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ABSTRACT

The PbMoO, co-doped with Tm>*, Tb>* Eu* with scheelita structure was synthesized by the sono-
chemical method. The photoluminescent properties, structural and color coordinates emitted by phos-
phors were investigated. The structural analysis of the crystal and the changes in lattice parameters
confirm that the rare earth ions (RE3*) were successfully introduced into the host of the PbMoO,. The
relationship between energy gap (Egap) and the concentration of RE3* ions was also discussed, the Egap
is significantly influenced by the degree of structural order-disorder present in the crystal lattice. The
PbMoO4:RE>" shows light emission in green. Under UV excitation, Photoluminescence (PL) shows a
broad band centered at 520 nm and smaller bands belonging to transitions of RE3*: 1G4 — 3F4and 'D, —
3H,4 at 480 and 533 nm (Tm>*), °Dy — 7Fj (j = 6, 5) at 493 and 550 nm (Tb 3*) Dy — 7Fj (j = 1, 2, 4) 593,
615 and 702 nm (Eu3*).

Photoluminescence

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The relationship between morphology and particle properties
has attracted considerable attention from many researchers lately
[1—-3] because of the potential of these materials to be applied in
multiple areas. Groups of functional materials are emerging based
on the control of particle size and morphology. These characteris-
tics are controlled from the synthesis parameters of the materials,
such as: reagent concentration, precursor pH, reaction temperature
and time and synthesis method [4].

Molybdates are ternary compounds of the general formula
AMoO4 (A = Ca, Sr, Ba, Pb, Cd, etc.) with a tetragonal structure of the
scheelite type. The lead molybdate (PbMo0Qy) is studied as potential
material in photoluminescence, catalysis and scintillating materials
[5—7]. The PbMoO4 presents a I4;/a a space group and a Cgh sym-
metry group with two formula units per primitive cell [8,9] and a
specific feature of these systems is the existence of two different
clusters in a crystal lattice, in which each Mo is surrounded by four
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equivalent O atoms composing the [MoO4]>~ tetrahedral configu-
ration and each divalent metal, Pb, shares corners with eight
adjacent O atoms, forming a [PbOg]?~ configuration.

Several methods were used to obtain lead molybdates such as
microwave irradiation, sonochemical, co-precipitation and sol-
vothermal [6,10—12]. The sonochemical method is a potential
chemical route for the production of inorganic materials in the
nano/micrometer scale [13—15]. The action of ultrasonic irradiation
in the process of material synthesis results from a phenomenon
known as acoustic cavitation. In this case, the formation, growth
and implosive collapse of the bubbles in the solution occurs. The
collapse of these bubbles allows the release of high energy in the
form of high temperatures at localized points favoring that the
formation reaction of the materials occurs. The extreme conditions
of temperature (>5000 K), pressure (>20 MPa) and cooling rate
(10' K.s~1) that the reaction medium can attain during acoustic
cavitation may lead to the achievement of many superior properties
by the irradiated solution [16]. Among the advantages that the
sonochemical method presents are the rapid reaction rate, the
control of the synthesis parameters, formation of uniform particles,
with strict size distribution and high purity [17].

Inorganic materials doped with rare earth ions (RE>*) have been
extensively studied based on their f - f type transitions due to their
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wide application in the field of illumination [18,19]. The electronic
transitions and structural defects that RE3* dopants cause within a
lattice are responsible for generating characteristics at the energy
levels of the crystal that helps design phosphors for visualization
applications. Thulium (Tm?3*), terbium (Tb**) and europium (Eu®*)
are ions already used in the doping process and have characteristic
emissions in blue, green and red, respectively [20—22].

In this study, PbMoOy particles and PbMoOy4 co-doped with RE3*
(Tm 3+, Tb 3* and Eu®*) were successfully synthesized by the
sonochemical method. Characterizations: structural, morpholog-
ical and spectroscopy of the samples were performed by XRD, ab-
sorption Uv—vis spectroscopy, FEG-SEM and Photoluminescence.
The effect of the concentration of the dopants discussed. The
PbMoO4: RE is shown as a promising candidate for functional
applications.

