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Abstract
In this work, we report the investigation on β-Ag(2-3x)EuxMoO4 (x = 0.0; 0.0025; 0.005; 0.0075, and 0.01 mmol) materials 
prepared using the coprecipitation method. X-ray diffraction (XRD), Rietveld refinement analysis, and Raman spectroscopy 
confirmed that all of the synthesized β-Ag(2-3x)EuxMoO4 samples were perfectly monophasic, with spinel-like cubic structure. 
The results obtained in the morphological analysis indicate that the insertion of the Eu3+ ion into the β-Ag2MoO4 matrix 
favors the formation of surface defects and suggests that in higher concentrations of dopant the particles become more geo-
metrically defined. The photoluminescence analysis (PL) was performed using two excitation sources: krypton laser and 
xenon lamp. Through the emission and excitation spectra it was observed that β-Ag2MoO4 exhibits broad band in the blue 
region, and as the concentration of Eu3+ increases this emission is gradually suppressed, giving rise to an intense emission 
with narrow and well-defined lines in the red region, confirming β-Ag2MoO4 as a good matrix capable of sensitizing and 
stabilizing the red emission of the Eu3+ ion. In addition, all other characterizations demonstrate that the replacement of Ag+ 
by Eu3+ ions caused structural, morphological, and optical changes with lattice disturbances in the short, medium, and long 
ranges.
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Introduction

The study of advanced inorganic materials constitutes a 
multidisciplinary research field, considering the vast poten-
tial applications of this class of functional materials. In this 
scenario, molybdates have occupied a prominent position in 
the investigation of the structural/optoelectronic behavior 
of new materials (Lim 2016; Laciste et al. 2017; Guo et al. 

2008; Sun et al. 2016). These materials have high chemi-
cal stability due to the organization of their atomic arrange-
ments, allowing their application in different systems. In 
particular, silver molybdate (Ag2MoO4) has been used 
in photocatalysts (Ferreira et al. 2019; Della Rocca et al. 
2020; Yang et al. 2017; Warmuth et al. 2020), antimicrobial 
agents (Oliveira et al. 2017; Fabbro et al. 2016; De Foggi 
et al. 2020; Tang et al. 2013; Moura et al. 2017), sensors 
(Pachauri et al. 2020; Kumar et al. 2016), in optoelectronic, 
and luminescent devices (De Santana et al. 2014; Gouveia 
et al. 2014).

Ag2MoO4 has two phases related to the metastable 
α-Ag2MoO4 and stable β-Ag2MoO4. The α-Ag2MoO4 usu-
ally requires drastic conditions of synthesis, such as high 
temperatures and pressures, as well as sophisticated equip-
ments. Besides that, during the synthesis, α-Ag2MoO4 
can be irreversibly transformed to β-Ag2MoO4 (Beltrán 
et al. 2014; Ng and Fan 2015). The β-Ag2MoO4 phase 
consists of Mo6+ coordinated to four O2− anions to form 
the tetrahedral [MoO4] clusters, and the Ag+ cations are 
coordinated to six O2− anions forming octahedral [AgO6] 
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clusters. The electronic structure shows that these mate-
rials present energy gap (Egap) values between 3.2 and 
3.4 eV (Moura et al. 2016; Fabbro et al. 2015).

To obtain pure and doped molybdates, different syn-
thetic routes are used by varying parameters such as pH, 
temperature, and precursors. These materials may exhibit 
different sizes, morphologies, and properties (Wang et al. 
2017; Singh et al. 2012; Jiang et al. 2015). More tradi-
tional synthetic methods require complex conditions and 
do not always guarantee the homogeneity and regularity 
of the crystals (Pan et al. 2007; Montenegro et al. 2018; 
Kaddouri et al. 2004). Therefore, to overcome these draw-
backs, sustainable methodologies have become an interest-
ing alternative for the development of functional materials 
(Kianpour et al. 2016; Shahri et al. 2013). The co-pre-
cipitation methodology, a widely used technique, avoids 
these problems and is considered a green experimental 
procedure, since it uses environmentally friendly solvent 
(water), low processing temperatures, and is an easily 
reproducible method. This procedure allows the forma-
tion of single-phase crystals with homogeneous sizes and 
shapes. Furthermore, this method allows the incorpora-
tion of different dopants in the crystal lattice to shape and 
extend the functionality of inorganic materials (Kianpour 
et al. 2016).

