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Abstract 

SrBi4Ti4O15 is one of the four-layered Aurivillius compounds that can be used as photocatalyst material. Expanding its work function under a 
wider wavelength can be conducted by introducing a metal dopant into SrBi4Ti4O15 in view of its reduced band gap energy. In this research, 
vanadium doped SrBi4Ti4O15 (SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1, and 0.15)) was synthesized via molten KCl salt method. The diffractogram 
showed that the SrBi4Ti4-nVnO15 compounds (n= 0, 0.05, 0.1, and 0.15) were successfully crystallized in space group A21am without any 
impurities. The SEM micrographs confirmed the plate-like morphology of SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1, and 0.15) and the calculation of the 
Kubelka-Munk function on the UV-Vis DRS spectra showed that the vanadium effectively reduced the band gap energy value from 3.04 eV 
(408 nm) to 2.84 eV (437 nm). 

Keywords: SrBi4Ti4O15; V dopant; molten salt method; KCl 

 

1. Introduction  

The photocatalyst properties of Aurivillius compounds have 

attracted many researchers for further investigation [1-4]. It is 

due to the ferroelectric properties of the Aurivillius compound, 

which can inhibit the electron and hole recombination [5], thus 

enabling them to enhance the lifetime of reduction–oxidation 

reaction. The favorable photocatalytic activity of Aurivillius 

compounds have been widely reported for dyes waste treatment 

such as rhodamine-B (RhB), methyl orange (MO), and 

methylene blue (MB) [2-3, 6]. 

Aurivillius compound is composed alternately between 

(Bi2O2)2+ layer and pseudo-perovskite (Am-1BmO3m+1)2- layer 

along the c-axis [7]. Whereas, the m denotation represents the 

number of pseudo-perovskite layers. A-cation consists of the 

larger cation with low valences, such as Bi, Ba, Sr, Ca, Na, K, 

Pb, or rare earth metals. In comparison, B-cation consists of the 

smaller cation with high valences, such as Ti, W, Fe, Ta, Nb, 

and Mo, which occupy the center of oxygen octahedral [8] 

A well-known strategy to reduce the band gap energy is by 

doping photocatalyst compounds with a metal element such as 

vanadium (V). Typically, it is due to the similarity of ionic radii 

between Ti and V that will facilitate the doping process [9]. 

Using V as doping can form some new electronic transitions to 

reduce its band gap energy [10-12]. Kamegawa, et al. 

synthesized the V-doped TiO2 and suggested that the addition 

of V dopant could shift light absorption towards a larger 

wavelength >380 nm due to the creation of impurity energy 

levels in the TiO2 band gap [13]. Meanwhile, Bantawal, et al. 

synthesized V-doped SrTiO3 and reported that V dopants 

effectively reduced the band gap energy of SrTiO3 from 3.16 to 

2.13 eV. They suggested that this was due to the substitution of 

V into Ti4+ lattice resulting in a defect of mixing V-d with Ti-d 

orbitals in the conduction band to create a persistent band that 

extended downward and induced to reduce the band gap energy 

[14].  

Many researchers have reported the utilization of vanadium 

doped Aurivillius photocatalyst compounds. For instance, Gu, 

et al. synthesized vanadium doped Bi4Ti3O12 and reported that 

vanadium dopant could reduce its band gap energy value and 

caused a shift of light absorption towards visible light as a result 

of the contribution of V 3d orbitals in the conduction band [15]. 

It indicated that vanadium doping had a potential to reduce the 

bandgap energy of other Aurivillius compounds. SrBi4Ti4O15 is 

one of the four-layered Aurivillius compound family members, 

which is reported to have photocatalytic properties with band 

gap energy of 3.0 eV (λ= 413 nm or violet light range) [5]. 

Reducing the band gap energy from SrBi4Ti4O15 can provide 

some benefits related to its utilization as a photocatalyst 

compound. Based on the above description, V has the potential 

to be used as a doping of SrBi4Ti3O15 to decrease the band gap 

energy value. Zhu, et al. synthesized the V-doped SrBi4Ti4O15 

using solid state reaction method, and reported that it could 

enhance to its ferroelectric properties [16]. However, the 

effects of V dopant on SrBi4Ti4O15 band gap energy, so far, has 

not been reported yet. On the other hand, one of the 

disadvantages of solid-state reaction method is the 
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agglomeration formed on sample produce due to the higher 

temperature conditions of synthesis. 

