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Abstract. The present study designates the photocatalytic degradation efficiency of RhB dye 

using cerium-cobalt co-doped BiFeO3 nanoparticles. Nanoparticles of Ce0.1CoxBi1-xFe2O3 (0 ≤ x 

≤ 0.2) have been facilely synthesized via sol-gel auto-combustion method. FESEM analysis 

revealed the irregular-shaped nanoparticles with agglomerated coalescence behaviour and the 

element composition in Ce0.1CoxBi1-xFe2O3 (0 ≤ x ≤ 0.2) was confirmed in EDX. The crystallite 

size can be calculated around 64 nm to 71 nm for pure BiFeO3 nanoparticles and in range of 41 

nm to 60 nm for the co-doped BiFeO3 nanoparticles. XRD diffraction confirmed the presence of 

secondary phase (Sillenite) and tertiary phase (Millate) when dopant concentration increased. 

From TGA profile, the ideal annealing temperature of 600 °C have been confirmed for all 

samples. Furthermore, the photocatalytic degradation of RhB dye has been improved via cerium-

cobalt co-doping. UV spectra showed that the RhB dye solution constantly changes pink colour 

into colourless within 20 minutes of visible light irradiation to fully degraded.  

1.  Introduction 

 

The rapid industrial development and urbanization has greatly contributed to the increase in water 

pollution. The textile industry is one of the most chemically intensive industries which discharges a 

significant amount chemical pollutants from the processes of dyeing and finishing [1, 2]. The 

consumption of contaminated water with dyes from the textile industry have very adverse effect on 

the human body and aquatic life even at very low concentration as 1.0 mg/l [3]. There are several 

types of textile dyes including anionic (acid, direct and reactive dyes), cationic dyes (basic dyes) and 

non-ionic (disperse dyes) are used for dying process. Rhodamine B (RhB) is a typical and highly 

water-soluble dye, widely used in the industry [4]. The contamination of water by RhB can lead to 

undesired consequences to human beings and the environment [5]. Rhodamine B (RhB) is toxic and 

carcinogenic, causing allergy and skin irritation [6, 7].  
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Water pollution caused by dyes is a global concern as the water treatment through cost-effective and 

eco-friendly techniques is a challenging task. The contaminated water requires proper treatment 

before discharge to the environment to avoid the toxic effect. Numerous treatment methods that 

including coagulation, reverse osmosis, filtration, ozonisation, membrane filtration, adsorption, ion 

exchange, and photodegradation have been used for the chemically contaminated wastewater. 

Among available physical methods, photodegradation is one of the excellent methods to remove dyes 

contents from wastewater with effectiveness and simplicity [8].  

 

Photocatalysis is a technique that use to modify the rate of chemical reaction with the presence of light 

to activate the catalyst substance without being involved itself. This technique is used for the 

reduction of organic pollutants in water such as rhodamine B, methyl orange and many more organic 

dyes that are normally used in textile, dyeing, printing, and cosmetic industries. The presence of 

visible light also influenced the photocatalytic efficiency in photodegradation of dyes. The previous 

study shown that the photocatalytic process can be activated with a photon transition under the 

irradiation of visible light [9]. This presence of light results in the modification of photoreaction rate 

as it involves the absorption of light that initiated the photoexcitation of semiconductor due to the 

transition of electron from ground state to excited state forming the positive and negative charges on 

nanocomposite energy levels and based on the structure and ability of the catalyst to create the 

electron-hole pairs. These electron-hole pairs can generate the free radicals such as hydroxyl radicals 

which can help the secondary reaction either oxidation or reduction reaction to take place. 

 

A diverse class of magnetic nanoparticles includes ferrite nanoparticles. The ferrite nanoparticles are 

known as metal oxides with spinel structure. The general formula of the ferrite nanoparticles is 

AB2O4 [10]. The metallic cations (A and B in the general formula) are located at two different types 

of crystallographic sites known as octahedral and tetrahedral sites. The cations at both of the sites 

are coordinated with oxygen atoms [11]. To be referred to as "ferrite," the chemical compound iron 

(III) must be present in the formula. For example, MFe2O4, where M is a metal. These particles could 

be having the properties of superparamagnetic with the size around 20 nm and below. Based on their 

affinity for both orientations, the metal cations are allocated to the tetrahedral and octahedral sites. 

