed 
crystal planes may be one of the main reasons for different 
photocatalytic performance.

3.4 � XPS Analysis

In order to further analyze the chemical composition and sur-
face electronic states of NR-CeO2/CdS, XPS test was carried 
out. As shown in Fig. 7a, the exist of Cd, S, Ce and O elements 
in NR-CeO2/CdS was confirmed in the full–scan spectrum. 
The high–resolution spectra of Cd 3d, S 2p, Ce 3d and O 1 s 
are presented in Fig. 7b–e, respectively. Figure 7b illustrated 
the high-resolution spectrum of Cd 3d, which presented two 
strong peaks at 405.2 and 411.9 eV, belonging to Cd 3d5/2 

Table 1   The EDS consequences of the points signed in Fig. 10a

Position Composition (wt. %) Possible substance

Cd S Ce O

A 0 0 50.96 49.04 CeO2

B 85.93 14.07 0 0 CdS
C 71.12 15.69 5.83 7.36 CeO2;CdS

Table 2   The EDS consequences of the points signed in Fig. 11a

Position Composition (wt. %) Possible substance

Cd S Ce O

D 0 0 86.42 13.58 CeO2

E 82.26 17.74 0 0 CdS
F 16.92 3.41 52.28 27.39 CeO2; CdS

Fig. 6   TEM images of NR-CeO2/CdS (a and b); HRTEM image of NR-CeO2/CdS (c); TEM images of NF-CeO2/CdS (d–f); HRTEM image of 
NR-CeO2/CdS (g)
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Fig. 7   The XPS spectra of NR-CeO2/CdS: a survey scan, b Cd 3d spectra, c S 2p spectra, d Ce 3d spectra e O 1 s spectra



183Journal of Inorganic and Organometallic Polymers and Materials (2024) 34:175–189	

1 3

and 3d3/2, these two peaks powerful demonstrated the pres-
ence of Cd2+ [35, 36]. The binding energy spectra for S 2p 
(Fig. 7c) was resolved into two peaks at 161.6 and 162.7 eV, 
attributing to S 2p3/2 and S 2p1/2 in CdS, respectively [37]. The 
peak of Ce 3d (Fig. 7b) can be deconvoluted into eight peaks, 
the peaks of 882.5, 888.9, 898.5 and 901.1, 907.5, 916.9 eV 
belong to Ce4+, while 885.9 and 903.5 eV belong to Ce3+ [38]. 
As recorded in Fig. 7e O 1s spectral fitting is located at two 
peaks of 531.4 and 529.0 eV, corresponding to lattice oxygen 
and chemisorbed oxygen, respectively [39].

3.5 � UV–Vis Reflectance Spectrum Analysis

Due to that the optical absorption property is one of the most 
important factor in determining the photocatalytic perfor-
mance of semiconductor, the optical properties of CeO2, CdS 
and NR-CeO2/CdS composite were investigated using UV–vis 
DRS, and as recorded in Fig. 8a. The pure NR-CeO2 sam-
ple have the absorption edges of 450 nm, indicating that it 
has weak visible light absorption. And the CdS shows certain 
capacity of light absorption with absorption edge at around 
500 nm. Compared with pure NR-CeO2 and CdS, the absorp-
tion edge of NR-CeO2/CdS exhibits obvious red shift from 
450 to 540 nm, indicating that participation CdS to improve 
the light response effectively. It indicates that the modifica-
tion with CdS increases the optical absorption. The absorp-
tion edge of CeO2/CdS shifts significantly in the range of 
410 to 550 nm, indicating that the participation of CdS can 
to improve the light performance effectively. The band gap 
energy of NR-CeO2, CdS derived from Fig. 8b is calculated by 
the equation, their energy bands can be obtained by underneath 
formula [40]:

(1)αhν = A(hν − Eg)
n∕2

The α, h and v represent the absorption coefficient, the 
Planck constant and the optical frequency while A and Eg 
are the proportionality constant and the band gap energy, 
separately [41]. For NR-CeO2 and CdS, their n values are 
taken as 2. the Eg of photocatalyst of NR-CeO2, and CdS 
are calculated to be 2.89 and 2.27 eV, respectively, and the 
calculation results are shown in Fig. 8b. It is easy to find that 
the bandgap values of these results are close to the reported 
values [29, 42].

