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Abstract

Vanadium (V)-doped BisTi3012 compound is reported to have good photocatalyst properties; however, efforts still need to improve the ability
of the photocatalyst through various strategies, such as controlling the morphology and particle size. The molten salt method is one of the simple
synthesis methods reported successful in synthesizing Bi4Ti3012 compounds with plate-like/sheet morphology and reported having good
photocatalyst activity. One of factor influenced to particle compound obtained by molten salt method is synthesis temperature. Therefore, in this
work, V-doped BisTi3012 (BisTi295Vo0.05012) was prepared through the molten salt NaCl/KCIl method at various synthesis temperatures: 700,
750, and 800°C and the effect of temperature synthesized on (a) structural (b) morphological, and (c) band gap energy were studied. These
studies used X-ray diffraction data (diffractogram), scanning electron microscope (SEM) and diffuse reflectance ultraviolet-visible spectroscopy.
The diffractograms showed that the target compound was successfully obtained at all temperature synthesis. The crystallographic data indicated
that temperature synthesis determined the lattice parameter values. However, there are no clear trend changes that is possibly due to changes in
the valence of the V atom. The synthesis temperature also causes increasing the crystallite size but does not affect the crystallinity samples. SEM
images showed that all samples had plate-like/sheets morphology and the particle size became larger at higher temperature. It indicated that the
particle growth rate was faster than nucleation rate. Meanwhile, the result of Kubelka-Munk calculation showed that all samples had relatively
same band gap energy value (Eg¢(1) was ~2.90, and E,(2) was ~1.85 eV.
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1. Introduction

BisTi3012 is one of the tri-layer Aurivillius compound
families reported to have a good photocatalytic activity in
degrading dye organic waste with a band gap energy of 2.91 eV
(426 nm) [1]. Furthermore, applying the BisTi3012 compound
as photocatalyst material can be more advantageous if it can
work at a wider spectrum of wavelengths visible light. It is well
known that doping metal element to photocatalyst compound
can decrease the band gap energy. Previous studies reported
that BisTi301, doped by a metal element such as La, Nd, Fe, Cr,
and V metals can decrease the band gap energy [1-2]. Several
studies reported that the utilization of vanadium metal as
photocatalyst material dopant can decrease the band gap energy
[1,3]. Gu, et al. synthesized the compound BisV3,Tiz3:012 (x =
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0, 0.05 and 0.1) through hydrothermal method, and reported the
band gap energy of compounds: (a) x=0 was 2.91 eV (426 nm),
(b) x=0.05 was 2,67 eV (464 nm) and (c) x= 0.1 was 2.37 eV
(523 nm) [1]. It indicated that the higher concentration of
vanadium dopant can cause the decrease in the band gap; as a
result, it can work in the visible light region. The vanadium (V)
dopant can reduce the band gap energy by forming electronic
energy levels below the conduction band involving the d orbital
of V atom [4].

The morphology and particle size of photocatalyst
compounds determine photocatalytic activity [5-7]. The
uniformity of particle size and shape morphology can increase
the quantum efficiency of interfacial charge transfer; as a result,
it prevents e/h* recombination and increases the absorption of
light, thus making the photocatalytic activity better [8]. In
addition, Li and Liu suggested that the morphology/shape
particle determined the photo-oxidation activity in
photocatalyst mechanism [9]. Previous other studies also
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reported that BisTi3012 compound with a plate-like/sheet
morphology had good photocatalyst activity [8,10]. However,
Liu et al. reported that Fe-doped BisTi3012 compound with a
microsphere morphology had a very good ability to degrade
methylene blue [5]. Thereof, the synthesis of BisTi3O12
compound with its typical morphology  (plate-
like/sheet/microsphere) provides an advantage to increase the
photocatalytic activity.

One synthesis method reported to have tuning particle
morphology ability is molten salt method. This method uses
salt fluxed as a medium to facilitate the precursor’s reaction and
consists of two main mechanisms i.e. (a) the template-growth,
and (b) dissolution-precipitation mechanisms. The template-
growth mechanism involves the dissolved reactant in the
molten salt diffuses to the surface of the lower soluble reactant,
whereas in the dissolution-precipitation mechanism two
reactants are completely dissolved in the salt and react to form
the product phase [11-13].

