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Bismuth ferrite based Gadolinium (Gd) modified nano crystallite powder was synthesized by the hydrothermal 

method. The effects of Gd additive on the phase formation, crystal structure, optical properties, and photocatalytic 

performance were investigated. Crystal structure, crystallite size and phase formation were used to determine by 

X-ray diffraction (XRD) technique. Additionally, the structural phase formation was also studied by Raman 

spectroscopy. Average crystallite size, phase and peak analysis were determined using the X’ Pert High Score Plus 

program. According to the XRD peak pattern, it was determined that the structures of the synthesized sample was 

formed in the polycrystalline Bi25FeO40 (Sillenite) phase. The average crystallite sizes of 3 % Gd modified Bi25FeO40 

sample was calculated as 50 nm. By using absorption edge data, the bandgap value was determined as 1.98 eV. 

Photocatalytic performance was evaluated in an environment where methylene blue was used as an organic 

pollutant, by UV-Vis spectrophotometer under a solar simulator.  The photocatalytic efficiency was calculated as 70 

%. Such a high efficiency was attributed to increased optical absorption, narrowing band gap, thereby, probably the 

efficient separation and migration of photogenerated charge carriers. It was concluded that although unintentionally 

formed Sillenite during synthesis of bismuth ferrite is useful for photocatalysis. Furthermore, it was pointed that the 

optical properties by means of crystal structure is able to be tailored by doping to increase the photocatalytic activity. 

 

Keywords: Photocatalytic performance, Optical properties, Crystal structural properties, Bismuth ferrite, Sillenite 

phase 

 

Submission Date: 15 October 2023 

Acceptance Date: 06 December 2023  
 
*Corresponding authors: nurvetkrkgct@gmail.com, msbozgeyik@yahoo.com  

 

 
1. Introduction 
 

As the environmental and energy problems faced by 

humanity increase, the material properties needed to solve 

them also need to improve. Within this theme, the material 

that scientists adhere to the most are semiconductors [1].  

 

Science and technology-based industry and industrial 

production have continuously advanced by utilizing both  

 

surface and underground natural resources to meet the 

growing needs of humanity. However, this process has led  
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humanity, albeit belatedly, to realize that it has disrupted the 

balance with nature and there by caused environmental 

problems. Industrial production and needs based on the 

usage of limited fossil fuels as an energy source continue 

significantly, despite their low efficiency and environmental 

pollution. In this context, while efforts are being made to 

research and promote alternative, clean, and 

environmentally friendly renewable energy sources, on the 

other hand, solutions are being sought to prevent and 

mitigate environmental pollution and its consequences.  

Photocatalysis is the mechanism of creating chemical 

reactions from light energy. Basically, it is the mechanism 

of conversion of large chemical compounds harmful to the 

environment and human health into smaller and harmless 

chemical compounds and water with the use of electron-

hole pair formed by light energy absorption by using a 

semiconducting material. Semiconductors are unique 

materials with the ability to generate electron-hole pairs 

with appropriate light energy. However, on the other hand, 

the band gaps of semiconductor materials, which have 

widespread applications in this regard, have wide bandgaps, 

for example, from 3.3 eV for TiO2 to 2.67 eV for α-Fe2O3. 

However, the energy range from UV to near UV constitutes 

only about 5 % of the total solar radiation. For this reason, 

since other suitable materials have not yet been discovered 

and brought to the application level for these applications, 

these materials, which are frequently mentioned in such 

applications, make photocatalysis impractical. 

As a unique single phase room temperature magnetoelectric 

multiferroic Bismuth Ferrite is a transition metal oxide that 

includes structural compounds such as perovskite (BiFeO3), 

mullite (Bi2Fe4O9) and sillenite (Bi25FeO40). The synthesis 

of pure BiFeO3 phase in various production methods is 

challenging, thereby, often results in the formation of 

secondary phases like Bi2O3, Fe2O3, Bi25FeO40, Bi2Fe4O9. 

Although the presence of these secondary phases may 

initially create a negative perception, studies have revealed 

that they actually offer a significant advantage. For instance, 

the narrow band gap of 1.8 eV in Bi25FeO40 makes it a 

promising material for visible light region applications [2]. 

