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Abstract: Er/Gd co-doped CeO2 thin films were produced by the ultrasonic spray pyrolysis technique (USP) and 
photocatalytic degradation of methylene blue (MB) dye was carried out. The effect of Er/Gd co-doping on the optical, 
surface and photocatalytic properties of CeO2 films was analyzed. All prepared films showed high transmittance of over 
75% in the visible region (300-900 nm). According to FESEM analysis results, morphological changes such as cracks 
and particle agglomeration were observed in the films. In photoluminescence measurements, blue and green emissions 
were found in the films. While the photocatalytic degradation percentage of the undoped CeO2 film was 42%, when 
both Er and Gd were doped, the degradation percentage increased significantly and reached 75%. Photocatalytic studies 
revealed that Er/Gd-doped CeO2 films exhibited better photocatalytic efficiency compared to undoped CeO2 films. As a 
result, it was observed that the coexistence of Er and Gd has significant effects on the optical, surface and photocatalytic 
properties of CeO2 films. Considering all the results, it is concluded that CeO2:Er:Gd photocatalysts may have an 
important potential application in environmental remediation.
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1. Introduction
Untreated industrial wastewater is one of the main sources of pollution. Pollution of water resources constitutes

one of the most important problems of the modern world. The need for efficient and stable materials that can be used 
as photocatalysts under visible light in wastewater treatment has increased in recent years. Especially metal oxide 
semiconductors have been attracting much interest [1]. ZnO [2], Fe2O3 [3], SnO2 [4], WO3 [5], TiO2 [6] and CeO2 [7] 
are used for the removal of organic contaminants from various pollution sources because of their high photo-activity. 
Among these materials, except TiO2, CeO2 is one of the materials most frequently applied as a semiconductor [8]. 
CeO2 is an n-type semiconductor metal oxide, it has several properties such as chemical inactivity, cost-effectiveness, 
photostability and non-toxicity [9]. CeO2 is a relatively stable rare earth oxide that has good properties for the storage 
and release of oxygen. When the valencies change, oxygen vacancies or lattice defects form due to the loss of oxygen 
or electrons. The crystal is a cubic fluorite structure [10]. Furthermore, CeO2 films can be very useful as an energy 
storage material [11], gas sensors [12], photocatalysis [13], solid solutions [14], optoelectronics [15], catalysts [16], 
supercapacitors [17], UV photodetectors [18]. Optical and surface properties are among the important parameters [19-21]. 
As a rare earth element, the ‘Er’ constituent has gained important interest as a dopant due to its promising physical and 
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chemical characteristics [22]. Among the various rare earth oxide materials studied so far, CeO2 is the best base material 
for other rare earth materials such as europium (Eu), yttrium (Yt), gadolinium (Gd), samarium (Sm) and erbium (Er). 
CeO2 NPs attract attention due to their properties such as UV absorbing capacity [23]. Er and Gd elements were doped 
separately into CeO2 films and studied [24-27]. Only one study on Er and Gd co-doped CeO2 films has been found in the 
literature. This work, published in the literature by Torun and his group [28], is to synthesize Er and Er-Gd co-dopants 
as electrolyte additives, so an investigation on their photocatalytic properties has not been studied. So far, there is no 
study in the literature focusing on the photocatalytic properties of CeO2 films doped with Er and Gd elements. The aim 
of this study is to investigate the optical, surface and photocatalytic properties of Er and Er/Gd co-dopants on CeO2 
films in order to fill this gap in the literature.

2. Experimental
2.1 Material and methods

Undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) co-doped thin films were obtained using the ultrasonic 
spray pyrolysis technique (USP). Before deposition, the glass substrates were cleaned with detergent, then rinsed with 
deionized water and acetone, followed by a final rinse with deionized water. The precursor solution of cerium nitrate 
hexahydrate Ce(NO3)3·6H2O was dissolved in 75 ml methanol and 25 ml deionized water (3:1) and stirred on a magnetic 
stirrer at 60 °C for 15 min. Solutions of erbium nitrate pentahydrate Er(NO3)3·5H2O and gadolinium nitrate hexahydrate 
Gd(NO3)3·6H2O were also prepared and added to the precursor solution. Experimental parameters such as substrate 
temperature, solution flow rate and time required for the synthesis are given in Table 1. During the synthesis process, the 
substrate temperature and solution flow rate parameters were continuously controlled. The controlled parameters have 
significant effects on the resulting films. Low or high base temperature significantly affects the adhesion of the films to 
the substrate and their physical properties. Increasing and decreasing the solution flow rate causes porous films to form 
or not.