The efficiency of doping in different matrices using rare 
earths (RE) is a consolidated subject in the literature. The 
unique optical properties of these elements are known to 
be associated mainly with transitions 4f–4f or 5d–4f tran-
sitions due to their electronic configurations (Erwin et al. 
2005; Krishna Bharat et al. 2014; Dai 2017). Among RE, 
europium (Eu) is one of the most studied (Wang et al. 2019). 
In the trivalent state (Eu3+), this ion presents an electronic 
configuration 4f6, with the innermost orbital electrons pro-
tected from the chemical environment by the outermost 
ones (Binnemans 2009; Tymiński and Grzyb 2017), result-
ing in fine and well-defined emission lines (Cichos et al. 
2016). In general, the intentional insertion of Eu3+ results 
in very marked changes in the PL properties of the host 
matrix (Erwin et al. 2005; Cichos et al. 2016; Tymiński and 
Grzyb 2017) especially in the case of molybdates, which 
are known to be excellent receptors for this ion. Thus, the 
parameter control of synthesis and doping are resources used 
to promote changes in the morphological and optical proper-
ties of molybdates. The first feature is well exemplified in 
the study by Songchu et al. (Li et al. 2017), which synthe-
sized strontium and barium molybdates using isopropanol 
as solvent, varying the concentration of hexadecyl trimethyl 
ammonium (CTAB) precursor and the pH of the reactional 
medium. In addition, the use of Eu3+ in the β-Ag2MoO4 
matrix was addressed in the study developed by Gupta et al. 
(Gupta et al. 2015). In this work, the researchers demonstrate 
the photoluminescent properties of the studied materials, 

making a comparison between the pure and Eu3+ doped 
samples with a fixed concentration of 0.01 mmol of Eu3+.

In our study, we descr ibe the synthesis of 
β-Ag(2–3x)EuxMoO4 phosphors by varying the concentrations 
of Eu3+ (x = 0.0; 0.0025; 0.005; 0.0075, and 0.01 mmol) to 
observe whether there is a trend in the photoluminescent 
behavior and thus understand how these changes affect the 
characteristic emissions of these materials when they are 
excited by two different excitation sources, laser and xenon 
lamp. In the same direction, we investigated structural 
changes and morphological behavior with the aid of scan-
ning and transmission electron microscopy micrographs, a 
discussion presented for these structures for the first time. 
These investigations were carried out using the techniques 
of X-ray diffraction (XRD) and Rietveld refinement, Raman 
spectroscopy, scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM), ultraviolet–visible 
diffuse reflectance (UV–vis) spectroscopy, and photolumi-
nescence measurements (PL).

Experimental

Synthesis

Firstly, pure β-Ag2MoO4 was prepared by dissolving 
1.0 mmol of sodium molybdate (Na2MoO4.2H2O, Sigma-
Aldrich, 99.5%) in 50 mL of deionized water. Separately, 
2.0 mmol of silver nitrate (AgNO3, Sigma-Aldrich, 99.99%) 
was dissolved in 50 mL of deionized water. Both solutions 
were prepared at 80 °C, under magnetic stirring for 15 min. 
These solutions were quickly mixed, promoting the instan-
taneous formation of a solid β-Ag2MoO4 precipitate (beige 
coloration). The precipitate was centrifuged, washed with 
distilled water several times, and dried in a conventional 
oven at 60 °C overnight. The β-Ag(2-3x)EuxMoO4 (x = 0.0; 
0.0025; 0.005; 0.0075, and 0.01  mmol) powders, were 
prepared using the same procedure described above, but 
the solutions containing different amounts of Eu3+ ions 
were added to the AgNO3 solutions. The Eu(NO3)3 solu-
tion was obtained by dissolving europium oxide (Eu2O3, 
Sigma-Aldrich, 99.99%) in an aqueous solution of nitric 
acid (HNO3, LabSynth, 37.0%) under heating. After that, 
the pH values were adjusted by adding deionized water for 
each reactional medium, followed by their evaporation until 
reaching pH igual to 5.

Characterization

The structural behavior of the samples were charac-
terized by XRD using a Rigaku diffractometer model 
DMax/2500 with graphite monochromatized Cu Kα radia-
tion (λ = 0.15405 nm), and Rietveld refinements of the 
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XRD standards were performed using the general structure 
analysis (GSAS) program. Raman spectroscopy scattering 
measurements were performed using a Horiba Jobin Model 
iHR550 spectrometer with an argon laser (λ = 514.5 nm). 
The morphological aspects were evaluated by scanning 
electron microscopy (SEM) in a Carl Zeiss Supra 35-VP 
microscope operating at 10.00 kV. Transmission electron 
microscopy (TEM) and high-resolution TEM (HR-TEM) 
were performed using a FEI Tecnai G2F20 (The Nether-
lands) microscope operating at 200 kV. High-angle annu-
lar dark-field (HAADF) image and elemental mapping by 
energy-dispersive X-ray spectroscopy (EDS) were recorded 
in the scanning TEM (STEM) mode. The optical properties 
were investigated by absorption spectroscopy in the UV–Vis 
range, using a Varian model 5G spectrometer, programmed 
in diffuse reflectance mode. The photoluminescent behavior 
of these samples was examined through the krypton laser 
excitation (λ = 350.7 nm) at room temperature PL spectros-
copy, where a Thermal Jarrel-Ash Monospec monochroma-
tor and a Hamatsu R446 photomultiplier were coupled to 
a compact acquisition system of an SR-530 lock-in. These 
materials were also studied using a Fluorolog Jobin–Yvon 
Fluorolog III spectrofluorometer, under excitation of a xenon 
lamp using the excitation wavelength of 394 nm. The emis-
sion data from the emission spectra were used to obtain CIE 
chromaticity diagrams using Spectra Lux software.

