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ABSTRACT: This paper discloses the effect of the
surfactant sodium dodecyl sulfate (SDS) in the morphology
and the photocatalytic activity of BaMoOs crystals.
Experimental techniques were applied to study the order-
disorder degree of the samples. First-principles calculations
were performed at density functional theory level with the
B3LYP hybrid functional. The morphologies were
investigated by field emission scanning electron microscopy,
and the theoretical crystal shapes were obtained through the
Wulff construction. The photocatalytic activity efficiency of
the BaMoO, crystals was tested against the Rhodamine B
(RhB) dye. In this paper, BaMoO, synthesized with SDS by
the coprecipitation method presented a monophasic crystal
with a disordered structure. In addition, the presence of this
surfactant generated pores on the surfaces of the material,
and those pores were responsible for the appearance of the
adsorptive ability enhancing the adsorption process of the
RhB dye in the dark, in absence of ultraviolet light.
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1. Introduction

In past years, the ceramic’s powders and crystals of
molybdates were prepared by different methods, such as
solid-state reaction (Kumar et al., 2020), precipitation
with calcination in high temperatures (Silva et al.,
2020), and the crystal growth by the “Czochralski”
process (Khan et al., 2020). However, these synthesis
methods require high temperatures, long processing
times, sophisticated equipment with high maintenance
costs and can even lead to the formation of undesirable
phases. Therefore, some synthesis methods have been
developed and used in the preparation of molybdate
crystals (Lakhlifi et al., 2020; Skutina et al., 2021; Tang
et al., 2021), such as coprecipitation (Chankhanittha et
al., 2021; F. Oliveira et al., 2021), conventional
hydrothermal  (Farahpour and Arvand, 2021),
microwave assisted hydrothermal (Keshari and Dubey,
2021), and sonochemical (Silva Junior et al., 2021).
These methods make possible to allay the problems
present in older methods and obtain crystals of different
sizes and shapes.

In particular, the coprecipitation method, which,
according to the literature, is defined as a process for
obtaining crystalline materials from the dissolution of
reagents or soluble precursors in aqueous solution with
or without the presence of a mineralizer (chemical
bases) at relatively low temperature, has been used
recently in the preparation of different molybdates of
different shapes and sizes (Theiss et al., 2016).
However, to obtain homogeneous and monophasic
molybdate crystals by this method, higher temperatures
(> 100 °C) are necessary due to the low reaction kinetics
(Kianpour et al., 2013). Studies have been carried out
using the coprecipitation method, employing surfactants
as stabilizing agents to aid in the kinetics and, thus,
reduce the reaction temperature (Kianpour et al., 2016).
These surfactants act as reactants during the reaction and
stabilize the colloids. The literature also shows the effect
of different surfactant ratios in controlling the size of
microstructures and  improving  photocatalytic,
photoluminescent, and antibacterial properties (Ji et al.,
2020; Keerthana et al., 2021; Ray et al., 2018). Among
the used surfactants, the anionic sodium dodecyl
sulphate (SDS) acts as a stabilizer protecting the newly
formed cation or anion nuclei, which has an intrinsic
preference for the growth of their crystals (Kianpour et
al., 2013; Luo et al., 2010).

Among molybdates, barium molybdate (BaMoO,) is
relevant material in electro-optics due to its green
luminosity production and electro-optic applications,
including solid-state lasers and optical fibers. The
BaMoO, presents a scheelite structure with I41/a space
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group formed by distorted [BaOg] and [MoQ,] clusters.
This material has a high band gap energy (Egap)
~4.2 eV (Pereira et al., 2021; Sczancoski et al., 2010;
Xia and Chen, 2010). Due to its poor use of light
(ultravisible [UV] light) from the solar spectrum, the
photocatalytic efficiency becomes very low. Various
techniques have been applied to photogenerate electron-
hole pairs in semiconductors to improve photocatalytic
performance, such as modeling new crystals through
BaMoO, synthesis to form new morphologies efficient
in enhancing the photocatalytic performance of
BaMoO, (Hu et al., 2021; Luo et al., 2008; Xia and
Chen, 2010). It is possible to correlate the size of
materials with different or even new properties; thus,
semiconductors designed with different sizes and
exposed facets proved to be excellent models to
promote, for example, photocatalytic and biocide
studies (Macedo et al., 2018).

