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Bozgeyik1,4#  

Nanocrystalline Bismuth Ferrite (BiFeO3, BFO) catalyst materials were synthesized using hydrothermal and 
sol-gel methods in order to examine the impact of crystallite size on photocatalysis. Crystal structures and 
optical properties were studied to explore photocatalytic performance. X-ray Diffraction analysis (XRD) 
showed that both synthesized samples were formed in pure BiFeO3 without any secondary and impurity 
phases. The average crystallite size values calculated using the Debye-Scherrer formula were calculated as 
39 nm and 46 nm for samples prepared by sol gel and hydrothermal methods, respectively. Photocatalytic 
activities of BFO nanocrstallite materials were studied by using methylene blue dyestuff water solution 
under a solar simulator. It was noted that the photocatalytic efficiency of BFO nanocrstallite synthesized by 
the sol gel method was higher compare to that of the synthesized by hydrothermal one. It was indicated that 
such an increase for the efficiency could be related with the dual effect of decreasing crystallite size and 
bandgap. 

 

1. Introduction 

Water is an indispensable vital natural resource 
for all organisms to survive. Factors such as the 
increase in world population and increasing 
urbanization and rapid industrialization based on 
technology have led to large-scale contamination of 
surface and groundwater resources in recent years 
[1, 2]. These contaminations contain many complex 
components, from organic pollutants to heavy 
metals and inorganic compounds. The main factors 
polluting water resources include synthetic dyes, 
which are frequently used in the textile, paper, 
pharmaceutical, leather and cosmetic industries [3]. 
These industrial synthetic dyes, which are released 
into the environment without adequate treatment, 
can be found in detectable amounts even at the 
lowest concentrations of water, and this can harm 
both human health and the aquatic ecosystem [4]. 
Considering that water resources are limited, 
important strategies such as effective and efficient 
use of water, prevention of water pollution, reuse 

and recycling of water are emphasized. These 
strategies aim at supplying clean and healthy water 
to future generations, protecting ecosystems and 
meeting the needs of different water-related 
sectors. Traditionally, physical, chemical and 
biological techniques are widely used in the 
treatment of wastewater. The negative aspects of 
these techniques include secondary wastewater 
generation, lengthy procedures and high capital 
costs [5, 6]. Therefore, reliable, green, 
environmentally friendly, and cost-effective 
technologies should be developed and used 
urgently for environmental protection and 
sustainable growth [7]. In fact, photoactive 
materials sensitive to sunlight have the capacity to 
convert light into another form of energy such as 
mechanical, electrical and chemical energy [8]. For 
this reason, solar energy, which is a pioneer among 
renewable energy sources, has the potential to 
overcome many difficulties. In recent years, one of 
the most important applications that ensure the 
usability of solar energy is photocatalytic 
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degradation. Photocatalytic degradation is a 
process in which a chemical reaction takes place 
under the influence of light energy and a 
semiconductor photocatalyst. Photocatalysis, which 
is an advanced oxidation process, stands out as a 
technique that is rapidly spreading and gaining 
more importance every day [9]. Unlike traditional 
methods, the photocatalytic technique offers an 
environmentally friendly, fast, and economical 
solution in wastewater treatment.  This technique 
can provide full mineralization of non-
biodegradable organic pollutants, can be operated 
at ambient temperature and pressure, and has the 
advantages of low operating cost, without 
generating secondary pollution [10]. Many scientific 
studies have been carried out for the selection of 
photocatalysts sensitive to visible light with high 
efficiency. Among the photocatalyst materials 
commonly used in this field are TiO2 (3.3 eV), ZnS 
(3.6 eV), ZnO (3.4 eV), SrTiO3 (2.97 eV) and α-Fe2O3 
(2.67 eV) semiconductor [11]. The more 
environmental and energy problems increase, the 
more material properties need to be improved. 
Regarding practical and device applications, 
semiconductors are the most popular materials 
which researchers adhere [12]. However, these 
broad-bandgap semiconductor oxides can only 
absorb 5% of the sunlight in the ultraviolet (UV) 
region, an important factor that critically limits their 
applicability. Recently, Bismuth ferrite (BiFeO3, 
BFO), an ABO3 perovskite type oxide with a bandgap 
of 2.2–2.7 eV, is one of the compounds investigated 
as a potential optical material for photocatalytic 
applications [13]. Bismuth ferrite, which has 
multifunctional properties, has a wide range of 
applications. Due to its superior electrical, magnetic 
and optical properties, it is an important 
engineering material that is promising in meeting 
the demands of the high-tech industry, such as the 
design of next-generation electronic, magnetic and 
optoelectronic devices [14, 15]. While BiFeO3 is 
indeed a significant candidate for visible light 
photocatalysis, its photocatalytic efficiency is 
primarily hindered by the high recombination rate 
of electron-hole pairs and the relatively low 
conduction band level [16]. The efficiency and 
photocatalytic activity of BFO photocatalyst are 
directly affected by many factors such as electronic 
band structure, surface morphology, particle size, 
porosity and surface area that affect the separation 
of e−/h+ pairs and optical absorption properties [17, 
18].  