Another factor affecting photocatalyst activity are particle 

size and morphology [17]. The plate-like/sheet Aurivillius 

compound has been reported to have good photocatalyst 

properties [18]. Jakhade, et al. synthesized Bi2WO6 and 

obtained the different morphology i.e. nanoplates and 

nanoflakes arranged like a rose and reported that the 

morphology particle of photocatalyst material affected its 

photocatalytic activity in which nanoflake Bi2WO6 had a better 

photocatalytic activity [19]. Meanwhile, Jiang et al. 

synthesized Bi4Ti3O12 nanosheets and reported that it could 

degrade RhB by 40% in 90 minutes [20]. Another work also 

reported by Cheng, et al. that synthesized Bi4Ti3O12 using the 

hydrothermal method with the addition of tert-butylamine as 

well as oleic acid to modify the particle morphology. They 

obtained two types of morphology i.e. (a) microspheres and (b) 

microrods and reported that microrods particles showed the 

best degradation activity [21]. In addition, Sreeram, et al.  

reported that indium vanadium material in sheet morphology 

exhibited a good photocatalyst activity [22]. 

Molten salt method is a synthesis method widely reported 

in producing oxide metal with its typical morphology as well 

as without any agglomeration formed. In this method, salt is 

mixed to precursors and heated over the melting point of salt, 

so the molten salt works as a reaction medium [23-25]. The 

molten salt method has many advantages such as simple 

method, the relatively low calcination temperature required to 

create a pure product, and high homogeneity and good 

crystallinity of the product. This method can also control 
particles' size as well as shape and reduce particles' 

agglomeration [26, 27].  

The use of the molten salt method to synthesize plate-

like/sheet Aurivillius compounds has been reported by many 

researchers. Zhao et al. synthesized Bi4Ti3O12 photocatalyst 

using the molten salt method and successfully obtained plate-

like Bi4Ti3O12. They also reported that Bi4Ti3O12 could degrade 

90% MB for 120 minutes [28]. He et al. synthesized Bi4Ti3O12 

using the solid-state reaction (SSR) and the molten salt method 

and successfully obtained Bi4Ti3O12. However, this resulted in 

some differences in particle morphology. The SSR method 

produces some particles with irregular morphology, while the 
molten salt method produces a plate-like morphology that has 

a better photocatalytic activity [29]. It indicates that the molten 

salt method has some advantages in synthesizing photocatalyst 

materials. Therefore, in this research, V-doped SrBi4Ti4O15 

(SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1; and 0.15) was synthesized by 

molten salt method (used KCl salt) with an aim to reduce the 

band gap energy of SrBi4Ti4O15. 

2. Materials and Methods 

2.1. Precursor 

The precursors used in this research included Bi2O3 (Sigma-
Aldrich, 99.9%), SrCO3 (Sigma-Aldrich, 99.9%), V2O5 
(Sigma-Aldrich, 99.9%), TiO2 (Sigma-Aldrich, 99.9%), KCl 
(Merck 99%), AgNO3 (Merck, 99.9%), and acetone (Merck). 

2.2. Synthesis and characterization 

All precursors (Bi2O3, SrCO3, TiO2, V2O5), and KCl salt 

were ground using mortar agate for 1 hour. Acetone was added 

to homogenize the sample and then the mixture was calcined at 

780, and 820˚C for 8 hours, respectively. Samples were washed 

with hot distilled water to diminish the remaining KCl salt. 

AgNO3 test was conducted to identify the salt content of KCl. 

Finally, the free salt sample was dried using an oven at 80˚C 

for 2 hours [30]. 

The sample products were characterized using (a) X-ray 

diffraction (XRD) instrument (Rigaku Miniflex diffractometer, 

Japan) with Cu Kα = 1.54059 radiation in the range 

measurement 2θ = 3-90˚ to obtain the structural character, (b) 

scanning electron microscope (Jeol JSM-6510, Japan) to obtain 

the morphology image of particle, and (c) ultraviolet-visible 

diffuse reflectance spectroscopy (UV-Vis DRS) instrument 

(Thermo Scientific Evolution 220 spectrometer, USA) to get 

the reflectance spectra, and the measurement were conduct 

from 200-800 nm wavelength. 

