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This communications reports on the formation of beta silver
molybdate (B-Ag,Mo0,) microcrystals synthesized by a simple
precipitation method using different polar solvents [water,
methanol, ethanol, 1-propanol and 1-butanol]. These crystals
were structurally characterized by means of X-ray diffraction
(XRD) and Rietveld refinements. The crystal shapes and sizes were
observed by field emission scanning electron microscopy (FE-
SEM). Their optical properties were analyzed by ultraviolet-visible
(UV-vis) absorption spectroscopy. XRD patterns and Rietveld
refinement data indicated all crystals have spinel-type cubic
structure. FE-SEM images revealed the crystals tend to increase in
average size with the reduction in the degree of polarity of the
solvent. Finally, B-Ag,Mo00, microcrystals exhibited a dependence
of optical band gap energies (from 3.30 to 3.38 eV) with the
intermediary energy levels.

Silver molybdate (Ag,Mo0O,) presents two types of electronic
structure, depending on the pressure conditions in which the crystal
is subjected.1 At room temperature, Ag,Mo0, exhibits a spinel-type
cubic structure related to beta (B-Ag,Mo0,) phase, which is more
stable in nature. However, when exposed to high hydrostatic
pressure, these crystals have a tetragonal structure associated to
alpha (a-Ag,Mo0,) metastable phase.2 Recently, the literature® has
reported the formation of a-Ag,Mo0O, metastable phase by the
solution-phase precipitation method under environment condition,
and using 3-bis(2-pyridyl)pyrazine (dpp) as doping.3 The influence of
pH at starting solution on the growth and formation processes of
distinct
investigated by Singh et al.* and Fodjo et al.®, in which the sodium
borohydride was employed to induce the reduction of silver
nanoparticles on the surface of Ag,Mo0, crystals in order to

heterostructures (brooms, flowers and rods) was

enhance the Raman scattering. In other studies, Ag-Ag,MoO,
composites prepared by microwave-assisted hydrothermal
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synthesis presented interesting photocatalytic activity for the
degradation of Rhodamine B under visible Iight.6 In addition,
Ag,Mo0, mixed with graphite acts as a good lubricant for Ni-based
composites, improving the tribological properties of this system.7
Different synthesis methods have been employed to obtain pure
B-Ag,Mo0, crystals, including solid-state reaction or oxide mixture
at high temperature,8 melt-quenching9 and Czochralski growth.10
Particularly, high temperatures, long processing times, and/or
sophisticated equipment are necessary in these synthetic routes.
Moreover, the final products may be composed of irregular particle
shapes with nonhomogeneous size distribution as well as contain
the presence of secondary phases. In recent years, pure B-Ag,Mo0,

the
11,1

crystals have been synthesized by co-precipitation,11

microwave-assisted hydrothermal synthesis, 2 dynamic template
route using polymerization of the acrylamide assisted template513
and impregnation/calcination method.” Due to the peculiarity of
each synthetic route with their experimental conditions, B-Ag,MoO,
crystals are able to exhibit different physicochemical properties as
photoluminescence, photocatalysis, antibacterial action against the
DH 5a bacteria and catalytic oxidation of elemental mercury,
respectively.

However, little attention has been given in the literature on the
formation of B-Ag,Mo0, crystals using different chemical solvents
in the reaction medium. Therefore, in this communication, B-
Ag,Mo00, microcrystals were synthesized by the precipitation
method, employing several polar solvents: deionized water (H,0),
methanol (CH,0), ethanol (C,H¢O), 1-propanol (C3HgO) and 1-
butanol (C,H;,0) at 60°C for 8 h. X-ray diffraction (XRD), Rietveld
refinements and field emission scanning electron microscopy (FE-
SEM) employed in morphological
characterizations. The optical properties were investigated by
ultraviolet-visible diffuse reflectance spectroscopy with evaluation

were structural and

of optical band gap values.

The experimental procedure and characterizations of B-Ag,MoO,
microcrystals are described in Supplementary Information.

Fig. 1(a—e) the XRD patterns of B-Ag,Mo0,
microcrystals prepared at 60°C for 8 h with different polar solvents.

illustrates
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Fig. 1: XRD patterns of B-Ag,Mo0O, microcrystals prepared with (a) H20,
(b) CH40, (C) C,H6O, (d) C3HsO, and (e) C4H100.

In Fig. 1(a—e), XRD patterns confirmed all B-Ag,Mo00, crystals have
a spinel-type cubic structure, without any deleterious phase, with
space group (Fd3m) and point-group symmetry (0}7,), in good
agreement with ICSD card No.3618715, and literature.'® The sharp
and intense diffraction peaks are typical features of structurally
ordered material at long-range. On the other hand, the low
detection limit imposed by the XRD technique does not allow
estimating the existence or not of any trace of Ag phase less than
2%, if it exists in the form Ag nanoparticles grown on the surface of
B-Ag,Mo0, microcrystals.16 The dipole moment () for each polar
solvent used in the syntheses is displayed in Table S1. Particularly,
the decrease in p values promoted a narrowing in the width of
diffraction peaks and a change in Ag-O and Mo-O bond angles
(Table S1 in Supporting Information).

