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Lead molybdate (PbMoO4) crystals were synthesized by the co-precipitation method at room tempera-
ture and then processed in a conventional hydrothermal (CH) system at low temperature (70 �C for dif-
ferent times). These crystals were structurally characterized by X-ray diffraction (XRD), Rietveld
refinement, micro-Raman (MR) and Fourier transformed infrared (FT-IR) spectroscopies. Field emission
scanning electron microscopy images were employed to observe the shape and monitor the crystal
growth process. The optical properties were investigated by ultraviolet–visible (UV–Vis) absorption
and photoluminescence (PL) measurements. XRD patterns and MR spectra indicate that these crystals
have a scheelite-type tetragonal structure. Rietveld refinement data possibilities the evaluation of distor-
tions in the tetrahedral ½MoO4� clusters. MR and FT-IR spectra exhibited a high mode m1(Ag) ascribed to
symmetric stretching vibrations as well as a large absorption band with two modes m3(Eu and Au) related
to anti-symmetric stretching vibrations in ½MoO4� clusters. Growth mechanisms were proposed to
explain the stages involved for the formation of octahedron-like PbMoO4 crystals. UV–Vis absorption
spectra indicate a reduction in optical band gap with an increase in the CH processing time. PL properties
of PbMoO4 crystals have been elucidated using a model based on distortions of tetrahedral ½MoO4� clus-
ters due to medium-range intrinsic defects and intermediary energy levels (deep and shallow holes)
within the band gap.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Molybdates with a scheelite-type tetragonal structure have a
general formula (AMoO4) are composed of larger divalent cations
(A = Ca, Sr, Ba, and Pb; ionic radius > 0.99 Å). These materials have
a space group (I41/a), point-group symmetry ðC6

4hÞ and four molec-
ular formulas per unit cell (Z = 4) [1–6]. In the crystal lattice, each
molybdenum (Mo) atom is coordinated by four oxygen (O) atoms
which results in ½MoO4� clusters while the A atoms are connected
by eight O atoms to form [AO8] clusters [7,8].

Previously, structural parameters of PbMoO4 (PMO) crystals
have been obtained by the Rietveld method [9–12]. This structural
refinement method presents several advantages over conventional
quantitative analysis methods. As the method uses a whole
pattern-fitting algorithm, all lines for each phase are explicitly
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considered, and even severely overlapped lines are usually not a
problem. Thus, it is not necessary to decompose patterns into sep-
arate Bragg peaks, as is often the case for traditional methods. The
use of all reflections in a pattern rather than just the strongest ones
minimizes both uncertainty in the derived weight fractions and the
effects of preferred orientation, primary extinction and non-linear
detection systems [13]. In recent paper [14], our group applied this
method to investigate structural parameters (intrinsic defects by
octahedral tilt angle) in CaTiO3 powders to explain their optical
properties. In another study, Li et al. [15] employed this method
to analyze the effect of CaWO4 crystal size reduction with an in-
crease in the unit cell volume and c/a (lattice parameters) ratio.
As a consequence of this phenomenon, a decrease in photolumi-
nescence (PL) properties of these nanocrystals was observed.

Research involving the crystal growth (solids immersed in
liquids) and/or formation of crystals precipitated from solutions
mainly involve the nucleation and growth [16]. Therefore, the
formation of crystals with different shapes and sizes depends on
the average concentration of the solution (unsaturated, saturated
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and supersaturated) [17]. Nanocrystals can be formed starting with
unsaturated solutions from colloidal systems. The first clusters are
formed in a solution saturated at equilibrium [18]. Nucleation pro-
cess occurs when crystals precipitate in saturated solutions. The
formation and accumulation of stable nuclei [19] occur when
supersaturation is sufficiently high to overcome the nucleation en-
ergy barrier. In supersaturated solutions, crystal precipitates are al-
ready formed at the completion of the nucleation. In this system,
crystals continue to grow; different types of growth mechanisms
can be verified depending on the crystal growth process [20,21].

For PMO crystals, two types of growth mechanism have been
reported in the literature: predominant Ostwald ripening (OR)
and/or oriented attachment (OA) [22–24]. In the OR mechanism,
small crystals are dissolved and deposited on larger crystals. This
thermodynamically-driven spontaneous process occurs because
the larger crystals are more energetically favored than smaller
crystals. In OR mechanism, atoms on the crystal surface are ener-
getically less stable than atoms in the interior [25,26]. On the other
hand, the OA mechanism is a process where adjacent crystals are
self-assembled by sharing a common crystallographic orientation
and docking of these crystals at the same planar interface [27–30].

Moreover, molybdates have electronic properties in several
fields such as PL, photocatalytic, electrochemical, microwave
dielectric, scintillator and red phosphors [31–46]. As an important
member of scheelites, PMO crystals have been widely applied as
scintillators, acoustooptic modulators/detectors, etc. [47–51].

Therefore, in this paper, we report the structural refinement and
optical properties of PMO crystals synthesized by co-precipitation
(CP) method at room temperature and then processed in a conven-
tional hydrothermal (CH) system at 70 �C for different times.
Furthermore, these crystals were structurally characterized by X-
ray diffraction (XRD), micro-Raman (MR) and Fourier transformed
infrared (FT-IR) spectroscopies. Field emission scanning electron
microscopy (FE-SEM) was employed to verify the shape and
monitor the growth process of these crystals with CH processing
time. Finally, the intense visible PL emission of these crystals were
explained with basis in presence of intermediary level energy,
shallow/deep defects at medium range, and the crystal size/crys-
tallographic orientation.
2. Experimental procedure

2.1. Co-precipitation and hydrothermal conventional processing of
PbMoO4 crystals

PMO crystals were obtained by CP and CH methods in the ab-
sence of surfactants. The typical synthesis procedure is described
as follows: 0.005 mol of molybdic acid (H2MoO4) (85% purity,
Synth) and 0.005 mol of lead nitrate [Pb(NO3)2] (99.5% purity,
Merck) were dissolved in 75 mL of deionized water. Then 5 mL
of ammonium hydroxide (NH4OH) (30% in NH3, Synth) was
added to the solution until the pH value reached 10. These
suspensions were stirred for 10 min by ultrasound at room tem-
perature. With this procedure, PMO crystals were obtained by
the CP method (later called precipitated crystals). In a precipita-
tion reaction, Pb2þ cations are electron pair acceptors (Lewis
acids) while MoO2�

4 anions are electron pair donors (Lewis
bases). The chemical reaction between these two species in
solutions results in the formation of PMO crystals as shown in
the equations below:

H2MoO4ðsÞ þPbðNO3Þ2ðsÞ !
H2O

2HþðaqÞ þ2NO�3ðaqÞ þPb2þ
ðaqÞ þMoO2�

4ðaqÞ ð1Þ

Pb2þ
ðaqÞ þMoO2�

4ðaqÞ ! PbMoO4ðsÞ # ð2Þ
These suspensions were transferred into a stainless steel auto-
clave (lined with quartz glass) which was sealed and processed
at 70 �C for different times (2, 4, 8, and 10 min) using a heating rate
fixed at 2 �C/min and a pressure of 233.7 mmHg (NANOX TECNOL-
OGY S/A, Nanox Hidrocell H100, Brazil) [52] (see Support Informa-
tion, Fig. SI-1). After CH processing, the autoclave was cooled at
room temperature. The resulting suspensions were washed several
times with deionized water to neutralize the pH solution (�7), and
the white precipitates were dried with acetone and finally col-
lected for characterizations.
2.2. Characterizations of PbMoO4 crystals

After CP at room temperature and CH processing at 70 �C for dif-
ferent times, these PMO crystals were structurally characterized by
XRD using a Rigaku-DMax/2500PC (Japan) with Cu Ka radiation
(k = 1.5406 Å) in the 2h range from 10� to 75� with a scanning rate
of 0.02�/s and a total exposure time of 15 min. Moreover, Rietveld
routine was performed in the 2h range from 10� to 110�, using an
angular step of 0.02�/s and exposure total time of 90 min. MR mea-
surements were recorded using a T-64000 spectrometer (Jobin-
Yvon, France) triple monochromator coupled to a CCD detector
with a 488 nm wavelength of an argon ion laser. Its maximum out-
put power was kept at 10 mW with the use of a lens (100 lm) to
prevent sample overheating. FT-IR spectra were taken in the range
from 200 to 1000 cm�1 using KBr pellets as a reference using a Bo-
mem–Michelson spectrophotometer in transmittance mode, mod-
el MB-102. The morphologies were investigated using FE-SEM
(Carl Zeiss, model Supra 35-VP, Germany) operated at 15 kV. UV–
Vis spectra were taken using a Varian spectrophotometer, model
Cary 5G (USA) in diffuse reflection mode with MgO as a standard.
PL measurements at room temperature were performed using a
Monospec 27 monochromator (Thermal Jarrel Ash, USA) coupled
to a R446 photomultiplier (Hamamatsu Photonics, Japan). A kryp-
ton ion laser (Coherent Innova 90K, USA) (k = 350 nm) was used as
an excitation source; its maximum output power was kept at
500 mW with maximum power on the sample after passing
through an optical chopper of 40 mW.
3. Results and discussion

3.1. XRD patterns analyses

Fig. SI-2 (Support Information) illustrates XRD patterns of PMO
crystals obtained by the CP method and processed at 70 �C for dif-
ferent times (from 2 to 10 min) in a CH system.

Fig. SI-2 (Support Information) shows the XRD patterns of PMO
crystals which can be indexed to a scheelite-type tetragonal struc-
ture with a space group I41/a and is in agreement with the respec-
tive Inorganic Crystal Structure Database (ICSD) No. 26784 [53].
Diffraction peaks related to secondary phases were not detected
which indicates that a monophasic system was obtained. Also,
these peaks are intense and well defined which suggests a consid-
erable degree of structural order at long-range [54]. Lattice param-
eters and unit cell volume were calculated using the MAUD
program version 2.26 for material analysis by diffraction in a Win-
dows-XP platform [55–59]. This program employs a general dif-
fraction/reflectivity analysis based on the Rietveld method [60].
The values found for lattice parameters and cell volume are shown
in Support Information, Fig. SI-3 and are presented in Table 1.

The results obtained from the Rietveld refinement of lattice
parameters and unit cell of PMO crystals are very close to the re-
sults reported in the literature [61–64] with the respective ICSD
No. 26784 [53]. However, small variations in these values can be
due to different types of synthesis methods and the experimental



Table 1
Comparative results between the lattice parameters, unit cell volume, b/c and c/a ratios for PMO crystals obtained in this study with those reported literature values by different
synthesis methods.

M T (�C) t (min) Lattice a = b Parameters c (Å) b/c ratio c/a ratio V (Å3) Ref.

CZ 1200 1440 5.4351(3) 12.1056(8) 0.4489 2.227 357.60(3) [61]
CH 160 1200 5.433 12.11 0.4486 2.229 357.456 [62]
SC – 60 5.4233 12.1253 0.4472 2.2357 356.631 [63]
MI – 20 5.407 12.0388 0.4491 2.2265 351.962 [64]
CP 25 10 5.423(2) 12.103(8) 0.4881 2.2319 355.99 [z]
CH 70 2 5.432(5) 12.124(0) 0.4481 2.2318 357.80 [z]
CH 70 4 5.435(6) 12.130(8) 0.4481 2.2317 358.41 [z]
CH 70 8 5.424(3) 12.114(7) 0.4477 2.2334 356.45 [z]
CH 70 10 5.422(5) 12.092(5) 0.4484 2.2301 355.56 [z]
ICSD N. 26784 – 5.43121(6) 12.1065(4) 0.4486 2.2290 357.120 [53]

M = method; T = temperature; t = processing time; a, b, c = lattice parameters; V = unit cell volume; a = b = c angles = 90�; Ref. = references; CZ = Czochralski; CH = conven-
tional hydrothermal; SC = sonochemical; MI = microwave irradiation; CP = coprecipitation and [z] = this work.
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conditions employed such as temperature, time, heating rate,
atmosphere, ultrasound, microwave irradiation (see Support Infor-
mation, Fig. SI-3 and Table 1) which leads to different levels of
structural organizations at long-range in the PMO lattice.

3.2. Rietveld refinement data analyses

Fig. 1(a)–(e) shows the structural refinement plot for PMO crys-
tals synthesized by the CP method and processed at 70 �C for dif-
ferent times (from 2 to 10 min) in a CH system.

The results obtained by the Rietveld refinement method indi-
cate good agreement between the observed XRD patterns and the-
oretical results. Moreover, the difference between the
experimental XRD profile patterns observed and theoretical calcu-
lated data display small differences close to zero in the scale of
intensity as illustrated by a line (Yobserved � Ycalculated). The 2D XRD
multiplot (residuals) are indicated by colors (Fig. 1(a)–(e)). In this
study, we initially applied the Rietveld method or full pattern anal-
ysis for the structural refinement of PMO crystals. The Rietveld
method is a least squares refinement procedure where the experi-
mental step-scanned values are adapted to calculated values. The
profiles are considered to be known, and a model for a crystal
structure is available [65]. The observed experimental XRD pattern
profiles of PMO crystals were refined with a theoretical line profile
known as a Crystallographic Information File (CIF) [66] which is re-
lated to the respective ICSD No. 26784 [53].

