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Abstract

A complimentary combination of experimental work and first principle calculations,
based on the Density Functional Theory (DFT) method, has been used to increase our limited
understanding of the enhanced photocatalytic activity of PbMoO, powders with predominant
(111), (100), (011), and (110) facets.

In this work, PbMoO, powders were prepared by the co-precipitation method and
processed on a hydrothermal reactor at 100°C/10 minutes. The variation of different types of
modifier such as acetylacetone (acac) or polyvinylpyrrolidone (PVP) is found to play a crucial
role in controlling the particle size and morphology of products and their photocatalytic
properties.

The structure and morphology of these crystals were characterized by X-ray diffraction
(XRD), micro-Raman (MR) spectroscopy, field-emission gun scanning electron microscopy
(FEG-SEM), and ultraviolet visible (UV-vis) absorption spectroscopy. Furthermore, the as-
synthesized PbMoO, micro-octahedrons without presence of (001) surface exhibit enhanced
activity for the photodegradation of rhodamine B (RhB) under ultraviolet-visible light irradiation.

Based on the theoretical and experimental results, we provide a complete assignment of
the micro-Raman spectra of PbMoQOy, while a growth mechanism for the formation of PbMoOy
micro-octahedrons was systematically discussed, and a schematic illustration of the probable
formation of morphologies in the whole of the synthetic process was also proposed, which reveals

that the high photocatalytic activity is attributed to the absence of (001) facet.

Keywords: lead molybdates; hydrothermal syntheses; photocatalytic activity; Density

Functional Theory (DFT) method
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1. Introduction

Molybdates and tungstates-based oxides constitute important class of materials that exhibit
various functional properties, in particular, metal molybdates have received special attention due
to their novel and intriguing properties for widespread technological applications.''! Molybdates
of relatively large bivalent cations (ionic radius > 0.99 A: Ca, Ba, Pb, Sr) usually exist in the so-
called scheelite structure form'? , and have attracted considerable interest due to their promising
technological importance in a broad range of applications such as photoluminescence, scintillator
materials, humidity sensors and catalysis'>. As an important member of this family, lead
molybdate (PbMoQO,) has gained increasing interest due to its use in a wide range of

12,14-24

technological and theoretical fields , and experimental studies on the optical properties of

lead molybdate have been published by different research groups.'®!**>*

PbMoOy crystallizes in tetragonal scheelite-structure having point group symmetry 4/m and space
group 141/a, with two formula units per primitive cell.”®, and a specific feature of these systems is
the existence of two different clusters into crystal lattice, in which each Mo is surrounded by four
equivalent O atoms composing the [M00,]? tetrahedral configuration and each divalent metal,
Pb, shares corners with eight adjacent O atoms, forming a [PbOg]?~ configuration.

The research in materials science to development new properties and applications has been
centered on the botfom-up approach. This technique is based on the construction of
multifunctional nanostructures and devices by self-assembly of atoms and molecules.”> The
synthesis of micro and nanoscale inorganic materials with special morphology, size and hierarchy
structure has attracted considerable attention in the past few decades due to their importance in
basic scientific research and potential technological applications.’**” Recently, the synthesis of
metal molybdates has attracted attention due to their potential application in several fields.”**’ In
particular, wet chemical synthesis (bottom-up methods) attracts great attention in the synthesis of

PbMoO;, crystals. The literature describes a range of approaches for synthesizing several

molybdates, in particular lead molybdates, by different procedures, such as solid state

3
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reaction” *°, Czochralski crystal growth43, chemical route*, galvanic cell method®, citrate

47,48

cornplex“, sonochemical route*’*®, microemulsion method®”, microwave-assisted synthesis

d>"*2, solvothermal route'? and hydrothermal method******. In this

method™, precipitation metho
wide range of methods, in particular, the conventional hydrothermal (CH) method stands out
because it uses environmental friendly solvent, low processing temperatures and has reduced
cost.

