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¯
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h). Field emission scanning
electron microscopy (FE-SEM) images showed that through different synthetic routes, it is possible to obtain monophasic crystals, such as
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measurements in absorbance mode showed three main absorptions (280, 310, and 340 nm), while the UV–Vis analyses in diffuse reflectance
mode showed a tail of energy absorption in the UV spectrum range (3.25 eV and 3.3 eV). The quantitative data from the colorimetric analysis
indicated that the β-Ag2MoO4 crystals are desirable for developing inorganic pigments with a beige to brown shade. Photocatalytic assays were
performed using four lamps: UV-C, UV-B, UV-A, and visible light. The β-Ag2MoO4 crystals prepared by the CP method showed a higher
degradation rate at 85.12% for the rhodamine B dye solution under 240 min exposure to UV-C light.
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Abstract
In this paper, the effect of different synthesis methods, such as controlled precipitation (CP), sonochemical (SC), hot solu-
tion ion injection with fast cooling, and conventional hydrothermal (CH) in obtaining beta-disilver molybdate (β-Ag2MoO4) 
are explained in details. X-ray diffraction patterns, Rietveld refinement data, cluster modeling, micro-Raman, and Fourier 
transform infrared spectroscopies confirmed that all β-Ag2MoO4 crystals have a spinel-like cubic structure, space group (Fd 
3 m), and symmetry point group ( O7

h
 ). Field emission scanning electron microscopy (FE-SEM) images showed that through 

different synthetic routes, it is possible to obtain monophasic crystals, such as regular/irregular polyhedrons (cubes, cuboc-
tahedron, trapezohedron, rhombic dodecahedron), potatoes, and non-uniform. The crystal shape observed experimentally 
was modeled based on Rietveld refinement data and FE-SEM images obtained by KrystalShaper. First-principles quantum 
mechanical calculations based on density functional theory were employed to modulate the surfaces of the material and to 
obtain their surface energy (Esurf) values. From these Esurf values in association with the Wulff construction, the evolution 
of the crystals shape was achieved correlating with the experimental results when different synthesis methods are used. 
Ultraviolet–Visible (UV–Vis) spectroscopy measurements in absorbance mode showed three main absorptions (280, 310, 
and 340 nm), while the UV–Vis analyses in diffuse reflectance mode showed a tail of energy absorption in the UV spectrum 
range (3.25 eV and 3.3 eV). The quantitative data from the colorimetric analysis indicated that the β-Ag2MoO4 crystals 
are desirable for developing inorganic pigments with a beige to brown shade. Photocatalytic assays were performed using 
four lamps: UV-C, UV-B, UV-A, and visible light. The β-Ag2MoO4 crystals prepared by the CP method showed a higher 
degradation rate at 85.12% for the rhodamine B dye solution under 240 min exposure to UV-C light.
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1  Introduction

Mixed-anion compounds, perovskite-type lanthanum 
ferrite, bismuth-based materials, and materials oxides 
exhibit excellent electronic properties, such as photoca-
talysis, photoelectrochemistry, photoluminescence, pho-
tocatalytic water splitting, battery electrodes, thermoelec-
tric, and sensors by the virtual of the anionic diversity in 
ionic radius, electronegativities, and polarizability [1–5]. 
Moreover, metal molybdates are significant inorganic 
structures that depend on the type of lattice-formed ion; 
two structural organizations can be found, scheelite-type, 
for large bivalent cation (ionic radium > 0.99 Å such Ca, 
Ba, Pb, Sr) and wolframite-type when smaller bivalent 
cation such (ionic radium < 0.77 Å) Fe, Mn, Co, Ni, Mg 
are found [6]. These scheelite and wolframite oxides have 
attracted much interest due to potential applications such 
as scintillators, optical devices, sensors, lasers, optical 
fibers, and catalytic [7–9]. In particular, the molybdates 
with the specific molecular formula X2MoO4, X = Li+, 
Tl+, and Ag+. In particular, the use of silver ions (Ag+) as 
monovalent cation leads to the formation of alpha-disilver 

molybdate (α-Ag2MoO4) crystals or beta-disilver molyb-
date (β-Ag2MoO4) crystals has been reported very recently 
in the literature in different papers [10–17].

In the specific case of α-Ag2MoO4 crystals with a meta-
stable tetragonal structure, obtaining requires quirky and 
extremely sensible conditions for obtaining the pure phase, 
which requires reagents such as 3-bis(2-pyridyl)pyrazine 
as doping or the use of high hydrostatic pressures. On the 
other hand, the cubic structure of the species, related to the 
β-Ag2MoO4 crystals, can be easily obtained at room tem-
perature, with prohibited band energy (Egap) ranging from 
3.2 to 3.4 eV, which has attracted more attention due to its 
stability and rapid synthesis in the laboratory [18–23].

The first work reported in the literature by Wyckoff [24] 
on the obtention of β-Ag2MoO4 crystals employs the tra-
ditional methodology of solid-state reaction or mixture 
of oxides. However, this synthesis method can generate a 
large amount of non-uniform oxide, large grains, and vari-
ous porous. This rudimentary method, for many years, has 
been described as simple and very conventional, which is 
based on the mechanical mixture of oxides, carbonates, or 
start salts, with subsequent heat treatment above 1000 °C 
[25– 27, ].
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Alternatively, other synthetic methods have been pre-
sented in the preparation of β-Ag2MoO4 crystals, such as 
precipitation with calcination at high temperatures [25] 
and crystal growth, using the process called “Czochralski” 
[27]. However, these methods required long processing 
times, high temperatures, and sophisticated equipment with 
high maintenance costs. Furthermore, these methodologies 
induced the formation of deleterious or secondary phases 
and produced crystals with irregular shapes and sizes and 
inhomogeneous granulometry.

Therefore, based on the several negative points described 
above, significant technological advances were recently 
pointed out, and through the use of new synthesis meth-
ods and the optimization of those already existing for the 
preparation of β-Ag2MoO4 crystals have been described, 
the most reported in the literature as synthetics methodolo-
gies are precipitation (P) [27, 28], sonochemical (SC) [29], 
hot solution ion injection with fast cooling (HSIIFC) [30], 
conventional hydrothermal (CH) [31, 32], and microwave-
hydrothermal (MH) [33].

In the last five years, significant advances and improve-
ments in the synthesis routes have possibilities significant 
advances in the obtention of β-Ag2MoO4 crystals, which 
allowed improving their electronic properties, in particular 
their catalytic property, due to obtaining crystals with high 
purity [34], structural changes under high pressure [35], the-
oretical and experimental study on the electronic structure, 
highly energetic facets and photoluminescent properties of 
β-Ag2MoO4 microcrystals with different sizes and shapes 
prepared by the MH method [36]. Ng et al. [37] obtained 
α-,β-Ag2MoO4 crystals with uniform and well-defined 
shapes through the controlled precipitation (CP) method 
and optimizing experimental parameters, such as reagent 
concentration, addition mode, and temperature. These fac-
tors enabled its use as a catalyst in the degradation processes 
of organic pollutants, using advanced oxidative processes 
(AOPs), specifically in heterogeneous photocatalysis [38]. In 
another paper, Chen et al. [28] prepared β-Ag2MoO4/BiVO4 
heterojunctions using the simple precipitation method and 
tested the photocatalytic activity of these materials on the 
degradation of rhodamine B (RhB) dye and tetracycline 
hydrochloride, obtaining a photocatalytic performance of 
about of 92.6% in the degradation of these pollutants. Fabbro 
et al. [39] prepared β-Ag2MoO4 microcrystals by precipi-
tation method with different solvents (water, ethanol, and 
ammonia) in various pH ranges and investigated their optical 
antifungal properties.

Recently, Ferreira et  al. [40] investigated the influ-
ence of the pH of the reaction medium on the β-Ag2MoO4 
obtained by the SC method, obtaining materials with dif-
ferent phases and particles with asymmetric shapes of 
nanorods (at acidic pH) and without a defined form (at 
basic pH) of micrometric order. The catalytic property of 

these powders was evaluated in the photocatalytic degra-
dation of the methylene blue (MB) dye under ultraviolet 
light (UV) irradiation. The catalysts showed promise for 
the photodegradation of MB dye, mineralizing about 95% 
of its concentration after 35 min of UV light irradiation. A 
recent study reported in the literature [41] has investigated 
the photocatalytic degradation of ethylene in H2O and 
CO2 under UV-A light irradiation using β-Ag2MoO4/g-
C3N4 composites synthesized by a modified hydrothermal 
method.

In all the literature, only one paper [30] reported the 
preparation of β-Ag2MoO4 microcrystals synthesized 
by the ion’s injection method in a hot solution at 90 °C 
in 1 min with fast cooling by immersion in an ice bath 
or HSIIFC method. In this paper, Cunha et al. [30] have 
employed this synthesis route to prepare microcrystals 
of silver and zinc molybdate [β-(Ag2-2xZnx)MoO4] with 
the following concentrations (x = 0; 0.01; and 0.02), 
the materials obtained show a photodegradation rate of 
approximately 99.99% of the RhB dye concentration under 
120 min of UV-C light.