Rietveld refinements performed with the MAUD program [55]
employed the Rietveld texture and stress analysis [57]. The opti-
mized parameters were: scale factor, background with exponential
shift, exponential thermal shift, polynomial coefficients, basic
phase, microstructure, crystal structure, microstrain, structure
solution model, structure factor extractor, shift lattice constants,
profile half-width parameters (u, v, w), texture, lattice parameters
(a, b, c) and site occupancy factors (Wyckoff) and were used to ob-
tain a structural refinement with better quality and reliability
[67,68]. All Rietveld refinements for PMO crystals were performed
based on a scheelite-type tetragonal structure and space group
(I41/a) with a better approximation and indexing with a CIF file
as indicated in ICSD No. 26784 [53]. According to the literature
[65], the quality of data from structural refinement is generally
checked by R-values (Rwnb, Rb, Rexp, Rw and r), and therefore the
numbers obtained for R-values and r can be easy reported.

The quality of the structural refinement data is acceptable when
the Rw is <10% for a medium complex phase. For a high complex
phase (monoclinic to triclinic), a value of Rw < 15% and for a highly
symmetrical material or a compound (cubic) with few peaks, a va-
lue of Rw < 8% is acceptable. It is also important to verify r values.
A good refinement gives r values lower than 2. However, in exper-
imental XRD pattern profiles with very high intensities and low
noise patterns, it is difficult to reach a value of r = 2 for all PMO
crystals. The results obtained from the Rietveld refinement are pre-
sented in Table 2.

In this table, the fitting parameters (Rwnb, Rb, Rexp, Rw and r) indi-
cate good agreement between refined and observed XRD patterns
of PMO crystals with a tetragonal structure. Table 2 shows some
variations in atomic positions of O atoms while Pb and Mo atoms
have fixed atomic positions. These results indicate that O atoms
are very disturbed into lattice. Based in results we can proposed
the presence of distortions in the ½MoO4� clusters in the lattice.
Moreover, Rietveld refinement results obtained in this study are
in good agreement with results reported in the literature [69–71].

3.3. Representations of PbMoO4 unit cells from the Rietveld refinement
data

Fig. 2(a)–(e) displays schematic representations for tetragonal
PMO unit cells calculated from Rietveld refinement data.

These unit cells were modeled using the Diamond Crystal and
Molecular Structure Visualization (Version 3.2g for Windows) pro-
gram [72] with lattice parameters and atomic positions obtained
from Rietveld refinement data (see Tables 1 and 2). PMO crystals
belong to scheelite-type tetragonal structure (space group I41/a,
No. 88 in the international tables of crystallography and point-
group symmetry ðC6

4hÞ [73]. Fig. 2(a)–(e) illustrates that bonds be-
tween O–Mo–O and O–Pb–O atoms were projected out of the unit
cell. In these unit cells, the Mo atoms are coordinated to four O
atoms which form ½MoO4� clusters with a tetrahedral configuration
and tetrahedron polyhedra (4 vertices, 4 faces and 6 edges) [74].
These ½MoO4� clusters are slightly distorted in the lattice and exhi-
bit a particular characteristic related to differences in the O–Mo–O
bond angles (Fig. 2(a)–(e)). This behavior can be due to different
synthesis methods (CP and CH) employed in the preparation of
these crystals. On the other hand, the Pb atoms are bonded to eight
O atoms which results in deltahedral [PbO8] clusters and snub dis-
penoide-type polyhedra (8 vertices, 12 faces and 18 edges) [75].
Moreover, we note possible distortions in [PbO8] clusters with dif-
ferent angles between the O–Pb–O atoms. However, these distor-
tions are much more complex to analyzed and explained in
details (see Support Information, Fig. SI-4(a)–(e)).

3.4. Micro-Raman and infrared spectroscopies analyses

According to group theory calculations, molybdates with a
scheelite-type tetragonal structure exhibit 26 different (Raman
and infrared) vibrational modes which are represented by Eq. (3)
[76–78]:

CðRamanþInfraredÞ ¼ 3Ag þ 5Au þ 5Bg þ 3Bu þ 5Eg þ 5Eu ð3Þ



Fig. 1. Rietveld refinement plot and 2D multiplot (residuals) of PMO crystals prepared by the: (a) CP method and processed at 70 �C for different times: (b) 2 min, (c) 4 min,
(d) 8 min and (e) 10 min in a CH system.

M.R.D. Bomio et al. / Polyhedron 50 (2013) 532–545 535
where Ag, Bg, and Eg are Raman-active vibrational modes, and A and
B modes are non-degenerate while E modes are doubly degenerate.
The subscripts (g) and (u) indicate the pairs under inversion in cen-
trosymmetric PMO crystals. Ag, Bg, and Eg Raman modes are the re-
sult of the motion of clusters in the crystal lattice. Therefore, 13
Raman-active vibrational modes of the PMO crystals are anticipated
as indicated in Eq. (4) [79,80]:

CðRamanÞ ¼ 3Ag þ 5Bg þ 5Eg ð4Þ

According to Basiev et al. [81,82], the vibrational modes ob-
served in Raman spectra for the molybdates are classified into
two groups (external and internal modes). The external vibration
modes are related to lattice phonons which correspond to [PbO8]
cluster motion with a symmetry point ðD2dÞ in rigid cell units.
Vibrational internal modes are related to ½MoO4� cluster vibration
in the lattice (assuming the center of mass is in a stationary state).
Isolated ½MoO4� tetrahedrons have a cubic symmetry point ðTdÞ
[81], and their vibrations are composed of four internal modes
[m1(A1), m2(E1), m3(F2) and m4(F2)], one free rotation mode [mf :r:(F1)]
and one translational mode [(F2)]. On the other hand, when tetra-
hedral ½MoO4� clusters are located in the scheelite lattice, their
point symmetry is reduced to S4 [81].

As illustrated in Eq. (4), after excluding 13 Raman vibrational
modes, we have 13 infrared vibrational modes as demonstrated
by Eq. (5) [83]:

CðInfraredÞ ¼ 5Au þ 3Bu þ 5Eu ð5Þ

However, among the 13 infrared vibrational modes, a number
are not observable; e.g, 1Au and 1Eu infrared modes correspond
to the zero wavenumber of acoustic modes at the center of the



Table 2
Atomic coordinates employed to model PMO unit cells and (a and b) angles between
chemical bonds O–Mo–O in ½MoO4 � clusters.

