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In this study, photocatalytic activity of Ca-doped ceria (CDC) for malachite 
green (MG) degradation was investigated. CDC was successfully synthesized 
via co-precipitation method using ammonium oxalate as a precipitating 
agent. CDC was characterized using Fourier transform infrared spectroscopy 
(FTIR), powder X-ray diffraction (XRD), UV-Vis spectroscopy, and scanning 
electron microscopy (SEM). The band gap energy (Eg) of CDC was found to be 
3.96 eV. In addition, the factors affecting the photodegradation of MG 
including; irradiation time, photocatalyst dosage, initial dye concentration, 
and solution temperature were studied. The results revealed that CDC could 
degrade approximately 93% of MG dye at the concentration of 6 mg/L, 
irradiation time of 90 min, photocatalyst dosage of 0.1 g, and solution 
temperature of 35 °C. The obtained results indicate that CDC is a promising 
material for the photocatalytic applications and can be used to eliminate very 
toxic dyes such as MG. 
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Graphical Abstract 

 

 
Introduction 

Water pollution by synthetic dyes has 

become one of the greatest worldwide 

environmental issues as they pose a 

considerable threat to both human health and 

aquatic life [1]. Malachite green (MG), a cationic 

triphenylmethane dye, has found widespread 

applications as colouring agent in various 

industries including; textile (such as silk and 

wool), food, paper, and leather [2, 3]. It has also 

been used for the production of ceramics, 

defend against bacterial infections, and treating 

scratches on fish bodies in agricultural industry 

[3]. However, it has been reported that this dye 

is highly toxic, mutagenic, carcinogenic, and 

persistent  [2]. Therefore, eliminating such a 

very toxic dye before being discharged into 

water body is of environmentally importance.  

Over the last few years, various techniques 

have been developed to eliminate organic dyes 

from water environments including, 

coagulation-sedimentation [4], membrane 

filtration [5], photocatalysis [6, 7], and 

adsorption [8‒10]. Among these methods, 

photodegradation is attracted much attention 

because it has the ability to decompose and 

convert a wide range of dangerous 

contaminants including organic and inorganic 

compounds into safe by-products [3, 11]. In 

addition, photocatalysis on the surfaces of 

semiconductors is regarded as one of the 

efficient and green solutions for solving serious 

environmental issues [12‒14]. In this process, 

electron/hole (e−/h+) pairs are produced in the 

conduction (CB) and valance bands (VB) when 

semiconductor materials are illuminated with 

light of suitable energy [15]. The generated 

e−/h+ pairs will migrate to the surface of 

semiconductor particles and produce very 

reactive radicals (such as OH● and ●O2−) by the 

reaction with the surrounding H2O and O2 

molecules. The combination of reactive oxygen 

radicals with valance band holes will degrade 

the dye molecules in the contaminated water 

[12]. This means that the generated e−/h+ pairs 

contribute significantly in the redox reactions 

and producing the final products [14].  
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Cerium oxide (CeO2), ceria, is an n-type 

semiconductor with band gap energy (Eg) of 

about 3.19 eV [16, 17]. In recent years, cerium 

oxide (CeO2) nanoparticles (CNPs) have drawn 

lots of attention due to their remarkable 

chemical and physical properties including, 

excellent oxygen release/storage ability, high 

surface area, low dimensionality, low cost 

compared to noble metal catalyst, strong 

absorption of the light in the UV region and 

chemical, and photocorrosion resistance [6, 16, 

18, 19]. Therefore, CNPs and their 

nanocomposites have found applications in 

different areas such as optical devices [20] solid 

oxide fuel cells (SOFCs) [21], ammonia 

synthesis [22, 23], photocatalysis [6, 24], UV 

absorbents and filters [25, 26], and gas sensors 

[16]. In addition, the properties of cerium oxide 

are greatly enhanced by controlling the oxygen 

vacancies within the oxide structure using the 

substitution strategy. It has been reported that 

the catalytic activities of CeO2 were significantly 

improved by the substitution of Ce atom by 

lower oxidation state elements (M+2 or M+3) 

[27]. In this regarded, several substituted CeO2 

nanomaterials have been employed for dye 

photodegradation applications. Recently, 

Murugan et al. [7] used alkaline metal ion (Mg, 

Ca, Sr, Ba) doped ceria NPs for the 

photodegradation of methylene blue (MB). In 

one study, Yue and Zhang [28] used Fe-doped 

ceria for the photocatalytic degradation of 

methylene blue. In another study, Gnanam et al. 