The synthesis of the plate-like/sheet BisTi30,2 compound by
molten salt method has been reported by previous researchers
[14-15]. Zhao, et al. synthesized BisTi3012 by molten salt
method using Na;SO4/K,SOy4 salts with synthesis temperature
in the range of 850-950°C and obtained the products with plate-
like (sheets) morphology [15]. Meanwhile, Agustina, et al.
reported the synthesis of vanadium-doped BisTi3012
compounds using NaCl salt and impurities BiNaOsz and
NaVeO1; were still obtained, while the obtained particle
morphology was plate-like/sheet [16]. These studies showed
that the molten salt method could provide an opportunity to
obtain BisTi30;> material with a plate-like/sheet morphology.

There are many determining factors on molten salt method,
including (a) salt type, (b) synthesis temperature, (c) synthesis
time, and (d) salt to oxide ratio [15, 17-18]. Zhao, et al. reported
that the temperature of molten salt synthesis of BisTi3012
affected the growth particles and the higher calcination
temperature produced the larger particle size [15]. In addition,
Marela, et al. synthesized the Bi4Ti3012 compound using NaCl
salts at synthesis temperature in the range of 800-950°C, and
reported that the particle size became larger with the increasing
temperature caused by the particle growth rate faster than the
nucleation rate [19]. It showed that the temperature of molten
salt synthesis had an effect on the particle size growth. On other
hand, Gu et al. synthesized vanadium doped BisTi3012
(Bi4V3,T13:3,012 (x = 0, 0.05 and 0.1)) compound using the
hydrothermal method and the shape of obtained particle were
plate-like. They also reported that the V doped BisTi3012 had a
good photocatalytic activity [1]. Meanwhile, Handayani et al.
reported the synthesized V doped BisTi3012 using molten salt
method and the obtained particle shape was plate-like [3].
However, a specific study of the effect of synthesis temperature
on the V-doped BisTi301, particle prepared by the molten salt
method has still never been reported especially the one using
the mixed salt of NaCl/KCl. Meanwhile, using mixed salts
provides an advantage by allowing synthesis at lower
temperatures [18]. Therefore, in this work, the V-doped
Bi4Ti3012 compound (BisTi2.95V0.05012) was synthesized using
the molten mixed NaCl/KCl salt method with various
temperatures and the effects of synthesis temperature on (a)
structure, (b) morphology, and (c) band gap energy were
studied.

2. Materials and Methods
2.1. Materials

The materials used in this study included bismuth (IIT) oxide
(Bi203;, Himedia, 99.9% powder), titanium dioxide (TiO-,
Aldrich, 99.9% powder), vanadium (III) oxide (V,03, Sigma
Aldrich, 99.5% powder), sodium chloride (NaCl, Merck,
99.5% powder), potassium chloride (KCl, Merck, 99.5%
powder), acetone (Merck), and silver nitrate (AgNO3, Merck,
Powder).

2.2. Methods

In this study, the V-doped BisTizO012 compound
(BisTi295V005012/BTVO) was obtained by molten salt method
using mixed NaCl/KCl salt with mol ratio 1:1. Precursor and
salt requirements were calculated stoichiometrically. BTVO
synthesis was carried out by mixing the precursors Bi»O3, TiO2
and V,0s3, which were adjusted based on stoichiometric
calculations. The sample product and the mixed salt of
NaCl/KCl with the ratio of 1:7:7 were crushed using agate
mortar for 1 hour and added with acetone to homogenize the
mixture. In this study, three samples were prepared and
calcined at (a) 700°C (BTVO-700), (b) 750°C (BTVO-750)
and (c) 800°C (BTVO-800) for 6 hours. The synthesized
samples were removed from the furnace and rinsed with hot
distilled water for several times to remove the mixed salt used.
The remaining NaCl/KCl salts were identified by dripping
AgNO:s to the filtrate. Then, all samples were heated in oven at
90°C for 3 hours.

2.3. Characterization

The samples were characterized using X-ray diffraction
(Rigaku Miniflex diffractometer, Japan) to determine the phase
structure of samples. The measurements were conducted at 20
(°) = 10-90 in which step size measurement was 0.02°. The
diffractogram samples were refined with Rietica software using
Le-Bail method. The highest intensity of diffractogram peak
was used to calculate the crystallite size of the sample using
Equation 1 (the Debye-Scherer Equation).

KA
_BCOSG (1)

D is the crystallite size (nm), K is the Scherer constant (0.9),
B is full-width half maximum peak (radians), A is the
wavelength of X-ray source with Cu k-a (1.5406 nm), and 6 is
diffraction angle [20].