Results and discussion

X‑ray diffraction (XRD) and Rietveld refinement

Identification of the crystalline phases of the β-Ag2MoO4 
and the β-Ag2-3xEuxMoO4 (x = 0.0; 0.0025; 0.005; 0.0075, 
and 0.01 mmol) samples was performed by XRD patterns 
and the results are presented in Fig. 1a. The diffraction peaks 
are related to the cubic spinel structure (space group Fd-3m), 
with eight molecular formulas per unit cell (Z = 8), consist-
ent with the results reported in the Inorganic Crystal Struc-
ture Database (ICSD) No. 238063 pattern (Galante et al. 
2019). The absence of characteristic peaks of the precursors, 
such as Eu2O3 and Ag2O, for instance, confirms that all the 
synthesized samples are perfectly monophasic. The narrow 
and well-defined profiles of the XRD peaks indicate the high 
crystallinity of the materials (Zhang et al. 2011).

Figure  1b shows the magnification of the region 
between 31.4° and 32.4° (principal peak) for all the sam-
ples of β-Ag2-3xEuxMoO4 (x = 0.0; 0.0025; 0.005; 0.0075, 
and 0.01 mmol). This figure shows that as the concentra-
tion of Eu3+ increases in the matrix a small displacement 
to lower values of 2θ for the doped samples in relation to 
the pure sample can be seen, which was noticed in a major 
degree for the sample containing 0.005 mmol of Eu3+. This 

variation indicates the insertion of Eu3+ into the lattice of 
the β-Ag2MoO4, and a possible formation of oxygen and 
silver vacancies (relaxation of the crystalline lattice), and 
the different charge density of the silver and europium ions. 
The insertion of Eu3+ cation replacing Ag+ cation forms two 
silver vacancies in the β-Ag2MoO4 matrix, and as the con-
centration of Eu3+ cations increases in the lattice, a higher 
concentration of silver vacancies will be formed. Thus, to 
observe the structural behavior of the β-Ag2MoO4 with the 
insertion of Eu3+ cations in the lattice, the Rietveld refine-
ment was made. The results are presented in Table ESI.1 and 
Figure ESI.1 (a-e). The fitting parameters (RBragg and χ2) 
indicate a good agreement between the XRD patterns calcu-
lated by this method and the experimental data observed for 
the as prepared β-Ag2MoO4 and β-Ag2-3xEuxMoO4 (x = 0.0; 
0.0025; 0.005; 0.0075, and 0.01 mmol) microcrystals. More-
over, the lattice parameters (a, b, c) and bond angle (β), 
which were estimated from the refinement, confirmed the 
spinel cubic structure for all of the samples, and are also in 
good agreement with the ICSD No. 238063 card (Galante 
et al. 2019). When we compare the volume of the unit cell 
between the samples, we find that the volume of the doped 
samples decreased in relation to the volume of the sample 
cell. Thus, a possible replacement of silver atoms by euro-
pium ones results in a contraction of the unit cell by distort-
ing the silver clusters. In addition, a decrease in the statisti-
cal fitting parameter values was observed in Table ESI.1 as 
the Eu3+ concentration increases, suggesting that the dopant 
insertion promotes an increase in the long-range ordering.

Through the Rietveld refinement data, a representation of 
the unit cell of the β-Ag2-3xEuxMoO4 (x = 0.0; 0.0025; 0.005; 
0.0075, and 0.01 mmol) (Fig. 2) was made using the Visuali-
zation for Electronic and Structural Analysis (VESTA) pro-
gram (version 3.3.9 for 64-bit version of Windows). In the 
β-Ag2MoO4 unit cell, the Mo atoms are coordinated by four 
oxygen atoms forming tetrahedral [MoO4] clusters, and the 
Ag atoms are coordinated by six oxygen forming octahedral 
[AgO6] clusters. In the β-Ag2-3xEuxMoO4 (x = 0.0; 0.0025; 
0.005; 0.0075, and 0.01 mmol) structure, the Eu3+ ions are 
located at the octahedral sites of silver, forming [EuO6] clus-
ters, due to their electronic charge density and coordination 
number similar to that of silver atoms (Pinatti et al. 2015).