[6] have successfully synthesized (Cd, Pd) 

doped ceria NPs for the photocatalytic 

degradation of Rhodamine B (RhB) and Congo 

red (CR) dyes. In addition, Maria Magdalane et 

al. [29] have syhtnsised CeO2/CdO multi-

layered nanoplatelet arrays and investigated 

their photocataytic degerdation of malachite 

green (MG). Among the aforementioned 

dopants, Ca+2 is of practical importance because 

it is readily available and economically viable 

[30]. To the best of our knowledge, there is no 

report on malachite green degradation using 

Ca-doped ceria (CDC) as a photocatalyst. Based 

on this discussion, the main focus of the present 

study is to synthesize CDC and to investigate 

their photocatalytic degradation for a very toxic 

cationic dye namely malachite green. 

Experimental 

Materials and methods 

Malachite green (C23H25ClN2) was purchased 

from Riedel-de Haën. Ammonium cerium (IV) 

nitrate ((NH4)2Ce(NO3)6) was purchased from 

VWR Prolabo BDH Chemicals. Calcium nitrate 

(Ca(NO3)2·4H2O) and Ammonium oxalate 

((NH4)2C2O4·H2O) were purchased from T-

Barker Lab Chemicals. The chemicals were used 

as received without any further purification. 

Synthesis of Ce0.8Ca0.2O2−δ catalyst 

A photocatalyst composed of calcium-doped 

ceria (Ce0.8Ca0.2O2−δ, CDC) was synthesized via a 

co-precipitation method [31]. In a typical 

procedure, the required amounts of 

((NH4)2Ce(NO3)6 and Ca(NO3)2·4H2O were 

dissolved in deionized water. Then, 0.3 M 

ammonium oxalate solution (precipitating 

agent) was added dropwise to the mixed 

solution under vigorous stirring until a 

complete precipitation occurs. Then, the 

resulted white precipitate was stirred for 1 h to 

get a homogenous mixture that was vacuum 

filtered before being washed several times with 

deionized water and ethanol. The obtained 

precipitate was dried overnight at 80 °C. Finally, 

pale-yellow fine powder of CDC was obtained 

after firing the dried precipitate in air at 600 °C 

for 2 h. 

Characterization  
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Philips- PW 1800 diffractometer with CuKα 

radiation (λ = 1.54186 Å) was used to record the 

X-ray diffraction (XRD) pattern of CDC. The XRD 

data of the most intense peaks was used to 

estimate the lattice parameters (a), volume of 

the unit cell (Vcell), crystallite size (D), the X-ray 

density (ρXRD) and the specific surface area 

(SXRD) of CDC using Equations 1 to 5, 

respectively [32, 33]. 

𝑎 = 𝑑ℎ𝑘𝑙√ℎ2 + 𝑘2 + 𝑙2 (1) 

𝑉𝑐𝑒𝑙𝑙 = 𝑎3 (2) 

𝐷 =
0.9 𝜆

(𝛽cos𝜃)
 

(3) 

𝜌𝑋𝑅𝐷 =
𝑍𝑀

𝑁𝐴𝑉𝑐𝑒𝑙𝑙
   

(4) 

𝑆𝑋𝑅𝐷 =
6000

𝐷 ∙ 𝜌𝑋𝑅𝐷
   

(5) 

where, d is the interplanar distance, khl are 

the Miller indices, β is the full width at half 

maximum (FWHM) of the peak in radiance, θ is 

the Bragg angle, λ is the wavelength of the X-ray, 

NA is the Avogadro’s number, Z is the number of 

molecules per formula unit (Z = 4 for fluorite 

system) and M is the molecular weight of the 

sample.  

LEO 1430PV scanning electron microscope 

(SEM) was used to characterize the morphology 

of CDC. The Fourier transform infrared (FT-IR) 

spectrum of the photocatalyst (CDC) was 

recorded using Nicolet 380 spectrometer using 

KBr pellet technique in the wavenumber range 

of 400-4000 cm-1. UV-Vis spectrophotometer 

(Evolution 300, Thermo Electronic 

Corporation) was used to record the absorption 

spectrum of CDC using quartz cuvettes of 1 cm 

in length within the wavelength of 200 to 500 

nm. To do this, CDC powder (1 mg) was 

dispersed into 25 mL of ethanol by ultra-

sonication for 30 min [26]. The optical band gap 

energy (Eg) of CDC can be estimated by plotting 

(αhν)2 against hν for direct transitions, as 

described by the following equation [17];  

(αhν)n = B(hν – Eg)                                          (6) 

where, hν is the photon energy (eV), α is the 

absorption coefficient and B is a constant 

relative to the material. The value of n equals 2 

for direct transitions and ½ for indirect 

transitions. In addition, Einstein’s photoelectric 

effect formula the Eg of CDC according to the 

following Equation [34, 35]; 

Eg(eV) =
1240

λ
   

where, λ is wavelength corresponding to 

absorption peak of CDC.  