The Rietveld method is based on the construction of diffraction
patterns calculated according to a structural model."® The calculated
patterns are adjusted to fit the observed patterns and thus, provide
the structural parameters of the material and diffraction profile. In
our study, the Rietveld refinement was used to adjust the atomic
positions, lattice parameters, and unit cell volume. All refinements
were performed using the general structure analysis (GSAS)
program.20 Again, the structural refinements confirmed all B-
Ag,M00, microcrystals have a spinel-type cubic structure without
secondary phases (Fig. S1 and Table S2 in Supplementary
Information).

Fig. 2 shows a schematic representation of a B-Ag,Mo0, structure
modeled by means of Rietveld refinement data.
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Fig. 2: Schematic representation of cubic B-Ag.MoO, structure.

Lattice parameters and atomic positions estimated from
Rietveld refinements were employed to model this structure by the
Visualization for Electronic and Structural Analysis (VESTA) program
(version 3.3.1 for Windows).21 The spinel-type cubic structure of B-
Ag,Mo0, microcrystals is characterized by the space group (Fd3m)
with eight molecular formula per unit cell (Z = 8).15 In these
structures, silver atoms are coordinated to six oxygens forming
octahedral [AgOg] clusters. The molybdenum atoms are
coordinated to four oxygens, which result in tetrahedral [MoO,]
clusters. In principle, our Rietveld refinement data, especially the
anisotropic  displacement parameters (U) in Table S2
(Supplementary Information), indicate the existence of distorted
octahedral [AgOg] clusters and undistorted tetrahedral [MoO,]
clusters.

Fig. 3(a—c) shows the electron density models in (001), (010) and
(170) planes for B-Ag;Mo0, crystals, respectively.
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Fig. 3: Electron density maps on the (a) (001), (b) (010) and (c) (110)
planes of B-Ag;Mo0O, microcrystals.

These electron density models were calculated by the Fourier
transform of structure factors from structure parameters and
atomic scattering factors of free atoms obtained from Rietveld
refinement for B-Ag,Mo0, crystals at 60°C for 8 h, using H,0 as
solvent. These data were used in VESTA program21 to model the
electron density map. In these figures were displayed a color scale
on each plane, which demonstrated zones with high and low
electronic densities. In Fig. 3(a), the blue color regions are related to
absence of electronic charge, while the red color areas exhibit a
high electronic density. Moreover, it is possible to verify the four
chemical Ag-O bonds located on a— and b—axis (dy-_,- orbitals)
exhibits a slight atomic displacement, suggesting the existence of
distortions (Fig. 3(a)). In (010) plane is found only two Mo atoms,
the green area around the Mo atoms indicate the presence of four
O atoms with short bond distance (Fig. 3(b)). Finally, (110) plane
revealed the Ag and Mo atoms are able to share a same oxygen, in
which the bond distance between O-Ag—0 is higher than 0O-Mo-0.

Fig. 4(a—e) shows the FE-SEM images and Fig. 4(f) illustrates the
average crystal size of B-Ag,MoO, microcrystals prepared with
different polar solvents.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4: FE-SEM micrographs of individual B-Ag:MoO, microcrystals
prepared with (a) H,0, (b) CH40, (c) CHO, (d) CsHsO, (e) C4H100, and (f)
dependence of average crystal size in function of type of solvent.

In Figs. 4(a—e), the micrographs suggest a dependence of the
crystal shape with the type of solvent. In principle, the increase in
alcohol chains changes the crystal shape from irregular quasi-
spherical (H,0 and CH,0) to elongated crystals (C,HsO, CsHgO and
C4H100). The smallest crystal size was noted for the samples
prepared with CH,0 solvent (Fig. 4(b)), which can be related to its
high-saturated vapor pressure. This solvent with low boiling point
(64.7°C), when employed as a reaction media, promotes a weak
interaction between the nuclei and favors the formation of small
quasi-spherical B-Ag,Mo0O, crystals.22 Some Ag nanoparticles grown
on the surface of B-Ag,Mo0, microcrystals due to the accelerated
electron beam from field-emission scanning electron microscope
under high vacuum, phenomenon that has already been elucidated
and discussed in previous papers.16 Another important information
observed in these micrographs was an increase in average crystal
size of B-Ag,Mo0O, microcrystals with the decrease of solvent
polarity (Figs. 4(f)). This result is in good agreement with FE-SEM
of B-Ag,MoO, Fig. S2
(Supplementary Information). Therefore, the type of solvent is able
to affect the morphological behavior of the system, especially, the
formation and growth stages of primary nanoparticles. In addition,