It is worth mentioning that, to date, there are no stud-
ies reported in the literature on the morphology, optical, 
colorimetric, and photocatalytic properties of β-Ag2MoO4 
microcrystals prepared by four different synthesis meth-
ods. However, the influence of preparation methods on 
the properties of semiconductor materials has already 
been discussed in the research. For example, the work 
reported by Oliveira et al. [41, 42] prepared nickel tung-
state (NiWO4) and cobalt tungstate (CoWO4) using co-pre-
cipitation and polymeric precursors methods. These two 
methods promoted significant changes in structural, opti-
cal, morphological, and colorimetric properties, showing 
favorable responses for their use as inorganic pigments for 
both materials and supercapacitive for CoWO4 nanocrys-
tals [42].

Therefore, because of the above and in a different way, 
we have focused in prepared the β-Ag2MoO4 microcrys-
tals obtained by four synthesis methods such as (I) CP, 
(II) SC, (III) HSIIFC, and (IV) CH. The products obtained 
were characterized by X-ray diffraction (XRD), Rietveld 
refinements, micro-Raman spectroscopy, Fourier transform 
infrared spectroscopy, field emission scanning electron 
microscopy (FE-SEM), and ultraviolet–visible (UV–Vis) 
spectroscopy. Moreover, we combined first-principles cal-
culations, at density functional theory (DFT) level, with the 
Wulff construction to find suitable crystals with a specific 
shape and to achieved the morphology evolution by using 
different synthesis methods. Finally, a quantitative analysis 
of the colorimetric coordinates and the evaluation of the 
photocatalytic activity of these β-Ag2MoO4 microcrystals in 
the degradation of the cationic organic RhB dye was carried 
out using UV-C, UV-B, UV-A, and visible lamps.
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2 � Experimental and Theoretical Details

2.1 � Chemicals Reactions and Synthesis Methods

For the synthesis of β-Ag2MoO4 microcrystals, we have 
employed four synthetic routes, which are described in short 
as CP, SC, HSIIFC, and CH, with the following precursors: 
sodium molybdate dihydrate (Na2MoO4.2H2O; 99.5% purity; 
Sigma-Aldrich®) at a concentration of 1 mmol, silver nitrate 
(AgNO3; 99.0% purity, Sigma-Aldrich®) with 2 mmols. The 
solvent was deionized (DI) water (H2O) with 200 mL. The 
chemical reactions of precipitation of β-Ag2MoO4 micro-
crystals are presented by Eqs. (1–3) below:

After the reaction time, for each methodology used, pre-
cipitates were subjected to 10 washing cycles in an Eppen-
dorf® centrifuge (model 5804R) at 8000 rotations per min-
ute (RPM) for 10 min each process to remove spectator ions. 
Finally, the materials oxide obtained were dried at 65 °C 
for 10 h in a muffle furnace (model EDG3000/3P) with a 
heating rate of 5 °C /min. The following topics provide a 
detailed description of the methodologies used to prepare 
β-Ag2MoO4 crystals.

2.1.1 � Synthesis of β‑Ag2MoO4 Crystals by the CP 
Method

Initially, 1 mmol of Na2MoO4.2H2O was dissolved with 
150 mL of DI H2O in a beaker with a maximum capacity of 
250 mL, and this solution was maintained and heated using 
a hot plate 90 °C under constant stirring at 380 RPM. Then, 
2 mmol of AgNO3 was dissolved with 50 mL of DI H2O in 
a beaker with a capacity of 250 mL under the same previ-
ous temperature and stirring conditions. Then the second 
solution containing the diaquasilver(I) as [Ag(H2O)2]+ com-
plex cations and NO−

3
 ions were transferred to a volumetric 

burette. Finally, this solution was slowly dripped into the 
solution containing the molybdate MoO2−

4
 complex anions, 

making a total reaction time of 3 h.

(1)Na2MoO4.2H2O(s)

H2O
����������������→ 2Na+

(aq)
+ MoO2−

4(aq)
+ 3H2O

(2)2AgNO3(s)

2H2O

����������������→ 2[Ag(H2O)2]
+ + 2NO−

3(aq)

(3)2[Ag(H2O)2]
+ + MoO2−

4(aq)
+ 2NO−

3(aq)
+ 2Na+

(aq)

H2O

�������������→ � − Ag2MoO4(s) + 2NO−
3(aq)

+ 2Na+
(aq)

+ 5H2O

2.1.2 � Synthesis of β‑Ag2MoO4 Crystals by the SC 
Method

In a typical synthesis, 1  mmol of Na2MoO4.2H2O and 
2 mmol of AgNO3 salts were dissolved separately in 100 mL 
of DI H2O until complete solubilization. Subsequently, the 
solution containing the [Ag(H2O)2]+ complex cations and 
NO−

3
 ions was dripped into the MoO2−

4
 complex anions in 

an ultrasound bath (Branson CPX-1800 model with a fre-
quency of 42 kHz). After that, this mixture was kept under 
the sonication process at 45 °C for 3 h. After this time, a 
beige precipitate is observed.

2.1.3 � Synthesis of β‑Ag2MoO4 Crystals by the HSIIFC 
Method

In this type of HSIIFC synthesis, 1 mmol of Na2MoO4.2H2O 
was dissolved in 50 mL of DI H2O and briefly heated on a 
plate at 90 °C under constant stirring at 380 RPM, solution 

A. Then, 2 mmol AgNO3 was dissolved in 50 mL of DI H2O 
under the same temperature and stirring conditions, solu-
tion B. Then, the [Ag(H2O)2]+ complex cations and NO−

3
 

ions were sucked into a syringe and quickly injected into the 
aqueous solution containing the MoO2−

4
 complex anions and 

Na+ ions. Immediately, the formation of a white suspension 
was observed and quickly transferred to a plastic beaker con-
taining 100 mL of DI H2O at 2 °C, which was later placed in 
the refrigerator, remaining at rest for 24 h. After that time, a 
beige precipitate is observed.

2.1.4 � Synthesis of β‑Ag2MoO4 Crystals by the CH 
Method

The conventional hydrothermal (CH) synthesis is per-
formed initially with the dissolution of 1  mmol of the 
Na2MoO4.2H2O salt in 100 mL of DI H2O. Then, 2 mmol of 
the AgNO3 was dissolved in 100 mL of DI H2O. At the next 
stage, these solutions were mixed into the red screw-top bot-
tle (borosilicate 3.3, Germany) from DURAN®GL 45 with 
high-temperature resistance, making a total solution volume 
of 200 mL. Then, this high-strength glass bottle was closed 
and transferred to a glycerin bath thermal and maintained at 
a constant temperature of 90 °C under stirring at 380 RPM 
for 3 h. Finally, we noted a formation of a large amount of 
brown-colored precipitates at the bottom of the flask.
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2.2 � Characterizations

The pure β-Ag2MoO4 crystals synthesized by these differ-
ent methodologies were structurally characterized by X-ray 
diffraction patterns (XRD) through an X-ray Diffractometer 
(Rigaku, Japan, model DMax2500PC), operated under con-
ditions of 40 kV and 60 mA. The radiation used for the 
measurements was Cu-Ka (wavelength λ = 1.5406 Å) with 
a scan rate of 0.02º/min in the 2θ range from 10º to 110º for 
routine measurements from the Rietveld Refinement method 
[44]. The powder diffractograms were compared to diffrac-
tion patterns, agreeing with the Inorganic Crystal Structure 
Data (ICSD), card N° 36,187. XRD diffractograms were 
refined by the Rietveld method, using a routine conducted 
in the 2θ range from 10º to 110º with a sweep speed of 
1º/min and a step of 0.02º in ReX software version 0.9.2 
[45]. These unit cells of crystals are modeled through the 
Rietveld refinement data using the software VESTA (Visu-
alization for Electronic and Structural Analysis®) version 
3.5.8 [46]. Micro-Raman spectra at room temperature were 
performed using a Bruker Senterra model spectrometer with 
an Olympus BX50 microscope with a charge-coupled device 
(CCD) as a detector. The excitation source was a laser, 
which provided a wavelength of 532 nm, and output power 
of 5 mW. The spectral resolution of the spectrometer was 
set to 3 cm−1, sweeping in the range from 50 to 1550 cm−1. 
Fourier transform-infrared spectroscopy (FT-IR) meas-
urements using a Bomem-Michelson spectrometer, model 
MB-102, programmed in transmittance mode. Pressed the 
sample holder used in this test KBr pellets. The spectral 
region analyzed covered a range from 400 to 4000 cm−1. 
The morphological characteristics were obtained in a field 
emission scanning electron microscope (FE-SEM) brand 
Jeol JSM7100F with an electron acceleration voltage of 
5 kV in secondary electron detection (SED) mode. Optical 
properties were investigated using diffuse ultraviolet–visible 
(UV–Vis) reflectance spectra obtained on a Shimadzu Scien-
tific Instruments spectrophotometer (model UV-2600, Japan) 
in diffuse reflectance mode. The staining of β-Ag2MoO4 
crystals was analyzed in an 8 mm portable digital color-
imeter model WR-10QC and brand (FRU®) in a standard 
observer CIE 10º, measuring the range of luminosity (L*) 
0–100, and through the color difference formula: ΔE *a *b 
in the CIELAB color space, established by the International 
Commission on Illumination (CIE) in 1976 [47, 48].

2.3 � Theoretical Methodology

First-principles calculations of the β-Ag2MoO4 surfaces 
were carried out within the periodic DFT framework using 
the Perdew-Burke-Ernzerhof (PBE) functional [49, 50] in 
the Vienna ab initio Simulation Package VASP.5.2.2 [52, 

53]. More details about the methodology can be found in 
the previous work reported by us [53].