On the other hand, it has been stated that Bi25FeO40 

contributes to electron-hole pair lifetime and recovery in the 

photocatalytic process due to its superparamagnetic nature 

[3, 4]. From this point of view, Bi25FeO40 as a representative 

silenite type compound formed unintentionally as a by-

product in BFO synthesis could have a potential to show 

photocatalytic activity for the degradation of organic 

impurities under visible light irradiation [5]. 

The current research article evaluates the potential of the 

photocatalytic performance of Gd modified Bi25FeO40 

which is intentionally synthesized by hydrothermal method. 

It was investigated to the performance of the conversion of 

harmful organic compounds in industrial wastes into 

harmless inorganic molecules using solar energy, in terms of 

preventing environmental pollution. For this purpose, the 

production and application of nano crystallized 

photocatalyst material has been carried out in order to 

increase photocatalytic activity and efficiency. Hence, 

photocatalytic degradation efficiency was discussed on the 

basis of crystal structure, bandgap, and crystallite size. 

2. Experimental 

2.1. Preparation of photocatalysts 

The synthesis of 3 % Gd modified Bi25FeO40 photocatalysts 

was done by hydrothermal method. Bismuth nitrate 

[Bi(NO3)3.5H2O], Iron nitrate [Fe(NO3)3.9H2O], Nitric acid 

(HNO3), Gadolinium nitrate [Gd(NO3)3.6H2O], Potassium 

nitrate (KNO3) and Potassium hydroxide ( KOH) was used. 

First, 50 ml of distilled water was diluted with nitric acid. 

Bismuth nitrate (0.005 mol), Gadalinium nitrate (0. 00015 

mol) and Iron nitrate (0. 00485 mol) powders weighed into 

diluted distilled water were added respectively. After a 

certain mixing period, a clear solution was observed. 50 ml 

of 12 M KOH solution was added dropwise with magnetic 

stirrer until brown precipitate formed. Then the solution was 

filtered on watman paper and the pH was reduced to 7 by 

washing with distilled water. The dried powder sample was 

placed in a glass beaker and 40 ml of KOH was added to it 

and stirring was continued in the magnetic stirrer. The total 

solution was transferred to the Teflon container and kept in 

the hydrothermal device at 200 °C for 24 hours. As a result 

of the process, it was expected to cool at room conditions. 

Finally, the obtained product was washed with pure water 

and the pH was reduced to 7. 

Figure 1 shows the general scheme of the hydrothermal 

method. 

 
Fig.1. Schematic representation of the hydrothermal method 

process 
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2.2. Structural Analysis 

X-ray Diffraction (XRD) is used to analysis crystal structure 

by utilizing Philips X'Pert Promodel (λ=0. 154056 nm, Cu-

Ka radiation). The average crystallite size calculation of the 

synthesized catalysts was characterized by using diffraction 

meter for phase and peak analysis. 

2.3. Photocatalytic Measurements 

Methylene blue (MB) dye used as an indicator contaminant 

in water was used. First of all, 5 mg of methylene blue was 

weighed from the powder sample on a precision digital 

precision balance and taken into a capped glass tube. After 

5 ppm MB + 200 ml distilled water solution was completely 

dissolved, 10 mg photocatalyst powder sample and 5 ppm 

MB aqueous solution were suspended in 50 mL aqueous 

solution. Before illumination, the aqueous solution was kept 

in the dark for 30 minutes to achieve equilibrium adsorption 

on the surface of the catalyst. In the measurements, 2 ml 

samples were taken from the solutions and used. The 

particulate samples were spun in the centrifuge before the 

measurement was taken. The Shimadzu UV 

spectrophotometer (Model: UV-1800) was used to examine 

the absorbance properties of the solution samples. 

Measurements were made in the wavelength range of 400 - 

800 nm and were repeated every 10 minutes, taking 0 

minutes as the starting point. After 120 minutes of 

measurement, the process was terminated. Methylene blue 

visible wavelength = 664 nm. The percent photocatalytic 

degradation of the samples was determined according to the 

formula below. 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 % =
𝐶0−𝐶𝑡

𝐶0
× 100                 (1) 

where C0 and Ct (mg/l) are the initial and concentration at 

time t (mg/l). This process was repeated for each sample.  