PbMoOy presents excellent optical and chemical properties due to its electronic structure and
relatively low band gap energy as compared to above scheelite structures and may be a promising
photocatalyst. Therefore, it is of great importance to study the photocatalytic properties of this
material for potential applications. It is well-known that photocatalytic processes occur on the
surface of catalysts, and thus, size, shape and exposed crystal facets of crystals play a critical role
in the activity and efficiency of photocatalysts. The exposed facet of the PbMoOQ, crystal is an
important factor influencing its photocatalytic performance. The essence of exposed facets is the
surface atomic configuration and coordination, which show great effect on adsorption and
reactivity of semiconductor materials. In this context, Shen et al** and Hashin® have proved that
PbMoO, microcrystals with preferentially exposed (001) facet exhibit higher catalytic activity
compared to that of (100) facet, enhancing the photocatalytic activity for degradation of
Rhodamine B (RhB) under light irradiation. Xing et al.’® have obtained well-defined and uniform
PbMoOj polyhedral crystals via a microemulsion-based solvothermal method and the results of
RhB photocatalytic degradation showed that these PbMoO,s polyhedrons display excellent
photocatalytic activity under visible ultraviolet light irradiation. Recently, Martinez de la Cruz et
al>™* successfully synthesized PbMoO, by a hydrothermal method in the absence of additives,
and its photocatalytic activity was tested under UV irradiation for the degradation reaction of
different organic dyes.

The aim of this work was to contribute to fill the gap between the single-crystal, powder and

microcrystalline worlds by comparing the surface properties of different facets of PbMoOQs,,
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considered as models for mimicking the single-crystal world. Therefore, the validation of the
photocatalytic activity of PbMoOy4 and the effect of the different facets are the focus of this
contribution, in which new results on the synthesis of PbMoO, micro-octahedrons without the
presence of (001) facets were examined. We have now discovered, by investigating a set of
PbMoOy crystal facets with predominant (100), (110), (101), and (111) surfaces, present highest
photoreactivity. The materials were obtained by the co-precipitation method and processed by
hydrothermal method using two different modifiers at 100°C for 10 min. These micro-
octahedrons were analyzed by X-ray diffraction (XRD), micro-Raman (MR) spectroscopy,
ultraviolet visible (UV-vis) absorption spectroscopy and field-emission gun scanning electron
microscopy (FEG-SEM) and a micro-octahedrons growth mechanism is proposed and discussed
in detail. The photocatalytic activity of the material was evaluated for the degradation reactions of
rhodamine B (RhB). To complement these experimental measurements, the structural and
electronic properties of bulk ground and triplet PbMoQO,4 were investigated, as well as the catalytic
activities of (001), (100), (110), (101) and (111) surfaces, using periodic density functional theory
(DFT) computations and a slab model, and an explanation of the photocatalytic activity of
PbMoO, powders without (001) facets is proposed. To our knowledge, this is the first report on
the preparation of PbMoQ, with unique structure and on its photocatalytic properties.
2. Experimental section

2.1 Synthesis of PbMoO, Crystals

All chemicals used were analytical garde reagents without further purification, PbMoO, (PMO)
crystals were obtained by co-precipitation (CP) and hydrothermal methods in the presence of
acetylacetone (acac) (Vetec) as chelante modifier or polyvinylpyrrolidone (PVP) (Synth) as
coupling agent. The typical synthesis procedure is described as follows: 0.005 mol of molybdic
acid (H,MoO,) (Synth) and 0.005 mol of lead nitrate [Pb(NO;),] (Merck) and such amount of
acac or PVP was dissolved in 75 mL of deionized water. Then, 5 mL of ammonium hydroxide

(NH4OH) (30% in NHj3, Synth) was added to the solution so that the pH value reached 11. These
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suspensions were stirred for 10 min by ultrasound bath at room temperature. With this procedure,
PMO crystals were obtained by the co-precipitation method. In a precipitation reaction, Pb*"
cations are electron pair acceptors (Lewis acids) while MoO3~ anions are electron pair donors
(Lewis bases). The chemical reaction between these two species in solution results in the

formation of PMO crystals as shown in the equations below:

H,0/acac/PVP + _ 24 2—
H;M00y4(5) + Pb(NO3)ys) ———  2HGq) + 2NOzq) + Pb(gg) + M00Oiqqy (1)

Pbfy,) + MoO%g — PbMoOy,q | 2)

These suspensions obtained were transferred into a stainless steel autoclave (lined with quartz
glass), which was sealed and processed at 100°C for 10 min using heating rate fixed at 2°C/min.
After hydrotehrmal processing, the autoclave was cooled down to room temperature. The
resulting suspensions were washed several times with deionized water to neutralize the solution
pH (=7), and the white precipitates were dried with acetone and finally collected for
characterization.