The (100), (110), (111), and (112) surfaces models of 
β-Ag2MoO4 were constructed from optimized bulk structure 
and, after full optimization of the models, it was calculated 
their surface energies (Esurf). The Esurf is defined as the total 
energy per repeating cell of the slab minus the total energy 
for the same number of atoms in the perfect crystal (bulk), 
divided by the surface area per repeating cell for the two 
sides of the slab, as shown in Eq. (4):

The calculation of Esurf values employing the Wulff con-
struction results in a crystal shape that depends only on the 
ratios between the values of surface energies and symmetry 
point group [54, 55]. The Wulff theorem [59] provides a 
simple relation between the Esurf of the each (hkl) plane and 
its distance (d) in the normal direction from the center of 
the crystallite.

The energy profiles connected the different morpholo-
gies were also calculated by using the polyhedron energy 
(Epol) values, as proposed by Macedo et al. [57], using the 
following Eq. 5:

where Ci is the area of the surface by the total area of the 
polyhedron ( Ci = Ai∕Apol ), and Ei

surf
 is the surface energy 

value of the corresponding surface (i) . The calculated energy 
profiles are capable of offering a morphological evolution 
that can be occurs during a synthetic process.

2.4 � Photocatalytic Assays

The photocatalytic properties of β-Ag2MoO4 crystals, syn-
thesized by the CP, SC, HSIIFC, and CH methods, were 
investigated in the degradation of the aqueous solution 
of the RhB dye (C28H31ClN2O3, CAS: 81889, with 95% 
purity, Sigma-Aldrich) at a concentration of 1 × 10‒5 mol. 
L‒1, under UV-C, UV-B, UV-A, and Vis-light irradiation 
in an exposure time of 240 min. For each test, 50 mg of 
the catalysts were used for a volume of 50 mL of the dye 
solution. This final solution was homogenized in an ultra-
sonic bath (model M1800, BRANSON®, 40 kHz, 70 W) 
for 10 min. After this time, this solution was subjected to 
photocatalytic systems consisting of four lamps of different 
UV-lights and visible-light absorption ranges, namely: UV-C 
light (OSRAM® brand, 15 W, λmax = 254 nm ≈ 4.88 eV), 
UV-B (USHIO® brand, 15 W, λmax = 306 nm ≈ 4.05 eV), 
UV-A light (OZLI® brand, 15 W, λmax = 365 nm ≈ 3.40 eV) 
and visible light (OSRAM brand®, 15 W, λmax = 541 nm ≈ 

(4)Esurf =

(

Eslab − nEbulk

)

2A

(5)Epol =
∑

i

Ci × Ei
surf
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2.29 eV). It is worth noting that these lamps were positioned 
approximately 45 cm from the solution. Before starting the 
irradiation in each system, Keep the suspensions for 30 min 
under stirring in the dark to reach adsorption–desorption 
equilibrium between the liquid and solid phases. After 
that, 2.2 mL aliquots were collected at interphases of 10, 
20, and 40 min, making a total test time of 240 min. Next, 
aliquots were centrifuged (6000 RPM for 20 min) to sepa-
rate the catalysts from the liquid phase. The variations in 
maximum absorption bands of the RhB dye solution were 
monitored during the photocatalytic tests at the character-
istic wavelength of the color of this dye, approximately 
(λmax = 554 nm); for this, a UV-2600 spectrophotometer 
(Shimadzu®, Japan). The catalytic efficiency to photolysis 
and photocatalysis was determined through Eq. (6):

where C0 is the concentration of the RhB dye solution at the 
beginning; Ct is the concentration of the RhB dye solution 
at time t; M the synthesis methods used (CP, SC, HSIIFC, 
and CH methods).

(6)

Catalyst efficiency
[

β − Ag2MoO4 crystals M(% )
]

=
C0 − Ct

C0 × 100

3 � Results and Discussion

3.1 � X‑ray Diffraction (XRD) Analyses

Performed XRD analysis to verify the long-range order, dis-
order degree, and crystal lattice periodicity for β-Ag2MoO4 
crystals synthesized by CP, HSIIFC, SC, and CH methods 
are exhibited in Fig. 1.

Based on the analysis of Fig. 1, it is noted that all micro-
crystals present XRD patterns, which are correctly indexed 
to beta (β)-phase related to spinel-like cubic structure, with 
lattice parameters (a = b = c = 9.6 Å), space group (Fd 3 m) 
and symmetry of point group ( Oh

7
 ) [24, 58]. In each peak of 

the diffractograms, the Miller indices (hkl) of the crystal-
line planes corresponding to each of them are shown. These 
diffraction peaks are refined and well-defined, indicating 
that the materials synthesized by the different methodolo-
gies have a long-range degree of crystallinity. No diffraction 
peaks associated with silver oxide (Ag2O) or reduced silver 
particles (Ag0) were observed, confirming the effectiveness 
of the methods used to obtain pure β-Ag2MoO4 crystals. 
Furthermore, the positions of the diffraction peaks arranged 
in the diffractogram, as seen in Fig. 1, agree with the results 
described in the Inorganic Crystal Structure Data (ICSD) 
database, card Nº. 36,187, and with the literature [24, 59].

3.2 � Rietveld Refinement Analyses

Figures  2a–d show the structural refinement plots for 
β-Ag2MoO4 microcrystals obtained by CP, SC, HSIIFC, 
and CH methods. The Rietveld refinement method made 
it possible to calculate the experimental lattice parameters 
(atomic positions), the unit cell volume, and the quality indi-
cators for the microcrystals. For this, we have employed ReX 
software version 0.9.2 [45]. The refinement method devel-
oped by Hugo Rietveld [42] has proved to be an essential 
tool for analyzing crystalline samples. It allows the quanti-
fication of data in the XRD patterns and their comparison 
with information from crystallographic fixtures of reported 
materials. In addition, they are making it possible to extract 
experimental details, namely: the lattice parameters (a, b, c), 
internal angles (α, β, and γ) that are vectors that describe the 
curves of a crystal, unit cell volume (V), observed param-
eters (YObs), calculated parameters (YCalc) for the residual 
line profile (YObs–YCalc), R-parameters (Rexp, Rwp, and Rb), 
chi2 (χ2) and Goodness of Fit (GoF) that describe the refine-
ment quality [60].

As displayed in Figs. 2a–d, the Rietveld structural refine-
ment method again confirmed the spinel-like cubic structure 
for the β-Ag2MoO4 microcrystals, synthesized differently. 
The formation of secondary phases was not identified. These 

Fig. 1   XRD patterns normalized for β-Ag2MoO4 crystals synthesized 
by the CP, HSIIFC, SC, and CH synthesis methods. The vertical lines 
(|) indicate the respective positions and intensities found on the COD-
CIF card Nº 36,187, corresponding to the β-Ag2MoO4 phase and spi-
nel-like cubic structure
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results agree with those seen in the XRD patterns and the 
information extracted from the ICSD card No. 36187 [24]. It 
is also possible to observe that the adjustment curves of YObs 
and YCalc overlap, and the residual line profile (YObs–YCalc) 
approaches a straight line; this indicates that the refinement 
of the crystal structures was efficient [61].

Tables  1(a–d) display the Rietveld refinement data 
obtained from β-Ag2MoO4 microcrystals. In these tables, 
the values of the adjustment parameters, or static indica-
tors of refinement, Rp, Rwp, Rex, and GOF are in the range 

considered for a cubic structure with Bravais lattice, where: 
(a = b = c) and (α = β = γ = 90º), evidencing a good quality 
of refinement [60, 61].

It is also noted that these different methods of β-Ag2MoO4 
synthesis produce microcrystals with different lattice param-
eters and unit cell volumes. For example, the β-Ag2MoO4 
microcrystals made by the CP method showed a lattice 
parameter (a = 9.257781 Å), while the β-Ag2MoO4 micro-
crystals prepared by the other methods present the follow-
ing lattices parameters values such as (a = 9.260089 Å) for 

Fig. 2   a–d: Rietveld refinement of XRD diffractograms for β-Ag2MoO4 crystals synthesized by the a CP, b SC, c HSIIFC, and d CH synthesis 
methods
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SC, (a = 9.235101 Å) for HSIIFC and (a = 9.317389 Å) for 
CH. Unit cell volume results followed the same trend, where 
β-Ag2MoO4 microcrystals made by the CP method exhib-
ited the value (793.4521 Å), followed by those prepared 
by the other synthesis methods such a (794.046 Å) for SC, 
(787.635 Å) for HSIIFC, and (808.877 Å) for CH. On the 
other hand, the relative positions of the O atoms showed 
slight variations in positions, while the Ag and Mo atoms 
remain fixed in their Wyckoff positions in the cubic lattice 
[24]. This information indicates distorted octahedral [AgO6] 
clusters and undistorted tetrahedral [MoO4] clusters in the 
spinel-like cubic structure. These differences in the lattice 
parameters and unit cell volume may be related to different 
distortions in the crystal lattice caused by residual stresses 
induced by the preparation conditions and processing times 
in the methodologies used [62]. These new observations 
demonstrate that pristine β-Ag2MoO4 microcrystals with 
naturally isotropic growth can be modified depending on 
the synthesis methodology employed.

3.3 � Schematic Representation of Unit Cells 
for β‑Ag2MoO4Microcrystals

The data of lattice parameters and atomic positions obtained 
in the Rietveld refinement, Tables 1(a–d), and using the 
VESTA software (version 3.5.8, 64 bits for Windows) [39, 
46], made it possible to model the unit cells of β-Ag2MoO4 
microcrystals prepared by different methodologies, as shown 
in Fig. 3a–d.