An order/disorder effect analysis on [AgO6] clusters was 
performed by bond distance and bond angle measurements 
for all β-Ag2MoO4:Eu3+ samples, as shown in Table 1. 
The results indicate small distortions in Ag‒O bond dis-
tance in the [AgO6] cluster with the insertion of Eu3+ in the 
β-Ag2MoO4 matrix. The lengthening of the Ag‒O bond is 
possibly related to the breakage of silver bond of [AgO6] 
cluster and formation of new [EuOx] clusters as a result of 
silver cluster distortions due to the possible formation of 
silver and oxygen vacancies in to the network. These dis-
tortions extend throughout the crystal lattice, which were 
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Fig. 1   a XRD patterns of 
β-Ag2-3xEuxMoO4 (x = 0.0; 
0.0025; 0.005; 0.0075, and 
0.01 mmol) powders synthe-
sized by the co-precipitation 
method. b Magnification of the 
main peak (331)

Fig. 2   Unit cell of cubic spinel 
structure of β-Ag2-3xEuxMoO4 
(x = 0.0; 0.0025; 0.005; 0.0075, 
and 0.01 mmol) [MoO4]clusters

[AgO6] clusters
Ag
Mo
O
Eu

Legend:
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ascribed to the Eu3+ doped samples having a higher long-
range disorder.

Raman spectroscopy

In this study, Raman scattering spectroscopy was used to 
identify active vibrational modes and short-range structural 
order. The total irreducible representation of the vibrational 
modes for the β-Ag2MoO4 is shown at points in the Brillouin 
zone as described in Eq. 1:

where the modes A1g, Eg and T2g are active in the Raman, 
and the T1g mode has a low intensity or is considered inac-
tive. T1u modes are detectable in IR spectra; the other modes 
[2A1u + 2Eu + 2T2u] are inactive. The subscript terms “g″ 
and "u" indicate that the β-Ag2MoO4 presents an inversion 
center. Therefore, according to the group theory, the syn-
thesized samples present a total of five active Raman modes 
(Fig. 3a), represented in Eq. 2:

The most intense peak at approximately 869 cm−1 cor-
responds to the active mode A1g. This mode is related to the 
symmetrical stretching of the Mo–O bond, which occurs 
in the symmetric vibrations in the [MoO4] clusters (Moura 
et al. 2016; Beltrán et al. 2014). T2g mode was detected at 
around 274.85 cm−1 and refers to the asymmetric stretch-
ing of the Mo–O bond in the [MoO4] clusters. The peak 
at 372 cm−1 is linked to the T2g mode due to the asym-
metric bending in the [MoO4] clusters. The peak at about 
273.82 cm−1 is associated with the Eg mode and occurs due 
to the vibrations of the external structure of the octahedral 
[AgO6] clusters. The fifth peak, assigned to the T2g mode, 
should appear in the region between 75 and 102 cm−1, which 
is related to the mobility of O atoms in the structure (Moura 

(1)

(ΓRaman) + [Infra - red] =
(

A1g + Eg + 3T2g + T1g

)

+
[

4T1u + 2A2u + 2Eu + 2T2u
]

(2)Γ = A1g + Eg + 3T2

et al. 2016; Kumar et al. 2016); this peak was not detected 
experimentally probably due to the low resolution of the 
equipment. The Raman modes for the agglomerates [AgO6] 
were attributed to peaks located at 200 and 300 cm−1. Fig-
ure 2b shows the magnification of the main peak located 
at around 869 cm−1 corresponding to the active mode A1g. 
Analyzing this magnification (Fig. 2b) in relation to Fig. 2a, 
a small shifting of the baseline was observed for samples 
doped with Eu3+ and can be related to the distortions in the 
bond angles within the [MoO4] clusters.

From the Raman spectra, it can also be observed that the 
synthesized powders are perfectly monophasic. There is no 
evidence of active modes related to impurity in the spectra 
of the samples analyzed. These results are in full agreement 
with the results obtained from the XRD standards. With the 
substitution of Ag+ for Eu3+, and the consequent formation 
of vacancies of Ag, the connection angles of the clusters 
were changed. These kind of disturbances cause changes in 
the symmetry, as well as in the periodicity of atoms result 
microcrystals of β-Ag2-3xEuxMoO4 with different degrees of 
ordering at short range distances.

Morphological analysis

The morphological analysis of the samples were conducted 
by SEM. Figure 4 shows the micrographs of the β-Ag2MoO4 
and β-Ag2-3xEuxMoO4 (x = 0.0025; 0.005; 0.0075; and 
0.01 mmol) samples.

As shown in Fig. 4a, the sample of β-Ag2MoO4 shows 
an agglomerate of particles with no defined geometry, with 
an elongated shape and irregular distribution. The surface 
is smooth, with a well-defined grain, as seen in more detail 
in the isolated particles shown in Figure ESI-2a. The sam-
ple doped with 0.0025 mmol Eu3+ (Fig. 4b) the elongated 
shape is evident again, in this case, however, the particles 
have a certain roughness, with small structures randomly 
distributed on the surface (Figure ESI- 2b). In the sample 
containing 0.005 mmol of Eu3+, shown in Fig. 4c and Fig-
ure ESI-2c, a change in the morphological profile of the 
particles can be observed. Apparently, the particles take on 
a wider shape with an irregular surface and small structures 
distributed over the entire surface, with a possible trend in 
geometric shapes similar to cubes. This new profile is high-
lighted with a lighter blue color and also in the isolated par-
ticles shown in Figure ESI-2c. This profile is also observed 
for samples with 0.0075 mmol Eu3+, emphasizing the pink 
particles shown in Fig. 4d and with more details on the iso-
lated particles in Figure ESI-2d.