2. Material and methods
2.1. Materials

The materials used in the syntheses were: molybdic acid (Alfa
Aesar, 85%), lead nitrate (Aldrich, 99%), rare earth oxides: Tm;O3
(Aldrich 99.9%), Tb407 (Aldrich 99.9%) and (Eu,03 - Aldrich 99.9%)
and ammonium hydroxide (Synth, 30% NHj3). All reagents used in
the experiment were of analytical grade.

2.2. Methods

The PbMoO4: RE particles were prepared by the sonochemical
method [23]. Initially, it was prepared a molybdic acid solution
(5 x 1072 mol) in 50 ml of deionized water. Then, the lead nitrate
(5 x 1073 mol) was added to the solution. After the complete
dissolution of the cations (Mo, Pb), the rare earth ions (RE3* = Eu®*,
Tm>*, Tb>*) were added to the reaction. The pH of the solution was
adjusted to 9 by the addition of ammonium hydroxide, observing
the precipitate formation. A europium solution, thulium solution
and terbium solution were prepared through the dissolution of the
respective oxides in nitric acid. The resulting solution was exposed
to high intensity ultrasound irradiation (Branson Digital Sonifier)
with 70% amplitude in a continuous mode. After that, the products
were separated from the solution by centrifugation, washed with
deionized water for four times to remove any residual material, and
then dried at 80 °C for 12 h. The time of synthesis was 30 and
45 min for each processed composition. The concentration of Tb>*
and Tm>* was maintained to 1 mol% for these dopant in all com-
positions, the Eu >* concentration varied among 0.5, 1 and 1.5 mol%
in order to assess its effect on the photoluminescence behavior.

2.3. Characterization of particles PbMoOy4: RE

The phases present in the ceramic powder were investigated by
X-ray diffraction (XRD) using a Shimadzu diffractometer, XRD-7000
model with radiation CuKo. (A = 1.5406 A) in the range 20 from 10°
to 90° and the step speed of 1°/min. The reflectance spectra in the
Uv—visible particles were performed using a Cary equipment, 5G
model. The distribution of particle size and morphology were
investigated by Supra 35 VP-FEG-SEM (Carl Zeiss, Germany) oper-
ating at 6 kV. The photoluminescence spectra were obtained by the
monochromator ThermalJarrel AshMonospec 27 and the Hamatsu
R446 photomultiplier.

The excitation source used in the samples was a wavelength of
350.7 nm of a laser with krypton ions (Coherentlnnova) with a
power of about 13.3 mW, all measurements were performed at
room temperature. UV—vis and PL spectra were taken three times
for each sample to ensure the reliability of the measurements. To

characterize the color of light emmited by the samples, it was
calculated the chromaticity coordinates, using the PL emission
spectrum shown in Fig. 4. The chromaticity coordinates in red (X),
green (Y), and blue (Z) were determined according to the Interna-
tional Commission on Illumination system in 1968 [24,25] using
the following relationship:

X Y VA

XYY T Xyt T XY+ 2

(1)

where the parameters X, Y and Z are the following spectral integrals

X:/mmMY:/WWMZ:/ﬁmm )

X, Y and Z are spectral functions. The integrals (2) were calcu-
lated in the spectral range 350 and 800 nm. P () is the lumines-
cence spectrum of the samples, which shows the intensity emitted.
The function P (1) is empirically determined, the values of A for he
components x, y and z are 599, 555 and 446 nm, respectively [26]
and X, Y and Z are functions for different spectral. As (2) they were
calculated in the spectral range of 350 and 800 nm.

3. Results and discussion
3.1. X-ray diffraction

The patterns of X-ray diffraction of the samples synthesized by
the sonochemical method are shown in Fig. 1. All diffractions
detected were indexed as a tetragonal crystal structure of scheelite
type which is according to the crystallographic JCPDS card (44-
1486), indicating that the RE3* dopant did not induce significant
changes in the matrix structure. The XRD patterns for the PbM00Og4:
RE represented in Fig. 1 are for different concentrations of Eu>*.The
synthesis time was another parameter analyzed. Fig. 1a and (b)
correspond to the syntheses performed at 30 and 45 min respec-
tively. The relative intensities and the narrow diffraction peaks
indicate a high crystallinity of the particles, suggesting an ordered
structure over long distances.