The distribution of the cations can have a significant impact on the chemical and physical properties 

of ferrite nanoparticles [12]. Ferrites are classified according to their magnetic properties and the 

crystal structure. Few types of ferrites are spinel, garnet and ortho ferrite while some examples of the 

crystal structures are cubic, perovskite and hexagonal [13].  

 

BiFeO3 is acknowledged as multiferroic material as BiFeO3 have simultaneously magnetic and electric 

ordering. Recently, due to its low band gap and strong bulk photovoltaic effect, BiFeO3 has recently 

drawn a lot of interest in solar applications. Instead of solar application, due to its small band gap of 

2.1–2.7 eV, BiFeO3 is capable of performing photocatalytic activity under visible light [14]. This is 

important to perform photocatalytic activity under visible light as UV supplies to only 4% of solar 

radiation, while visible light supplies to about 50% of solar radiation [15]. Furthermore, since BiFeO3 

is a ferroelectric material, it has many interesting features such as charge-carrier separation in a 

homogenous medium, and a photocurrent proportional to the polarization magnitude [14]. The 

depolarization of electric field presence in BiFeO3 can decrease the recombination of the 

photogenerated charged carriers during the transmission process [16]. Throughout this process, the 

quantum efficiency can be increased. Hence, BiFeO3 can act as a promising photocatalyst for 

degradation of organic pollutants [17]. 

 

Recently, most researchers used noble metals to improve the photocatalytic performance of the 

materials. In this study, the cost-effective photocatalytic degradation method is used to degrade RhB 

dye by using BiFeO3 nanoparticles as photocatalysts because they have shown a great potential for 
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photodegradation of dyes when doped with metal cations as it enhances the photocatalytic activity. 

Photodegradation of dyes with BiFeO3 containing dopant was found to be 2.7 times higher than pure 

BFO materials [18]. Degradation of dyes are also affected by pH condition of the dyes itself. From 

previous research, it was found that the highest photocatalytic activity is under acidic condition for 

RhB dye. The BiFeO3 nanoparticles especially with insertion of dopant can enhance the properties 

of photocatalytic activity for degradation of organic dyes to be applied in water treatment process. 

Then, both doped and undoped ferrites have gained a great interest in catalysis, and for this study, 

undoped BiFeO3, Cerium-doped BiFeO3 and Cerium-Cobalt co-doped BiFeO3 were synthesized, 

characterized, and analysed for the photocatalytic degradation of RhB dye. Several parameters 

affecting the catalytic activity were also optimized. 

2.  Experimental methods 

2.1.  Materials 

 

Cerium (III) chloride heptahydrate (CeCl3.7H2O); Cobalt (II) nitrate hexahydrate (Co(NO3)3. 6H2O); 

bismuth (III) nitrate pentahydrate (Bi(NO3)3.5H2O); citric acid monohydrate (C6H8O7.H2O); iron (III) 

nitrate nonahydrate (Fe(NO3)3.9H2O); nitric acid (HNO3); rhodamine B dye (C28H31ClN2.O3); 

hydrochloric acid (HCl); and hydrogen peroxide (H2O2) of AR grade were applied as such without 

additional purification for preparing samples.  

2.2.  Synthesis of cerium and cobalt co-doped BiFeO3 nanoparticles 

 

The Ce0.1CoxBi1-xFe2O3 (0 ≤ x ≤ 0.2) nanoparticles were grown through the sol-gel auto-combustion 

(SAC) method. Firstly, bismuth (III) nitrate pentahydrate, iron (III) nitrate nonahydrate and dilute 

nitric acid were used as starting materials. The bismuth nitrate and iron nitrate were dissolved in 

diluted nitric acid in proportion of 1:1 (molar ratio) with 0.1M respectively. Each solution was stirred 

and heated on the hotplate at 80°C for 10 minutes until the solutions homogeneously dissolved. Citric 

acid was used as the chelating agent for sol-gel auto combustion process. Afterward, both of metal 

nitrates solutions were mixed and stirred at 80°C for another 10 minutes, followed by adding the 

citric acid into the solution, and then heated up to 300 ⁰C until combustion occurred. The resultant 

flakes were collected, dried in an oven for one hour at 200 ̊, grounded and annealed in a furnace for 

4 h at 600 ⁰C with heating rate of 5 ̊C/min. 