3.6 � Photocatalytic Activity

In order to prove that NR-CeO2/CdS has better photocata-
lytic activity, RhB was photodegraded in aqueous solution 
under simulated sunlight. As shown in Fig. 9a, the degrada-
tion rate of RhB reached 94.5% when NR-CeO2/CdS(1:1) 
was irradiated for 3 h. While under the same photocatalytic 
conditions, the degradation rates of NF-CeO2/CdS(1:1), NR-
CeO2 and CdS on RhB were 93.2%, 68.6% and 91.4%, sepa-
rately. It can be found that NR-CeO2/CdS(1:1) has higher 
photocatalytic activity than pure substance and NF-CeO2. 
The kinetic of pollutant degradation was simulated using 
the quasi-first-order model, the fitting line are presented 
in Fig. 9b, NR-CeO2, CdS, NR-CeO2/CdS(1:1), NF-CeO2/
CdS(1:1) reaction constant (min−1) were 0.27, 0.72, 0.88, 
0.84, separately. NR-CeO2/CdS(1:1) reaction rate con-
stants were higher than NR-CeO2 and CdS 3.26 times and 
1.22 times, NR-CeO2/CdS(1:1) is 1.05 times of NF-CeO2/
CdS(1:1). These results further prove that NR-CeO2/CdS 
has higher photocatalytic activity than NF-CeO2/CdS. The 
effect of mass ratio on the photoactivity of samples was 
also investigated. As shown in Fig. 9c, the mass ratio has a 
great influence on the photoactivity of the prepared samples. 
As the ratio of NR-CeO2 to CdS increased from 1:1 to 1:6, 
the photoactivity increased gradually. However, with the 
increase of CdS, the photoactivity decreased significantly. 

Fig. 8   a UV–Vis DRS of samples; b Tauc plots for the band gap energies originated from UV–Vis DRS
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Therefore, the photoactivity of NR-CeO2/CdS(1:6) is much 
higher than that of NR-CeO2 and CdS. Of course, the reac-
tion rate constant of NR-CeO2/CdS(1:6) is obviously higher 
than that of other samples with different proportions in the 
Fig. 9d.

To demonstrate the stability and reproducibility of the 
sample, the experiments were repeated on the best sample 
NR-CeO2/CdS(1:6). The experimental results showed that, 
as shown in Fig. 10a, the performance of sample NR-CeO2/
CdS(1:6) remained stable after four cycle experiments. 
The degradation rates of RhB in the four cycles are 98.3%, 
98.2%, 98.0% and 96.1%, respectively. Cyclic experiment 
results show that NR-CeO2/CdS(1:6) composite have 
impressive photocatalytic stability and reusability. Mean-
while, the XRD and SEM results of NR-CeO2/CdS(1:6) 
after 4 cycles were compared with those before the cycle. 
As shown in Fig. 10b and c, NR-CeO2/CdS(1:6) still main-
tained high crystallinity after four repeated tests, and the 
characteristic peak remained unchanged, as well as the mor-
phology. These also manifest that NR-CeO2/CdS(1:6) had 
good chemical stability.

3.7 � Photoluminescence and Electrochemical 
Analysis

The photoluminescence (PL) spectroscopy is used to analyze 
the separation and migration efficiency of photogenerated 
carriers. Generally, the higher the PL spectrum intensity, the 
higher the recombination probability of photogenerated car-
riers. Figure 11a presented the PL spectra of NR-CeO2, CdS 
and NR-CeO2/CdS(1:6) under 280 nm excitation wavelength, 
the emission peak intensity of NR-CeO2/CdS(1:6) reduced 
greatly, demonstrating that the combination of NR-CeO2 
and CdS can inhibit the recombination of photogenerated 
carriers, and improved electron transfer efficiency, thus mak-
ing the NR-CeO2/CdS display an enhanced photocatalytic 
performance [43]. In order to investigate the migration and 
separation efficiency of photogenerated electron–hole pairs, 
I-T of NR-CeO2, CdS and NR-CeO2/CdS(1:6) samples was 
measured. It can be seen from Fig. 11b that the transient 
photocurrent response of the samples are stable when-on 
and-off. The photocurrent response of NR-CeO2/CdS(1:6) 
under visible light irradiation is significantly enhanced 