The average crystallite size (D) estimated by the Scherrer
equation and the changes of lattice parameters and unit cell volume
depending on the concentration of RE>* jons are shown in Table 1.

Since the ionic radius of RE** (Tm** = 0.0869 nm,
Tb3* = 0.0923 nm and Eu>* = 0.0947 nm) are smaller than the ionic
radius of Pb%* (0.119 nm) parameters lattice (a, c) and unit cell
volume (V) decreases with increasing concentration of RE3* [27].
This behavior shows that RE3* ions can easily enter the host lattice
of the PbMo0Og4. The lattice parameters obtained from the XRD of the
PbMoOy crystals are very close to the results reported in the liter-
ature [11]. However, small variations in the values may be attrib-
uted to the type synthesis adopted and the processing conditions of
the material.

The Egap of the particles of PbMoO4 was estimated from results
obtained by diffuse reflectance spectroscopy by plotting the
Kubelka-Munk vs Egap function (eV) extrapolating the linear part
of the curve F(R)? = 0, as shown in Fig. 2. The ratio of Kubelka-Munk
[28] is described in equation (3):

k (1-R)?
FR) =< =" (3)
Where F(R) is the Kubelka-Munk function, R is the percentage of
reflected light, k is the molar absorption coefficient and s is
spreading coefficient. A incident photon energy (hn) and the en-
ergy bandgap (Egap) are related to the Kubelka-Munk function as
follows: [F (R) hv]P = A (hv - Egap), where A is a constant which
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Fig. 1. X-ray diffractogram of the PbMoO, materials for different concentrations of Eu* [(I) 0, (II) 0.5, (III) 1 and (IV) 1.5 mol %], synthesis time: (a) 30 min and (b) 45 min.

Table 1

Particle crystallographic data of PbMoO4:RE.
Conditions D(nm) a=b(A) c(A) V(AP
PMO pure — 30min 52.00 5433 12.14 35850
PMO: 1% Tm 1% Tb 0.5%Eu — 30min ~ 52.93 5431 12.13  357.78
PMO: 1% Tm 1% Tb 1%Eu — 30min 59.40 5.427 12.14 357.80
PMO: 1% Tm 1% Tb 1.5%Eu — 30min  46.77 5.428 12.11  356.80
PMO pure — 45min 58.43 5432 12.16  358.86
PMO: 1% Tm 1% Tb 0.5%Eu - 45min 46.65 5.419 1211 355.87
PMO: 1% Tm 1% Tb 1%Eu — 45min 41.37 5.417 12.12 35584
PMO: 1% Tm 1% Tb 1.5%Eu — 45min  59.41 5.410 12.14 35531
[Ref.] JCPDS no. 44-1486 - 5.433 12.11 35746

depends on the transition probabilities and p is the power ratio that
is related to the process of optical absorption, p is equal to 1/2 or 2
for direct or indirect allowed transitions, respectively. According to
Lacomba-Perales et al., the molybdates with tetragonal structure
scheelite type present a direct allowed electronic transition (p = 1/
2)[29]. The estimated values of Egap for PbMo0O4 particles pure and
co-doped with RE are shown in Fig. 2. It is observed that the values
obtained are in accordance to the ones found in Ref. [5]. The gap
energy depends on the degree of structural order-disorder present
in the crystal lattice. The increase of RE3* ions in the PbMoOy4
structure causes a reduction in its structural organization due to the
appearance of intermediate levels in the forbidden band [30].
Therefore, a considerable reduction in the optical band-gap is
probably linked to exchange ordered complex clusters to disor-
dered complex clusters. In this typical semiconductor, the PbMoO4
crystal lattice can have different types of electronic structure
characteristics such as intercluster (intermediary range) and
intracluster (local range) interactions, which can be due to three
different sources: orientation, induction, and dispersion in-
teractions [31].

From the absorption edges of the sample band gap PbMoO4
obtained was estimated at between 3.18 and 3.24 eV, which is in
good agreement with the values obtained previously reported data
band gap [32]. The Egap values showed small differences which
may be related to other experimental aspects including material
preparation, particle morphology and synthesis processing time.

Fig. 3 shows the photoluminescence spectrum of pure PbMoO4.
The PL emission for particles was obtained using a laser with a
wavelength equal to 350.7 nm, at environment temperature. It is
noted that PbMoO4 has an emission band with a predominantly
green emission region, as shown in previous studies [33].