Photocatalytic degradation test 

A 100 mg/L stock solution of MG was 

prepared by dissolving the weight amount of 

MG into the required volume of deionized 

water. The working solutions with the desired 

concentrations were prepared by diluting the 

MG stock solution using deionized water. To 

carry out the photodegradation test, a certain 

amount of CDC powder was added to 25 mL 

flasks containing 20 mL of MG solution. Then, 

the reaction mixture was shaken in the dark for 

30 min to ensure adsorption/desorption 

equilibrium before being irradiated for 

predetermined time under UV light (λ = 366 

nm) using UV lamp, 8 W, (CAMAG, Switzerland). 

After each photodegradation experiment, the 

reaction mixture was centrifuged for 5 min at 

speed of 4000 rpm. Then, a single beam UV-Vis 

spectrophotometer (GENESYS 10 UV, Thermo 

Electronic Corporation) was used to measure 

the residual concentration of MG at a maximum 

wavelength (λmax) of 617 nm. To investigate 

photocatalytic activity of CDC, the experiments 

were conducts under different operational 

conditions including; irradiation time (0-180 

min), initial dye concentration (2-10 mg/L), 

photocatalyst dosage (0.04-0.14 g) and dye 

solution temperature (25-45 °C). The 
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photocatalysis experiments were carried out in 

triplicate and the percentage degradation of MG 

was estimated using the following equation 

[36]; 

% Degradation =
Ao − At

Ao
× 100 

 (8) 

where, AO is the initial absorbance of MG dye 

solution and At is the absorbance of MG dye 

solution after photodegradation for certain time 

t.  

Results and Discussion 

Characterization  

Figure 1 displays the XRD pattern of CDC. As 

shown, a single phase of CDC was obtained 

when the corresponding precursors were 

calcined in air at 600 °C for 2 h. As seen in Figure 

1, all the observed peaks were well indexed to 

cerium oxide (CeO2) with a cubic fluorite 

structure (JCPDS card No. 34-0394). The 

structural parameters values of CDC were 

estimated using the XRD data of the most 

intense peaks. The calculated values of lattice 

constant (a=b=c), the crystallite size (D), unit 

cell volume (Vcell), the X-ray density (ρXRD) and 

the specific surface area (SXRD) were found to be 

5.3050 ±0.0348 Å, 14.08±6.00 nm, 149.31±2.94 

Å3, 6.76 g/cm3 and 63.04 m2/g, respectively. 

Moreover, the specific surface area is an 

important parameter which can affect the 

material’s properties such as photochemical 

efficiency, physical property and chemical 

reactivity [32]. 

 

Figure 1. Powder X-ray diffraction pattern of Ce0.8Ca0.2O2−δ powder 

Figure 2 displays the FT-IR spectrum of CDC 

powder within the wavenumber ranging from 

400 to 4000 cm-1. As shown, the absorption 

band located at 486 cm-1 is assigned to the 

stretching vibration of Ce‒O bond [37]. The 

bands located within the wavenumber range of 

713-1175 cm-1 are accredited to C‒O stretching 

vibration [7]. The band located around 1423 

cm−1 is attributed to C‒H bending vibration 

[38]. The weak band observed at 2612 cm-1 is 

assigned to C-H stretching vibration. This is an 

indication of organic compounds adsorption 

onto the surface of CDC [37]. The broad band 

located 3402 cm-1 and the weak band observed 
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at 1793 cm-1 are attributed to stretching and 

bending vibrations of O‒H bond, respectively 

[6]. 

 

Figure 2. FT-IR spectrum of Ce0.8Ca0.2O2−δ powder 

The morphology of CDC surface was 

investigated using scanning electron 

microscope (SEM) and the result is showing in 

Figure 3. As shown from SEM image, the surface 

morphology of CDC consists of small particles 

which are agglomerated and then form 

aggregates. These agglomerates (~ 30 µm) are 

formed because of two reasons. First, the small 

particles (in nano scale) are energetically more 

stable in the agglomeration configuration. 

Second, the agglomeration of the small particles 

allows for crystal growth [26].  