2.2 Characterization of PbMoOQ, Crystals

After hydrotehrmal processing at 100°C for 10 min, PMO crystals were structurally characterized
by XRD using a Rigaku-DMax/2500PC (Japan) with Cu-Ka radiation (A = 1.5406 A) in the 20
range from 10° to 75° with scanning rate of 0.02° /s and total exposure time of 15 min. In
addition, Rietveld routine was performed in the 26 range from 10° to 110°, using an angular step
of 0.02°/s and total exposure time of 90 min. In this work, the profiles of the XRD experimental
patterns observed for the PbMoO; crystals were refined with a theoretical line profile known as
Crystallographic Information File (CIF) with ID code 1011170.° Micro Raman measurements
were recorded using a T-64000 spectrometer (Jobin-Yvon, France) triple monochromator coupled
to a CCD detector at 488 nm wavelength of an argon ion laser. Its maximum output power was

kept at 10 mW with the use of lens (100 pum) to prevent sample overheating. The morphologies
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were investigated using FEG-SEM (Carl Zeiss, model Supra 35-VP, Germany) operated at 6 kV.
UV-vis spectra were taken using a Varian spectrophotometer, model Cary 5G (USA) in diffuse
reflection mode with MgO as standard.

2.3 Photocatalytic activity measurement

The photocatalytic properties of PMO crystals (as a catalyst agent) for the degradation of
Rhodamine B (RhB) dye with molecular formula [CysHz3;CIN,Os] (99.5% purity, Mallinckrodt) in
an aqueous solution were tested under UV-light illumination. About 50 mg catalyst crystals were
placed in a 250 mL beaker, being added of 50 mL RhB solution (1 x 10 mol L") pH 4. These
suspensions were ultrasonicated for 10 min in ultrasonic cleaner before illumination then stored
in the dark for 5 min to allow the saturated absorption of RhB onto the catalyst. The beakers were
then placed in a photo-reactor at 20 pC and illuminated by six UV lamps (TUV Philips, 15 W,
with maximum intensity at 254 nm). The power light was measured by Coherent Power Max
model No PM10 and the optical energy density value was 20 mW cm™. At two-minute intervals,
one 3 mL aliquot of these suspensions was removed and centrifuged at 9000 rpm for 5 min to
remove crystals in suspension. Finally, variations of the maximum absorption band of supernatant
solutions were monitored by UV-vis absorbance spectra measurements using a double-beam
spectrophotometer with double monochromator and a JASCO photomultiplier tube detector
(Model V-660, USA).

3. Computational section
3.1 Bulk

Calculations for PbMoO, were performed using the CRYSTAL09®* software package. Lead atom
has been described by a Hay-Wadt pseudo-potential scheme with large core, HAYWLC-2111dG;
molybdenum and oxygen centers by 976-6311d31G and 6-31d1G basis set, respectively, which
was taken from the Crystal web site.®! Becke’s three-parameter hybrid non-local exchange
functional® combined with a Lee-Yang-Parr gradient-corrected correlation functional (B3LYP)®
was used. Diagonalization of the Fock matrix was performed at adequate k-point grids in the

7
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reciprocal space. The thresholds controlling the accuracy of the Coulomb calculation and
exchange integrals were set to 10 (ITOLI to ITOL4) and 10™'* (ITOL5), whereas the percentage
of Fock/Kohn-Sham mixing matrices was set to 40.** Full optimization of scheelite-type PbMoO,
cell parameters (a and c) and internal atomic position for the bulk PbMoO,4 were carried out.

3.2 Surface energy

Surface energy is one of the key factors controlling the number of active sites and, accordingly,
the photocatalytic activity of PbMoO,4 The low-index (001), (100), (110), (101) and (111)
surfaces were modeled by unreconstructed (truncated bulk) slab models by using calculated
equilibrium geometry. Because these surfaces have different number of atoms in each layer to
reach symmetry and stoichiometry, the low-index surfaces were modeled with different
thicknesses in the z-direction but were periodic in the x- and y-directions. After the corresponding
convergence test on the systems, slab models containing 15, 20, 15, 15, 12 and 50 atomic layers
for the (001), (100), (110), (101) and (111) surfaces, respectively, were selected. For the models
used here, bottom and top planes were equivalent in symmetry. A complete relaxation in each
model was performed.