Fig. 9   a Photocatalytic degradation of RhB with different morpholo-
gies and pure substances under visible light; b First order kinetic dia-
gram of RhB degradation with different morphologies and pure sub-

stances under visible light; c Photocatalytic degradation of RhB with 
different proportions under visible light; d First order kinetic diagram 
of RhB degradation with different proportions under visible light
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compared with that of pure materials, indicating that the 
loading of CdS can significantly improve the separation 
efficiency of photoelectron-hole pairs, thus contributing to 
the improvement of photocatalytic performance. Figure 11c 
demonstrates EIS curves of NR-CeO2, CdS and NR-CeO2/
CdS(1:6). Generally, the electron transfer efficiency is 
explained by the Radius of Nyquist arc, that is, the smaller 
the radius of Nyquist arc is, the lower the interfacial charge 
transfer resistance is. The Nyquist radius of NR-CeO2/
CdS(1:6) composite is the smallest, which indicates the 
lower electric resistance and higher photo-generated charge 
separation rate. Therefore, CdS accelerates the transfer and 
separation of NR-CeO2 carriers by forming a heterojunction 
structure. The LSV curves of NR-CeO2, CdS and NR-CeO2/
CdS(1:6) samples in the Fig. 11d. The overpotential of NR-
CeO2/CdS (1:6) sample is − 0.72 V, lower than NR-CeO2 
(− 0.75 V). The introduction of CdS improves the ability 
of electron migration and accelerates the catalytic reaction 
[44–46], which is consistent with the results of I-T and EIS.

MS curve results of NR-CeO2, and CdS at 500, 800 and 
1000 Hz are shown in Fig. 12. The slope of the fitting curve 
was positive is n-type semiconductor, so both NR-CeO2 
and CdS are N-type semiconductors, and their flat band 

potentials are − 1.11 and −  1.22 eV (VS Ag/AgCl), respec-
tively. In general, the minimum ECB is 0.1 eV higher than 
the Efb of n-type semiconductors [47]. Therefore, compared 
with ordinary hydrogen electrodes, the ECB of NR-CeO2 and 
CdS c are − 1.01 and − 1.12 eV, respectively. Their EVB can 
be converted using formula (2) below:

Therefore, the EVB values of NR-CeO2 and CdS are cal-
culated to be 1.88 eV and 1.15 eV, respectively.

3.8 � Photocatalytic Mechanism

To analyze the active components formed in the photocata-
lytic process of NR-CeO2/CdS(1:6) in Fig. 13a, a free radical 
capture experiment was carried out. ·OH, h+ and ∙O−

2
 were 

captured with IPA, Na2C2O4 and BQ, respectively. Fol-
lowing the addition of 0.1 M BQ into the reaction system, 
the degradation efficiency of RhB decreased from 98.3% 
to 10.9%, indicating that ·O2− is the key active species in 
RhB degradation process. Furthermore, after the addition 
of 0.1 M Na2C2O4 and IPA, the removal efficiency was 

(2)EVB = ECB + Eg

Fig. 10   a Cycling experiments of RhB degradation by NR-CeO2/CdS (1:6); b XRD patterns of fresh and used NR-CeO2/CdS (1:6) (after sixteen 
cycles); c SEM image of NR-CeO2/CdS (1:6) after cyclic testing
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remained at 59.8% and 80.3%, respectively. In this system, 
suggesting that h+ plays the second role in the degradation 
of RhB. To further detect the active components generated 
in the NR-CeO2/CdS(1:6) photocatalytic process, ESR spec-
troscopy was performed under visible light irradiation and 
dark conditions, as shown in Fig. 13b and c. Among them, 

DMPO as the capture of ⋅O−

2
 . TEMPO acts as a trap for 

h+ [48]. It is observed from Fig. 13b that no signal under 
dark conditions. However, after 5 min of visible light irra-
diation, the signal corresponding to · O−

2
 is very obvious. In 

addition, TEMPO-captured ESR spectra of h+ showed three 
stable signal peaks in the dark (Fig. 13c). When the visible 

Fig. 11   a PL spectra b Transient photocurrent responses under visible light irradiation c EIS d LSV of NR-CeO2; CdS and NR-CeO2/CdS(1:6)

Fig. 12   Mott–Schottky plots of a NR-CeO2 and b CdS
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light was irradiated for 5 min, the signal intensity decreased, 
which was due to the tempo-induced reaction of photoin-
duced electrons, oxidized to TEMPO, which indirectly indi-
cated that the generation of h+ should also contribute to the 
photocatalytic process [49].