2.3.  Photocatalytic Degradation of Rhodamine B 

 

The photocatalytic degradation of RhB dye solution was investigated by using synthesized BiFeO3 with 

different dopant concentration (Ce0.1CoxBi1-xFe2O3, where 0 ≤ x ≤ 0.2). A photocatalytic reactor with 

reflective surface inside was designated to received maximum absorption of light is demonstrated in 

Figure 1. A 150 W metal halide lamp was used as visible light source for the photocatalytic activity. 

RhB dye stock solution was prepared by dissolving and stirring 10 mg RhB dye into 1 L of deionized 

water. The RhB dye solution was adjusted and maintained at pH 2 by dropping HCl. 80 mg of the 

synthesized Ce0.1CoxBi1-xFe2O3 (0 ≤ x ≤ 0.2) photocatalyst was evenly distributed into 100 ml of RhB 

dye solution. 1 ml of H2O2 was added as booster to speed up the reaction as it could generate more 

OH-radicals during degradation process. At the beginning, the prepared solution was kept under dark 

inside the photoreactor at room temperature and stirred for 30 minutes by using magnetic stirrer 

before irradiating it with visible light. This will enable the Ce0.1CoxBi1-xFe2O3 (0 ≤ x ≤ 0.2) 

nanoparticles and RhB dye solution to achieve equilibrium adsorption condition. After that, the lamp 

was switched on and 10 ml of the dye solution was drawn with 5 minutes interval for 30 minutes for 

further samples.  
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Figure 1. Schematic of the photocatalytic reactor setup. 

2.4.  Characterization  

 

The thermal decomposition profile of pure and doped BiFeO3 nanoparticle catalysts were determined by 

Thermogravimetric analysis (TGA) to find the appropriate temperature range for annealing. The 

powder of BiFeO3 exposed to heat at range temperature of 25 ℃ to 1000 ℃ with ramping temperature 

of 1℃/min. Surface morphologies and size of nanoparticles were determined by using Field Emission 

Scanning Electron Microscope (FESEM) and Energy Dispersive X-ray (EDX). X-ray Diffractometer 

(XRD) served to determine the phases and crystallinity of the synthesized nano ferrite samples over 

a 2θ range to 10o to 80o.  UV-Visible spectroscopy was used to identify the chemical structure and 

absorption of Rhodamine B (RhB) dye solution before and after the degradation at different time. 

3.  Results and Discussion 

3.1.  Thermogravimetric (TGA) Analysis  

 

Figure 2(a) shows the simultaneous TG-DTA plot of BiFeO3 nanoparticles synthesized using sol-gel 

auto combustion method using citric acid as a fuel. The x-axis presents the temperature variation 

while y-axis is the concentration weight loss of the BiFeO3 (black line) and first derivative curve (red 

line). From the curve, a small weight loss is observed around 70 ℃ to 150℃  which attributes to the 

decomposition of water content [19] . Exothermic peaks are observed around 273℃ and 327°℃ for 

temperature range 250℃ to 375℃. The decrements might be due to the decomposition of 𝑁𝑂3− 

ions, side chain of O-H and C-H group and the loss of COO group of citric acid fuel [20]. After 

375°C, the degrees gradually decreasing up to 750°C due to instability of BFO rhombohedral 

structure and the decrement at 827℃ and 973°C associated to rhombohedra to orthorhombic 

structural phase transition [21] . From the temperature 500℃ to 937℃ shown in DTA line, no further 

decrease in weight which indicates the stabilization of crystallization of perovskite crystal structure. 

This temperature range is the ideal annealing temperature rang [22]. 
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Figure 2(b). TGA-DTA profile of cerium-doped BiFeO3 nanoparticles. 