The tendency to form cubes, observed in samples contain-
ing 0.005 and 0.0075 mmol of Eu3+, is confirmed in Fig. 4e 
and Figure ESI-2e, where perfect cubes are easily identified 
(highlighted in light green) in the middle of the elongated 

Table 1   Ag‒O bond distance and O‒Ag‒O bond angle of the octa-
hedral [AgO6] clusters of β-Ag2-3xEuxMoO4 (x = 0.0; 0.0025; 0.005; 
0.0075, and 0.01 mmol) unit cell

β-Ag2-3xEuxMoO4 Ag‒O bond (Å) O‒Ag‒O 
bond angle 
(°)

x = 0 1.627(0) 109.47 (0)
x = 0.0025 1.782 (4) 109.47 (15)
x = 0.005 1.821 (0) 109.47 (0)
x = 0.0075 1.771 (3) 109.47 (13)
x = 0.01 1.768 (4) 109.47 (14)
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particles. These observations lead us to believe that the 
purposeful insertion of Eu3+ ions in the β-Ag2MoO4 matrix 
favors the formation of cubic particles, this fact may be asso-
ciated with the surface energies of β-Ag2MoO4. In a study 
previously carried out by our group (Fabbro et al. 2015), the 
available morphologies of β-Ag2MoO4 were obtained to con-
struct a complete map by the calculated values of the surface 
energy and the Wulff construction. From the analysis of this 
map, it is known that with the increase of the values of the 
surface energy for the (011) surface, the particles assume a 
geometric shape closer to a cubic morphology. In this case, 
it is believed that the substitution process of Ag+ for Eu3+ 
results in an increase in the values of the surface energy 
for (011) surface that is proportional to its concentration, 

with concomitant transformation to morphology observed 
for β-Ag2-3xEuxMoO4 (x = 0.0025; x = 0.005; x = 0.0075 and 
x = 0.01) samples.

In the next step, a TEM characterization of 
β-Ag2-3xEuxMoO4 sample (x = 0.01 mmol) with the high-
est Eu3+ concentration in Ag2MoO4 crystalline lattice was 
performed to further obtain information regarding the mor-
phological and compositional aspects. Figure 5a shows a 
HAADF image of a region containing microparticles with 
irregular shapes. An elementary analysis of this region by 
EDS mapping (Fig. 5b‒e) reveals an homogeneous distri-
bution of Ag, Eu, Mo, and O elements, without any sign 
of Eu segregation. When analyzing the elemental mapping 
of a cubic microparticle (Figure ESI-3), it was found that 

Fig. 3   a Raman spec-
tra obtained for the 
β-Ag2-3xEuxMoO4 (x = 0.0; 
0.0025; 0.005; 0.0075, and 
0.01 mmol) samples. b Amplifi-
cation of the main peak ascribed 
to the mode A1
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the distribution patterns of the analyzed elements are very 
similar to those observed in the microparticle shown in 
Fig. 5. Considering that the investigated microparticles were 
found in different regions, these results confirm that the Eu3+ 
dopant is well distributed into the β-Ag2MoO4:Eu3+ struc-
ture, reaffirming the efficiency of the preparation method.

Several NPs can be detected over the surface of 
β-Ag2-3xEuxMoO4 (x = 0.01 mmol) microparticles, as can 
be seen in Fig. 5a. The EDS mapping indicates that only 
signals from the Ag element is present in these NPs (Fig. 5b) 
and could be associated to the growth of Ag0 structures. This 
result is confirmed by the major Ag content observed by 
local EDS analysis of a single NP (Figure SI-4a‒b). An esti-
mation of the nanoparticle dimension gives an average size 
of 15 nm, as represented by the particle distribution graph 
(Figure SI-4c‒d of SI file). Figure 5f shows a magnified 

view of a single NP, and Fig. 5g an HR-TEM image of a 
specific region, where the lattice fringes are sensed. The 
fast Fourier transform (FFT) of this region is illustrated in 
Fig. 5h, where an interplanar distance of 2.04 Å is observed, 
which is associated to the (200) family of planes of metallic 
Ag with a centered cubic (fcc) structure, in agreement with 
the ICSD database No. 604630 (Eric and Jette 1935).