 

Figure 3. SEM image of Ce0.8Ca0.2O2−δ podwer 
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The energy band structure feature is one of 

the important factors that play an important 

role in determining the photocatalytic activities 

of the semiconductor [13]. The optical property 

of CDC was investigated using UV-Vis technique. 

Figure 4a displays the UV-Vis absorption 

spectrum of CDC, dispersed in ethanol, in the 

range of wavelength between 200 to 500 nm. As 

can be seen, the CDC sample exhibit a strong 

absorption peak between 225 and 325 nm, with 

a maximum value at approximately 269 nm. 

Figure 4b depicts the plot of (αhν)2 against hν 

(Tauc plot) from which the band gap energy (Eg) 

of CDC was determined. The Eg value is 

estimated from the intersection of the 

extrapolated linear portion with x-axis at which 

the absorption is zero (see Figure 4b). The Eg 

value of the prepared photocatalyst (CDC) was 

found to be 3.96 eV. This value is higher than 

those reported previously by Truffault et al. [26] 

for pure CeO2 (3.20 eV) and 20% mol Ca-doped 

CeO2 (3.36 eV).   

 

 

Figure 4. a) UV-Vis absorption spectrum of Ce0.8Ca0.2O2−δ, b) Tauk plot 



Photocatalytic degradation of malachite green  ...                                                                                              8 

 

Photocatalytic activity of CDC 

As mentioned earlier, the photocatalytic 

activity of CDC was investigated under different 

operational conditional including; irradiation 

time, initial concentration of MG, photocatalyst 

dosage and solution temperature. Figure 5a 

represents the UV-Vis spectra of MG dye (10 

mg/L) at different irradiation time (0-180 min) 

and photocatalyst dosage of 0.1 g. As can be 

seen, the peak intensity (at 617 nm) decreased 

with increasing the irradiation time and 

reaching a low intensity at irradiation time of 90 

min. It also is to be noted that, no observable 

degradation was observed when MG dye was 

subjected to UV irradiation for 180 min in the 

absence the CDC. This indicates that the 

observed degradation of MG was a result of the 

photocatalytic activity of CDC. Figure 5b shows 

the percentage degradation of MG as a function 

of irradiation time (0-180 min). As shown, the 

CDC catalyst was able to degrade almost 50% of 

MG dye in the first 5 min of irradiation time. In 

addition, there was a slight increase in the 

percentage degradation of MG as the irradiation 

was increased. The maximum value percentage 

degradation (65.69%) was attained at 90 min 

irradiation time after which a slight decrease in 

the percentage degradation was observed.  

 

 

Figure 5. a) UV-Vis spectra changes during the photodegradation of MG, b) Effect of irradiation time 
on the percentage degradation of MG 
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To determine the effect of initial MG 

concentration, the experiment was conducted 

at different MG concentration (2-10 mg/L) and 

the other experimental conditions were kept 

under fixed values (irradiation time of 90 min 

and photocatalyst dosage of 0.1 g). The effect of 

MG initial concentration on the percentage 

degradation is shown in Figure 6. As can be 

seen, the percentage degradation changed from 

70.29% at MG concentration of 2 mg/L to 

84.53% when the MG initial concentration was 

increased to 6 mg/L. This increase in 

percentage degradation could be explained 

based on the fact that by increasing the MG 

initial concentration, the MG molecules 

quantities per volume unit will increase and 

enhancing the collosion probability between 

the MG molecules and oxidizing species which 

in trun resulted in an increase in the 

photodegredation percentage of MG dye [39]. 

However, by further increasing MG initial 

concentration above 6 mg/L, a decrease in the 

percentage degradation was observed reaching 

a minimum value of about 65.69% at an initial 

concentration of 10 mg/L. This could be due to 

that fact that more light will be absorbed by dye 

molecules rather than by the photocatalyst at 

high initial dye concentration. This in turn will 

lead to a reduction in the formation of hydroxyl 

(OH●) and superoxide (●O2−) radicals and 

consequently decreasing the photocatalyst 

activity [40]. 