 

Figure 2(b) shows the TGA-DTA profile of Cerium-doped BiFeO3 nanoparticles. The graph shows a 

small weight loss in temperature range 70℃ to 150℃ is noticed due to the loss of water molecules 

which added during the fabrication process [19]. A significant weight loss as shown in DTA graph 

is perceived at temperature of 436℃ caused by the decomposition of metal nitrates anion and organic 

residue [20]. A plateau region around temperature 530℃ to 820℃ where no significant change in 

thermal decomposition and this temperature range suitable for annealing process of nanoparticles 

[21]. From the TGA profile, 600°C is chosen as the ideal annealing temperature of all the samples of 

BiFeO3 nanoparticles as the material has achieved stabilization stage of perovskite crystal structure 

[22]. 

 

 

Figure 2(a). TGA profile of BiFeO3 nanoparticles. 
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3.2.  Field Emission Scanning Electron Microscope (FESEM) Analysis 

 

Figure 3(a-f) illustrate the surface morphology of the BiFeO3 with different dopant concentration 

(Ce0.1CoxBi1-xFe2O3, where 0 ≤ x ≤ 0.2). FESEM images show the irregular shaped particles with 

agglomeration behaviour. This behaviour exists due to the change of the magnetic properties [23]. 

The agglomerate size will increase if the particle size as the ratio of surface to volume is increase. 

From Figure 3(a-f), the average size calculated for the particle are 64.52 nm, 50.58 nm, 52.45 nm, 

59.69 nm, 60.67 nm, and 53.75 nm, respectively. The average size calculated for all samples are 

almost the same with the crystalline size that determined from XRD analysis. 

 

 

 

 

Figure 3. FESEM micrographs of synthesized BiFeO3 nanoparticles with different dopant 

concentration, Ce0.1CoxBi1-xFe2O3, where x = (a) (undoped), (b) 0%, (c) 5%, (d) 10 %, (e) 15% and 

(f) 20%. 



International Laser Technology and Optics Symposium 2022 (iLATOS 2022)
Journal of Physics: Conference Series 2432 (2023) 012015

IOP Publishing
doi:10.1088/1742-6596/2432/1/012015

7

 

 

 

 

 

 

3.3.  Energy Dispersive X-ray (EDX) Analysis 

 

Figure 4 displays the EDX spectra of synthesized Ce0.1CoxBi1-xFe2O3 (0 ≤ x ≤ 0.2) nanoparticles. Overall, 

the spectra confirm the presence of bismuth (Bi), cerium (Ce), iron (Fe) and Oxygen. All elements 

are well distributed throughout the region. The existence of this unwanted compound might be due 

to the citric acid that used as a fuel during the fabrication process.  

 

 

 

 

Figure 4. EDX spectra of synthesized BiFeO3 nanoparticles with different dopant concentration, 

Ce0.1CoxBi1-xFe2O3, where x = (a) (undoped), (b) 0%, (c) 5%, (d) 10 %, (e) 15% and (f) 20%. 

 

From all spectra, the EDX results obtained are almost the same. The presence of Bi, Fe, O and Co 

elements is confirmed in samples before and after the photocatalytic degradation of RhB dye. It is 

found out that there is no change in the phase of the nanoparticles even after the photocatalytic 

degradation of RhB dye. 

 

 

 



International Laser Technology and Optics Symposium 2022 (iLATOS 2022)
Journal of Physics: Conference Series 2432 (2023) 012015

IOP Publishing
doi:10.1088/1742-6596/2432/1/012015

8

 

 

 

 

 

 

3.4.  X-Ray Diffraction (XRD) Analysis 

 

Figure 5 shows the XRD spectra for synthesized BiFeO3 with different dopant concentration 

(Ce0.1CoxBi1-xFe2O3 where 0 ≤ x ≤ 0.2). In XRD spectra, three different phases are observed which 

were Bismuth ferrite (BiFeO3) hexagonal structure, Sillenite (Bi25FeO40) cubic structure and Millate 

Bi2Fe4O9 orthorhombic structure based on R3c space group, 123 group and Pbam space group 

respectively. The plane that associated to BiFeO3 (bismuth ferrite) hexagonal structure are (012), 

(104), (110), (202), (024), (116), (214), 29 (220), (306) and (134) where Bi25FeO39 (sillenite) cubic 

structure are (301), (222) and (440). For Bi2Fe4O9 (millate) orthorhombic structure, the associated 

planes are (112), (430), (204) and (230). The spectra shows that the R3c space group dominated the 

structure. And some of the peaks starts to disappear as the doping introduced. 