The PL spectrum shows a broad band between 400 and 750 nm.
The curve in Fig. 3 shows a peak emission at 520 nm, which can be
attributed to the charge transfer transitions within the [MoO4]
clusters. This behavior can be related to the existence of structural

defects of the Frenkel type (oxygen ions are out of their net position
generating oxygen vacancies simultaneously) [34]. These results
indicate that the photoluminescence properties of PbMoO4 are very
sensitive to the structure and heavily dependent on structural de-
fects. The result of the deconvolution performed in PbMoO4 emis-
sion spectrum through the Peak Fit Program. Version 4.12 shows
that broadband was broken down into four components in the
range of blue, green, orange and red.

Some theories have been proposed to explain the PL emission
behavior of molybdates. Blasse and Grabmaier [35] claim that the
PL emission arises from a return of radiative emission is in
competition with the non-radiative decay to the ground state. This
non-radiative process leads to vibration and heating of the crys-
talline material lattice. From theoretical studies of the photo-
luminescence of CaMoQ4, Campos et al. [36] argue the existence of
MoOs3 and MoO4 distorted in lattice clusters cause the emergence of
intermediate levels within the band gap, the 2p oxygen states are
located near the valence band and the states 4d Mo are located
below conduction band. This polarization induces a discontinuity in
symmetry and the presence of localized energy levels contributes
to the trapping of electrons (e ) by the holes (h™). According Spassy
et al. [37] attribute the maximum emission at 490 nm to radiative
transitions in complexes of [MoO4]%", and assigns of the cation
(Pb**) in PbMoO, crystals participate as emission centers,
responsible for photoluminescence.

The PL results for co-doped samples at different concentrations
are shown in Fig. 4. The peaks detected at 480 and 533 nm corre-
spond to transitions of Tm>* 1G4 — 3F4 and 'D, — 3Hs [38]
respectively. The peaks found at 493 and 550 nm are associated
with transitions of Tb>* °D; — 7Fj (j = 6, 5) [39] respectively. The
peaks observed at 593, 615 and 702 nm are related to transitions of
Eu** 5Dy — 7Fj (j =1, 2,4) [40] respectively. It is observed that the
transitions of the type f — f of the RE>* present in the emission
spectrum are provided in the form of very discrete peaks at specific
positions which are characteristic of these elements. It appears that
this behavior was strongly influenced by photoluminescent per-
formance displayed by the matrix.

The PL intensity observed by PbMoO4 was so expressive that
resulted in an overlap of the peaks f — f of RE>* There are several
cases reported in the literature trying to explain the reasons for the
photoluminescent properties in the PbMo0O4. Wu et al. [41] ensures
that electronic transitions type T, 1A1 within the tetrahedral
groups [MoO4]?" are responsible for the photoluminescence emis-
sion in the range of blue. Loo [42—44] assigns the photo-
luminescent emission in blue to isolated transitions of groups
[MoO4]*" and the emission in green to the overlapping of two
bands, which is originated by transferring an electron occupying an
orbital essentially character with Pb®* to an adjacent vacant orbital
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Fig. 2. Determination of the gap by Wood and Tauc method for particles synthesized at different times: (a) pure 30 min, (b) pure 45 min (c) 0.5% Eu 30 min (d) 0.5% Eu 45 min, (e)
1% Eu 30 min (f) 1% Eu 45 min, (g) 1.5% Eu 30 min and (h) 1.5% Eu 45 min.
The color coordinate is one of the important factors to evaluate

of a [Mo04]% group, with a character predominantly of d-orbitals.

Ryu et al. [45] and Yang et al. [46] relates the emergence of pho- the phosphors performance. Fig. 5 shows the chromaticity co-

toluminescent properties of molybdates with their morphology, ordinates (x, y) of pure and co-doped samples PbMoO4 produced in
30 and 45 min. It is observed that all samples showed emission in

crystallinity degree, and particle size.
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Fig. 3. PbMoO, emission spectrum pure synthesized 45 min; deconvolution of the band with their contribution percentages in the visible range.
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Fig. 5. Graph of CIE pure and co-doped PbMoO, in 30 and 45 min.