This study was conducted to evaluate the effect 
of changing crystallite sizes of BFO synthesized 
using sol-gel and hydrothermal methods on the 
photocatalytic activity. 

 

2. Results and Discussion 

X-ray Diffraction analysis (XRD) technique is an 
important structural analysis method used to 
confirm the phase formations that occur after the 
synthesis of nanocrystalline materials. XRD 
technique was used to examine the structural phase 
analysis of BFO nanocrystalline materials obtained 
by different synthesis methods. Average crystallite 
size calculations, phase and peak analysis of the 
samples were determined X'Pert High Score Plus 
program. The mean crystal size of the samples was 
determined based on XRD peak pattern data by 
using Debye–Scherrer formula: 

𝐷𝑐 = 𝜅𝜆
𝛽𝑐𝑜𝑠𝜃⁄                 (1) 

Here, DC represents the average crystal size, λ 
denotes the X-ray wavelength, and β (FWHM) 
stands for the width of the diffraction peak at half-
maximum for the diffraction angle (2θ). 

Figure 1 shows the XRD diffraction pattern of 
BFO samples synthesized by sol gel and 
hydrothermal methods. It was clearly seen that both 
samples were well crystallized in polycrystalline 
form. 

Figure1. XRD patterns of BFO nanocrsytalline 
materials prepared by a) sol gel b) hydrothermal 
methods. 

The sample synthesized by the sol gel method is 
BiFeO3 in the main phase and its crystal structure is 
rhombohedral with R-3m space group without any 
impurity and secondary phases (Figure 1 a). All 
peaks of XRD are compatible with ICSD card no: 01-
072-2112. The average crystallite size was 
calculated from the Debye–Scherrer equation using 
all diffraction peaks at approximately 39 nm. 

The XRD peaks of the BFO prepared by the 
hydrothermal method are compatible with the 
standard main phase BiFeO3 which has a 



 
Research Article | DOI:10.5281/zenodo.12156130 
www.jnanosam.com 

 

J.NanoSci.Adv.Mater. 2024, 3 (1), 3 

rhombohedral structure with the R3c space group 
[ICSD card no. 01-086-1518] (Fig. 1b). There was no 
secondary and impurity phase formed. The mean 
crystallite size was calculated as 46 nm.  

Nanocrystalline high pure BFO was successfully 
synthesized by both sol-gel and hydrothermal 
methods. Sharp diffraction peaks clearly reflect 
crystalline particle formation. The expansion and 
relative density of the patterns vary depending on 
changing experimental conditions. This refers to 
changes in the grain size of the prepared 
nanostructures [19]. An increase in the XRD 
diffraction peak intensity and a decrease in FWHM 
of the BFO sample prepared by the hydrothermal 
method were observed, indicating an increase in 
crystal size according to the Scherrer equation [20]. 
This explains the increased grain growth and better 
crystallization of the sample [21]. 