Based on the above experimental data analysis and energy 
band theory, a possible RhB degradation mechanism is pro-
posed in Fig. 14. Due to the matching of band edge potential, 
a traditional type II heterostructure is formed between NR-
CeO2 and CdS. When NR-CeO2 and CdS recombine, the band 
gap changes and a new Fermi level equilibrium is formed. 
When exposed to simulated sunlight, the NR-CeO2/CdS gen-
erates holes and photogenerated electrons through photoex-
citation. Due to the matching and close contact between NR-
CeO2 and CdS, the photoelectrons accumulated in NR-CeO2 
(ECB = − 1.12 eV) of CdS migrate to CB (ECB = − 1.01 eV) of 
NR-CeO2. However, the holes will transfer from THE VB of 
NR-CeO2 ((EVB = 1.88 eV) to the VB of CdS (EVB = 1.15 eV) 
[49]. The electrons on CB of NR-CeO2 will be captured by O2 
to generate ⋅O−

2
 . As a reactive oxygen species, ⋅O−

2
 can oxidize 

RhB into degradation products. In addition, holes accumu-
lated on CdS can interact directly with RhB. According to the 
transferring circulation of h+/e−, the internal electric field was 
established between NR-CeO2 and CdS to inhibit the recom-
bination of h+ and e− pairs, thus improving the photodegrada-
tion efficiency. Under solar simulated irradiation, the reaction 
process of NR-CeO2/CdS can be expressed by the following 
formula:

(3)NR − CeO
2
∕CdS + hv → h+ + e−

(4)e
−

+ ⋅O
2
→ ⋅O

−

2

(5)∙O−

2
+ h+ + RhB → Products

Fig. 13   a Trapping experiment of the active species for the degradation of RhB under visible light irradiation; EPR signals of b DMPO–⋅O−

2
 ; (c) 

TEMPO–h+ in the NR-CeO2/CdS (1:6) under visible light illumination or dark conditions
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4 � Conclusion

In summary, a series of CeO2/CdS photocatalysts were pre-
pared using cerium nitrate as precursor by a facile solvo-
thermal method and assisted calcination method. The effects 
of the morphology, composite proportion and preparation 
technology on the photocatalytic activity of the composites 
were investigated, and the degradation mechanism of the 
composites was also discussed. The results showed that the 
composite effect of NR-CeO2/CdS was better than that of 
NF-CeO2/CdS, and the degradation efficiency of NR-CeO2/
CdS (1:6) was as high as 98.3%, which was much higher 
than that of CdS and NR-CeO2. This may be because differ-
ent crystal planes exposed of CeO2 lead to different degrada-
tion properties. Furthermore, NR-CeO2/CdS (1:6) showed 
good stability after four RhB photodegradation cycles. To 
determine the reasons for the excellent photocatalytic per-
formance of NR-CeO2/CdS (1:6), a large number of experi-
ments and characterization analyses were carried out. SEM, 
TEM and UV–Vis DRS show that NR-CeO2/CdS (1:6) has 
a 3D rod-like heterojunction structure and good optical 
properties. XPS, UV–Vis DRS, electrochemical analysis 
show that the Schottky junction formed at the NR-CeO2/
CdS interface is beneficial to the high separation and transfer 
efficiency of photogenerated carriers. This study provides 
an effective method and theoretical basis for interface and 
surface design of composite catalysts. Finally, free radical 
trapping experiments and ESR demonstrated the involve-
ment of active species (h+ and ∙O−

2
 ), and verified the type II 

transfer mechanism of NR-CeO2/CdS composite. Therefore, 
this work not only provides an effective method for catalyst 
interface design to prepare catalysts with high photodegrada-
tion rate and good reusability, but also has potential applica-
tions in the treatment of organic dyes.
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