2.4. Forbidden band gap measurement 

First of all, 10 mg was weighed from the powder sample on 

a precision digital precision balance. The weighed sample 

was taken into a glass tube. Ethyl alcohol was added 

stoichiometrically on the sample. The ethyl alcohol aqueous 

solution was mixed in an ultrasonic water bath for about 2 

minutes. After the process was completed, measurements 

were taken using a UV-vis spectrophotometer. Absorption 

spectrum scanning was taken between 200-900 nm. 

 

 

 

3. Results and Discussion 

XRD technique is an important structural analysis method to 

confirm the formation of synthesized compounds (like bulk 

and nano crystallites) and their degree of crystallization. The 

mean crystallite size calculation of the samples was analyzed 

by embedded X’Pert High Score Plus program according to 

the Debye–Scherrer formula,                                                    

𝐷𝑐 = 𝜅𝜆
𝛽𝑐𝑜𝑠𝜃⁄                  (2) 

Where DC is the mean crystal size, λ is the X-ray wavelength, 

and β is the width of the diffraction peak at the half-

maximum for the diffraction angle (2θ). 

 Figure 2 shows the XRD diffraction pattern 3 % Gd 

modified sillenite (Bi25FeO40) powder samples prepared by 

the hydrothermal method. 

Fig.2. XRD pattern of 3 % Gd modified Bi25FeO40 powders 

prepared by hydrothermal method 

The sample was well crystillized in polycrystalline form. By 

analyzing with the X'Pert High Score Plus program, it was 

determined that it was formed in the cubic structure 

Bi25FeO40 (Sillenite) phase in the I23 space group. XRD 

diffraction peaks highly overlap with ICSD card no: 01-078-

1543 peaks. The average crystallite size considering using 

all the diffraction peaks is obtained as 50 nm. 

Raman spectroscopy is a highly sensitive technique used to 

detect atomic displacements, lattice distortions, and phase 

transitions. This analysis technique is generally used to 

verify the data obtained from XRD and Rietveld analyzes 

[6].  
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Figure 3 shows the Raman scattering spectra of the sample 

at room temperature.  

Fig.3. Raman spectra of 3% Gd modified Bi25FeO40 

The peak intensities are clearly high and expanded. Six main 

Raman peaks around 140, 200, 250, 320, 520 cm-1 were 

observed. Such modes lower than 400 cm-1 are associated 

with Bi-O covalent bonding, while the higher mode is 

associated with Fe-O bonds. Raman peaks can be affected 

by grain size, impurities, lattice distortions, stresses and also 

defects [7].  The frequencies of the Raman modes can vary 

depending on the ionic masses. The atomic mass of the Gd3+ 

ion is greater than that of the Fe3+ ions. Increasing the ion 

radius and atomic mass can lead to distortions in the lattice 

structure affecting the Raman peaks [8]. 

In the context of optoelectronic applications, the study of 

optical properties such as absorption edge and band gap 

energy, which are closely related to each other, is of great 

importance [9]. The process photocatalysis process start 

with radiation of the semiconducting catalyst by sunlight or 

other irradiation sources (for example, ultraviolet lamps or 

light-emitting diodes) with wavelengths equal to or greater 

than the forbidden band namely bandgap (Eg) to generate 

electron-hole pairs. Optical absorption, which is a key factor 

in the photocatalytic mechanism and constitutes the initial 

step, is related to the bandgap of a semiconductor. In the 

photocatalytic process, the photon absorbing capacity of the 

semiconductor material should be as high as possible so that 

the electron-hole pairs become more excitable and more 

electron-hole pairs can be formed. However, this condition 

can only be met by a narrow bandgap semiconductor 

material absorbing a wider range of light spectrum [10, 11]. 

The bandgap value of a semiconductor photocatalysts is 

extremely important factor which affects the photocatalytic 

performance. The energy bandgap can be calculated using 

the Tauc equation given as 

(𝛼ℎ𝜗)2 = 𝐴(𝐸𝑔 − ℎ𝜗)𝑛                 (3) 

[12]. Here, α is the absorption constant and hϑ is the energy 

of the incident photon, Eg refers to the bandgap, and A 

indicates the scaling constant, while n is a factor dependent 

on the type of semiconductor material. The exponent 'n' 

value is 1/2 in indirect band gap semiconductors, while this 

value is 2 in direct band gap semiconductors. 