This paper presents a simple method for the synthesis
of uniform and pure BaMoO, crystals through the
coprecipitation method using the SDS to evaluate the
effects on the crystal morphology in the application of
Rhodamine B (RhB) degradation. Thus, to endorse the
experimental results, first-principles calculations were
used to assess the effects of morphology on the
degrading processes of the RhB.

2. Experimental sections
2.1 Synthesis

The BaMoO, crystals were synthetized by a simple
coprecipitation method by using barium nitrate
(Ba(NO3),, Sigma-Aldrich, 99.0%), sodium molybdite
dihydrate (NaMoO,*2H,0, Sigma-Aldrich, 99.0%) as
precursors, and the sodium dodecyl sulfate (SDS, Synth,
90.0%) as a surfactant. The first step of the synthesis
involves the dissolution of 1 x 107 mol of the
precursor’s salts, separately, in 100 mL of deionized
water at 70 °C. Then, 1 g of the surfactant SDS was
added to the MoO?" ions solution. After these steps, the
two solutions were mixed under constant stirring.
Approximately ten washes with deionized water were
carried out at the end, using a centrifugation process
(Centrifuge 5804, Eppendorf) to remove the residual
Na* and organic ions. The synthetized solid was
collected and dried in an oven at 65 °C for 24 h. The
same procedure described above was repeated to obtain
the pure BaMoO, crystal by removing the SDS in the
precursor solution. The samples were named by
BaMoO, and BaMo0,-SDS for the synthesis without
and with SDS, respectively.
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2.2 Structural and

characterization

morphological

The structure of BaMoO, crystals was characterized
by X-ray diffraction (XRD) with Rietveld and micro-
Raman. The morphological change was analyzed
through field emission-scanning electron microscopy
(FE-SEM), and the electronic modifications were
analyzed by UV-visible (UV-vis) spectroscopy.

2.3 Photocatalysis evaluation

To analyze the surfactant’s effect in the
photocatalytic activity of the BaMoO, and BaMoO,-
SDS crystals, it was performed the photodegradation of
the RhB (95%, Mallinckrodt) under UV light. The
experiment was conducted as follows: 50.0 mL of RhB
solution (1 x 107 mol L") were added to the glass
reactor with 50 mg of the sample. The reactor was taken
to ultrasound (42 kHz, model 1510) for 5 min in the dark
to disperse the BaMoO, crystals in the solution and then
transferred to the photocatalytic system with 6 UV
lamps (TUV Phillips, 15 W, and intensity of 254 nm), in
10 cm from the reactor. Then, to reach the adsorption
equilibrium, the system remained in the dark for 40 min
(collecting aliquots at —40, =30, —20, —10 and 0 min) at
25 °C and in the next step, the lamps were turned on,
and the aliquots were removed at 20, 40, 60, 80, 110 and
140 min. After the reaction, the photocatalytic system
was placed in a plastic tube where they were centrifuged
at 10,000 rpm for 5 min to remove the catalyst particles
from the solution completely. The remaining solution
was analyzed by UV-vis absorption spectroscopy in a
V-660 spectrophotometer (JASCO). The monitoring of
the variation in the RhB absorption band with maximum
A =554 nm for photocatalytic tests was investigated.

2.4 Theoretical models

First-principles calculations were performed using
the CRYSTAL program (Dovesi et al., 2017; 2018) at
the DFT level associated with the B3LYP hybrid
functional (Becke, 1988; 1993). To study the electronic
properties of the BaMoQ, structure, a unit cell model
was created from the refinement data. In the
optimization process to obtain the perfect crystal data,
without defects, the lattice parameters (a, b, ¢, and a,
B, v) and the internal coordinates (X, Y, z) of each atom
were optimized. The electronic band gap energy (Egap)
value and the Raman frequencies were computed and
compared with the experimental values. From the
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calculated surface energy (Esurf) values published in the
literature (M. Oliveira et al., 2016), associated with the
Wulff’s construction, it was possible to obtain the ideal
theoretical morphology (in vacuum) for the material
studied. In addition to this ideal morphology and using
the methodology developed by us (Andrés et al., 2015),
it was also possible to obtain the experimental
morphology in order to compare it with the theoretical
one.