 

Figure 6. Effect of the initial concentration on the percentage degradation of MG 

The effect of the photocatalyst (CDC) amount 

on the percentage degradation was investigated 

by changing the CDC dosage from 0.04 g to 0.14 

g. For this, the experiment was carried out at 

irradiation time of 90 min, initial MG 

concentration of 6 mg/L and room temperature 

and the result is shown in Figure 7. As 

demonstrated, the percentage degradation of 

MG remains almost at a constant value (~75%) 

when the CDC amount was increased from 0.04 

to 0.08 g. In addition, an increase in the 

percentage degradation of about 84.53% was 

observed as the CDC was increased to 0.1 g. This 

could be due to the increase in the number of 

photocatalyst active sites which in turn resulted 

in enhancing OH● radicals’ production and 

consequently increasing the percentage 

degradation of MG [40, 41]. However, by further 

increasing the CDC amount above the optimum 

value (0.1 g), the percentage degradation 

decreased approximately to a constant value. 

This observed decrease in the percentage 
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degradation might be due the fact that, 

increasing the photocatalyst amount will result 

in increasing the turbidity of the suspension and 

leading to a reduction in the penetration of UV 

light as a result of light scattering effect [41, 42]. 

 

Figure 7. Effect of photocatalyst amount on the percentage degradation of MG 

Figure 8 displays the percentage 

degradation of MG as a function of dye solution 

temperature. This experiment was conducted at 

various solution temperatures (25, 35, and 45 

°C), irradiation time of 90 min, photocatalyst 

dosage of 0.1 g and initial MG concentration of 6 

mg/L. A shown, there was a slight increase in 

the percentage degradation was observed as 

the solution temperature was increased from 

25 °C (89.51%) to 35 °C (92.52%). In addition, 

the percentage degradation of MG decreased 

slightly when solution temperature was 

increased to 45 °C (90.86%). This indicates that 

a solution temperature of 35 °C seems to be the 

best temperature in the present work. Table 1 

represents the percentage degradation of MG 

using different photocatalyst materials [3, 36, 

43-45]. As can be seen from the table, the 

proposed material (CDC) seems to be promising 

photocatalyst and can be used for the 

degredation of very toxic dyes.  

 

Figure 8. Effect of the solution temperature on the percentage degradation of MG 
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Table 1. Comparison of percentage degradation of MG using different photocatalysts 

Photocatalyst Light 

source 

Lamp 

power 

(w) 

MG 

concentration 

(mg/L) 

Degradation 

(%) 

Irradiation 

time (min) 

Reference 

SiO2 Visible 125 10 100 10 [3] 
ZnO Visible 500 50 67 60 [43] 

ZnO-doped LOa Visible 500 50 99 60 [43] 
La0.7Ba0.3CoO3 Visible 250 10 97 60 [44] 

CdO UV 30 10 76 175 [36] 
Ag-CdO UV 30 10 78 175 [36] 

TiO2 UV 15 50 100 360 [45] 
Ce0.8Ca0.2O2−δ UV 8 6 93 90 This study 

a lanthanide oxide 

Figure 9 represents a schematic diagram for 

the proposed degradation mechanism of MG 

under UV light irradiation using CDC as a 

photocatalyst. When the CDC catalyst is 

irradiated by UV light, holes in the VB will be 

created as the electrons in the VB got excited 

and jumped to the CB. These generated holes 

will react with the surrounding H2O and 

producing highly reactive hydroxyl radicals 

(OH●). In addition, highly reactive oxygen 

radicals (●O2−) will be produced when the 

generated electrons (e−) react with the 

surrounding atmospheric oxygen molecules 

(O2). These reactive species are responsible for 

MG photodegradation [7, 36, 46].   

2 2Ca-CeO  + h   Ca-CeO  2(e h )      (8) 

2 2e  + O   O                                                          (9) 

2 2 22e  + O  + 2H  H O                                  (10) 

2 2 2H O  + O   OH OH                                (11) 

2OH  /h  / O MG Degraded product     

(12) 

 

Figure 9. Schematic representation for mechanism of MG photodegradation using CDC as a 
photocatalyst under UV irradiation   
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Conclusion 

A photocatalyst composed of Ca-doped ceria 

nanoparticles (CDC) was synthesized via co-

precipitation method using ammonium oxalate 

as a precipitating agent. The XRD results 

revealed that a single phase of CDC with cubic 

structure was successfully formed. The 

estimated band gap energy (Eg) value of CDC 

was found to 3.96 eV. In addition, under the 

optimum operational conditions (initial dye 

concentration of 6 mg/L, irradiation time of 90 

min, photocatalyst dosage of 0.1 g and solution 

temperature of 35 °C), approximately 93% of 

malachite green (MG) dye could be degraded 

under UV irradiation using CDC NPs as a 

photocatalyst. The present study reveals that 

CDC is potentially promising candidate 

photocatalyst materials for degradation of very 

toxic synthetic dyes from aqueous 

environments. 
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