Table 1. Experimental parameters for deposition of undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) thin films

Film CeO2, CeO2:Er and CeO2:Er:Gd

Solvent Methanol:Deionized water (3:1)

Solution Molarity and Amount 0.05 M, 100 ml

Doping Concentration (%) 3

Substrate Temperature 300 ± 5 °C

Solution Flow Rate and Time 10 ml/min, 10 min

2.2 Physical measurements

Transmittance for visible light was determined by using the Perkin Elmer Schimadzu UV-2550 spectrophotometer. 
Structural properties of the films were performed using XRD patterns ‘‘Panalytical Empyrian’’ with CuKα radiation. 
AFM and FESEM devices have been used to obtain the information of the surface properties. Photoluminescence 
(PL) spectra of the films have been taken at 350 nm excitation wavelength using the Perkin Elmer LS55 Fluorescence 
Spectrometer system. The maximum absorption wavelengths of the dye solutions used in photocatalytic activity 
measurement were determined using a UV-2550 spectrophotometer. Photodegradation efficiency (%) was determined by 
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measuring the absorbance of the samples using Perkin Elmer Schimadzu UV-2550 spectrophotometer.

3. Results and discussion
3.1 Optical properties

The transmittance and absorbance spectra of CeO2, CeO2:Er and CeO2:Er:Gd thin films are shown in Figure 1. All 
films show high transparency between 75% and 90% in the 300-900 nm visible range. The CeO2:Er (3%) film has the 
highest transmittance of over 90% in the visible range.
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Figure 1. (a) The transmittance and (b) absorbance spectra of undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) films
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Figure 2. Optical band gap of undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) films

The Tauc relationship was used to directly determine the optical band gap energy of the produced thin films. Figure 
2 shows the change of (αhυ)2 with energy hυ for a direct transition using the Tauc formula [29];

( ) ( )2
ghv A hv Eα = − (1)

where α absorption coefficient, hυ incident photon energy, A proportionality constant and Eg optical band gap. Figure 2 
shows the optical bandgap values graph. 

3.2 Structural properties

Figure 3 represents the XRD pattern of pure CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) films and the observed 
peaks correspond to (111), (200), (220) and (311). All characteristic peaks matched JCPDS card no. 34-0394 [30]. The 
(111) peak orientation was dominant in the undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) co-doped films. The 
high intensity diffraction peak (111) shifts slightly towards the lower angle as a result of the incorporation of Gd3+ ions. 
This shift in the peak may be related to the lattice expansion and strain induced by the doping of Gd ions [26].

Crystallite size (D) is estimated using the Scherrer formula [31]:

cos
kD λ

β θ
= (2)

where (D) is the crystallite size in nanometer scale, k (0.9) is the Scherrer constant, λ is the X-ray wavelength (0.15406 
nm), β is full width at the half of maximum peak (FWHM) and θ is the Bragg’s angle.

Dislocation density (δ) is obtained by the following formula [32]:

2
1

D
δ = (3)
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Table 2. Crystallite size (D) and dislocation density (δ) values for the (111) plane of undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) films

Film D (nm) δ × 10-4 (1/nm2 )

CeO2 21.83 21

CeO2:Er (3%) 16.05 39

CeO2:Er:Gd (3%) 13.15 58

Table 2 shows that the average crystallite size decreased from 21.83 nm to 13.15 nm with the addition of Er and Er/
Gd.
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Figure 3. XRD patterns of undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) films

3.3 Afm analysis

The surface properties of the films were examined using AFM. Figure 4 shows the 3D surface images of CeO2 
thin films taken from an area of 10 ×10 µm. The morphology of undoped CeO2 and Er-doped CeO2 thin films exhibits 
spherical small granules with homogeneous distribution. It can be seen from AFM images that the film morphology 
changes with Er/Gd doping. Additionally, Table 3 gives the Rq (root mean square) and Ra (average) roughness values 
of the films. The roughness values given in Table 3 refer to the scanned areas. The sample with the highest surface 
roughness among all films is CeO2:Er:Gd (3%). The roughness values of films to be used in technological and 
photocatalytic applications are significant [33].
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Figure 4. AFM images of undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) films

Table 3. Rq and Ra values of undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) films

Film Rq (nm) Ra (nm)

CeO2 4.2 3.5

CeO2:Er (3%) 47.3 36.6

CeO2:Er:Gd (3%) 68.1 52.9

3.4 Morphology analysis

The surface morphology of the films was investigated using FESEM. Figure 5 shows FESEM and EDX 
micrographs of CeO2, CeO2:Er and CeO2:Er:Gd films at 2 µm and 500 nm magnification. A cracked surface is seen 
in the FESEM images (Figure 5) of undoped CeO2 and CeO2:Er doped films. After Er/Gd co-doping of CeO2 films, 
agglomeration of particles was observed via FESEM analysis images. Grained structures overlap to form agglomerates 
and cracks may represent boundaries between agglomerates [34]. It was observed that the surface morphology of the 
films changed with co-doping. The quality of the surface is important for applications such as sensing and photocatalysis 
[35]. Improvement of photocatalytic activity depends on various factors. Among these factors, surface morphology and 
surface roughness are important factors. In Figure 4, the density and surface area of particle agglomeration increases 
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with Er-Gd co-doping. Particle agglomeration creates rough surfaces. Surface roughness values are listed in Table 3. 
The EDX study helps us identify the elemental compositions of the deposited films and is reported in Table 4. As seen 
in Table 4, Ce, O, Er and Gd element ratios were determined by EDX.