Atoms Wyckoff x y z

|
Lead 4b 0 0.25 0.625
Molybdenum 4a 0 0.25 0.125
Oxygen 16f 0.17127 0.12103 0.04576
Rw = 6.05%; Rwnb = 6.46%; Rb = 4.76%; Rexp = 3.33% and r = 1.82

j

Lead 4b 0 0.25 0.625
Molybdenum 4a 0 0.25 0.125
Oxygen 16f 0.20934 0.13244 0.04959
Rw = 6.03%; Rwnb = 8.57%; Rb = 4.59%; Rexp = 3.3% and r = 1.83

H

Lead 4b 0 0.25 0.625
Molybdenum 4a 0 0.25 0.125
Oxygen 16f 0.20841 0.13252 0.05021
Rw = 6.08%; Rwnb = 9.77%; Rb = 4.50%; Rexp = 3.28% and r = 1.85

r

Lead 4b 0 0.25 0.625
Molybdenum 4a 0 0.25 0.125
Oxygen 16f 0.21027 0.14685 0.05176
Rw = 7.25%; Rwnb = 8.54%; Rb = 5.45%; Rexp = 3.38% and r = 2.14

�
Lead 4b 0 0.25 0.625
Molybdenum 4a 0 0.25 0.125
Oxygen 16f 0.21454 0.14973 0.05458
Rw = 8.42%; Rwnb = 10.57%; Rb = 6.58%; Rexp = 4.16% and r = 2.02

| = PMO-CP-25 �C-10 min; j = PMO-CH-70 �C-2 min; H = PMO-CH-70 �C-4 min;
r = PMO-CH-70 �C-8 min and � = PMO-CH-70 �C-10 min.
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Brillouin zone, 3Bu infrared modes are forbidden infrared modes,
and the balance are optical modes. Therefore, only eight
infrared-active vibrational modes remain which are 4Au modes
that are perpendicular to the c-axis and 4Eu modes with the electric
vector parallel to the c-axis as indicated in Eq. (6) [84,85]:

CðInfraredÞ ¼ 4Au þ 4Eu ð6Þ

Fig. 3 illustrates MR spectra of PMO crystals obtained by the CP
method and processed at 70 �C for different times (from 2 to
10 min) in a CH system.

In Fig. 3, only 10 of the 13 Raman active modes can be detected;
no (1Ag and 2Eg) Raman vibrational modes were observed. We be-
lieve that this behavior can be due to the low intensity of the
modes, although Fig. 3 shows a MR spectrum with well defined
and sharp peaks that indicate characteristics of materials with
structural order at short-range [86]. In addition, other factors
may produce these characteristics such as preparation method,
low temperature of synthesis/processing, geometry and/or crystal
size. In particular, the PMO crystal lattice is characterized by bonds
with a covalent/ionic character between the O–Pb–O and O–Mo–O,
respectively. Thus, we expect that among the molybdates AMoO4

(A = Ba, Sr, Ca, and Pb) [87–90] the PMO crystal bonds have a cova-
lent nature predominantly in the lattice due to [PbO8] clusters
while the other crystals have lattices with an ionic nature due to
[CaO8], [SrO8] and [BaO8] clusters with major differences in elec-
tronegativities between the alkaline-earth metals and oxygen
atoms. The inset of Fig. 3 depicts ½MoO4� clusters with symmetric
stretching vibrations between O–Mo–O bonds. The positions of
each Raman-active mode are listed in Table 3 and are compared
with Raman-active modes in the literature [91–94].

An analysis of the results presented in this table indicate that
the relative positions of all Raman-active modes of PMO crystals
reported here are in reasonable agreement with others papers re-
ported in the literature [91–94]. Slight shifts in these positions
can be correlated to the degree of structural order and/or distortion
of the PMO lattice induced by synthesis methods. These conditions
produce different levels of distortions on ½MoO4� clusters
(Fig. 2(a)–(e)). Also, it is possible that the degree of interaction
between O–Pb–O–Mo–O bonds and/or variations in the O–Pb–O–
Mo–O bond lengths induce shifts in the Raman peak positions.

Fig. 4 illustrates FT-IR spectra of PMO crystals which were ob-
tained by the CP method and processed at 70 �C for different times
(from 2 to 10 min) in a CH system.

As previously described, molybdates with a scheelite-type
tetragonal structure have up to eight stretching and/or bending
vibrational modes in infrared spectra [86,95]. In our case, it was
possible to identify no more than six modes (3Au and 3Eu) which
were found in specific positions in the spectra (Fig. 4). First, there
are strong absorption bands with two modes located at 749/756
and 864/851 cm�1 for all PMO crystals precipitated and processed
in a CH system for different times, respectively. These two bands
are related to m3(1Eu and 1Au) internal modes originating from
anti-symmetric stretching vibrations in ½MoO4� clusters [86,91].
Similarly, two other m4(1Au and 1Eu) modes are assigned which
are linked to the anti-symmetric bending of bonds in ½MoO4� clus-
ters. These modes are located at around 372/374 cm�1 for PMO
crystals precipitated and processed in a CH system for different
times, respectively. Finally, the other two absorption bands located
at 304/306 cm�1 and 264/266 cm�1 are ascribed to the m2(1Au

mode) and the (1Eu mode). These modes refer to the symmetric
bending of O–Mo–O bonds in ½MoO4� clusters. In Fig. 4, the vertical
lines are used as guides. Only precipitated PMO crystals have infra-
red bands at different positions in relation to other crystals. All
PMO crystals processed at 70 �C for different times did not produce
a significative shift in the positions of the six infrared modes. This
behavior can be related to the presence of crystals with very sim-
ilar O–Mo–O bonds (Fig. 2(a)–(e) and Table 2). Moreover, PMO
crystals processed in a CH system for different times have a similar
energy coupling and bonding strength between the O–Mo–O in
½MoO4� clusters and/or O–Pb–O in [PbO8] clusters, respectively.

Table 4 compares relative positions between infrared-active
modes of PMO crystals obtained in this study with those reported
literature results [91,95,96].

An analysis of the results in Table 4 shows a shift in the values
of m3(Eu and Au) modes. We believe that this behavior can possibly
be related to different interaction strengths and stretching or bond
angles between O–Mo–O bonds due to distortions in tetrahedral
½MoO4� clusters in the lattice.

3.5. FE-SEM analyses of PbMoO4 crystals

Fig. 5(a)–(j) shows the FE-SEM images of PMO crystals obtained
by the CP method and processed at 70 �C for different times (from
2 to 10 min) in a CH system.