In order to examine the absorption spectra and determine the 

band gap value the date were taken in the range of 200-900 

nm using a UV-vis spectrophotometer. Figure 4 shows the 

Tauc plot for band gap calculation. 

 

Fig.4. Tauc plot of 3% Gd modified Bi25FeO40 

The bandgap absorption edge is around 600 nm. The solar 

radiation energy is in the visible region at a rate of 43% (400-

700 nm). It is in the infrared (UV) band greater than >700 

nm at a rate of 52 % and in the ultraviolet (IR) (300-400 nm) 

band at 5%. The wider absorption range means that the 3% 

Gd modified Bi25FeO40 photocatalyst can absorb a greater 

range of visible light wavelengths. Electrons can be excited 

from the valence band to the conduction band at wavelengths 

less than 600 nm. A sharp decrease in the absorption plot of 

the 3% Gd modified Bi25FeO40 may be due to a different 

light absorption behavior due to different morphology and 

surface properties [13]. 

The bandgap was calculated as Eg =1.98 eV using the Tauc 

plot method as shown in Figure 5. In general, the band gap 

of semiconductors can vary depending on various factors 

such as crystal size, changes in lattice parameters, surface 

morphology, and the presence of additives [14]. The reduced 

energy band gap is attributed to the reduction in size of the 

smaller crystallite nanoparticles [15]. Another possible 

reason for the decrease in the band gap value may be the 

production of shallower energy band levels as a result of 

doping instead of Fe [16]. In this context, it is predicted that 
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with the narrowing of the band gap, the 3 % Gd modified 

Bi25FeO40 photocatalyst will have a positive effect on the 

photocatalytic activity. Hence, it is expected that the ability 

of Gd modified Bi25FeO40 to benefit from sunlight more 

effectively will greatly increase [17, 18]. 

In order to evaluate the photocatalytic degradation 

capabilities of the synthesized photocatalysts, the pollutant 

was investigated using methylene blue as a model. At the 

initial stage, the degradation efficiency of the aqueous 

solution of the methylene blue dye was tested without the 

use of any catalyst (photolysis). In the next step, 

photocatalytic degradation activities of 3 % Gd modified 

Bi25FeO40 was evaluated by examining the 

photodegradation of methylene blue molecules. 

Measurements carried out in the wavelength range of 400-

800 nm under the solar simulator were made within a period 

of time starting from 0 minutes to 120 minutes.  

Figure 5 shows the absorbance of a catalyst-free methylene 

blue aqueous solution in daylight in a closed environment 

without sunlight. 

Fig.5. Absorbance plot of an aqueous solution of methylene 

blue (daylight) without a catalyst 

As seen in Figure 5 inset (a) and (b), in the catalyst-free 

methylene blue aqueous solution, not much change was 

observed in the measurement from 0 minutes to 120 

minutes.  In the photocatalytic measurement process that 

lasted for 120 minutes, an efficiency of 6.74 % was obtained 

in the methylene blue aqueous solution without catalyst. 

Figure 6 shows the absorbance plot of a catalyst-free 

methylene blue aqueous solution recorded under a solar 

simulator. 

Fig.6. Absorbance plot of an aqueous solution of methylene 

blue (sunlight) without a catalyst 

The photocatalytic degradation efficiency of the aqueous 

solution of methylene blue without catalyst was calculated 

as 15% under the solar simulator. This is also the expected 

situation. In this context, our aim is to compare methylene 

blue in a solar simulator environment (sunlight) and in a 

closed environment that does not receive light under normal 

conditions (daylight). 

The main issue for electronic and optical processes in 

semiconductor material and device applications is that 

electron-hole pair formation, exciton lifetime and 

recombination physical measurables are at necessary and 

sufficient levels [19]. The response to visible light and the 

effective separation of excited electrons and holes within the 

photogenerated conduction band are two important 

parameters for photocatalytic performance [20, 21]. 