Considering a candidate semiconductor material 
for practical and device applications electronic and 
optical properties are critically important for 
electron-hole pair formation, exciton lifetime and 
recombination physical measurable [22]. UV-vis 
spectrometry technique was used to evaluate the 
visible light response and bandgap BFO 
nanocatalysts. Studying optical absorption is very 
important since the UV–vis absorption edge 
depends on the energy band of a semiconductor 
catalyst [23].  

Forbidden bandgap of a semiconductor is 
determined by using Tauc equation, 

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

[24]. Here, α is the absorption coefficient, and hϑ is 
the energy of the incident photon, Eg refers to the 
bandgap, A is a scaling constant, while n is a factor 
dependent on the type of semiconductor material.  
Bismuth ferrite is a direct bandgap semiconductor, 
so n is taken as 2. Figure 2 shows the bandgap 
calculation using Tauc plot of the BFO sample 
prepared by the hydrothermal method. 

 
Figure 2. Tauc plot of nanocrystalline BFO prepared 
by hydrothermal method. 

Absorption edges determine the wavelength at 
which a material can absorb photons and initiate 
electronic transitions. BFO nanocrystalline catalysts 
prepared by hydrothermal method has a strong 
photoabsorption in the wavelength range of 400-
700 nm. This indicates a remarkable response in the 
visible light region. The absorption edge of BFO 
nanocrystalline material prepared by hydrothermal 
method is approximately 665 nm. Using Tauc's 
plotting method, the bandgap value was calculated 
as Eg= 1.93 eV. The band gap value is quite close to 
other reports: 1.96 eV, 1.94 eV, 1.8 eV, 1.93 eV [25, 
26, 27, 28]. 

Figure 3 shows the bandgap calculation of BFO 
sample prepared by sol-gel technique. 

Figure3. Tauc graph of BFO sample BFO 
nanocrystalline material synthesized by sol-gel 
method. 

The bandgap absorption edge of the BFO 
nanocrystallite catalyst prepared by the sol-gel 
method is around 671 nm. The forbidden band gap 
value was determined as Eg= 1.92 eV. According to 
previous reports, the narrowing of the band gap in 
BFO nanopowders prepared by the sol-gel method 
can be directly attributed to the decrease in 
crystallite size [29]. As the crystallite size decreases, 
a simultaneous decrease in the band gap is 
observed. 

In order to determine the photocatalytic activity 
of the synthesized catalysts, the degradation 
efficiency of an aqueous solution containing 
methylene blue without BFO nanocrystallite was 
first tested. Then, BFO nanocrystallite materials 
were used as catalysts in methylene blue aqueous 
solution. These measurements were carried out 
under a solar simulator in the wavelength range of 
400-800 nm, within a 10 minutes time period 
starting from 0 minutes to 120 minutes. 

Figure 4 shows the absorbance and wavelength 
change graph of methylene blue aqueous solution in 
daylight in a closed environment without sunlight. 
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Figure 4. Absorbance of an aqueous solution of 
methylene blue (daylight) without catalyst. 

In the aqueous solution of methylene blue 
without catalyst, no obvious change was observed 
for the measurements starting from 0 min to 120 
min, as seen in Figure 5. The efficiency of 4 % was 
obtained in sole methylene blue aqueous solution. 

Figure 5 shows the absorbance and wavelength 
variation graph of sole methylene blue aqueous 
solution without catalyst recorded under the solar 
simulator. 

Figure 5. Absorbance of the aqueous solution of 
methylene blue (sunlight) without catalyst. 

The absorbance of the methylene blue aqueous 
solution without catalyst did not show any 
significant change under the solar simulator. The 
photocatalytic degradation efficiency was 
calculated as 6 %. 

Figure 6 shows the wavelength dependent 
absorbance graph of the hydrothermally 
synthesized BFO photocatalyst added aqueous 
solution of methylene blue. 