FE-SEM images were employed to monitor the evolution shape
and growth process of PMO crystals with an increase in CH
processing time. Fig. 5(a) and (b) shows small octahedron-like
PMO crystals formed at room temperature by the CP method.
The crystals formed by this method have surface defects on their
faces which are probably caused by rapid hydrolysis during the
addition of NH4OH into the solution [7]. In addition, this behavior
can be related to the formation of a supersaturated solution due to
a high concentration of chemical acid/salts dissolved in the aque-
ous medium (75 mL) [97]. PMO crystals with these shape charac-
teristics can be classified as primary agglomerates composed of
small crystals (crystallites) a few nanometers in size. Moreover,
these morphological characteristics suggest that the growth rate
of each crystal face is usually non-linearly proportional to the
supersaturation of the solution [31]. Processing performed at
70 �C for 2 min (Fig. 5(c) and (d)) produced a crystal growth of
sharper octahedrons with faces along different crystallographic
planes. However, it was verified that the agglomerate nature still



Fig. 2. Schematic representation of PMO (1 � 1 � 1) unit cells illustrating [PbO8] and ½MoO4� clusters (a and b) angles between the bonds of O–Mo–O prepared by the: (a) CP
method and processed at 70 �C for different times: (b) 2 min, (c) 4 min, (d) 8 min and (e) 10 min in a CH system.
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persists in this system due to supersaturated concentrations of
chemical acid/salts [98]. Furthermore, a reduction in the quantity
of these small PMO crystallites (precipitate) with the crystal
growth process was noted. Fig. 5(d) depicts three well faceted
PMO crystals as well as other crystals with irregular shapes and
holes which may be the result of the dissolution of large crystals
and the later recrystallization of (small and large) crystals. An in-
crease in the CH processing time (4 min) raises the collision rate
of crystals in the same plane as previously reported for PMO crys-
tals [51]. In this case, the aggregation of crystals (micro-
octahedrons) takes place along a common crystallographic path
followed by the oriented attachment mechanism [51], where the
aggregation of crystals (octahedrons) are interconnected along a
common crystallographic orientation (oriented attachment). How-
ever, Fig. 5(e) and (f) clearly depicts a predominant growth mech-
anism for the non-oriented aggregation of crystals. Fig. 5(g) and (h)
shows that micro-octahedrons are formed by the aggregation of
the first small octahedrons in an oriented manner with a subse-
quent ripening of the aggregates. Thus, hydrothermal conditions
facilitate both the organization and growth of PMO crystals with
the Ostwald-ripening mechanism mainly involved when the
processing is performed at 70 �C for 8 min. After CH processing
performed for 10 min (Fig. 5(i) and (j)), several large PMO crystals
are formed by the oriented attachment mechanism based on the
spontaneous self-organization of adjacent nanocrystals which
results in crystal growth by the coalescence of solid particles that
share a common crystallographic orientation [99].

3.6. Average size distribution of PbMoO4 crystals

FE-SEM images were also essential to evaluate the average crystal
size distribution of PMO in this study. Hence, the average count of
100 crystals with good quality on the boundary from the FE-SEM
images was taken to ensure a good statistical response (Fig. 6(a)–(e)).

After counting the crystals, the Shapiro–Wilk (W) normality test
was employed to verify that data are normally distributed and



Fig. 3. MR spectra in the range from 1000 to 50 cm�1 for PMO crystals prepared by
the CP method and processed at 70 �C for different times (from 2 to 10 min) in a CH
system. The inset shows the ½MoO4� clusters with a symmetric stretching vibration.

Fig. 4. FT-IR spectra in the range from 1000 to 200 cm�1 for the PMO crystals
prepared by the CP method and processed at 70 �C for different times (from 2 to
10 min) in a CH system. The inset shows the ½MoO4� clusters with anti-symmetric
stretching.
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follow a normal distribution [100]. The W normality test is useful
because other statistical tests (such as the t-test) assume that data
is sampled from normally distributed crystals. However, a different
crystal size can affect the procedures used to test for normality
which can be very erratic for small crystals. A W statistic and P
value are computed so a statistical decision can be made by com-
parison with a level of significance. The W statistic is defined as:

W ¼
Xn

i¼1

AiXi

 !2,Xn

i¼1

ðXi � XÞ2 ð7Þ

where

X ¼ 1
n

Xn

i¼1

Xi ð8Þ

and Ai is a weighting factor. The results for W were 0.97556,
0.98168, 0.98168, 0.97556 and 0.97556 for the average crystal size
distribution of PMO crystals obtained by the CP method and
processed in a CH at 70 �C for 2, 4, 8 and 10 min, respectively. The
results for W are all normal at 0.05 level. Therefore, in all cases,
the counting of crystal sizes is well-described by a log-normal
distribution:

y ¼ y0 þ
Affiffiffiffiffiffiffiffiffiffiffiffiffi

2pwx
p e

�½ln x
xc
�2

2w2 ; ð9Þ

where y0 is the first value in the y-axis, A is the amplitude, w is the
width, p is a constant and xc is the center value of the distribution
curve in the x-axis.
Table 3
Comparative results between experimental Raman-active modes for PMO crystals obtaine

M T (�C) t (min) Bg Bg Eg Ag Eg

� H H � .

CZ 1200 1440 64 75 100 164 19
SSR 1300 750 – – – – –
CZ 1250 144 65 78 107 171 19
CZ 1000 2880 67 73 103 168 19
CP 25 10 66 76 107 171 19
CH 70 2 65 76 106 171 19
CH 70 4 65 76 107 171 19
CH 70 8 65 76 106 171 19
CH 70 10 65 76 107 171 19

M = method; T = temperature; t = time; Raman modes = ðcm�1Þ; CZ = Czochralski; SSR
[z] = this work.
Small octahedron-like PMO crystals obtained by the CP method
exhibited an average size distribution in a range from 0.125 to
0.425 lm (Fig. 6(a) and inset). In this system, it is estimated that
26% of these crystals have an average size of approximately
0.225 lm. Fig. 6(b) shows the average crystal distribution in a
range from 0.15 to 0.65 lm of PMO crystals processed at 70 �C
for 2 min in a CH system (see inset). Approximately 36% of these
crystals exhibit an average size of 0.25 lm. As illustrated in
Fig. 6(c) and the inset, PMO crystals processed at 70 �C for 4 min
have an average size distribution in a range from 0.15 to
0.65 lm, and 34% of these crystals have an average size at around
0.35 lm. Fig. 6(d) and the inset illustrate an average size distribu-
tion in a range from 0.25 to 0.85 lm, 25% of PMO crystals have an
average size of approximately 0.35 lm. Finally, in Fig. 6(e) and the
inset, show the pronounced effect of the crystal growth process
where an increase in the average size distribution from 0.3 to
1.5 lm is clearly evident; 33% of crystals processed at 70 �C for
10 min have an average size of around 0.7 lm.

3.7. Growth mechanism of PbMoO4 crystals

Fig. 7(a)–(h) displays the schematic representation of main
growth mechanisms involved in the synthesis of PMO crystals by
the CP method at room temperature processed at 70 �C for differ-
ent times (from 2 to 10 min) in a CH system.
d in this study and modes reported in the literature by different synthesis methods.

Bg Bg Eg Bg Ag Ref.
. � r 5 j

0 317 348 744 764 868 [91]
312 347 742 763 864 [93]

3 323 350 748 771 871 [94]
2 317 350 743 760 818 [95]
6 320 352 743 766 872 [z]
5 320 351 743 766 872 [z]
5 320 351 743 766 872 [z]
5 320 351 743 766 872 [z]
5 320 351 743 766 872 [z]

= solid state reactions; CP = coprecipitation; CH = conventional hydrothermal and



Table 4
Comparative results between experimental infrared active modes for the PMO crystals obtained in this work and those reported in the literature by different synthesis methods.