Considering the photocatalytic mechanism, the important 

problem that negatively affect the initial performance 

include the low efficiency absorption of visible light, the 

presence of fast recombination (electron-hole pair 

recombination) processes, and the low migration capability 

of photo-generated electrons-hole pairs [22, 23, 24]. The 

photocatalytic oxidation cycle consists of three basic steps. 

In the first step, the semiconductor catalyst is excited by 

sunlight or other irradiation sources (for example, ultraviolet 

lamps or light-emitting diodes) with wavelengths equal to or 

greater than the band energy gap. In the second stage, as a 

result of excitation, the formation of photoactive species 

(electron-hole pairs) and their transport to the surface of the 

catalyst occur. The last stage is the formation of oxidation-

reduction reactions on the photocatalyst surface. 

Photogenerated holes in the first stage remain at lower 

energy levels, while photogenerated electrons jump to higher 

energy levels. Because they have a short lifetime at high 

energy levels, electrons rapidly goes back to lower energy 
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levels and recombine with the holes. This process leads to a 

reduction in the number of holes and electrons involved in 

photocatalytic reactions. As a result, the rapid 

recombination rate of photogenerated electron-hole pairs 

can inhibit the decomposition of target organic compounds, 

thus causing a decrease in photocatalytic efficiency [25]. 

Figure 7 shows the wavelength dependent absorbance plot 

of the 3 % Gd modified Bi25FeO40 photocatalyst. 

Fig.7. Absorbance plot of 3% Gd modified Bi25FeO40 

photocatalyst in methylene blue 

The figure presents a representation showing the 

degradation of methylene blue, where the decrease in 

absorbance density with increasing irradiation time is 

clearly visible. The percent removal of 3% Gd modified 

Bi25FeO40 photocatalyst on methylene blue dyestuff was 

calculated from equation 1 as 70%. It can be seen that the 

photocatalyst exhibits clear photocatalytic behavior. The 

efficiency and photocatalytic activity of BFO-based 

semiconductor Nano catalysts are directly affected by many 

factors such as electronic band structure, surface 

morphology, crystal size, porosity and surface area that 

affect the separation of e−-h+ pairs and optical absorption 

properties [26, 27, 28]. Optical absorption is considered a 

key factor to evaluate the photocatalytic activity of catalysts, 

and this is closely related to the band gap of the catalyst. The 

increased photocatalytic efficiency can be attributed to the 

increased absorption capacity due to the reduced bandgap 

[29]. At the same time, the improvement in photocatalytic 

activity may be due to the reduction in recombination of 

electron-hole pairs by Gd modification [30]. Of these, the 

improved photocatalytic efficiency may also be due to 

smaller crystal size, an increase in specific surface areas, 

resulting in a larger contact area and higher density of active 

reaction sites [31]. 

Table 1 shows the crystallite size, photocatalytic activity 

efficiencies and band gap values of 3% Gd modified 

Bi25FeO40 photocatalysts. 

Table1. Crystallite size, bandgap, and photocatalytic 

activity efficiency. 

Photocatalyst Crystallite 

size (nm) 

Band 

gap 

value 

(eV) 

Photocatalytic 

activity yield (%) 

3 % Gd modified 

Bi25FeO40 

50 1,98 70 

4. Conclusion 

In conclusion, 3% Gd modified Bi25FeO40 catalyst was 

synthesized using the hydrothermal method. A decrease in 

crystallite size was observed depending on the change in 

experimental parameters. Photocatalysts have been found to 

exhibit different visible light absorption properties. In 

addition, the bandgap was calculated as 1.98 eV. The 

reduction of optical band gap of nano crystallite 3% Gd 

modified Bi25FeO40 shows that it could be a promising 

material for UV-visible light photocatalysts. These findings 

reveal that the Gd modification plays a critical role when 

evaluating their effects on the performance of 

photocatalysts. As a result, the increase in the photocatalytic 

activity provides a more effective decomposition due to the 

emergence of narrowing of the band gap and reduction of the 

crystal size. From these results, it can be concluded that the 

doped 3% Gd modified Bi25FeO40 nanomaterial has the 

potential to be developed for photocatalytic applications. 
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