The degradation of the BFO photocatalyst 
prepared by the hydrothermal method on the 
methylene blue dyestuff was calculated as 45 %  

from equation (3).  

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 % =
𝐶0−𝐶𝑡

𝐶0
× 100               (3) 

where C0 and Ct (mg/l) are the initial and 
concentration at time t (mg/l). This process was 
repeated for each sample. 
 

 
Figure 6. Absorbance of hydrothermally 
synthesized BFO nanocrystallite photocatalyst 
added aqueous solution of methylene blue. 

The photocatalytic reaction basically involves 
three main processes: First, the formation of 
excitons (electron-hole pairs) as a result of the 
absorption of light by photocatalysts; then 
separating and transporting these charges to the 
photocatalyst surface; and finally, the reduction and 
oxidation reactions that take place on the 
photocatalyst surface [30]. The high efficiency of the 
photocatalyst is based on a combination of four key 
elements such as light absorption capacity, density 
of active sites, redox capacity and light-triggered 
electron-hole recombination rate. The fast 
recombination rate of photogenerated electron-
hole pairs causes the photocatalytic efficiency to 
decrease [31]. 

Figure 7 shows the wavelength dependent 
absorbance of the sol-gel synthesized BFO 
photocatalyst. 

The degradation percent of the BFO 
photocatalyst prepared by the sol gel method on the 
methylene blue dyestuff was calculated from 
equation 3 as 50 %. Figure 7 clearly shows the 
decrease in absorbance with increasing irradiation 
time, showing the degradation of methylene blue. 
BFO nanoparticles produced by the sol-gel method 
exhibit a higher photocatalytic activity compared to 
powders obtained by the hydrothermal method. 
The efficiency of photocatalysts depends on factors 
such as crystallite size, morphology, surface area 
and bandgap [32]. The improvement of 
photocatalytic performance in BFO nanocrystallite  
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Table 1. Crystallite size, bandgap values and 
photocatalytic degradation of synthesized 
photocatalysts 

BFO Nanocrystallite 
Photocatalyst 

Synthesized by 
Sol-gel Hydrothermal 

Crystallite size (nm) 39 46 

Bandgap value (eV) 1.92 1.93 

Degradation (%) 50 45 

 

Figure 7. Absorbance of the sol-gel synthesized BFO 
nanocrystallite photocatalyst in methylene blue. 

may be due to the decreasing bandgap value and 
crystallite size [33]. Since the size of the 
nanoparticles acts as photocatalysts, the large 
surface area resulting from the small crystals may 
have enhanced the reactions occurring on the 
surface leading to increased photocatalytic activity 
[34].  

Table 1 shows the crystallite size, photocatalytic 
degradation, and bandgap values of the synthesized 
BFO photocatalysts. 

 

3. Conclusion 

BFO nanocrystallite materials were synthesized 
by sol-gel and hydrothermal methods. Successful 
synthesized pure BFO polycrystalline without any 
secondary phase was confirmed by the XRD 
analysis. It was observed that the photocatalysts 
synthesized different methods with different 
structural properties exhibit different in visible 
light absorption properties and forbidden bandgap 
values. Photocatalytic degradations of BFO catalysts 
synthesized by hydrothermal and sol gel methods 
were determined as 45 % and 50 %, respectively. 
The increased photocatalytic performance of BFO 
nanocrystallite prepared by the sol gel method was 
associated with reduced crystallite size and narrow 
bandgap. It can be concluded that the both 

crystallite size and bandgap have critical effect on 
the photocatalytic performance. These findings 
allow us to conclude that the BFO nanocrystallite 
has a significant potential for photocatalytic 
applications upon variation of crystallite size and 
bandgap. 