M T (�C) t (min) Eu ðcm�1Þ Au ðcm�1Þ Eu ðcm�1Þ Au ðcm�1Þ Eu ðcm�1Þ Au ðcm�1Þ Ref.
� Q 5 5 � 	

CZ 1200 1440 270 308 378 378 765 850 [91]
CZ 1100 1440 277 298 367 367 766 868 [95]
SSR 1000 300 – – – – 775 850 [96]
CP 25 10 266 307 374 374 758 853 [z]
CH 70 2 266 307 372 372 758 852 [z]
CH 70 4 266 307 374 374 758 851 [z]
CH 70 8 266 307 374 374 785 853 [z]
CH 70 10 264 304 373 373 749 864 [z]

M = method; T = temperature; t = time; infrared modes = ðcm�1Þ; CZ = Czochralski; SSR = solid state reactions; CP = coprecipitation; CH = conventional hydrothermal and
[z] = this work.

M.R.D. Bomio et al. / Polyhedron 50 (2013) 532–545 539
The initial process for the formation of small octahedron-like
PMO crystallites occurs with the addition of stoichiometric
amounts of reagents [H2MoO4 and Pb(NO3)2] dissolved in deion-
ized water. In this solution, the solvation energy of the H2O mole-
cules quickly promotes salt dissociation and acid ionization where
Pb2þ and MoO2�

4 ions are rapidly solvated by H2O molecules. The
partial negative charge on the H2O molecules is electrostatically at-
tracted by Pb2þ ions while the partial positive charge on the H2O
molecules are electrostatically attracted by the MoO2�

4 ions [7].
However, due to differences in the electronic density between
Pb2þ and MoO2�

4 ions, a high force strong electrostatic attraction
occurs between these ions which results in the formation of the
first PbMoO4ðsÞ precipitates or nucleation seeds (Fig. 7(a)). The pre-
cipitation rate was then increased by the addition of 5 mL of NH4-

OH into this solution to complete the crystallization process
(Fig. 7(b)). PMO crystals obtained by the CP method were dried,
separated and characterized (Fig. 7(c)). Other syntheses were per-
formed and processed at 70 �C for different times (from 2 to
10 min) in a CH system (Nanox-Technology S/A, NanoxHydrocell
H-100, Brazil) [52]. When this suspension was processed at 70 �C
for 2 min, an increase occurred in the average PMO crystal size
as well as the dissolution process of some crystals in the other sus-
pensions (Fig. 7(d)). Cameirão et al. [97] reported a similar phe-
nomenon for strontium molybdate (SrMoO4) agglomerated
crystals. However, without a base (NH4OH) in this system, much
more time was required to check the dissolution process of the
SrMoO4 crystals at 70 �C. This behavior takes place when a solid–li-
quid system is not in equilibrium; i.e., with higher supersaturation,
the crystal surface can become rough even if the temperature is
lower (a kinetic rough transition) [101]. The FE-SEM images show
that PMO crystals processed for 2 min also can undergo the recrys-
tallization process (Figs. 5(c), (d) and 7(d)) which is in agreement
with recent research reported in the literature for molybdates
[102,103]. An analysis of the results displayed in Figs. 7(e) and
5(e), (f) reveals that PMO crystals have spontaneous self-organiza-
tion of adjacent particles along a common crystallographic orienta-
tion in the [001] direction (Support Information, Fig. SI-5).
Therefore, we can conclude that both OA and non-oriented mech-
anisms co-exist in the crystal growth process. Figs. 7(e) and 5(g),
(h) illustrate that most crystals have surface defects, and irregular
shapes; thus some PMO crystals follow the OA mechanism. Based
on an analysis of FE-SEM images, it is evident that PMO crystals
processed for 8 min are formed via a classical growth mechanism;
i.e., the OR process (Fig. 7(f)). Thus, the thermodynamically-driven
spontaneous process occurs because larger particles are more
energetically favored than smaller particles [104]. In this case, both
the OR mechanism and oriented coalescence result in anisotropic
growth to formation of irregular octahedron-like PMO crystals
(Fig. 5(g) and (h)). However, PMO crystals processed for 10 min
are predominantly grown by the OA mechanism as well as in the
aggregation process (Fig. 7(g)). The OA mechanism due to constant
agitation in hydrothermal conditions in aqueous solvents pro-
motes a growth process which controls oriented PMO crystals
(Fig. 5(i) and (j)). Fig. 7(h) shows the growth process of PMO crys-
tals with a CH processing time modeled in the KrystalShaper-2010
Version 1.1.6 program [105]. These figures support the proposal of
a growth mechanism for these octahedrons growing along the
[001] direction since this orientation is the largest distance from
the center of the crystal with respect to other crystals (Support
Information, Table SI-1).

3.8. UV–Vis absorption spectroscopy analyses of PbMoO4 crystals

UV–Vis spectra of PMO crystals obtained by the CP method and
processed at 70 �C for different times (from 2 to 10 min) in a CH
system are illustrated in Fig. SI-6(a)–(e), Support Information. Esti-
mated optical band values as a function of CH processing time are
shown in Fig. SI-6(f), Support Information.

As illustrated in Fig. SI-6(a)–(e), different Egap values are related
to intermediate electronic states. Moreover, we have verified a
reduction in Egap values with an increase in CH processing time
(Fig. SI-6(f)). In principle, we believe that this behavior is related
to an increase in the average crystal size which is mainly due to
the formation of new intermediary energy levels within the band
gap. Optical band values as a function of CH processing time are
presented in Table 5.

Table 5 illustrates that the Egap values for PMO crystals are
somewhat different from the values reported by Pandey et al.
[106] and Oeder et al. [107]. These discrepancies can be associated
with the fact that the Egap is very dependent on the synthetic pro-
cedure, different level defects, shape, average crystal size, orienta-
tion and distortions in the lattice. However, a comparison of the
Egap values obtained in this study and other research reported in
the literature are in good agreement [108–110]. This behavior
can be related to similar electronic densities or defects into the lat-
tice. In our case, the smaller Egap (3.33 eV) values found for PMO
crystals processed at 70 �C for 10 min can be due to the distortion
levels in ½MoO4� clusters with angles a = 112.9 � and b = 107.784�
(Fig. 2(e)). Moreover, some defects on the crystal surfaces caused
by CH processing can lead to the formation of new intermediary
electronic states within the band gap and consequently a reduction
in Egap values.

3.9. Photoluminescence analyses: emission spectra of PbMoO4 crystals

Fig. 8 shows PL spectra for PMO crystals while the inset displays
digital photos of PL emissions of these crystals during the excita-
tion process by a laser (k = 350 nm) at room temperature.