3.3 Wulff construction

Gibbs defines® equilibrium morphology as the minimum energy conformation of faces of a
fixed-volume crystal, which can be directly identified from the Wulff construction®' on the polar
plots of surface energies. It could be inferred that the faceted geometry of crystals is due to the
existence of a finite number of minima in polar plots®. The theoretical equilibrium shape of a
crystal is unique since, at a given temperature and pressure, it only depends on one
thermodynamic property, i.e. on the ratio between specific surface energies (chkl) of different
forms. Hence, predicting the equilibrium of a crystal can be reduced to calculating the chkl values
without the presence of foreign adsorption (solvent and/or impurities), and the Wulff
construction® is a standard method for determining the equilibrium shape of bulk crystals. The

underlying basis for these size- and shape- dependent thermodynamic constructions states that the
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equilibrium shape of macroscopic crystals can be found by minimizing the surface energies with
respect to a fixed volume as discussed in detail by Herring.”® The energy of the terminated
surface of a solid material is always higher than the bulk energy, and this energy difference is
defined as the surface energy. Based on surface energies of all facets, the Wulff construction can
be used to determine the equilibrium morphology of a material. Surface energy minimization is
the central standard to optimize the composition of the crystal surface. The surface relative
energy variations can basically be explained by the different chemical compositions of facets,

64-66

which result in diverse degrees of broken chemical bonds on their surface and sites. The

shorter and stronger bonds in the surface skin (up to two or three atomic layers) dominate the size
dependency while bonds in the interior core remain in their bulk nature. Wulff construction®"’
was applied to build theoretical crystals by using the ab initio calculated surface energies and the
PbMoOy, /4,/a crystal structure. The surface energy, Esurf, is defined as the total energy per
repeating cell of the slab minus the total energy of the same number of atoms of the perfect
crystal divided by the surface area per repeating cell of the two sides of the slab, i.e. Esurf =

(Eslab - n Ebulk) / 2A4. This equation has been used by us in previous studies. *"¢*¢

3.4 Excited states

Information on the excited states in tungstates and molybdates is deeply desired to understand the
de-excitation processes after high-energy electronic excitation, since these materials are widely
used for scintillation detectors. Density functional theory (DFT) and its extensions have been
used to understand the role of the electronic excited states in the PL behaviour observed in

33 and perovskite-based materials’’, a fundamental issue that remains far from being

scheelite-
fully understood. Based on the molecular orbital theory, Itoh and Kajitani’' have recently
reported that the intrinsic luminescence bands of PbMoOy originate from the radiative transitions

from the triplet *T, and/ or T, states to the 'A; ground-state and that the symmetry lowering of

(MOO4)'2 ions from T, to C;, due to the Jahn-Teller effect could lift the degeneracy of the 3T, and
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3T, states. The presence of excited electronic states and how they can be associated to in-gap
defect states give rise to PL emissions. In addition, our investigations of different excited facets
of PbMoO, may be helpful to comprehend the photoreactivity and catalytic activity of PbMoO,.
To find the excited triplet electronic state, an initial dislocation from the ground state has been
made in order to induce deformation on one [MoQ,] cluster to a trigonal pyramid.”" Then, a full
optimization is performed. Vibrational analysis has been made to ensure that there are no
imaginary frequencies and the structure corresponds to a minimum for the ground and excited
triplet states. The band structures have been obtained along the appropriate high-symmetry paths
of the Brillouin zone. Finally, the low-index (001), (100), (110), (101) and (111) surfaces were
modeled at triplet state using the optimized geometry of the bulk in excited triplet state.
4. Results and discussion
4.1 X-ray diffraction and Rietveld Analysis
X-ray patterns of PMO/acac and PMO/PVP powders processed in hydrothermal system at 100°C
for 10 min are presented in Figure 1. XRD patterns revealed that all diffraction peaks of
PMO/acac and PMO/PVP micro-octahedrons can be indexed to the scheelite-type tetragonal
structure without the presence of secondary phases, in agreement with the respective Joint
Committee on Powder Diffraction Standards (JCPDS) card n°. 44-1486.”> Moreover, the relative
intensities and sharp diffraction of all peaks indicated that the materials are well-crystallized,
suggesting an ordered structure at long range.