The diffractogram samples were indexed to the standard 

data of SrBi4Ti4O15 (database diffractogram of the Inorganic 

Crystal Structure Database (ICSD) No. 51863) and it was 

continued with the refinement process using Le-Bail method in 

Rietica software. The spectra reflectance samples were 

processed using the following Kubelka-Munk equation to 

determine the bandgap energy of samples (equation 1). 

 

𝐹(𝑅) =
(1−𝑅)2

2𝑅
=

𝐾

𝑆
   (1) 

where F(R) is the Kubelka-Munk factor, K is the molar 

absorption coefficient, S is the scattering coefficient, and R is 

the reflectance of an infinitely thick specimen.  

The value of the band gap energy was determined from the 

plot between the photon energies (hv) (x-axis) and (F(R).hv)1/2 

(y-axis). The band gap energy was calculated by linear 

regression at the value of x (hv = band gap energy) when y = 0 

[31]. 

3. Results and Discussion 

Figure 1 shows the diffractogram of SrBi4Ti4-nVnO15 (n= 0, 

0.05, 0.1, and 0.15) and it matched with the standard data of 

SrBi4Ti4O15 (ICSD No. 51863). It can be seen that there was no 

new peak indicating the absence of an impurity phase that 

possibly was produced by the presence of vanadium precursor. 

It indicated that V was able to partially replace the Ti cation. 

Furthermore, the diffractogram samples were refined using Le 

Bail Method. The plot of diffractogram refinement and the 

results data were summarized in Figure 2 and Table 2 

respectively. Rp and Rwp values obtained below 10%, which 

indicated good conformity between the standard data (ICSD 

No. 51863) and the sample diffractogram [32]. Furthermore, 

the crystallite size of samples were measured using Debye-

Scherrer equation as shown in equation 2. 

𝐷 =
𝐾 𝜆 

𝛽 𝐶𝑜𝑠 𝜃
    (2) 

where D is the crystallite size (nm), λ is the wavelength of X-

ray radiation with Cu k-α (1.5406 nm), K is the Scherer constant 

(0.9), β is the full width half at a maximum of peak (radians), 

and θ is the diffraction angle [33, 34]. The SrBi4Ti4-nVnO15 

crystallite size calculation used the most intensive/highest 
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diffraction peak of (2𝜃 (o) = 30.4), the results of which are 

tabulated in Table 1. It can be seen that the crystallite size value 

was different in which it correlated to the changes in lattice 

dimension as a results of V doped Bi4Ti4O15. The crystallite 

size of sample n= 0.05 was the largest probably caused by its 

broadening peak diffraction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. The diffractogram of SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1, and 0.15) 

Table 1. Crystallite size of SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1, and 0.15) 

V Dopant Crystallite size (nm) 

n= 0 55.25 

n= 0.05 74.17 

n= 0.1 58.38 

n= 0.15 57.97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. The refinement plot of SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1, and 0.15) 

diffractogram 

 

The refinement results (Table 2) exhibited that adding V 

dopants caused some changes in lattice parameters (a, b, and 

c). The cell volume slightly changed as a result of the relatively 

close value of ionic radii between V5+ and Ti4+ (ionic radii V5+ 

is 0.063 nm and Ti4+ is 0.068 nm) [9]. The decrease in lattice 

parameters, as well as cell volume at n= 0.1 and 0.15, was 

driven by the shortening of Ti-O bonds due to the substitution 

of V5+, which had smaller ionic radii than Ti4+ [35]. Meanwhile, 

the increase of lattice parameter and cell volume at n = 0.05 

was probably caused by a change in V valence, which induced 

an oxygen vacancy, causing lattice contraction due to a sizeable 

electrostatic repulsion force on cation around the oxygen 

vacancy [36-38]. 