Given the analysis of Fig. 3, one can confirm the spi-
nel-like cubic structure with Fd 3 m space group and eight 
molecular formulas per unit cell (Z = 8) for these microcrys-
tals [34] as identified in XRD patterns and Rietveld refine-
ment. For all unit cells of the β-Ag2MoO4 microcrystals, 
the Ag atoms are coordinated to 6 oxygen atoms (O) atoms, 
giving rise to distorted octahedral [AgO6] clusters with two 
different bond angles between the Ag and O atom (O–Ag–O) 
in the horizontal plane (x, y) of the center of these octahedra, 
forming polyhedral that have a symmetry group (Oh) with 
six vertices, eight faces, and Twelve edges. However, the 
molybdenum atoms (Mo) are coordinated by four O atoms, 
promoting the formation of undistorted tetrahedral [MoO4] 

Table 1   Lattice parameters, unit cell volume, atomic coordinates, and local occupation, obtained by Rietveld refinement data for β-Ag2MoO4 
microcrystals synthesized by the (a) CP, (b) HSIIFC, (c) SC, and (d) CH synthesis methods

a) a = 9.257781 Å; b = 9.257781 Å; c = 9.257781 Å; α = 90º; β = 90º; γ = 90º; Unit Cell Volume: 793.4521Å3; ρ = 6.29 g/cm3; μ = 161.41cm2/g; 
Rp = 9.6575%; Rwp = 12,5381%; Rexp = 7,3833%; χ2 = 2.883804; GoF = 1.698176. b) a = 9.260089  Å; b = 9.260089  Å; c = 9.260089  Å; 
α = 90º; β = 90º; γ = 90º; Unit Cell Volume: 794.046 Å3; ρ = 6.28  g/cm3; μ = 162.20 cm2/g; Rp = 10.1345%; Rwp = 13.65%; Rexp = 10.8119%; 
χ2 = 1.59389615; GoF = 1.262496. c) a = 9.235101  Å; b = 9.235101  Å; c = 9.235101  Å; α = 90º; β = 90º; γ = 90º; Unit Cell Volume: 787.635 
Å3; ρ = 6.34  g/cm3; μ = 157.72 cm2/g; Rp = 8.5633%; Rwp = 11.0357%; Rexp = 9,5585%; χ2 = 1.332962; GoF = 1.154544. d) a = 9.317389  Å; 
b = 9.317389  Å; c = 9.317389  Å; α = 90º; β = 90º; γ = 90º; Unit Cell Volume: 808.877 Å3; ρ = 6.28  g/cm3; μ = 161.31 cm2/g; Rp = 14.3049%; 
Rwp = 19.0334%; Rexp = 10.2384%; χ.2 = 3.455937; GoF = 1.859015

a) β-Ag2MoO4-CP method

Átomos Wyckoff Site x y z Uiso

Ag 16d 0.− 3 m 0.625 0.625 0.625 0.062616
Mo 8a − 43 m 0.0 0.0 0.0 0.047788
O 32e 0.3 m 0.350236 0.350236 0.350236 0.050264

b) β-Ag2MoO4-SC method

Ag 16d 0.− 3 m 0.625 0.625 0.625 0.104475
Mo 8a − 43 m 0.0 0.0 0.0 0.092989
O 32e 0.3 m 0.353186 0.353186 0.353186 0.101848

c) β-Ag2MoO4-FCHSII method

Ag 16d 0.− 3 m 0.625 0.625 0.625 0.056612
Mo 8a − 43 m 0.0 0.0 0.0 0.045665
O 32e 0.3 m 0.357521 0.357521 0.357521 0.056612

d) β-Ag2MoO4-CH method

Ag 16d 0.− 3 m 0.625 0.625 0.625 0.056612
Mo 8a − 43 m 0.0 0.0 0.0 0.055207
O 32e 0.3 m 0.357521 0.357521 0.357521 0.02658
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Fig. 3   a–d: Schematic rep-
resentation of the unit cells 
of β-Ag2MoO4 microcrystals 
prepared by the a CP, b SC, c 
HSIIFC, and d CH synthesis 
methods
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clusters with equal bond angles (O–Mo–O) that are related 
to the symmetry group (Td) with four vertices, four faces, 
and six edges [34, 47, 48]. Furthermore, the analysis of 
Fig. 3a–d reveals that the different experimental conditions 
for the synthesis of β-(Ag2MoO4) microcrystals were able 
to promote slight variations in their crystal structure, such 
as chemical bonds and O–Mo–O bond angles of distorted 
octahedral [AgO6] clusters remain the same.

3.4 � Raman Spectroscopy Analyses

The Raman spectroscopy technique was used to confirm 
the short-distance organization and symmetry between the 
clusters of β-Ag2MoO4 microcrystals synthesized by the 
methods: CP, SC, HSIIFC, and CH, according to literature 
and group theory calculations [64, 65], β-Ag2MoO4 micro-
crystals with a spinel-like cubic structure, space group (Fd 3 
m), point group symmetry ( Oh

7
 ), and eight molecules per cell 

unit (Z = 8), exhibit 17 vibrational modes Acoustic + Optical 
(Raman and active-infrared/A1g + 2A2u + Eg + 2Eu + T1g + 4
T1u + 3T2g + 2T2u). Of these ways, only four were detected 
in this article, located in the region from 200 to 1100 cm‒1, 
as illustrated in Fig. 4.

According to Fig. 4, the β-Ag2MoO4 microcrystals syn-
thesized by CP, SC, and HSIIFC methods present intense and 
well-defined Raman modes, indicating these microcrystals 
are structurally ordered at a short range. Furthermore, those 
synthesized by the PC method showed the greater intensity 

of their active Raman modes, indicating the production of 
materials with a more significant structural organization, 
short-range ordering, and more excellent crystallinity than 
the others. However, unlike the microcrystals made by the 
CH method, they exhibited a lower intensity of these modes, 
confirming the presence of defects in their crystal structure. 
In addition, no active modes related to secondary phases 
were observed, corroborating the information reported in 
the XRD patterns and the Rietveld refinement data, Fig. 1 
and Fig. 2a–d, respectively.

The first Eg mode, located in the region from 278 to 
283 cm‒1, is associated with the symmetrical bending of 
vibrations in the O and Mo bonds (⇇ ⇇ O ← Mo → O ⇉ ⇉) 
of the tetrahedral [MoO4] clusters [64], as well as the vibra-
tions of the external structure of the octahedral [AgO6] clus-
ters [52, 53]. The second mode, T2g, seen in the region from 
354 to 358 cm−1, is attributed to the symmetrical bending 
mode caused by torsional vibrations in the bonds between 
O and Mo (⇆ O → Mo → O ⇆) of the tetrahedral [MoO4] 
clusters [64, 65]. The third T2g mode, located in the region 
of 761 to 766 cm‒1, is due to antisymmetric stretching and 
vibrations in the O and Mo bonds (↙↙O ← Mo → O↗↗) 
of the undistorted tetrahedral [MoO4] clusters. Finally, the 
last A1g mode at approximately 873 to 878 cm−1 is related 
to symmetrical elongation (ν1(Ag)) due to vibrations in the 
O and Mo bonds (← O ← Mo → O →) in the undistorted 
tetrahedral [MoO4] clusters [65]. The experimental posi-
tions of the active modes in the Raman spectrum for the 
β-Ag2MoO4 microcrystals prepared by the CP, SC, HSIIFC, 
and CH methodologies, are shown in Table 2.

A detailed analysis of the results contained in Table 2 
confirms that these different methods promote some slight 
variations in the relative positions, corresponding to the 
active Raman modes, which are caused by distortions or 
changes in the size of the bonds (O–Mo–O, O–Ag –O), 
changes in the interaction forces involving the undistorted 
tetrahedral [MoO4] clusters ↔ distorted octahedral [AgO6] 
clusters and the presence of structural disorder in the crystal 
lattice [34, 64, 65], as evidenced in the Rietveld refinement 
analyses.

3.5 � Fourier Transform Infrared (FTIR) Spectroscopy 
Analyses

Infrared spectroscopy was performed to identify the vibra-
tion frequencies of the bonds of atoms in β-Ag2MoO4 micro-
crystals prepared by different methods. The β-Ag2MoO4 
microcrystals exhibit 10 vibrational modes in the IR spec-
trum (the 2A2u, 2Eu, and 2T2u, which are considered acous-
tic vibration modes or inactive IR modes, and the 4T1u 
modes, which are active in IR). However, the four active IR 
modes can detect only one in the measured region (400 to Fig. 4   Raman spectra of 7 β-Ag2MoO4 microcrystals prepared by CP, 

HSIIFC, SC, and HC methods
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1500 cm‒1); due to limitations in the IR equipment used in 
this work, this mode is exhibited in Fig. 5.