The growth of metallic NPs over the surface of complex 
oxides is a well-known process which occurs because of 
their exposure to the electron beam irradiation of electronic 
microscopes (Gonzalez-Martinez et al. 2016). Specifically, 
Ag-based materials are prone to this mechanism, such as 
Ag2WO4, Ag3PO4, AgVO3, and so on (Longo et al. 2013; 
Botelho et al. 2015; de Oliveira et al. 2016). As soon as 
the incident electrons interact with β-Ag2-3xEuxMoO4 
(x = 0.01 mmol) microcrystals, the reduction of [AgO6] 

Fig. 4   SEM micrographs 
of the β-Ag2MoO4 and 
β-Ag2-3xEuxMoO4. a 
β-Ag2MoO4; b x = 0.0025; c 
x = 0.005; d x = 0.0075; and e 
x = 0.01

(a) (b)

(c) (d)

(e)
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clusters to Ag0 takes place. Subsequently, these Ag0 species 
are extruded from the oxide structure and then the nucleation 
and growth processes of the Ag0 NPs at around all irradiated 
regions are observed.

UV–Vis diffuse reflectance spectroscopy

The diffuse reflectance UV–Vis absorption spectra for 
the synthesized samples were analyzed according to the 
Kubelka–Munk and Wood-Tauc equation (Wood and Tauc 
1972; Philips-Invernizzi 2001). According to previously 
published works, β-Ag2MoO4 microcrystals exhibit an 
optical absorption spectrum driven by indirect electronic 
transitions, the result of the return of electrons located in 
minimum energy states of the conduction band to the maxi-
mum energy states of the valence band in distinct points in 
the Brillouin area (Gouveia et al. 2014; Sousa et al. 2018). 
The electronic transitions and Egap values obtained for the 
β-Ag2MoO4 and β-Ag2-3xEuxMoO4 (x = 0.0025; x = 0.005; 
x = 0.0075 and x = 0.01) samples are shown in Figure SI-5. 
The Egap values of the β-Ag2-3xEuxMoO4 (x = 0; 0.0025; 
0.005; 0.0075; and 0.01 mmol) samples were evaluated 
at around 3.5 eV in accordance with the literature data. In 
other studies performed by our group, the Egap values calcu-
lated for pure β-Ag2MoO4 are in the range of 3.2 and 3.3 eV 
(Cunha et al. 2015; Montenegro et al. 2018).

Photoluminescent properties

Figure 6 shows the emission spectra recorded at room tem-
perature of the β-Ag2-3xEuxMoO4 (x = 0.0, 0.0025, 0.005, 
0.0075, and 0.01 mmol Eu3+) samples excited by a 350.7 nm 
line of a krypton ion laser. By analyzing the emission spec-
tra, it can be observed that all the synthesized samples pre-
sent a broad band in the blue region, located between 350 
and 550 nm with a maximum emission located at approxi-
mately 450 nm, characteristic of the β-Ag2MoO4 matrix 
(Figure ESI-6). This PL process involves the participation 
of several energy levels as a result of electronic transitions. 
It is believed that this behavior of β-Ag2MoO4 matrix is due 
to the different organizations of the energy levels within the 
band gap, which are caused by changes in the arrangement of 
the atomic arrangements present in the [MoO4] tetrahedral 
and [AgO6] octahedral clusters, where polarization occurs 
(Sczancoski et al. 2010; Gupta et al. 2015; Gouveia et al. 
2014). According to the literature (Gouveia et al. 2014), the 
silver and oxygen vacancies, deformation bond angles, and 
surface defects play an important role in the visible emis-
sion. These distortions can change the lengths, as well as the 
angles in the Ag–O and Mo–O bonds, promoting alterations 
in the electronic properties of the material.

Moreover, besides the broad band in the blue region, 
Eu-doped samples present narrow well-defined lines char-
acteristic of the Eu3+ ion in the 575–725 nm range. These 

Fig. 5   TEM characterization 
of β-Ag2-3xEuxMoO4 sample 
(x = 0.01 mmol). a HAADF 
image of microcrystals with 
irregular shape, and b‒e 
elemental distribution by EDS 
mapping for Ag, Eu, Mo, and 
O, respectively. f Magnified 
view of a grown NP, g HR-TEM 
image, and h FFT analysis 
showing evidence of the (200) 
plane of Ag0
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lines are ascribed to the 5D0 → 7FJ (J = 1, 2, 3, and 4) tran-
sitions, and are observed at 593, 616, 653, and 701 nm, 
respectively. These results indicate that red phosphorus 
was obtained due to the greater efficiency in the energy 

transfer from the [MoO4] to the [EuO8] clusters. The 
appearance of these transitions confirms β-Ag2MoO4 as a 
good host for sensitizing the red emission of Eu3+.