Scanning electron microscope-Energy dispersive X-ray
spectroscopy characterization used Jeol JSM-6510, Japan. The
SEM images obtained were processed using Image-J software
to determine the particle size. In addition, the EDS spectrum
was used to analyze the composition of the constituent elements
of the samples. Ultraviolet-visible diffuse reflectance
spectroscopy (Thermo Scientific Evolution 220 spectrometer,
USA) measurement was conducted at a range wavelength: 200-
800 nm. The reflectance spectrum was calculated using
Kubelka-Munk (Equation 2) to obtain the band gap energy.
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F(R) is Kubelka-Munk factor, K is molar absorption
coefficient, S is scattering coefficient, and R is reflectance
measured value. The band gap energy was calculated by linear
regression at the value of x (hv =band gap energy) at y=0[21].

3. Results and Discussion

Fig. 1 shows the diffractogram of BTVO samples and it can
be seen that the diffractogram samples had a similar pattern to
the diffractogram standard of BisTi301> (The Inorganic Crystal
Structure ~ Database/ICSD ~ 159929)  indicating  that
Bi4Ti2.05V0.05012 compound was successfully synthesized. Fig.
1 also shows that no other peaks indicating that the impurities
did not form. All diffractograms were refined by the Le-Bail
method (using the diffractogram standard of Bi4T1301, on ICSD
159929). The refinement plots are shown in Fig. 2, and the
result data are summarized in Table 1, showing that the R, and
R, values for all samples were below 10. It indicated that the
sample diffractograms had a high agreement with the
diffractogram standard [22].

Fig. 3 shows the shifting peak position at the highest
diffractogram intensity (26 = 30.05°), and it can be seen that the
peak of BTVO-700 and BTVO-750 shifted to the bigger
position. It corresponded to a change in lattice size due to the
partially small Ti atoms being replaced with vanadium dopant
resulting in a change in the length of the B-O bond. In this
research, V,0s precursors were used; hence, the valence of the
vanadium atoms was 3. However, the use of high temperatures
in this research could lead to the changes in the valence of the
atoms [23]. Therefore, there was a possibility of a change in the
valence of the V atom into pentavalent (V>*). The change in
bond length in BTVO-700 as well as BTVO-750 was related to
the ionic radii of V°* (0.54 nm) smaller than Ti*" (0.605 nm)
[24]. Fig. 3 also shows that the peak position of the BTVO-800
that was relatively the same as standard data. It indicated that
the V atom valence was probably unchanged (ionic radii of V3*
is 0.64 nm [24]). Therefore, the lattice size did not change. The
crystallographic data obtained from the refinement process also
indicated changes in the lattice parameters (a, b, and c), but
there was no trend and it may correlate to changes in the
valence of the V atom. However, X-ray photoelectron
spectroscopy measurement was not conducted; therefore,
providing a more detailed explanation is somewhat
challenging.
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Fig. 1. Diffractograms of BTVO-700, BTVO-750, and BTVO-800
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Fig. 2. The refinement plots of BTVO-700, BTVO-750, and BTVO-800

Table 1. The results of refinement data

Parameter BTVO-700 BTVO-750 BTVO-800
Crystal Orthorhombic Orthorhombic Orthorhombic
system
Space group B2cb B2ch B2ch
VA 4 4 4
a(A) 5.46213(4) 5.44512(0) 5.45161(4)
b(A) 5.42011(3) 5.41025(1) 5.41236(0)
c(A) 32.94081(3) 32.78873(1) 32.80612(6)
Cell volume 975.2(1) 965.94(9) 967.98(7)
(&)

R, (%) 9.41 8.92 8.61
R, (%) 6.57 6.34 6.65
GoF (%) 0.15 0.16 0.17
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Fig. 3. Diffractogram peak at 26 = 30.05°

Table 2. The crystallite size of BTVO

Sample Crystallite size (nm)
BTVO-700 38.07
BTVO-750 46.55
BTVO-800 46.57

The calculation of crystallite size used the highest intensity
of the diffractogram peaks at 26 = 30.05°, and the results are
summarized in Table 2. The results showed that the sample
synthesized using a higher temperature had a larger crystallite
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size as the higher temperature could give bigger energy
supplied as a result of the increasing dissolution rate and then
raising the rate of crystallite size growth [25,26]. The difference
in crystallite size between the BTVO-700 and BTVO-750
samples was quite significant indicating the crystallite size
growth rate raised significantly due to increasing temperature.
However, the BTVO-800 sample had a crystallite size that was
relatively the same as BTVO-750. It was probably related to
the concept “the growth dead zone”, or the crystals no longer
could grow even on a supersaturated condition [27]. All
diffractograms had a sharp shape that indicated that all samples
had good crystallinity. In addition, the diffractogram of the
sample synthesized at the lowest temperature (BTVO-700) did
not find any impurity. It showed that the lowest synthesis
temperature 700°C was sufficient to facilitate the reaction
between precursors.