 

 

Figure 5. XRD spectrum of synthesized BiFeO3 with different dopant concentration, Ce0.1CoxBi1-

xFe2O3, where x = undoped, 0%, 5%, 10 %, 15% and 20%. 
 

Figure 6 shows the zoomed-in spectral lines at region 31.4° to 32.4° with plane (104) and (110) linked 

to hexagonal structure. The adding of doping into the pure BiFeO3 gives a significant change in the 

line profile of the XRD pattern. As only cerium doped into pure BiFeO3 (zero concentration of 

cobalt), the (104) and (110) peaks get broadened resemble a single peak. This situation is due to the 

difference in the electron density of the cerium atom or the cerium atom substitute into the BiFeO3 

lattice and structural distortion of hexagonal structure of bismuth ferrite. However, the peak become 

narrower and split into two peaks again with the increasing of doping (cobalt) concentration as the 

cobalt is introduced. The introduction of the cobalt to the undoped BiFeO3 nanoparticles caused 

structural distortion in crystal structure [24]. 
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Figure 6. Broaden peaks of (104) and (110) plane of undoped BiFeO3 and CoxCeBi1-xFeO3 

nanoparticles with different concentration of cobalt (x=0, 0.05, 0.10 and 0.20). 

 

The crystallize size of synthesized BiFeO3 is determined by Debye-Scherrer’s equation (1) as given 

below [25]: 

 

D= 
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
     (1) 

     

Where D is crystalline size, 𝜆 is wavelength of the X-ray, 𝛽 is the full width half maximum (FWHM) 

and 𝜃 is Bragg diffraction angle. All the calculation parameters are selected from the most intense 

peak of XRD spectra, applied for all samples. The crystallite size of undoped BiFeO3 nanoparticles 

is 71.80 nm while for Ce0.1CoxBi1-xFe2O4 nanoparticles with different concentration of x=0, 0.05, 

0.10, 0.15 and 0.20 are 41.9 nm, 50.60 nm, 55.19 nm, 56.71 nm, and 60.14 nm, respectively.  

 

The crystallite size of doped BiFeO3 at with the presence of cerium only (where x = 0) shows the smallest 

crystallite size compared to all samples. The changes of crystallite size might be due to the 

disappearance of bismuth ferrite (BiFeO3) phase. However, when the concentration increased from 

x= 0.05 to x = 0.20, the size of crystallite started to increase. Since the atomic radius of Co2+ (1.88Å) 

and Fe3+(1.90Å) are comparable, this may lead to replacement of B-site of BiFeO3 with transitional 

metal (Co) ion. Due to the slight variation in the atomic radius, the compressive strain is generated 

in the matrix, which causes the slight variation in crystallite size in cobalt doped BiFeO3 nanoparticle 

[26]. 

 

Figure 7 shows the crystalline size of Ce0.1CoxBi1-xFe2O4 nanoparticles with different concentration of 

cobalt (x=0, 0.05, 0.10, 0.15 and 0.20) in the range of 40 nm to 60 nm. The graph illustrated that the 

crystallite size increased as the dopant (cobalt) concentration increased. The increase of crystallite 

size might be due to the surface distortion as high amount of cobalt is introduced into the host as a 

dopant. The increase in the crystallite size might be due to the greater amount of distortion as the 

cobalt doping concentrations are high in amount [27]. 
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Figure 7. Crystalline size of Ce0.1CoxBi1-xFe2O4 nanoparticles with different concentration of cobalt 

(x=0, 0.05, 0.10, 0.15 and 0.20). 

3.5.  UV-Visible Analysis for Photocatalytic Degradation of Rhodamine B Dye 

 

Photocatalytic degradation of Rhodamine B (RhB) dyes is performed under the exposure of visible light 

in the span of 30 minutes. The undoped BiFeO3 and co-doped BiFeO3 nanoparticles are examined to 

study their ability to degrade RhB dyes. The co-doped composites had the formula Ce0.1CoxBi1-

xFe2O4 where x = 0.05, 0.10, 0.15 and 0.20. The degradation of RhB dye over time is determined by 

UV-Vis spectrometer.  