The PL emission data of the β-Ag2-3xEuxMoO4 (where 
x = 0.0; 0.0025; 0.005; 0.0075, and 0.01 mmol of Eu3+) 
samples were used to construct the chromaticity diagram 
as shown in Fig. 7, and 0.01 mmol of Eu3+), represented by 
(a), (b), (c), (d), and (e), respectively. The calculated values 
for the X and Y coordinates of the synthesized samples are 
listed in Table 2 and symbolized in the chromaticity diagram 
by small black spheres.

Analyzing the data presented in Table  2, it can be 
observed that the Eu3+ insertion resulted in an increase in 
the y coordinate values for the Eu3+ doped β-Ag2MoO4 sam-
ples when compared to the pure one. The photolumines-
cence observed in these materials is associated both with the 
presence of shallow defect characteristic of more energetic 
regions (emission between violet and blue), as well as deep 
defects, which corresponds to less energetic regions such 
as the red range of the visible electromagnetic spectrum 
(Binnemans 2009). It can be inferred that by inserting Eu3+ 
into the β-Ag2MoO4 host, an efficient emission modeling 
can be obtained through the blue, violet, pink, and reddish 
orange ranges, indicating the use of these powders for dif-
ferent applications in the material science area.

Fig. 6   β-Ag2-3xEuxMoO4 
(x = 0.0, 0.0025, 0.005, 0.0075, 
and 0.01 mmol Eu3+) emission 
spectra at room temperature, 
λexc = 350.7 nm of a Krypton 
ion laser

Fig. 7   CIE diagram coordinates of the β-Ag2-3xEuxMoO4, where a 
x = 0.0, b x = 0.0025, c x = 0.005, d x = 0.0075, and e x = 0.01 (kryp-
ton laser, λ = 350.7 nm)

Table 2   Values of the x and y 
coordinates of the chromaticity 
diagram of the powders of 
β-Ag2-3xEuxMoO4, where 
x = 0.0; 0.0025; 0.005; 0.0075, 
and 0.01 mmol Eu3+

Excitation source Coordinates x = 0.00 x = 0.0025 x = 0.005 x = 0.0075 x = 0.01

Laser (λ = 350.7 nm) x 0.22 0.33 0.34 0.43 0.52
y 0.21 0.24 0.26 0.29 0.30

Lamp (λ = 394 nm) x 0.55 0.58 0.59 0.58 0.59
y 0.37 0.36 0.35 0.35 0.35
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The excitation spectra obtained by a xenon lamp (Fig. 8a) 
of the β-Ag2MoO4 and β-Ag2-3xEuxMoO4 (where x = 0.0; 
0.0025; 0.005; 0.0075, and 0.01 mmol of Eu3+) samples 
were obtained by setting the maxima emission wavelength 
at the emission of the Eu3+ ion located at 615 nm, which is 
ascribed to the 5D0 → 7F2 transition.

Figure 8a shows that the most intense peak is located 
at 394 nm which corresponds to the 7F0 → 5L6 transition, 
and at 465 nm which is ascribed to the 7F0 → 5D2 transition. 
Peaks of lower intensities are located at 362 (7F0 → 5D4), 381 
(7F0 → 5G2, 5G3), 416 (7F0 → 5D3) and 535 nm (7F0 → 5D1) 
(Gupta et al. 2015). Figure 8b shows emission spectra for 
β-Ag2-3xEuxMoO4 (x = 0.0; 0.0025, 0.005, 0.0075, and 
0.01 mmol Eu3+) samples excited at 394 nm. Analyzing 

Figure ESI-7, it can be observed that the β-Ag2MoO4 broad 
band is suppressed by adding 0.0025 mmol Eu3+. This effect 
is associated with the structural disorder of the clusters 
caused by doping. In higher Eu3+ concentrations, the for-
mation of silver and oxygen vacancies cause matrix relaxa-
tion and the crystalline field is influenced, resulting in the 
characteristic transitions of the Eu3+ ions. The characteristic 
of these well-defined peaks are ascribed to the 4f → 4f transi-
tions of the Eu3+ ion, and are located at 580, 595, 618, 655, 
and 704 nm, related to the 5D0 → 7FJ (J = 1, 2, 3, and 4) 
transitions, respectively (Fig. 8b) (de Oliveira et al. 2016). 
This ion is considered an excellent structural probe to inves-
tigate the chemical environment around it, mainly due to the 
5D0 → 7F1 (magnetic dipole) and 5D0 → 7F2 (electric dipole) 

Fig. 8   a Photoluminescent 
excitation spectra of the samples 
β-Ag2-3xEuxMoO4 (x = 0.0; 
0.0025, 0.005, 0.0075, and 
0.01 mmol Eu3+). λem = 615 nm. 
b Photoluminescent emis-
sion spectra of the samples 
β-Ag2-3xEuxMoO4 (x = 0.0; 
0.0025, 0.005, 0.0075; and 
0.01 mmol Eu3+. λexc. = 394 nm 
at room temperature

(a)