3. Results and discussion

The XRD and Rietveld refinement was performed to
verify the crystallinity of the material and its phase and
structural parameters, as illustrated in Fig. 1. The XRD
data allowed an analysis of the material structure at
long-distance. It was possible to index and prove that
both materials were obtained in their pure phase. As can
be seen in Fig. 1a, it was not observed the presence of
secondary phases, since the diffraction peaks are in good
agreement with those reported for BaMoO, in ICSD
n° 250487 (Inorganic Crystal Structure Database, ICSD)
and the strong and acute peaks indicate that the
synthesized crystals have good crystallinity. Structural
refinement was performed using the Rietveld method
for BaMoO, and BaMo0O,-SDS crystals to confirm that
the structures belong to the tetragonal structure and
obtain the lattice parameters, cell volume, and atomic
coordinates (Fig. 1b). The structural refinement’s
quality was analyzed using the Rwp, RBragg, Rp e x?
statics parameters. Minor deviations of these parameters
indicate the excellent quality of the structural
refinement.
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Figure 1. (a) X-ray diffraction patterns and (b) Rietveld
refinement for BaMoO, crystals in the presence and
absence of SDS.

The BaMoO, crystals, synthesized by the
coprecipitation method with and without SDS, were
obtained in their pure tetragonal phase (space group
I44/a). Fig. 2 illustrates the tetragonal BaMoO, structure
obtained from the refinement data. The crystal lattice of
this semiconductor is formed by deltahedral [BaOg] and
tetrahedral [MoO,] clusters and contains four formula
units per unit cell (Z = 4).

The analysis of the structural order/disorder degree
of the BaMoOQ, crystals at a short distance was analyzed
using the micro-Raman spectra. The results can be
found in Fig. 3 and in Tab. 1, compared with the
theoretical modes.
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Figure 2. Tetragonal structure of BaMoO, and its
constituent [BaOg] and [MoO,] clusters.
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Figure 3. Micro-Raman spectroscopy for BaMoO,
crystals in the presence and absence of SDS.

Table 1. Vibrational modes and Raman peaks of BaMoO, and theoretical values.

Vibrational modes and symmetry

Td Lattice mode C® 4h
vl (2A1) Ag
13 (2F2) Bg
13 (2F2) Eg
v4 (2F2) Eg
v4 (2F2) Bg
v2 (2E) Bg. Ag

of.r* (2F1) Eg
vext** Bg
vext** Eg
vext** Bg, Eg

*Free rotation; **external modes.

As can be seen, the Raman bands related to the four
active modes were observed. The vibrational modes
observed in the Raman spectra are divided into two
groups: the internal and external modes. The external

Raman peaks (cm™)

BaMoO, BaMo00O,-SDS BaMoQOy-Theo
893 893 907.95
838 838 853.78
789 789 818.28
360 - 367.90
345 - 366.19
323 323 332.70

- 238 212.10
191 - 137.02
142 - 122.86
112 - 80.49

vibrational modes are composed of tetrahedral [MoO,]
clusters with strong covalent bonds between Mo—O and
octahedral [BaOg] clusters (Christofilos et al., 2004;
Sczancoski et al., 2010). The internal modes are
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composed of tetrahedral [MoO,] clusters with a rigid
center of mass. The external modes can be considered as
reticulated phonons because they result from the
movement of [BaOg] and [MoO,] clusters, in symmetry
Td, in the free space generated (Panchal et al., 2006).
The BaMoO, samples exhibited all the internal and
external modes, corresponding to the material’s phase,
well defined, indicating that the material is highly
crystalline at close range. On the other hand, the Raman
spectrum of BaMo0O,-SDS showed peaks at 893, 838,
789, and 323 cm™!, showing only the internal modes,
demonstrating that this material is partially disordered.
In addition, the BaM0O,-SDS has peaks corresponding
to the internal modes, with less intensity, which is a
characteristic for disordered crystals: the appearance of
wide Raman bands reflecting on the density of the
phonon states. These Raman results prove that the use
of SDS in BaMoO, synthesis causes changes in the
crystal structure at a short distance and that even with
the pure BaMoO, phase confirmed by XRD results,
these crystals are disordered.