Table 2. Crystallographic data of the refinement result 

Parameter 
SrBi4Ti4-nVnO15 

n= 0 n= 0.05 n= 0.1 n= 0.15 

Crystal 

system 

Orthorombic 

 

Space group A21am 

Z 4 4 4 4 

a (Å) 5.4491(8) 5.4530(3) 5.4460(9) 5.4458(3) 

b (Å) 5.4340(8) 5.4387(2) 5.4376(8) 5.4311(4) 

c (Å) 40.995(1) 41.003(2) 40.9801(2) 40.979(2) 

Cell volume 

(Å3) 

 

1213.9(3) 

 

1216.0(1) 

 

1213.6(3) 

 

1212.0(1) 

Rp (%) 9.76 9.90 9.46 9.33 

Rwp (%) 8.76 8.83 9.13 8.55 

Figure 3 shows the SEM micrograph and it can be seen that 

SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1, and 0.15) had a slightly 

irregular shape at n= 0 but was dominated by a plate-like 

morphology. These results were in accordance with Chang et 

al. (2014) and Hao et al. (2007) stating that SrBi4Ti4O15 had a 

plate-like morphology when synthesized by the molten salt 

method [25,39]. The formation mechanism of plate-like 

particles consists of two stages: the reaction stage and the 

particle growth stage. In the reaction stage, the precursors react 

with each other to form nuclei and at the growth stage, the 

nuclei are arranged to form a larger matrix with a plate-like 

shape [40,41]. The figure also exhibits that particle 

agglomeration decreases with the increasing concentration of 

V dopants because V-doping on Ti increases particle 

dispersion. As a result, it takes much energy for crystal growth 

to reduce the energy accumulated on the sample surface, 

resulting in a more stable state and decreased agglomeration 

[25,42-43]. It will give an advantage in photocatalysis 

applications because particles with low agglomeration can 

enhance photocatalytic activity due to increasing surface active 

sites [44] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3. SEM micrographs of SrBi4Ti4-nVnO15: (a) n= 0; (b) n= 0.05, (c) 

n= 0.1, and (d) n= 0.15 

 

Figure 4 shows the reflectance spectra of SrBi4Ti4-nVnO15 

(n= 0, 0.05, 0.1, and 0.15) and it can be seen that V dopant could 
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reveal light absorption at visible light wavelengths. Then, the 

data were calculated using the Kubelka-Munk equation [31]. 

Figure 5 and Table 3 depict the plot between (F(R).hv)1/2 and 

the band gap energy (Tauc-plot), and the summary of band gap 

energy values respectively. 

Table 3. The band gap energy values of SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1, 

and 0.15) 

Compound Band gap energy (eV) 

SrBi4Ti4O15 3.04 (408 nm) 

SrBi4Ti3.95V0.05O15 3.00 (413 nm) 

SrBi4Ti3.90V0.1O15 2.86 (433 nm) 

SrBi4Ti3.85V0.15O15 2.84 (436 nm) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 The reflectance spectra of SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1, and  

0.15) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. The Tauc-plot of SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1, and 0.15) 

 

 

 

 

 

 

 

 

 

Fig 6. Illustration of band gap energy of V doped SrBi4Ti4O15 

The band gap energy values decreased with the increasing V 

dopant concentration. The conduction band consisted of Ti 3d, 

while the valence band consisted of Bi 6s and O 2p. The 

reduction of band gap energy value was related to new orbital 

revealing, i.e., V 3d by V dopant whose position was below the 

conduction band of SrBi4Ti4O15. It was also caused by a 

mixture of d orbitals between Ti and V, causing a decrease in 

the position of the lower conduction band [45]. Dopant V could 

shift the Fermi level to the lower conduction band so that V 3d 

would assist in shifting the excited electrons by visible light 

irradiation [46]. The electronic structure of the V-doped 

SrBi4Ti4O15 compound is proposed in Figure 6, adopting of V-

doped Bi4Ti3O12 model [15]. 

4. Conclusion 

SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1, and 0.15) was successfully 

synthesized using molten KCl salt. SrBi4Ti4-nVnO15 crystallized 

in space group A21am and had a plate-like morphology. The 

band gap energy decreased linearly with an increase in 

vanadium dopant concentration due to the formation of a new 

electronic state by the V dopant. The band gap energy of 

SrBi4Ti4-nVnO15 (n= 0, 0.05, 0.1, and 0.15) at range from 3.04 

eV (408 nm) to 2.84 eV (436 nm) can give an advantage in 

photocatalyst application for being able to work in a broader 

light wavelength range. However, the photocatalyst activity 

experiment is required to further investigate the potency of V-

doped SrBi4Ti4O15 as photocatalyst compound. 
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