Fig. 4. Micrograph of (a) BTVO-700, (b) BTVO-750, and (¢) BTVO-800

Fig. 4 shows the micrograph of BTVO compounds, and it
can be seen that BTVO particles had a plate-like morphology.
It is well known that the plate-like morphology is a typical
morphology of the Aurivillius compound synthesized using the
molten salt method [15,28-29]. The micrograph also shows no
agglomeration and aggregation particles in all samples
indicating that the synthesis temperature did not affect the
morphology of the particles. As shown in Fig. 5, the particle
size distribution of the sample was calculated using Image J
software. Table 3 summarizes the particle size averages
showing that the particle size became larger as the synthesis
temperature increased. Marella, et al. suggested that the particle
growth stage in the molten salt method includes (a) nucleation
(reactant particles reacting to each other in the molten salt to
form product particle nuclei) and (b) crystal growth (crystal
nuclei reacting to form a greater matrix) [17]. The particle size
of the BTVO-800 sample was found at the largest, which
indicated that the crystal growth rate was faster. The fast crystal
growth rate at high temperatures caused the surface energy
increasing; therefore, the particles would diffuse and combine
to form larger particles to reduce its surface energy [11,30]. In

addition, higher temperatures caused the diffusion rate between
atoms to accelerate, thereby making the growth of particles
larger. It then made the obtained particle larger [19]. Table 4
presents the results of energy dispersive X-ray spectroscopy

spectrum, showing the element content of the BTVO
compound.
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Fig. 5. Particle size distribution of BTVO

Table 3. The average particle size of BTVO

Sample Average particle size (um)
BTVO-700 70.372
BTVO-750 83.736
BTVO-800 100.198

Table 4. The elements composition in BTVO samples

Element

(Yweight) BTVO-700 BTVO-750 BTVO-800
Oxygen 20.81 24.99 21.32
Bismuth 62.01 58.08 61.63
Titanium 16.11 15.55 16.03

Vanadium 1.07 1.38 1.02
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Fig. 6 and Fig. 7 show the UV-Vis DRS reflectance spectra
of BTVO compound, and the Tauc plot for calculating the band
gap energy, respectively. Table 5 meanwhile provides a
summary of the results of the band gap energy calculation. As
seen in Fig. 7, the BTVO compound had two distinct adsorption
edges in the region around (a) ~428, and (a) ~670 nm. This

result was similar with the one reported by Ramana, et al.
(2017) that suggested that the BisTi302 compound doped with
samarium and vanadium had two distinct adsorption edges at
around 400 and 600 nm [31]. The first band gap energy value
(~2.90 eV) was relatively the same as the one reported by Liu,
et al. and involved electrons in the Bi-6s + O-2p orbitals in the
valence band and Ti-3d in the conduction band [32]. In
addition, the first band gap energy value also was similar with
the one reported by Gu, et al. for undoped BisTi3012 (2.9 eV)
[1]. Meanwhile, the second band gap energy had a lower value
due to the substitution of V on the Ti atom in BisTi3012
material, and it caused the formation of a new electronic band
sub-structure [31]. The substitution of V was more
electronegative than Ti; therefore, an interstitial state was
formed by the V orbital in 3d, located at the bottom of the Ti-
3d conduction band [1,33-34].

Table 5. The band gap energy of BTVO

E(1) Ef2)
Sample (eV/nm) (eV/nm)
BTVO-700 2.92/425 1.88/659
BTVO-750 2.90/428 1.86/667
BTVO0-800 2.89/429 1.84/674

The band gap energies of all samples were relatively the
same, as tabulated in Table 5. It indicated no effect of particle
size on the obtained band gap energy indicating no quantum
confinement effect in samples. The absence of the quantum
confinement phenomenon was possible since the obtained
particle size could not be classified as a nanomaterial [35]. The
second band gap energy of BTVO also showed that this
compound could work in the visible region (~670 nm/red
color), thus providing advantages as a photocatalyst material.

4. Conclusion

The V-doped Bi4Ti3012 compound (Bi4Ti2‘95Vo,05012) was
successfully prepared by the molten mixed NaCl/KCl salt
method using the synthesis temperatures at 700, 750 and 800°C.
The synthesis temperature affected the parameter lattice and
crystallite size of the sample but did not affect the crystallinity
of the sample. All samples had similar morphology, i.e. plate-
like/sheet; however, the particle size was different, which
indicated that the temperatures synthesis affected particle
growth rates. The band gap energy obtained had relatively the
same value (~2.90 for E¢(1) and ~1.85 eV for E,(2)), which
correlated to the absence of a quantum confinement effect.
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