The UV-vis spectra for the BaMoO, and BaMoO,-
SDS samples made it possible to determine each Egap
value, applying the Kubelka—Munk function. This
function is generally applied to convert diffuse
reflectance into equivalent absorption coefficient and is
mainly used to analyze powder samples and is described
as (Eqg. 1) (Wood and Tauc, 1972):

(1-R)?

a=F(R) = ”

1)
where F(R) is Kubelka-Munk function; « is the abortion
coefficient, and R is the reflectance. Therefore, the Tauc
relation becomes (Eq. 2):

F(R) = hv = a(hv — Egap)n 2

where n = 0.5 and 2 for direct and indirect transitions,
respectively, resulting in direct and indirect band
intervals (Spassky et al., 2005). The graphs of (F(R)hv?)
versus hv for all samples are shown in Fig. 4. The
extrapolation of linear regions from these graphs to
F(R)hv? = 0 gives the direct band gap values.

The Egap values show a slight variation between the
samples. The decrease in the Egap value for the
BaMo00O,-SDS crystals can be attributed to a reduction
in the local order degree, which may have been caused
by the creation of new intermediate levels between the
valence (VB) and conduction bands (CB). This fact can
be attributed to the presence of the SDS surfactant
during the synthesis of the material that causes
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distortions in the crystal structure, which endorse the
experimental Raman spectra.
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Figura 4. UV-vis spectra for the BaMoO, crystals in the
presence and absence of SDS.

The theoretical study of the electronic properties
corroborates with the UV-vis results. The theoretical
model of the BaMoQ, is seen as a defect-free structure
with ideal parameters. This model presented a higher
Egap value (Fig. 5a) of 5.60 eV. The observed electronic
transition is direct between the I'-points of the Brillouin
zone. The atomic composition of the VB and CB was
investigated by analyzing the density of states (DOS)
from all atoms in the structure. As shown in Fig. 5b, the
VB for BaMoO, is mainly formed by the contribution of
the orbitals from the O atoms, and these orbitals are
mostly antibonding types. On the other hand, the CB is
composed primarily by the hybridization of the orbitals
from the Mo and O atoms. This region also has a
contribution from the Ba atoms. There is the presence of
bonding and antibonding orbitals.
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Figure 5. (a) Band structure and (b) Total and projected
DOS for the BaMoO, structure.

The morphologies of the BaMoO, and BaMo0O,-SDS
crystals were investigated by microscopy, and the FE-
SEM images are illustrated in Fig. 6. The BaMoO,
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crystals synthesized without the surfactant present an
octahedron-shaped morphology with a predominance of
the (101) surface, with a small contribution of the (112)
and (110) surfaces (Fig. 6a). Better visualization of these
surfaces can be seen in the theoretical morphology
known as Wulff’s crystal. To achieve this theoretical
morphology, it was employed the methodology
developed by Andrés et al. (2015), in which used the
calculated surface energy (Esurf) values associated with
the Wulff construction (Wulff, 1901). The Esurf of the
BaMoO, crystals were reported by M. Oliveira et al.
(2016). The morphology observed for the crystals
obtained in the presence of SDS (Fig. 6b) presents the
same crystal shape as the sample without SDS (Fig. 6a).
However, morphological differences are observed, such
as the (112) surface no longer contributes to the
morphology of the crystal, and the (110) starts to have a
minor contribution. The major difference between the
morphologies of BaMoO, and BaMoO,-SDS is in the
shape texture. BaM0O,-SDS crystals have a rugged
surface with the presence of pores.