The analysis of the FTIR spectra, Fig. 5, reveals that 
β-Ag2MoO4 microcrystals prepared by CP, SC, HSIIFC, 
and CH methods show a characteristic active mode of IR, 

around 820 to 870 cm‒1, which is attributed to antisymmet-
ric stretching of the O and Mo bonds (← O ← Mo ← O ←)/
(→ O → Mo → O →) within the distorted tetrahedral [MoO4] 
clusters [66–68]. Bands in these regions are typical in 
molybdenum oxide-based materials [66–69]. In addition, 
small bands of IR absorption are also observed in the middle 
area of 1,000 to 4000 cm‒1, which are associated with the 
presence of carbon dioxide (CO2) and water (H2O) from the 
room's humidity atmosphere. For example, the small band 
around the 1651 cm‒1 region is related to the asymmetric 
and symmetrical ν(C=O) stretching modes of CO2 mole-
cules. Moreover, the absorption band located at 3451 cm−1 
is due to stretching vibrations ν(O–H) of H2O adsorbed on 
the surface of β-Ag2MoO4 microcrystals [34]. Table 3 shows 
the relative positions of the T1u mode vibration frequencies 
for these microcrystals.

Different methodologies to prepare these microcrys-
tals promoted small displacements in the active mode IV 
detected relative positions. This fact may be related to dif-
ferences in the average size of the crystals obtained, distor-
tions in the O–Mo–O/O–Ag–O bonds promoted during the 
synthesis, forces of interaction between distorted octahedral 
[AgO6] clusters/undistorted tetrahedral [MoO4] clusters, and 
different degrees of disorder-structural order in the short-
range into the cubic lattice [34, 66, 67].

3.6 � Field Emission Scanning Electron Microscopy 
(FE‑SEM) Images Analyses

FE-SEM images analyzes were performed to verify the 
shape, average crystal size, and growth type of β-Ag2MoO4 
microcrystals prepared using CP, SC, HSIIFC, and CH meth-
ods. Figures 6a–p show the FE-SEM images for β-Ag2MoO4 
microcrystals synthesized by the different methods.

FE-SEM images analysis displayed in Figs. 6a–p con-
firms that the employment of different methods made it 
possible to obtain varied morphologies for the β-Ag2MoO4 
microcrystals, such as some irregular shapes and also regular 
polyhedral-like shapes with well-defined facets ascribed to 

Table 2   Relative positions of the four experimental active-modes Raman for the β-Ag2MoO4 crystals were obtained by the CP, HSIIFC, SC, and 
CH synthesis methods

References: [25]; [28]

Types of synthesis methods Active- Raman Modes Active- Raman Modes

Raman active 
vibrational modes

β-Ag2MoO4-
CP method

β-Ag2MoO4-
SC method

β-Ag2MoO4-
FCHSII method

β-Ag2MoO4-
CH method

Literature 
Ref [25]
β-Ag2MoO4-crystals

Literature 
Ref [28]
β-Ag2MoO4- crystals

Eg 283 cm−1 278 cm−1 278 cm−1 283 cm−1 277 cm−1 278.5 cm−1

T2g 358 cm−1 354 cm−1 354 cm−1 358 cm−1 353 cm−1 354.5 cm−1

T2g 766 cm−1 762 cm−1 761 cm−1 766 cm−1 761 cm−1 761.5 cm−1

A1g 878 cm−1 873 cm−1 873 cm−1 878 cm−1 872 cm−1 873.5 cm−1

Fig. 5   FTIR spectra in the range from 4,000 to 500  cm−1 of 
β-Ag2MoO4 microcrystals were obtained by CP, HSIIFC, SC, and CH 
synthesis methods

Table 3   T1u mode vibration frequencies are relative positions for 
β-Ag2MoO4 crystals obtained by CP, HSIIFC, SC, and CH synthesis 
methods

Types of synthesis methods

Infrared 
active 
vibra-
tional 
modes

β-Ag2MoO4-
CP method

β-Ag2MoO4-
SC method

β-Ag2MoO4-
FCHSII 
method

β-Ag2MoO4-
CH method

T1u 832/868 cm−1 824/865 cm−1 832/868 cm−1 824/865/cm−1
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cubes, cuboctahedron, truncated cuboctahedron, and convex 
crystals with high-index facets for CP synthesis method, as 
shown in Figs. 6a–d. These β-Ag2MoO4 microcrystals have 
shapes with sizes ranging from 1.18 to 4.43 μm and an aver-
age crystal size of approximately 2.8 mm.

The initial growth of first β-Ag2MoO4 precipitates or 
nucleation seeds is related to the effect of electrostatic 
attraction force between or interactions of Coulombic nature 
between the cationic complex related to diaquasilver(I) 
[Ag(H2O)2]+ and anionic complex ascribed to molybdate 
solvated by water molecules [MoO4]2−…x.H2O. In this 
way, the initial precipitation of this solid oxide depends on 
a competition between lattice energy crystal and stability of 
solvation sphere solvation, including entropy effects related 
to changes in the solvent structure. Therefore, due to the 
high difference in electronic density between [Ag(H2O)2]+ 
and [MoO4]2‒…x.H2O complexes, a strong electrostatic 
attraction occurs between these ions, which results in the 
formation of the first β-Ag2MoO4 precipitates or nucleation 
seeds, which grow through Ostwald Ripening process [30]. 
These two processes induce a random aggregation between 
the small particles due to the increase in effective collisions, 
which results in several irregular crystals.

The small β-Ag2MoO4 crystals we have identified as 
cube-like related to regular polyhedron, which are formed 
by the one set of plans of the {100} family and exhibit 
six square faces, as illustrated by the insertion in Fig. 6a. 
Moreover, these crystals grow during the CP synthesis, 
and the facets numbers are increased to cuboctahedron-like 
β-Ag2MoO4 microcrystals ascribed to regular polyhedron, 
which are formed by the two sets of planes of the {100} 
and {111} families and exhibit six square faces, and eight 
triangle faces, as shown in insertion at Fig. 6a. The convex 
crystals with high-index facets are obtained at the final state 
growth of β-Ag2MoO4 microcrystals prepared by the CP 
method. These β-Ag2MoO4 crystals we have described as 
trapezohedron-like and designed as irregular polyhedron; 
this crystal shape is composed of twenty-four trapezoidal 
faces, which are formed by the three sets of planes of the 
{112}, {121}, and {211} families, as shown in insertion at 
Fig. 6d.

FE-SEM images showed in Fig. 6e–h for β-Ag2MoO4 
microcrystals synthesized by the SC method exhibit the 
presence of a large quantity of potatoes-like with somewhat 
porous surfaces. However, these β-Ag2MoO4 microcrystals 
have a shape with average crystal sizes ranging from 3.65 
to 7.58 μm and an average crystal size of approximately 
5.6 mm. crystal growth is indirectly by direct interaction 
the ultrasonic wave with the H2O molecules. In this case, we 
have the heterogeneous sonochemical process of liquid–solid 
systems in constant contact, as reported in the literature [29, 
34].

The β-Ag2MoO4 microcrystals synthesized by the HSI-
IFC method present several pores and roughness on the sur-
face of large irregular crystals, as shown by FE-SEM images 
in Figs. 6k, l. This behavior is due to the fast ions injection 
method, which enables high superheating localized in the 
aqueous solution and accelerates the growth of large solid 
particles faster [70]. In this way, these large β-Ag2MoO4 
microcrystals have a shape with average crystal sizes rang-
ing from 4.85 to 20.9 μm and an average crystal size of 
approximately 12.88 mm.

Finally, the FE-SEM images shown in Figs. 6m–p the 
presence of β-Ag2MoO4 microcrystals obtained by the CH 
synthesis method with non-homogeneous shapes, irregular 
polyhedrons related to concave trisoctahedra with different 
facets, and also rhombic dodecahedrons ascribed as irregular 
polyhedrons. These β-Ag2MoO4 microcrystals have shapes 
with sizes ranging from 3.31 to 7.35 μm and an average 
crystal size of approximately 5.36 mm. These crystals at 
the final growth state of CH synthesis present an increase in 
facets numbers and forms the rhombic dodecahedron-like 
β-Ag2MoO4 microcrystals, which are formed by the three 
sets of planes of the {110}, {011}, and {101} families, 
which exhibits twelve faces lozenge-like, as shown in inser-
tion at Fig. 6p. In addition, the CH synthesis method allows 
the formation of some rhombic dodecahedron shapes still 
in the process of maturation and definition of their facets 
for smoother surfaces. It is also seen in the formation of sil-
ver nanoparticles (NPsAg) on the surface of these crystals, 
Fig. 6p, which are associated with photosensitivity of Ag 
against the electron beam used in the analysis of FE-SEM 
image [71].

These β-Ag2MoO4 microcrystals with rhombic dodeca-
hedron shapes are associated with the oriented aggregation 
mechanism, which involves the spontaneous self-organiza-
tion of adjacent particles along a common crystallographic 
orientation. Table 4a–c show the data employed to model 
β-Ag2MoO4 crystals shapes (CP and CH method) using the 
KrystalShaper Crystal Morphology Editor/Viewer software 
Version 1.5.0 [72] using our lattice parameter values, dis-
tances, and Miller indices (h, k, l) from Rietveld refinement 
data.

These sets of planes presented in Table 4a–c allow an 
understanding of the growth processes, appearance, or 
disappearance of a certain plane due to changes in surface 
energies of microcrystals obtained using the CP and CH 
synthesis methods.