(b)
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transitions. The presence of 5D0 → 7F2 transition is more 
intense than the 5D0 → 7F1 one, indicating that Eu3+ ion is 
located in a site without inversion of symmetry. In addi-
tion, the area ratio of 5D0 → 7F2 and 5D0 → 7F1 transitions 
provides information about the local symmetry of Eu3+ions. 
The relative area of (5D0 → 7F2)/(5D0 → 7F1) transitions for 
all β-Ag2-3xEuxMoO4 samples were calculated and the values 
obtained are 7.34, 7.03, and 7.31 for x = 0.005, x = 0.0075, 
and x = 0.01, respectively. The sample x = 0.0025 was not 
considered, because it presented insufficient Eu3+ transitions 
intensities. These similar results are coherent, because there 
is only one silver site in the Ag2MoO4 host lattice for euro-
pium substitution, indicating that Eu3+ ions occupy these 
Ag+ sites because of similar coordination number and elec-
tronic density.

The chromaticity diagram showed in Fig. 9 and Table 2 
presents the values of the x and y coordinates for the emis-
sion (xenon lamp, λexc = 394 nm) data of the β-Ag2MoO4 and 
β-Ag2-3xEuxMoO4 (x = 0.0; 0.0025; 0.005; 0.005; 0.0075, and 
0.01 mmol of Eu3+), represented by black spheres identified 
as (a), (b), (c), (d) and (e), respectively.

These values are close to those published for the chro-
maticity coordinates of the international standards of the 
commercial phosphorus Y2O2S: Eu3+, where x = 0.64 and 
y = 0.34 (Liao et al. 2012). The points referring to the X and 
Y chromaticity coordinates are positioned in the red region 
of the diagram and correspond to the 5D0 → 7F2 transition of 
Eu3+ (Pereira et al. 2015).

Decay curves of the Eu-doped samples were obtained fix-
ing the emission (λ = 615 nm) and excitation (λ = 394 nm) 

transitions of Eu3+, and are shown in Fig. 10. The decay 
curves were well fitted through a first order exponential 
decay as shown in Eq. 3:

where I(t) is the intensity at the interval time t, I0 is the 
initial intensity, and τ is the corresponding decay time. The 
profile of the curves indicates that one process governs the 
luminescence and this is a sign that the Eu3+ ions occupy 
only one kind of symmetry site in the β-Ag2-3xEuxMoO4 
(x = 0.0; 0.0025; 0.005; 0.005; 0.0075, and 0.01 mmol of 
Eu3+) host lattice. The 5D0 → 7F2 decay times (τ) of the 
β-Ag2-3xEuxMoO4 were calculated as 0.145 for x = 0.0025; 
0.266 for x = 0.005; 0.268 for x = 0.0075 and 0.290 ms for 
the x = 0.01 mmol samples, respectively.

Conclusions

We conclude that coprecipitation is a simple and efficient 
method of obtaining β-Ag2-3xEuxMoO4 (x = 0.0; 0.0025; 
0.005; 0.005; 0.0075, and 0.01 mmol of Eu3+) samples. The 
absence of secondary phases confirmed by XRD standards 
and Rietveld refinement indicates that doping was effective. 
The results of Raman spectroscopy corroborate to this obser-
vation, since no peaks additional to those predicted for the 
sample of β-Ag2MoO4 were detected. Therefore, we can say 
that the replacement of Ag+ with Eu3+ ions caused a distur-
bance in the host of β-Ag2MoO4, which resulted in signifi-
cant changes both in morphological and photoluminescence 
behavior. We observed that the variation in the concentration 
of the Eu3+ dopant favors the formation of particles with 

(3)I(t) = I0exp(−t∕�),

Fig. 9   Chromaticity diagrams of the β-Ag2-3xEuxMoO4, where a 
x = 0.0, b x = 0.0025, c x = 0.005, d x = 0.0075, and e x = 0.01 mmol 
samples

Fig. 10   Decay curves PL of the transition 5D0 → 7F2 for Eu3+ in the 
β-Ag2-3xEuxMoO4 (x = 0.00; 0.0025, 0.005, 0.0075, and 0.01  mmol 
Eu3+) samples
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defined geometric shape, especially cubes. When observing 
the isolated particles, it is noted in higher concentrations 
(0.01 mmol Eu3+) perfect cubes, with well-defined edges 
and little roughness over the surface. On the other hand, 
with photoluminescence spectroscopy, using krypton laser 
(350.7 nm) and xenon lamp (394 nm) as excitation sources, 
we observed that by varying the concentration of Eu3+ 
inserted in the β-Ag2MoO4 matrix it is possible to modulate 
the intensity and the region, where the emission occurs. Pure 
β-Ag2MoO4 has a low intensity in the blue region, after the 
insertion of Eu3+ ions, this matrix changed their emission 
to the red region, with the intensity being directly related 
to the Eu3+ concentration. The modulation of the emission 
and morphology of these materials makes its potential for 
application in the areas of optoelectronics and catalysis.
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