Method 

Preparation of BFO photocatalysts by sol gel 
method: Bismuth nitrate [Bi(NO3)3.5H2O], Iron 
nitrate [Fe(NO3)3.9H2O], Nitric acid (HNO3) and 
Tartaric acid (C4H6O6) were used as starting 
chemicals to synthesize pure Bismuth ferrite. 
Firstly, bismuth nitrate and iron nitrate powders 
were weighed according to 0.001 mol ratio. 
Weighed powders were added to 10 mL of distilled 
water. Then, some nitric acid was added dropwise 
with a magnetic stirrer. After dissolution was 
completed, an appropriate amount of tartaric acid 
was added to the solution as the chelating agent. The 
resulting solution was stirred on a magnetic stirrer 
until it turned into a sol-gel at a certain temperature. 
The resulting gel was heat treated in an ash oven for 
1 hour at 140 °C for drying. Afterwards, the obtained 
product was placed in the crucible and calcined at 
500 °C for 1 hour. 

Preparation of BFO photocatalysts by 
hydrothermal method: Bismuth nitrate [Bi(NO3)3. 
5H2O], Iron nitrate [Fe(NO3)3.9H2O], Nitric acid 
(HNO3), Potassium nitrate (KNO3) and Potassium 
hydroxide (KOH) were used as starting chemicals. 
The powders weighed 0.005 mol Bi(NO3)3 and 0.005 
mol Fe(NO3)3 were dissolved in diluted HNO3 (nitric 
acid) to form a solution. A clear solution was 
observed without any visible suspension and 
sediment. 50 ml of KOH solution with a molar 
concentration of 12M was added dropwise with 
magnetic stirring until brown precipitate formed. 
The solution was filtered and washed with distilled 
water to remove NO3-1 and K+ ions. It was dried in 
an oven at 70 °C for 4 hours. The precipitate was 
then mixed with 40 ml of KOH solution (12M), 
followed by the addition of 10 g of KNO3 under 
constant stirring for 5 minutes. The solution was 
transferred to a 90 mL Teflon beaker and placed in 
a stainless steel autoclave with an inner liner. The 
mixture was kept in the hydrothermal device at 200 
°C for 24 hours. After cooling to room temperature, 
the product at the bottom was washed with distilled 
water until the pH value was 7 and then dried at 70 
℃. 

Structural Analysis: The synthesized BFO 
catalysts were characterized by Philips X'Pert 
Promodel device (λ=0. 154056 nm, Cu-Ka 
radiation) using X-Ray diffraction (XRD) 
technique to calculate average crystallite sizes, 
phases and peak analysis. XRD measurements 
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were performed over a scanning angle range of 
5°≤ θ≤95°. 

Photocatalytic Activity Measurements: To 
examine the photocatalytic performance of the 
synthesized BFO nanocrystalline material, 
methylene blue was used as a model pollutant 
dyestuff. First, a 5 mg methylene blue powder 
sample was weighed using a precision digital 
balance and then transferred to a capped glass 
tube. First, a solution of 5 ppm methylene blue 
(MB) was mixed in 200 ml of distilled water until 
it was completely dissolved. Then, 10 mg of 
photocatalyst powder sample and 5 ppm 
methylene blue solution were homogeneously 
suspended in 50 mL of aqueous solution. In order 
to ensure equilibrium adsorption on the surface of 
the catalyst, the aqueous solution was kept in the 
dark for 30 minutes before illumination. For 
measurements, 2 ml samples were taken from the 
solutions. Before measurement, the particulate 
samples were spun in the centrifuge. Shimadzu UV 
spectrophotometer (Model: UV-1800) was used to 
examine the absorbance properties of 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 equation (3). 

Bandgap measurement: Initially, 10 mg of 
powder sample was precisely weighed using a 
precision digital balance and taken into the glass 
tube. After adding stoichiometric amounts of ethyl 
alcohol to the sample, the ethyl alcohol aqueous 
solution was stirred in an ultrasonic water bath for 
approximately 2 min. After the process was 
completed, measurements were taken using a UV-
vis spectrophotometer. Absorption spectrum scan 
was taken between 200-900 nm. 
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