Table 2
CIE coordinates for pure and co-doped in 30 and 45 min.
Code Samples Coordinates Color
(xy)
A PMO pure 30 min 0,31 0,37 Green
B PMO: 1% Tm 1% Tb 0.5%Eu — 30min 0.30 0.39
C PMO: 1% Tm 1% Tb 1%Eu — 30min 0.32 043
D PMO: 1% Tm 1% Tb 1.5%Eu — 30min 0.32 0.45
E PMO pure 45min 0.32 0.42
F PMO: 1% Tm 1% Tb 0.5%Eu — 45min 0.35 0.44
G PMO: 1% Tm 1% Tb 1%Eu — 45min 0.33 0.42
H PMO: 1% Tm 1% Tb 1.5%Eu — 45min 0.31 0.46

A (nm)

Fig. 4. PbMo0O4 emission spectrum pure and co-doped; (a) 30 min and (b) 45 min.

the green region due to a higher contribution of around 520 nm as
previously shown in Fig. 3. Table 2 lists the x, y values and color
emitted for each sample.

The introduction of a dopant rare earth type in the host causes
distortions in the lattice in the host material. This is because the ion
characteristics substituent (RE>*) is different from the replaced ion
(Pb%*). Some important factors that should be observed for the
solubility of (RE>*) in the matrix, they are: proximity of the size of
the ionic radius of RE3* and Pb? *, the valence proximity and has

the same crystal structure. The vacancy generation in the material
is a mechanism to neutralize the electrical charges due to the
replacement Pb> * — RE>*. These types of structural defects are
responsible for the facilitation of electronic transitions within the
band gap. There is the XRD results that there is no intermediate
stage of formation of rare earth elements. May so say that all the
dopants have been successfully introduced into the PbMoOg4. The
presence of rare earths is perceived through its specific transitions
in emission spectra, shown in Fig. 4. An important contribution of
the host is low phonon energy, which is related to non-radiative
transitions, minimizing relaxation rates multiphonon thereby
increasing the quantum efficiency.
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Fig. 6 shows the FEG-SEM micrographs of particles of PbMoO4:
RE synthesized at different process times and with different
amounts (mol %) of doping. Microscopic characterization of the
PbMoO4:RE particles is important for understanding of morpho-
logical evolution process of the particles according to the param-
eters investigated: synthesis time and concentration of RE.

It is observed in the image forming microparticle agglomerates.
Of these microparticles coalesce in an oriented mode, these crystals
grow in a definite direction as seen in Fig. 6a, d. This type of growth
mechanism quite reported in literature [47] is known as Oriented
Attachment. This process consists in the growth of particles by
crystallographic alignment and coalescence of neighboring parti-
cles by eliminating the common interface between particles while
other particles have a disoriented growth. After nucleation, the
particles tend to form aggregates due to Ostwald Ripening growth
process (OR) [48]. The OR process occurs spontaneously so that the
larger particles are energetically favored by the smaller particles
resulting in the coalescence of the particles. These particles exhibit

(e) lf ™ -~
((

o -
Osm‘nl(?‘r !

Ripening

pS

an anisotropic growth. According to Fig. 6e, the PbMoOQ4 particles
show a morphology similar to a micro - octahedron.

Increases attention to control of the morphology and size of
particles obtained by chemical methods because these character-
istics can affect its properties and performance compromise their
technological applications. The crystal initially provides a primary
level of agglomeration. The structure of PbMoO4 consists of small
crystals of a few nanometers. The growth rate of the crystals can is
associated with saturation of the reaction medium, this behavior
does not occur in a linear manner in previous studies.

Fig. 7 shows the average particle size distribution of PbMoOg4
particles processed in the sonochemistry method at different syn-
thesis time.

It is observed a decrease in the average size of the particles due
to the increase in time exposure by the ultrasound of 30—45 min
PbMo0Oy particles treated by a sonochemical amplitude of 70% in 30
and 45 min showed a broad-range size distribution. Almost 34% of
the particles synthesized at the 30 min time is between 0.75 and

Fig. 6. SEM micrographs of PbMoO,4 pure and co-doped processed by sonoquimico method: (a) pure 30 min, (b) pure 45 min (c) 0.5% Eu 30 min (d) 0.5% Eu 45 min, (e) 1% Eu 30 min

(f) 1% Eu 45 min, (g) 1.5% Eu 30 min and (h) 1.5% Eu 45 min.
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Fig. 7. Average particle size distribution of PbMoO,4 particles processed by the sono-
chemical method at (a) 30min and (b) 45min.