3.7 � UV–Vis Spectroscopy Analyses

It was possible to obtain information about the region of 
maximum absorption in the electromagnetic spectrum, band-
gap energy, degree of order–disorder, and intermediate lev-
els between the valence band (VB) and conduction band 
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Fig. 6   a–p: FE-SEM images of β-Ag2MoO4 microcrystals made by the a–d CP, e–h SC, k, l HSIIFC, and m–p CH synthesis methods
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Fig. 6   (continued)
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(CB) of β-Ag2MoO4 microcrystals prepared by different 
methodologies. For example, the value of the forbidden Egap 
was calculated by the methodology proposed by Kubelka 
and Munk [73] that relates the absorbance, the photon, and 
the type of electronic transition of the material, used in lim-
ited cases of very thick samples [74]. Such as equation is 
based on the diffuse reflectance transformation to estimate 
the Egap values with perfection, as seen in Eq. (7):

where: F(R∞) is the Kubelka–Munk function or total sample 
reflectance; K is the apparent molar absorption coefficient, 
and; S is the apparent scattering coefficient.

For this work, barium sulfate (BaSO4) was used as a 
“blank” background or standard sample in the reflectance 
analyses, R∞ = Rsample/RBaSO4. In a parabolic band structure 
(in the case of prepared β-Ag2MoO4 microcrystals), can be 
determined the Egap and the absorption coefficient of semi-
conductor oxides [74, 76] through Eq. (8):

where α is the linear absorption coefficient of the mate-
rial, hν is the photon energy, C1 is a proportionality constant, 
Egap is the bandgap energy or optical gap, and n is a constant 
related to different types of electronic transitions in semicon-
ductors. The n = 0.5 is related to materials with Egap permit-
ted direct, n = 2 for permitted indirect, n = 1.5 for prohibited 
direct, and n = 3 for prohibited indirect transitions.

According to theoretical studies reported in the litera-
ture, β-Ag2MoO4 microcrystals present an optical absorp-
tion spectrum conducted by indirect transitions [36, 64]; 
that is, when the electronic absorption process occurs, the 
electrons that are in minimum energy states in the conduc-
tion band (CB), manage to return to the maximum states, 
in the valence band (VB) at different points in the Brillouin 
zone [64].

Therefore, n = 2 was used in Eq. (8) to calculate the Egap 
for the β-Ag2MoO4 microcrystals prepared using the CP, 
SC, HSIIFC, and CH methods. Then, applying K = 2α to the 
absolute reflectance function, the Kubelka–Munk function 
is simplified according to Eq. (9):

Thus, drawing a graph with the values of [F(R∞)hν]0.5 
(y-axis) determined by Eq. (9) as a function of the photon 
energy (eV) at (x-axis) and performing a linear extrapola-
tion on the part straight line of the spectra (extrapolation of 
the linear fit) of UV–Vis, allowed to obtain the Egap values 
for the prepared materials, seen in Figs. 7c–f. Furthermore, 
the maximum absorption of β-Ag2MoO4 microcrystals is 

(7)F
(

R∞

)

=
(1 − R∞)

2

2R∞

=
k

s

(8)αhv = C1(hv − Egap)
n

(9)F
(

R∞

)

hv)
0,5 = C2(hv − Egap)

n

described from the graphic relationship of wavelength values 
(λ) at (x-axis) with absorbance values at (y-axis), Fig. 7a–b.

Figure 7a displays the maximum absorption spectra of 
the synthesized β-Ag2MoO4 microcrystals in the region 
comprising ultraviolet radiation, and there are three main 
absorptions located at approximately 280, 310, and 340 nm. 
This result indicates that it is necessary to use lamps with 
a wavelength in this region to generate electron/hole pairs 
(é−/h+) in the photocatalytic process [77, 78]. In case related 
to UV-C (λmax = 254 nm ≈ 4.88 eV), UV-B (λmax = 306 nm 
≈ 4.05 eV), UV-A (λmax = 365 nm ≈ 3,40 eV) and visible 
(λmax = 541 nm ≈ 2,29 eV) [79]. Magnification of the high-
lighted section of the UV–Vis absorption spectra, Fig. 7b, 
showed that β-Ag2MoO4 microcrystals made by the CH 
method have a pronounced absorption band in the visible 
region. This fact may be associated with its low structural 
order (confirmed in XRD, Rietveld Refinement, and micro-
Raman analyses), caused by crystalline defects generated 
by pressures and temperature during hydrothermal treat-
ment [31]. Figures 7c–f show that using these experimental 
methods makes it possible to obtain UV–Vis spectra with an 
indirect electronic transition profile, with optical behavior 
characteristic of structurally ordered crystalline materials, 
as demonstrated in XRD analyses. The Egap values for the 
microcrystals prepared by the CP, SC, HSIIFC, and CH syn-
thesis methods were as follows: 3.3; 3.27; 3.26, and 3.25 eV, 
respectively. These Egap values agree with the experimental 
results already reported for this material, evidencing the reli-
ability of the methodologies used in this article.

It is also possible to observe that these different synthesis 
techniques provide changes in the Egap values, which may 
be associated with variations in terms of external forces, 
such as temperature and pressure, which act directly on the 
ordering of the structure, promoting the emergence of lev-
els of intermediate energies between the VB of CB, which 
are associated with the degree of structural disorder of the 
undistorted tetrahedral [MoO4] and distorted octahedral 
[AgO6] clusters. According to the literature, more ordered 
structures, such as β-Ag2MoO4 microcrystals made by the 
CP method, have few intermediate energy levels between 
the VB and CB. Consequently, a higher Egap, on the other 
hand, are materials that have defects in their crystal lattice, 
as well as the microcrystals obtained via the HC method, 
which have the lowest structural order, and, therefore, the 
lowest Egap value among other materials [31].

3.8 � Colorimetric Data Analysis

To quantify the colorimetric coordinates of β-AgMoO4 
microcrystals made by CP, SC, HSIIFC, and CH synthesis 
methods, the CIELAB color space, established by the Inter-
national Commission on Illumination (CIE) in 1976 [47] 
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Table 4   (a–c) Average lattice parameters, angles, Laue Group (m 3 
m), Miller indices (h, k, l) to the notation of lattice planes and dis-

tances used in the computational modeling with different crystallo-
graphic planes of β-Ag2MoO4 microcrystals synthesized by the (a,b) 
CP, and (c) CH synthesis methods

a) β-Ag2MoO4-CP method

Lattice parameter
a = b = c = 9.257781 (Å) and number of 
faces of cube-like β-Ag2MoO4 crystal

Miller index 
(hkl)

Distance Lattice parameter
a = b = c = 9.257781 (Å) and number of 
faces of cuboctahedron-like β-Ag2MoO4 
crystal

Miller index 
(hkl)

Distance

1º 1 0 0 0.5 1º 1 0 0 0.5
2º 0 1 0 0.5 2º 0 1 0 0.5
3º 0 − 1 0 0.5 3º 0 − 1 0 0.5
4º − 1 0 0 0.5 4º − 1 0 0 0.5
5º 0 0 − 1 0.5 5º 0 0 − 1 0.5
6º 0 0 1 0.5 6º 0 0 1 0.5
– – – – – 7º 1 1 1 0.75
– – – – – 8º 1 1 − 1 0.75
– – – – – 9º 1 − 1 1 0.75
– – – – – 10º − 1 − 1 1 0.75
– – – – – 11º − 1 1 1 0.75
– – – – – 12º 1 − 1 − 1 0.75
– – – – – 13º − 1 − 1 − 1 0.75
– – – – – 14º − 1 1 − 1 0.75

b) β-Ag2MoO4-CP method

Lattice parameter a = b = c = 9.257781 (Å) and number of faces of 
trapezohedron-like β-Ag2MoO4 crystal

Miller index (hkl) Distance

1º 2 1 1 1.0
2º 1 2 − 1 1.0
3º 1 − 2 1 1.0
4º − 2 − 1 1 1.0
5º − 1 2 1 1.0
6º 2 − 1 − 1 1.0
7º − 1 − 2 − 1 1.0
8º − 2 1 − 1 1.0
9º − 1 − 1 − 2 1.0
10º 1 2 1 1.0
11º − 2 − 1 − 1 1.0
12º 1 1 2 1.0
13º 1 − 1 2 1.0
14º 1 − 2 − 1 1.0
15º 2 1 − 1 1.0
16º − 1 1 − 2 1.0
17º 1 1 − 2 1.0
18º − 1 2 − 1 1.0
19º − 2 1 1 1.0
20º − 1 − 1 2 1.0
21º − 1 1 2 1.0
22º − 1 − 2 1 1.0
23º 2 − 1 1 1.0
24º 1 − 1 − 2 1.0
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was used. The colorimetric analyses were performed in three 
average readings of 90º angles for each synthesized mate-
rial. The CIELAB system is the most used and recognized 
color space worldwide. Its standard or “white” has been 
widely used as a reference to measure the colors of materi-
als, particularly in colorimetric equipment, as well as the 
colorimeter [80, 81]. The main contribution of the CIELAB 
color space, since its creation in 1976, was to reduce Yxy 
space divergences (equal distances on the xy chromaticity 
diagram, which do not correspond to equal perceived color 
differences). L* represents lightness in this color space, and 
a* and b* are chromaticity coordinates. The colorimetric 
coordinates a* correspond to (– a = green) and (+ a = red) 
in the x-axis values, and the colorimetric coordinates b* 
correspond to (– b = blue) and (+ b = yellow) in the values 
on the y-axis, L* is related to luminosity, and its value on 
the z-axis can vary (from 0 = black to 100 = white) [81–84].

The results of the combinations of different colors for the 
β-AgMoO4 criteria, obtained by different synthesis routes, 
presented different values of L*, a*, and b*. These results 
are presented in Table 5. Other results are presented through 
2D circles, using β-AgMoO4 scales like all β-AgMoO4 
nuclei shown in Figs. 8a–d.