 

Figure 8(a-f) shows the UV-Visible spectra that recorded the absorbance of RhB at different times of 

degradation process for a span of 30 minutes using undoped bismuth ferrite (BiFeO3) and Cerium-

Cobalt bismuth ferrite (Ce0.1CoxBi1-xFe2O4) nanoparticles with different Cobalt concentration (x = 

0.0, 0.05, 0.10, 0.15, 0.20). Firstly, the photocatalytic degradation of RhB solution is tested by using 

undoped (pure) BiFeO3 nanoparticles as shown in Figure 8(a). From the result obtained, RhB solution 

have fully degraded at 30 minutes under exposure of visible light. In the case of doped BiFeO3 with 

zero concentration of cobalt which means only the presence of cerium as a dopant, the rate of 

photocatalytic degradation improved significantly as RhB dye are completely degraded at 20 minutes 

of irradiation time as illustrated in Figure 8(b).  

 

The concentrations of dopant are varied at x = 0.05 (Ce0.1Co0.05Bi0.9Fe2O4), x = 0.10 

(Ce0.1Co0.1Bi0.9Fe2O4), x = 0.15 (Ce0.1Co0.15Bi0.85Fe2O4), and x = 0.20 (Ce0.1Co0.2Bi0.8Fe2O4), as 

presented in Figure 8 at (c), (d), (e) and (f), respectively. At concentration of x = 0.05 shown in 

Figure 8(c), RhB dye seemed to fully degrade at 30 minutes of irradiation whereas for x = 0.10 in 

Figure 8(d), the rate of photocatalytic degradation increased as RhB solution only took 20 minutes 

to undergo a complete degradation. As the concentration increased from x = 0.15 to x = 0.20, the 

photodegradation rate become a bit slower compared to x = 0.10 as both samples have completely 

degraded after 20 minutes under irradiation of visible light. The samples of RhB dye solutions are 

collected after 5 minutes intervals for 30 minutes during photocatalytic process. The RhB solution 

constantly changes colour from bright pink to light pink and then turns into a colourless solution. 

The colour changes due to the breakdown of the chromophoric group that existed in the solution [28]. 
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Figure 8. UV-Visible spectra of photocatalytic degradation of RhB using (a) undoped BiFeO3, and 

doped BiFeO3 with different doping concentration, x (Ce0.1CoxBi1-xFe2O4) (b) x = 0.0, (c) 0.05, (d) 

0.10, (e) 0.15 and (f) 0.20 
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Furthermore, the peak wavelengths have shifted as shown in Figure 8(f). This is because of the de-

ethylation and discolouration of RhB due to the presence of Co2+ions [29] in Ce0.1Co0.2Bi0.8Fe2O4 

nanoparticles as the concentration 0.20 of cobalt is enough to show a clear change in peak 

wavelength. Overall, the most efficient photocatalysis degradation of RhB solution take place when 

there are zero concentration of cobalt (x = 0) which means there only cerium that acted as a dopant 

in this sample as it only takes 20 minutes of visible light irradiation to fully degraded. From the UV-

Vis analysis, the obtained spectra proved that the presence of Co2+ ions in the bismuth ferrite 

nanoparticles delay the degradation process as the existence of them slow up the recombination 

process of the electron-hole pair [30]. 

4.  Conclusion 

 

The nanoparticles size gives a big impact for degradation of RhB dye solution as they act as 

photocatalyst because the smaller the size, the rate of photocatalytic activity increased due to the 

ration of surface to volume is increased. Among the synthesized nanoparticles, Ce0.1CoxBi1-xFe2O4 

where dopant concentration x = 0.0 (no presence of cobalt) presented as the best photocatalyst for 

degradation of RhB solution. Overall, all samples of cerium-cobalt co-doped bismuth ferrite 

nanoparticles were successfully synthesized, and their structural and optical properties were 

improved as compared to pure bismuth ferrite. 
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