images microcrystals illustrated in

there is a growth preferential for the crystals formed with C,HgO,
C3HgO and C4H;40 solvents, as a type of template effect.
The optical band gap energy (Eg,) of B-Ag;MoO, crystals was

estimated by a modified Kubelka-Munk equation:B—25

CrysteEngComm., 2015, 00, 1-3 | 3



CrystEngComm

[FRIAV] = €1 (AV - Eggp) v (1)
where, F(R..) is the Kubelka-Munk function, R..is the reflectance (R,,
= Rsample/Rstandard; Rstandara Was magnesium oxide [MgO]), hv is the
photon energy, C; is a proportionality constant, Eg,, is the optical
band gap and n is a constant associated with different types of
electronic transitions (n = 0.5 for a direct allowed, n = 2 for an
indirect allowed, n = 1.5 for a direct forbidden and n = 3 for an
indirect forbidden. For B-Ag,MoO, microcrystals, the optical
absorption spectra are governed by indirect electronic transitions."
In this typical physical phenomenon, after the electronic absorption
process, electrons located in minimum energy states in the
conduction band (CB) are able to go back for maximum energy
states in the valence band (VB), but in distinct points in the Brillouin
zone.”® Based on this information, Eg, values of B-Ag,MoO,
microcrystals were calculated using n =2 in Eq. 1.

Therefore, finding the F(R,) value from Eqg. 1 and plotting a graph
of [F(Roo)hv]2 in function of hv, Eg,, values were estimated for B-
Ag,Mo0, microcrystals by extrapolating the linear portion of UV-vis
curves.

Fig. 5(a—f) shows the UV-vis diffuse reflectance spectra and optical
band gap (Eg,) values of B-Ag,Mo0, microcrystals synthesized in
this study.
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Fig. 5: UV-vis diffuse reflectance spectra of B-Ag,MoO, microcrystals
prepared with different polar solvents: (a) H,0, (b) CH40, (c) C;H¢O, (d)
C3H30, (e) C4H100 and (f) evolution of optical band gap (Egp) values of
all microcrystals.
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In Figs. 5(a—f), significant changes in Eg,, values of B-Ag;MoO,
microcrystals were not verified, the only exception was the crystals
formed with CH,O solvent. Although the E,,, estimated by UV-vis
measurements is considered qualitative, the calculated results
imply that the microcrystals have distinct types and concentrations
of structural and surface defects, such as oxygen vacancies,
distortions on the O-Ag—0 bonds, and porous surface. All defects
are arising from the crystal formation and growth processes, which
are influenced by the type of solvent used in the synthesis, as well
as by the irreversible attachment (agglomeration) caused by the
dynamics of particle-particle collisions. Consequently, these defects
cause a symmetry break responsible for the lattice polarization,
resulting in the presence of intermediary energy levels within the
band gap.27 Thus, the microcrystals synthesized with CH,O (lower
Egsp) have a lower density of intermediary energy states than the
microcrystals prepared with other solvents.

In summary, monophasic B-Ag,Mo0,
synthesized with different polar solvents (H,0, CH,0, C,HgO, C3HgO
and C4H100) by a simple precipitation method at 60°C for 8 h. XRD
patterns indicated all crystals are structurally ordered at long-range.
Rietveld refinement data confirmed all microcrystals have a spinel-
type cubic structure, which is composed of distorted octahedral
[Ag0Og] clusters and undistorted tetrahedral [MoO,] clusters. The
electron density models were employed to understand the
polarization phenomenon and anisotropic atomic displacements in
[O-Ag-0] bonds. FEG-SEM images showed a dependence of
formation and growth stages of these microcrystals with the type of
polar solvent employed in the synthesis. The slight differences in

microcrystals  were

Egsp values were caused by the existence of intermediary energy
states within the band gap. These energetic states are originated by
the defects, which differ in type and concentration between the
microcrystals. We expect that this facile and controllable synthetic
route can be used in the preparation of new complex metal oxides
for future technological applications in solid-state lighting, solar
cells, sensor, fuel cell and photocatalysis.
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GRAPHICAL ABSTRACT (CrystEngComm)

Rietveld refinement, morphology and optical properties of B-Ag,MoO, microcrystals synthesized by a
simple precipitation method using different polar solvents [water, methanol, ethanol, 1-propanol and 1-
butanol]. The results indicated the B-Ag,MoO,; microcrystals with cubic structure are composed of
distorted octahedral [AgOg¢] clusters and undistorted tetrahedral [MoO,] clusters.

1 B-Ag,Mo0, microcrystals J
N

T T T y
HO CHO CHO CHO CH.O

Page 6 of 6