Fig. 8 shows that PMO crystals obtained by the CP method have
the PL emission lowest intensity. This behavior can be related to
the greatest number of defects in these crystals as verified by
FE-SEM images shown in Fig. 5(a) and (b). When PMO crystals



Fig. 5. (a) Low magnification and (b) high magnification FE-SEM images of several PMO crystals prepared by the CP method at room temperature. Highlighted are an
individual PMO crystal precipitate (Fig. 5(b)), low magnification and (d) high magnification FE-SEM images of PMO crystals processed at 70 �C for 2 min. Highlighted are five
well-faceted PMO crystals (Fig. 5(c) and (d)), (e) low magnification and (f) high magnification FE-SEM images of PMO crystals prepared by the CH method processed at 70 �C
for 4 min. Highlighted are several faceted PMO crystals (Fig. 5(f)), (g) low magnification and (h) high magnification FE-SEM images of several PMO crystals (highlighted)
processed at 70 �C for 8 min, (i) low magnification and (f) high magnification FE-SEM images of PMO crystals with the OA mechanism processed at 70 �C for 10 min.
Highlighted are several well-faceted PMO crystals.
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are processed at 70 �C from 2 to 10 min in a CH system, an increase
in the PL emission intensity (Fig. 8, Support Information) is evident.
In this case, the PL property is improved with a crystal growth pro-
cess and the possible formation of defects at medium-range. Since
a significant peak shift did not occur at maximum PL emission, this
characteristic can be attributed to a slight variation in Egap values
(3.33–3.40 eV) as discussed previously and shown in Fig. SI-6(a)–
(f), Support Information. Moreover, the PL emission of these PMO



Fig. 6. Average size distribution for PMO crystals prepared by the: (a) CP method and processed at 70 �C for different times: (b) 2 min, (c) 4 min, (d) 8 min and (e) 10 min in a
CH system.
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crystals was investigated when excited by a laser 406.7 nm (Sup-
port Information, Fig. SI-7). PL emission intensity at this wave-
length was much lower; with an increase in the PL emission
intensity with the raise of the CH processing time produced a sim-
ilar behavior. Based on the literature [81], this phenomenon will be
discussed in detail in the next section using an intermediary en-
ergy level (deep and shallow holes) within the band gap. Therefore,
our PMO crystals have a larger number of shallow holes in relation
to deep holes due to long- and short-range structural disorder
(Figs. 2(a) and 3). Therefore, all PMO crystals have highly intense
PL emission when excited with energy above the band gap. In re-
cent research [7], our group reported that PL properties are depen-
dent upon distortions in ½MoO4� clusters. These defects/distortions
induce a symmetry break in the lattice and lead to the appearance
of new intermediate levels within the band gap which are impor-
tant for a good PL emission at room temperature. Based on this
information, our results suggest that the factors, such as: inhomo-
geneous crystal size distribution, crystallographic orientation of
the crystals in a same plane, and surface defects may contribute
to improvement of PL properties. We believe that these factors



Fig. 7. Schematic representation of the synthesis, processing, and growth mechanisms for PMO crystals by FE-SEM images: (a) chemical synthesis (solvation and CP
reactions), (b) increase of precipitation rate with NH4OH, (c) FE-SEM images for PMO crystals obtained by the CP method and crystallization process, (d) FE-SEM images for
PMO crystals processed at 70 �C for 2 min and dissolution–recrystallization process, (e) FE-SEM images for PMO crystals processed at 70 �C for 4 min and growth by the OA
non-oriented mechanism, (f) FE-SEM images for PMO crystals processed at 70 �C for 8 min and growth by the OR mechanism, (g) FE-SEM images for PMO crystals processed at
70 �C for 10 min and an OA process and (h) the crystal growth process evolution as a function of CH processing time.

Table 5
Comparative results between the optical band gap energy experimental for the PMO
crystals obtained in this study and values reported in the literature by different
synthesis methods.

M Type/shape T (�C) t (min) Egap (eV) Ref.

ComP Powders – – 3.2 [106]
CZ Monocrystal 1000 1440 3.2 [107]
CZ Monocrystal 1000 2880 3.2 [108]
CP Octahedron-like 25 10 3.40 [z]
CH Octahedron-like 70 2 3.38 [z]
CH Octahedron-like 70 4 3.36 [z]
CH Octahedron-like 70 8 3.35 [z]
CH Octahedron-like 70 10 3.33 [z]

M = method; T = temperature; t = time; Egap = Optical band gap; CZ = Czochralski;
ComP = commercial powder; CP = coprecipitation; CH = conventional hydrothermal
and [z] = this work.

Fig. 8. PL emission spectra for the PMO crystals prepared by the CP method at room
temperature and processed at 70 �C for different times (from 2 to 10 min) in a CH
system. The inset show the digital photos with the PL emission of PMO crystals.
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can be related to the origin of intense PL emission at room temper-
ature in our PMO crystals.

3.10. Wide band model based to explain the photoluminescence
properties

To date, few papers in the literature have dealt with the PL
properties of pure PMO crystals [51,111–120]. In previous papers,
our group reported that the blue PL emission in PMO microcrystals
as well as its intensity variations are explained by a model based
on both distorted ½MoO4� and [PbO8] clusters in the lattice [51].
Spassky et al. [111] interpret that the PL emission (band maximum
at 490 nm) is generally attributed to radiative transitions in MoO2�

4

groups. Nevertheless, these authors also assume that the electronic
states of lead in PMO crystals can contribute to an emission center
responsible for the luminescence band or can participate in the
energy transfer process. Dong and Wu [112] explained that the
PL emission (band maximum at 400 nm) in PMO nanobelts can
be related to a MoO2�

4 groups on the basis of previous reflectivity
measurements and the current knowledge of their electronic struc-
ture. The top of the valence band with the lowest unoccupied
states are composed of the 4d states (Mo) split into two sets of
bands with e (Mo 4d) and t (O 2p) symmetry. Tyagi et al. [113] ob-
served that the green PL emission (band maximum at 490 nm) is
dependent upon crystal stoichiometry. Babin et al. [114] assumed
that the green PL emission (band maximum at 525 nm) in PMO
crystals refers to an excitation in ðMoO4Þ2� groups. Van Loo



Fig. 9. Model proposed to explain the origin of the intense visible PL emission at room temperature in PMO crystals: (a) wavelength of laser employed in the excitation
process of the crystals, (b) presence of a pair (distorted ½MoO4�xd and ordered ½MoO4�xo clusters) in the lattice which enables a charge transference, (c) proposed wide band
model before excitation with intermediary energy levels, (d) electronic transition from oxygen 2p orbitals (lower energy levels) to molybdenum 4d orbitals (higher energy
levels) by absorption of (hm) at room temperature, (e) emission process of photons (hm0) due to the radiative return processes of electrons situated at molybdenum 4d orbitals
to oxygen 2p orbitals, (f) normalized PL spectra for PMO crystals prepared by the CP method and processed at 70 �C for different times (from 2 to 10 min) in a CH system, (g)
colors of the visible spectrum with its wavelength and energy range, (h) deconvolutions of each normalized PL spectra of PMO crystals and (i) area percentage of each color
component corresponding to the emission peak.
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[115–117] explained that the blue luminescence in PMO crystals is
due to a transition in isolated MoO2�

4 groups, and the green-yellow
luminescence is due to the superposition of two bands which is
caused by the transfer of an electron occupying in orbital with
mainly Pb2þ ions to an empty orbital of an adjacent MoO2�

4 groups
with a predominantly d character. According to Blasse [118],
Groenink and Blasse [119], the PMO crystal PL emission (band
maximum at 517 nm) can be assigned to the 3T1! 1A1 transition
in the tetrahedral (MoO2�

4 ) group. It is assumed that the 3T1 level
is split due to spin-orbit coupling. In studies of excitation and
emission spectra, Bernhardt [120] noted that an orange PL emis-
sion (band maximum at 600 nm) in PMO crystals is temperature
dependent. Moreover, these authors explained that the fluores-
cence centers are not identical due to perturbed tetrahedrons in
the scheelite structure. Thus, the PL emission process of PMO crys-
tals is not completely understood as yet. As shown above, several
authors have tried to explain the origin of this physical property.
However, most of these explanations are directly associated with
MoO2�

4 groups (ions), but PMO is a crystalline solid composed of
several units (. . .½MoO4�–[PbO8]–½MoO4�. . .) clusters linked among
themselves, as previously described and illustrated in Fig. 2(a)–(e).

Therefore, in our study, we assumed the presence of distorted
tetrahedral ½MoO4� clusters in the PMO crystal lattice prepared by
different CP and CH methods. This affirmation is based on struc-
tural refinement data performed for each PMO crystal (Fig. 1(a)–
(e) and Table 2). Furthermore, Fig. 2(a)–(e) shows that bonds
between the ½MoO4� and [PbO8] clusters in the tetragonal structure
are different due to distortions in the ½MoO4� complex clusters
which may promote a slight deformation in the Pb–O bonds (Sup-
porting Information, Fig. SI-4(a)–(e)). Moreover, these distortions
are able to induce a symmetry break in the lattice which leads to
the appearance of new intermediate levels within the band gap
and charge gradient between the clusters which leads to the polar-
ization of the ½MoO4� clusters and consequently in the lattice. We
believe that these characteristics have fundamental importance
since they promote the formation of intermediate levels which
are necessary for probable recombination processes between the
distorted/disordered ½MoO4�xd complex clusters and ordered
½MoO4�xo complex clusters, causes the formation of ½MoO4��d and
½MoO4�0o and/or holes ðh�Þ and electrons ðe0Þ] which promotes an in-
tense visible PL emission at room temperature in our PMO crystals.

Fig. 9(a)–(i) illustrates a schematic representation of the wide
band model to explain the PL emission, with the presence of inter-
mediary energy levels (deep and shallow defects) within the band
gap due to the distorted ½MoO4� clusters. In addition, main orbitals
belonging to the valence band (VB) and conduction band (CB), PL
emission spectra and its deconvolution, as well as the contribution
of the different colors in the visible spectrum are depicted.

The wavelength energy used (350 nm � 3.543 eV) is able to ex-
cite several electrons localized in different intermediary energy
levels within the band gap (Fig. 9(a)). Distorted tetrahedral
½MoO4� clusters possibly promote some distortions in deltahedral
[PbO8] clusters (Fig. 9(b)). This process of symmetry breaking can
lead to the formation of intermediary energy levels (deep and shal-
low defects) within the band gap which are basically composed of
O 2p orbitals (above the valence band) and Mo 4d states (near the
conduction band) (Fig. 9(c)). During the excitation process at room
temperature, electrons localized at lower intermediary energy lev-
els (O-2p orbitals) near the VB absorb photon energies (hm) at this
wavelength. As a consequence of this phenomenon, the energetic
electrons are promoted to higher intermediary energy levels
(Mo-4d orbitals) located near the CB (Fig. 9(d)). When the electrons
fall back to lower energy states, again via radiative return pro-
cesses, the energies arising from this electronic transition are con-
verted to photons (hm0) (Fig. 9(e)). Fig. 9(f) depicts the normalized
maximum PL emission absent in a major shift which agrees with
gap values (from 3.33 to 3.40 eV). Fig. 9(g) depicts visible spectrum
colors in wavelength (nm) and energy (eV). Fig. 9(h) indicates the
results of deconvolution for the normalized PL emission spectra of
PMO crystals. An analysis of deconvolution results illustrated in
Fig. 9(i) reveal a higher percentage of the red area (6.35%) in
PMO crystals prepared by the CP method. An increase in the CH
processing time promotes a reduction in value for the red area per-
centage (3.45–4.45%) with a value increase for the cyan area per-
centage (29.7–45.69%). This behavior indicates that precipitates
PMO crystal have a higher percentage of deep-level defects while
PMO crystals processed at 70 �C for different times have a higher
percentage of shallow-level defect since these deep-level defects
can be linked to components of green–yellow–orange and red
colors. On the other hand, shallow-level defects can be linked to
components of cyan–blue and violet colors. Moreover, we believe
that a set of factors such as size, crystal orientation, shape and
surface defects may contribute to intense PL properties for PMO
crystals at room temperature.

4. Conclusions

In summary, this paper outlines easy attainment of PMO crys-
tals prepared by CP and CH methods. XRD patterns, Rietveld refine-
ment data and MR spectra indicate that PMO crystals have a
scheelite-type tetragonal structure without the presence of delete-
rious phases. Structural refinement data were employed to model
of distorted tetrahedral ½MoO4� clusters using lattice parameters
and atomic positions. FT-IR spectra showed vibrational modes re-
lated to antisymmetric stretching of [WO4] clusters. FE-SEM
images revealed the agglomerate nature and polydisperse size dis-
tribution of PMO crystals. Also, these images indicate an aniso-
tropic growth of PMO crystals by means of the OR and OA
mechanisms. Moreover, FE-SEM images were employed to model
a preferential growth along the [001] direction. UV–Vis absorption
spectra indicate different optical band gap values which are asso-
ciated with intermediary energy levels within the band gap. These
levels are basically composed of O-2p orbitals (above the VB) and
Mo-4d orbitals (below the CB). A wide band model was used to ex-
plain the PL emission of PMO crystals synthesized by the CP meth-
od composed by deep-level defects which are associated with
green–yellow–orange and red colors. PMO crystals obtained using
a CH method for different times produce a higher percentage of
shallow-level defects. Finally, the PL properties of PMO crystals
are associated to assigned to medium-range shape/crystal, orienta-
tion/intrinsic defects on the surface and are mainly due to possible
distortions on both distorted tetrahedron ½MoO4� and [PbO8] clus-
ters in the lattice.
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