0.9 um. For particles produced in 45min, 32% of them correspond to
the size between 0.9 and 1.1 um. This behavior has been discussed
by Suslick and Price [49], who suggests that the propagation of
shock waves may induce the sintering of solid particles of the solute
in a liquid-solid system, from collisions between particles at
straight angles.

Fig. 8 shows the schematic representation of the main growth
mechanisms involved in the synthesis of PbMoO4 crystals by the
sonochemical method. The crystal growth is controlled by extrinsic
and intrinsic factors, including the degree of supersaturation,
diffusion of the reaction, surface energy, crystal structure, and so-
lution parameters. Several well-known crystal growth mechanisms
in the solution system are the oriented attachment, Ostwald
ripening process.

The formation of small octahedral PbMoO4 occurred from the
dissolution of the precursors [HoMoO4 and Pb(NOs),] in deionized
water. This solution is a fast ionization and dissociation acid salt,

(a) (b)

Onentatlon

RecryslTHizahon Process

fn f '0!?0-//4&5

| Ostwald
| Ripening

the ions of Pb? * and (Mo0O4)*" are instantly solvated by H,O mol-
ecules. The difference in the electron density between Pb?* and
(M004)* ions promotes the electrostatic attraction between them
resulting in the precipitation/crystallization process (Fig. 8a). The
increase in the precipitation rate is observed with the addition of
NH40H solution to generating a disordered growth of the crystals
due to a rapid process of self-assembly during the precipitation
material. When the PbMoOy crystals are exposed to the irradiation
of ultrasound, the energy supplied to the solution allows the dis-
solved crystals to start a recrystallization process (Fig. 8b), which is
attributed to the cavitational effects resulting out of the high fre-
quency irradiation. The crystals obtained in this stage have led to
growth. Subsequently, PbMoO4 particles have an anisotropic
growth and formation of irregular micro-octahedrons. This growth
mechanism is known as Ostwald Ripening, where small particles
are less thermodynamically stable than larger ones. This coales-
cence occurs which promotes growth (Fig. 8c). The PbMoO4 crystals
show a growth model oriented in the crystallographic direction
[001]. This type of crystal growth mechanism is called the Oriented
Attachment. Fig. 8d shows the particles with dendritic structure.
There is a main trunk and four cross arms extending from the
center of the main trunk. Crossed branches build the structure of a
perfect perpendicular. It is observed that the dendritic morphology
constituted nanopolyedrons arranged which are connected to each
other in an interesting way. This type of morphology is described in
previous work [50,51].

4. Conclusions

In summary, this study explained that the particles of PbMoOg4
are obtained easily through sonoquimico method without the need
for subsequent heat treatment. XRD results indicate that the crys-
tals have tetragonal scheelite structure of the type without the
presence of secondary phases. The variation of Egap between 3.18
and 3.24 eV is justified by the existence of intermediate levels in the
band gap from the presence of the RE3* PbMoO; lattice. This effect
is favorable to facilitate the electronic transitions, optimizing the
photoluminescent properties. The PbMoO4 matrix presents a sig-
nificant behavior in photoluminescence with discrete bands related
to the transitions of type f — f of rare-earths. A broadband model
was proposed to explain the emission PL allocated by charge
transfer within the cluster [MoO4] which there is as photo-
luminescence properties of PbMoO4 are very sensitive to the
structure and heavily dependent on structural defects. Agreements
with chromaticity coordinates, the samples showed a predominant
issue in green. The morphological evolution of the particles was
examined, indicating an anisotropy of crystal growth through
Ostwald Ripening and oriented Attachment mechanisms. The re-
sults of this work suggest that these materials have significant
potential for use in the field of light-emitting diodes.

(@

Oriented X - type structure

Attachment

Fig. 8. A schematic illustration of the growth mechanism of PbMoO, crystals by the sonochemical method.
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