Table 4. EDX results for undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) films

Film Ce wt% O wt% Er wt% Gd wt%

CeO2 69.15 30.85 - -

CeO2:Er (3%) 19.42 76.49 4.09 -

CeO2:Er:Gd (3%) 37.63 54.36 7.58 0.42
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Figure 5. FESEM surface of undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) films taken at (a) 2 µm and 500 nm magnification, (b) Undoped 
CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) films elemental mapping images.
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3.5 Photoluminescence properties

PL spectra can be used to determine the bandgap of the material and to investigate the traps caused by visible deep 
defects in the material [36]. Emission spectra of undoped CeO2, CeO2:Er and CeO2:Er:Gd films were obtained at 350 nm 
excitation wavelength at room temperature (Figure 6). Labelled A and B are emission peaks representing two different 
luminescence transitions. Blue and green emissions were observed in all films. The presence of the blue emission is 
thought to be related to the level of imperfection due to dislocation and oxygen defects that are localized between the 
O 2p and Ce 4f bands [37]. It suggests that increasing the Gd doping concentration may increase surface defect levels 
and suppress electron transfer from Ce 4f to O 2p levels [38]. Green emission at ~565 nm in CeO2 film can be caused 
by surface defects, and the high intensity of green emission can be attributed to the high density of oxygen vacancies 
[39]. The green emission peaks at ~565 nm correspond to the transition from the conduction band to the Gd3+ dopant 
level and the recombination of electrons trapped in the singly ionized oxygen vacancy (Vo+) with holes in the valence 
band, respectively [40]. Since PL emission spectra are generated by the recombination of excited electrons and holes, 
an increase in PL intensity would indicate an increase in the recombination fraction of electron-hole pairs under the 
influence of light irradiation [37].
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Figure 6. PL spectra of undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) films

3.6 Photocatalytic activity

The photocatalytic performance of the produced thin films was evaluated by examining the decolorization of high-
purity MB organic dye solution with an initial concentration (C0) of 2 mg/L. In the presence of undoped CeO2, CeO2:Er 
(3%) and CeO2:Er:Gd (3%) co-doped thin films, the photodegradation of MB dye proceeds quite well during 300 min of 
irradiation. Under 300 minutes of illumination, degradation efficiency increased with doping. The percent degradation 
efficiency of CeO2 films is given in Figure 7.

The photocatalytic degradation efficiency was calculated by the following equation [41];

0
(%) 1 100tC

Cη  = − × 
 

(4)



Advanced Energy Conversion MaterialsVolume 5 Issue 1|2024| 141

where C0 represents the initial concentration of MB and Ct denotes the real-time concentrations of MB, respectively. 
Surface roughness is one of the important parameters that improve photocatalytic activity. The improvement 

in photocatalytic degradation percentages with the doping process of the films is supported by the increase in the 
roughness values presented in Table 3. Another important parameter affecting the photocatalytic activity is the surface 
defects that occur in photoluminescence measurements. The higher the photoluminescence intensity of the films, the 
higher the surface defects that occur. The increase in photocatalytic activity as a result of the co-doping process may 
be due to the fact that the two doped elements are rare earth elements and surface defects formed as a result of doping. 
Several RE metal ion-modified photocatalysts show higher absorption in the UV region and the higher activity may also 
be due to its higher intrinsic absorptivity. The higher activity under UV irradiation is probably due to the ability of RE 
metal ions to trap electrons and minimize electron-hole recombination [42]. These defects are caused by the lifetime of 
photoexcited holes and electrons and increase the photocatalytic activity by creating electron-hole pair separation [43].
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Figure 7. Graph of the degradation efficiency of undoped CeO2, CeO2:Er (3%) and CeO2:Er:Gd (3%) thin films 

4. Conclusions
As a result, CeO2, CeO2:Er and CeO2:Er:Gd thin films were deposited on the glass substrate by ultrasonic spray 

pyrolysis method. Optical, morphological, photoluminescence and photocatalytic properties were evaluated. The optical 
transmittance of the films was increased by the doping process. Among all films, CeO2:Er (3%) film stands out with 
90% high transmittance. In the AFM analysis results, the film with the highest roughness was seen as CeO2:Er:Gd 
(3%). In the FESEM analysis, cracked and particle-agglomerated surfaces were observed in the morphology of the 
films. Looking at the photoluminescence measurement results, blue and green emission is seen in all films. When the 
photocatalytic activities of the films were examined, Er/Gd-doped CeO2 showed a degradation of ∼75%, while undoped 
CeO2 also showed a degradation of ∼42%. Therefore, the best photocatalytic activity was obtained with Er/Gd doped 
CeO2. Co-doping of Er/Gd elements has a positive effect on the photocatalytic properties of CeO2 films. The results 
show that Er/Gd co-doped CeO2 nanostructured films are promising for photocatalysts.
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