The β-AgMoO4 microcrystals made by the HSIIFC 
method showed the highest values of L* and a*, followed 
by those prepared via the CP and SC routes, indicating 
that these methods allow the crystallization of β-AgMoO4 
crystals with different colors, according to the colorimetric 
coordinates (L*, a*, b*). The hexadecimal color code found 
according to the colorimetric coordinates for the β- AgMoO4 
microcrystals made by the HSIIFC method was #8c8373. 
This code is related to a shade of brown (Fig. 8a) which in 
the RGB color model is composed of 54.9% red, 51.37% 
green, and 45.1% blue. This color has an approximate 

wavelength of 577.1 nm. The closest name to this color is 
Zinc Luster, shown in Table 5. On the other hand, those 
obtained by the CP method presented the following hexadec-
imal color code #8c8274, associated with a light brown tone 
(Fig. 8b). This hexadecimal code for the RGB color model 
consists of 54.9% red, 50.98% green, and 45.49% blue and 
has an approximate wavelength of 578.45 nm. The closest 
name for this color is Nile Clay, described in Table 5. How-
ever, the SC method obtained microcrystals with a brown 
medium with the following hexadecimal color code #847d71 
(Fig. 8c). According to the RGB color model, #847d71 is 
composed of 51.76% red, 49.02% green and 44.31% blue 
(Fig. 8c). This color has an approximate wavelength of 
577.16 nm. The most equivalent name for this color is Gray 
(Crayola), given in Table 5.

On the other hand, the β- AgMoO4 microcrystals made 
by the CH route showed lower L* and a* values, indicat-
ing that these samples are darker; the materials obtained 
by this method crystallize in a dark brown color, with the 
following hexadecimal color code #59554d, which in the 
RGB color model is composed of 34.9% red, 33.33% green 
and 30.2% blue ((Fig. 8a). This color has a wavelength of 
576.31 nm. The name found for this color was Charcoal 
Brown. These differences in the coordinates of color changes 
(L* a*, and b*) can be methods at a time of synthesis of opti-
cal properties (crystal size values) morphological (methods 
and sizes of optical properties) can be methods at a time 
of synthesis and sizes of optical properties [42, 43] as well 
as already, previous sessions. According to the digital pho-
tos, such changes were altered as changes in pigmentation 
between the materials obtained, for shades of light brown 
to dark brown, which are available in Table 5. Notably, the 
changes in microcrystal pigmentation were perfectly cor-
related with all qualitative color parameters (L*, a*, b*) 

Table 4   (continued)

c) β-Ag2MoO4-CH method

Lattice parameter a = b = c = 9.317389 (Å) and number of faces of 
rhombic dodecahedron-like β-Ag2MoO4 crystal

Miller index (hkl) Distance

1º 1 1 0 1.0
2º 1 − 1 0 1.0
3º − 1 − 1 0 1.0
4º − 1 1 0 1.0
5º − 1 0 − 1 1.0
6º 0 1 1 1.0
7º 1 0 − 1 1.0
8º 0 1 − 1 1.0
9º 1 0 1 1.0
10º 0 − 1 − 1 1.0
11º − 1 0 1 1.0
12º 0 − 1 1 1.0
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Fig. 7   a–f UV–Vis absorption spectrum (a), highlighted section magnification (b), and diffuse reflectance mode UV–Vis spectra for β-Ag2MoO4 
microcrystals prepared by the (c) PC, (d) HSIIFC (d), e SC, and f CH synthesis methods
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acquired in the FRU® color software version 3.22 and with 
the visual qualitative parameters obtained by high-quality 
digital photos. Captured quality of β-AgMoO4 microcrys-
tals (closest observed color) used to record the RGB and 
HEX values, shown in Table 5, using the Color Detector 
software—Instant Color Detect, version 1.0.1.

From the values of colorimetric coordinates (L*, a*, and 
b*) of the β-Ag2MoO4 microcrystals obtained by the CP, 
SC, HSIIFC, and CH synthesis methods, it is also possible 
to determine the energy difference (∆E), the chromaticity 
(C) and the hue angle (Hº), using Eqs. (10–12).

where ∆E is the energy difference between the colored 
media, ∆L represents the difference in brightness between 
two live surfaces, and ∆a* and ∆b* are the differences in 
the color coordinates a* and b*, respectively. C is related to 
the vividness or opacity of a color, how close the color is to 
gray, or the pure matrix. Finally, H is related to one of the 
main properties, called color appearance parameters, and 
describes how similar or a different color is to the stimuli 
described by red (R), green (G), blue (B), or yellow (Y).

The β-AgMoO4 microcrystals obtained by the HSIIFC 
method show a higher C, H, and ∆E (shown in Table 5) 
than the microcrystals synthesized by the other methods. 
This fact can be attributed to its Egap value, particle size, 
and irregular shape. On the other hand, the microcrystals 
synthesized by CP showed lower opacity and greater energy 
difference among the other prepared materials, which can 
also be attributed to the particles' size, shape, and Egap value.

Therefore, it can confirm through the colorimetric analy-
sis that using these different preparation methodologies pro-
motes the crystallization of β-AgMoO4 microcrystals with 
different colors and values of colorimetric coordinates close 
or distant from each other. It is also worth remembering that 
there are no brief or detailed studies regarding the colori-
metric properties of this material so far. This article is the 
pioneer in the quantification of colorimetric coordinates and 
description of the closest color name of β-AgMoO4 micro-
crystals made by different methods.

3.9 � Theoretical Analysis of Surface Energies 
for β‑AgMoO4 Crystals

The experimental results reveal that the method of syn-
thesis caused a morphological change in the β-AgMoO4 

(10)ΔE =

√

(ΔL∗)2 + (Δa∗)2 + (Δb∗)2

(11)C =

√

(a∗)2 + (b∗)2

(12)H = tan−1
(

b∗
∕a∗

)

microcrystals. In order to analysis these morphologies at 
structural level, the surfaces models of the exposed surfaces 
presented in all crystals shape were constructed and these 
models and the results of the first-principles calculation are 
shown in Figs. 9a–d. All surfaces present oxygen vacan-
cies (Vo) in the last layer, resulting in uncoordinated Ag and 
Mo clusters. The [AgO5·Vo] clusters are present only in the 
(001) surface, while the [AgO4·2Vo] clusters are present in 
the (011) and (112) surfaces. In the (111) and (112) surfaces 
exist the [AgO3·3Vo] clusters and in the last one, also exist 
the [AgO5·1Vo] clusters.

As we can see, the (112) surface, in which present a 
high-index of Miller, is more stable than the (001) and 
(011) surfaces, resulting in the follow order of stability: 
(111) > (112) > (011) > (001) with Esurf values of 0.77, 
1.06, 1.29, and 1.91 J/m2, respectively. From these Esurf 
values associated to the Wulff construction the equilibrium 
morphology (ideal) was achieved theoretically, in which 
is mainly formed by the (111) surface, as illustrated in the 
Fig. 9e.

From this equilibrium morphology, we also modulated 
the experimental morphologies (namely as 3) where the 3a 
and 3c morphologies were obtained by the CP method, while 
the 3b was obtained by the CH method. These morphologies 
were achieved by passing through two intermediate mor-
phologies (namely as 1 and 2). To obtain the reaction path 
that interconnect the ideal, the intermediates and the experi-
mental morphologies, we also calculated their Epol values. 
This value represented the surface energy of the polyhedrons 
by the crystal area. As we can see in Fig. 9e, the morphol-
ogy obtained by the CP method (3c) presented the highest 
Epol value and its formed by only the surfaces with (112) 
plane. Although, the (112) surface present a low Esurf value 
in which means that surface is stable, the Epol value suggest 
that this crystal shape should be more reactive for having 
more energy by area.

3.10 � Photocatalytic Assays Analysis

The evaluation of the photocatalytic property of the synthe-
sized samples was verified in the degradation of the RhB dye 
solution under irradiation of different lamps with absorption 
in the UV region, namely UV-C, UV-A, UV-B, and visible. 
These results are shown in Figs. 10a–e.

Figures 10a–e show the study of the relative decay of 
RhB dye solution concentration (Cn/C0) vs. exposure time to 
UV and visible light. The first 30 min in the dark only rep-
resents the adsorption/desorption equilibrium of the target 
compound. After this process, the RhB dye solution showed 
a reduction in its concentration, indicating the existence of 
photocatalytic degradation in all systems. The efficiency in 
the degradation rate, shown in Fig. 10e, was carried out to 
verify the influence of these different synthesis methods on 
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the photocatalytic property of pure β-Ag2MoO4 microcrys-
tals, as well as their behavior under different types of irradia-
tions. For the photolysis process, in which the target com-
pound was subjected only to irradiation for 240 min, UV-C, 
UV-A, UV-B, and visible light, the degradation rates were 5; 
1.72; 2.2, and 1.8%, respectively. In this case, the degrada-
tion of the RhB dye solution occurs through the absorption 
of photons by photolysis [85]. These degradation rate values 
demonstrate that this exposure to different UV and visible 

light alone cannot significantly affect the concentration of 
this pollutant, thus confirming its high resistance to this type 
of irradiation [86] and the need for a photocatalyst such as 
β-Ag2MoO4 microcrystals [30].