' (101)
—— (112)
(001)
(110)

Figure 6. FE-SEM imagens for the (a) BaMoO, e (b) BaMo00O,-SDS crystals. For the comparison, Wulff’s crystals
are also represented for each sample.

M. Oliveira et al. (2016) reported the synthesized of
the BaMoO, crystals also by the coprecipitation method;
however, they used a temperature of 80 °C, at pH 7.
They modeled the BaMoO, surfaces and calculated the
surface energies. The morphology reported by the
authors is different from that obtained in this study, with
a significant presence of the (100), (112), (110), and
(101) surfaces. Through these results, it is possible to

observe that the surfaces of this BaMoO, structure
present, mainly, different types of clusters for the Ba
atom, with several oxygen vacancies.
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Figure 7. (a) Photocatalysis degradation profile of the
RhB dye in 140 min and (b) first-order kinetics for the
BaMoO, crystals in the presence and absence of SDS.

The photocatalytic activity of the BaMoO, crystals
was tested against the RhB dye. The analysis started in
the dark (light off) to test the influence of this
environment in the photocatalysis process and obtain the
adsorptive equilibrium. The equilibrium adsorption-
desorption rate of RhB in the dark versus time in the
presence of BaMoO, and BaMoO,-SDS was shown in
Fig. 7a and Fig. 8a. The BaMoO,-SDS degradation
profiles in the dark showed that this material has one
more property that has not yet been reported in the
literature, the adsorptive capacity. The BaMoO,-SDS
crystals adsorbed about 18% of RhB while BaMoO,
adsorbed about 1% of RhB. This property is acquired by
the presence of pores in the crystal surfaces (see FE-
SEM images in Fig. 6a), as illustrated in Fig. 8b. The
high roughness of this material confers such properties,
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and the adsorptive process added to the photocatalytic
process certainly makes the material promising in the
studies of adsorptive and photocatalysis processes.
These two properties were illustrated in Fig. 8b—c. In
addition, the BaMoO,-SDS also has a photocatalytic
performance enhancement, as seen in Fig. 7b.

Therefore, by analyzing the degradation profile
shown in Fig. 7a, it can be seen that the presence of SDS
in the synthesis improved the photocatalytic activity.
BaMoOQ, crystals degraded about 23% in 140 min, while
the degradation of the BaM0O,-SDS crystals was 45%.
The process analysis showed that both degradations
occur in first-order kinetics. The calculated velocity
constants were k =1.75 x 103 min~' and k = 2.50 x 103
min~! for the BaMoO, and BaMoO,-SDS crystals,
respectively, as shown in Fig. 7b. So, the increase in
reaction kinetics indicates that BaMoO, synthesis in the
presence of SDS is favorable for materials with
photocatalytic properties.

Hence, the control of morphology is of fundamental
importance because the properties of the materials
depend on the kind of surfaces that constitute their
morphology. In the case of the BaMoO, crystal, the use
of the SDS favored the increase of the (101) surface and
caused deformations on the crystal surfaces,
considerably altering the morphology. This change is
mainly responsible for creating and improving the main
properties of the BaMoO, crystals studied in this work.
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Figure 8. (a) Photocatalysis and adsorptive degradation
of the RhB dye. (b) The mechanism proposed for the
adsorptive process and (c) degradation process at the
BaMoO, surfaces on the morphology obtained in the

presence and absence of SDS.
4. Conclusions

In this study, it was possible to understand how the
presence of a surfactant, in this case, the SDS, can
generate changes in the morphology of the BaMoO,
crystals and how this fact shifts the photocatalytic
activity. In the case of BaMoO, synthesized with SDS,
the presence of this surfactant generated pores on the
surface of the material’s morphology, and the presence
of these pores facilitated the adsorption process of the
RhB dye in the dark, without the presence of UV light,
and, consequently, a new property for that
semiconductor was created, the adsorptive capacity. In
addition to the acquired adsorptive ability, BaMoO,
synthesized with SDS showed a photocatalytic
improvement. These results demonstrate that
morphology control can influence the creation of new
properties, opening a range of opportunities for further
studies.
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