On the other hand, the target compound was subjected to 
the photocatalysis process described in Figs. 10a–d, in which 
the irradiation of different lamps was used, in addition to the 
use of β-Ag2MoO4 microcrystals, made by the CP, SC, HSI-
IFC, and CH methods as a catalyst, there was a significant 

Fig. 8   a–d: 2D color circle with L*, a*, and b* chromaticity diagram according to CIELAB (1976) color space and RGB values for β-Ag2MoO4 
microcrystals synthesized by the a HFIISC, b CP c SC, and d CH synthesis methods
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improvement in the rate values of discoloration compared to 
photolysis. This improvement is related to the appearance of 
highly reactive species (such as H·, HO·, HO2

·, and O2
·–) that 

are responsible for the mineralization of molecules in the 
RhB solution. These reactive species are generated through 
oxidation reactions (in VB) and reduction (in CB), caused 
by the interaction of the e−/h+ pair with electron acceptors/
donors (e−) (most commonly H2O, O2, and OH.−) dissolved 
during the photocatalysis process [87, 88]

These reactions are initiated due to the activation of 
β-Ag2MoO4 microcrystals, caused by the irradiation of dif-
ferent UV and visible light, which stops this material was 
sufficient to promote the excitation of e− from BV (by pre-
senting an E > Egap value of the synthesizing materials) to 
CB, generating a gap or hole (h+) in VB. This mechanism is 
known as e−/h+ pair formation. In addition, these pairs can 
recombine, releasing energy in the form of heat and contrib-
uting to the degradation of the pollutant.

The analysis of Fig. 10e also allows us to observe a 
decrease in the degradation efficiency as the tests were car-
ried out in the different light systems. There was no syner-
gism between catalysts and the change in irradiation type. 
The best photocatalysis results in the discoloration rate of 
the RhB solution were obtained in the catalytic system with 
UV-C lamps. Among the catalysts tested in this radiation, 
those prepared by the CP method showed the most promis-
ing results, getting a discoloration rate of 85.12%, followed 
by the microcrystals made by the HSIIFC methods (72.09%), 
CH (52.53%), and SC (39%). UV-C light presents more ener-
getic beams, which increases the yield of the percentage of 
excited electrons, and, consequently, the efficiency of the 
photocatalytic process. This type of radiation also has a 
higher ionization potential, which facilitates the interaction 
of the RhB dye molecules with the catalyst more strongly, 
favoring the breaking of their chemical bonds [89, 90]. The 
better photocatalytic efficiency of β-Ag2MoO4 microcrystals 
prepared by the PC method may be associated with their 
higher crystallinity, evidenced in the structural analysis of 
XRD, Micro Ramam, and FTIR, as well as its trapezohedral 
morphology that provides more reaction sites in the photo-
catalytic degradation process [90], due to the greater number 
of faces that are available to react in the catalytic medium 
(24 trapezoidal faces), the more significant number of facets 
available to control react in the catalytic medium and Egap 
values, are close to the energy (3.3 eV) of UV-C light. These 
factors, associated with the high energy of UV-C light, 
contributed to a more excellent formation of free radicals 
responsible for the mineralization of the target compound. 
Thus, its structural, morphological, and optical organiza-
tion proved to be ideally favorable (among the conditions 
investigated in this work) to achieve the highest performance 
in the degradation of the RhB dye solution under 240 min 
irradiation at different wavelengths of UV and visible light. 

Good results were also observed in the degradation rate of 
the RhB dye solution when using β-Ag2MoO4 microcrys-
tals made via the IISQRR route (72.09%). He attributes this 
result to the presence of trapezoidal particles, as obtained in 
the CP method (Fig. 6d), which join the irregular particles 
(Fig. 6i). It is clear that this type of morphology effectively 
contributes to the photocatalytic activity of β-Ag2MoO4.

The least significant results of photocatalysis were 
detected for the catalysts made by the SC method, in which 
the degradation rate in almost all systems was the lowest. 
This fact may be associated with a high rate of electronic 
recombination, low stability, and its (potato) morphology, 
which provides insufficient active sites for the catalytic pro-
cess [34]. In the visible light system, the best results of the 
degradation rate of the RhB dye solution were seen for the 
catalysts made by the CH method. A possible explanation 
for this may be the lower Egap value, caused by structural 
defects already discussed in the previous sections, which 
allowed the β-Ag2MoO4 (CH) microcrystals to present an 
Egap value closer to the energy of Vis-light. We can also 
relate to the appearance of the pronounced absorption band 
in the visible region, as previously seen in Fig. 7a, b, and the 
appearance of Ag0 on the surface of these crystals, induced 
by visible light radiation. This phenomenon is due to the 
fact that Ag presents photosensitivity and, therefore, can be 
easily reduced [71], being more characteristic in this study 
for materials obtained by the HC method, as evidenced in 
the FE-SEM images the Fig. 6p.

4 � Conclusions

In summary, it was possible to prepare with success pris-
tine β-Ag2MoO4 microcrystals by the CP, SC, HSIIFC, 
and CH synthetic methods and to evaluate the effect of 
these methodologies on their structural, morphological, 
optical, colorimetric, and photocatalytic properties. The 
structural characterizations of XRD, Rietveld refinement, 
and micro-Raman and FTIR spectroscopies confirmed that 
the β-Ag2MoO4 microcrystals prepared by these different 
methodologies exhibit a cubic spinel-like structure with 
lattice parameters (a = b = c = 9.6 Å), space group (Fd 3 
m), point group symmetry ( Oh

7
 ) and eight molecular for-

mulas per unit cell (Z = 8). These results reported in this 
paper are very good and in agreement with those described 
in the ICSD database, card Nº 36,187. Also observed are 
that these methods make it possible to obtain microcrys-
tals with a long-range crystallinity grail. The β-Ag2MoO4 
microcrystals made by the CH method exhibited the 
highest unit cell volume value (808.877 Å), followed by 
those prepared by the other methods (794.046 Å) for SC, 
(793.4521 Å) for CP, and (787.635 Å) for HSIIFC. On the 
other hand, the relative positions of the O atoms showed 
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minor variations, while the Ag and Mo atoms remained 
fixed in their positions in the structure. From the construc-
tion of the microcrystal’s unit cells, it is possible to visual-
ize the presence of two types of clusters, one formed by 

distorted octahedral [AgO6] clusters, with two different 
bond angles between the Ag and O atom (O–Ag–O) and 
other undistorted tetrahedral [MoO4] clusters, with equal 
bond angles (O–Mo–O). FE-SEM images shown that it is 

Fig. 9   a–e: Surface models with their undercoordinated clusters and 
Esurf values for: a 001, b (011), c (111), and d (112). e Evolution of 
the crystal shape observed experimentally from the equilibrium mor-
phology (ideal). 1a, 1b, 1c and 2a, 2b, 2c morphologies are interme-

diate, while the experimental morphologies are represented by 3a, 3b 
and 3c. The surface colors are given as: (001) in blue, (011) in gray, 
(111) in orange, and (112) in yellow
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Fig. 10   a–e: Relative decay curves of the RhB dye solution concentration over the time of photolysis and photocatalysis, using e β-Ag2MoO4 
microcrystals as a catalyst, exposed to a UV-C, b UV-B, c UV-A, d Vis-lights radiation and e degradation rate for these photocatalytic tests
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possible to obtain different morphologies for β-Ag2MoO4 
microcrystals, varying only in the preparation form: irregu-
lar polyhedral (CP and CH), coat shape (SC), and an unde-
fined morphology for the HSIIFC method. The UV–Vis 
analysis showed a maximum absorption in the UV region 
for all synthesized materials, located at approximately 280, 
310, and 340 nm. However, β-Ag2MoO4 microcrystals 
made by the CH method still have a pronounced absorp-
tion band in the visible region, triggered by the formation 
of intermediate levels between VB and CB, arising from 
structural defects caused by the hydrothermal treatment, 
whereas the Egap values for microcrystals prepared by CP, 
SC, HSIIFC and CH methods were as follows: 3.3; 3.27; 
3.26 and 3.25 eV, respectively. Furthermore, the use of 
these routes also made it possible to prepare materials with 
different colors, which were confirmed and quantified by 
colorimetric analysis, suggesting a potential application 
of β-Ag2MoO4 microcrystals as inorganic pigments; the 
colors detected were as follows: Zinc Luster, Nile Clay, 
Gray (Crayola), and Charcoal Brown. From the DTF cal-
culations it was possible to modulated all exposed sur-
faces observed experimentally by the FE-SEM technique 
of the β-Ag2MoO4 microcrystals, and, in association with 
the Wulff construction, these morphologies were achieved 
theoretically. The results suggest that the morphology 
composed only by the (112) surface should be more reac-
tive due to its highest Epol value, in which was confirmed 
by the photocatalytic tests. Finally, among the catalysts 
tested in photocatalytic assays for the degradation of the 
RhB dye solution, under exposure to different types of UV-
lights and Vis-light illuminations, those made by the CP 
method showed the most promising results, particularly in 
the system composed of UV-C lamps, obtaining a discol-
oration rate of 85.12%, followed by microcrystals made 
by the methods of HSIIFC (72.09%), CH (52.53%) and SC 
(39%). These better degradation rate results were mainly 
attributed to the type of morphology of the microcrystals 
(24-phase trapezohedron), composed by the (112) surfaces 
which present a density of defects higher than the other 
surfaces with different kinds of Ag clusters with oxygen 
vacancies [AgOx·6⎼xVo]. This fact allowed a greater reac-
tion of the crystals with the pollutant and thus promoted 
its degradation.
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