Insert Figure 1
In order to deeply investigate the small differences in the structure of materials, the lattice
parameters and the unit cell volume of materials were calculated using the Maud software version
2.26.7*™ The results obtained from the Rietveld refinement for lattice parameters and cell
volumes are shown in Support information, Figure SI-1 and shown in Table 1.

Insert Table 1

10
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As can be seen in Table 1, the PMO/acac and PMO/PVP unit cell parameters obtained by
Rietveld refinement indicate a good agreement to those reported in literature.'”*' Moreover, it is
possible to observe a slight distortion on the PMO/acac and PMO/PVP structures processed by
hydrothermal method at 100°C/10 min, especially in the ¢ parameter of the PMO/acac system,
which can be related to synthesis reactants, i.e. influence of distinct organic composition of
modifiers and the experimental hydrothermal conditions adopted. In addition, the distortion of the
PMO/acac system can be assigned to the presence of solvent molecule and/or OH group from the
acetylacetone trapped into the crystal lattice.
4.2 Micro-Raman Spectroscopy
The group theory calculation presents 26 different vibrations for the PbMoO,, which can be
represented by equation 3 "¢, where all vibrations A, Bg, and E, are Raman active.
I' =34, +5A, +5B; + 3B, + 5E; + 5E, 3)

In materials with scheelite-type structure, the first member of the pairs (g) is a Raman-active
mode and the second member (u) is active only in infrared (IR) frequencies, except for B, silent
modes that are not IR-active. Consequently, 13 zone-center Raman-active modes are expected in
PbMoOy, as described by equation 4 7.

I' =34, + 5B, + 5E, (4)
Figure 2 ((a) PMO/acac and (b) PMO/PVP) shows the Raman spectra in the range from 50 to
1000 cm™ of PbMoO, samples processed by hydrothermal method at 100°C/10 min with
acetylacetone and polyvinylpyrrolidone, respectively.
According to literature ", it was possible to observe two characteristic vibration groups for
molybdate materials. The first vibration mode corresponds to external vibrations, which are
related to lattice phonons from the [PbOg] clusters in fixed cells units. The second belongs to
internal vibrations related to [MoQOys] cluster in the lattice, which are composed of four Raman-
active internal modes, v; (A1), v2 (E1), v; (F2) and v, (F;), one free rotation mode vy, (F;) and one

translational mode (F;). As can be seen in Figure 2, the results indicated that all Raman-active

11
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modes of PMO/acac (a) and PMO/PVP (b) obtained by hydrothermal method in this work are
characteristic of a tetragonal structure, in agreement with data previously reported in literature
2334597980 Moreover, the well-defined active-Raman modes suggest that PbMoO, are structurally
ordered at short-range, regardless of the different types of modifiers used during hydrothermal
synthesis.

Insert Figure 2

Theoretical Raman modes are shown in the low part of Figure 2. They are in agreement
with experimental values up to 200 cm™. The modes can be organized in two groups. One group
is composed of low-frequency modes with frequencies smaller than 357 cm™, associated to
internal bending movements of the MoOy tetrahedra. The second group is separated from the first
group by a phonon gap of about 400 cm™, and is formed by the last three modes associated to
Mo-O stretching movements. In relation to experimental Raman modes, there are some
differences between these data and those previous published ®'. B, modes (70 and 197 cm™) now
appear at ~170 and ~330 cm™, and the A, mode at 324 cm’ disappears.

First principle calculations indicate loss of symmetry in achieving the triplet state of
PbMoO, generating a structure with parameters a = 5.326 A, b=5.332 A, ¢ = 5.332 A and angles
o = 90.018° B = 90.004°, y = 90.021°. In the triplet state, a distortion in the surroundings of
[MoQ,] and [PbOg] clusters compared to the fundamental state was observed. One [MoQOy] unit
maintains the Mo-O distances at 1.801 A and angles at 107.4° and 113.8°, while the other
increases its value at 1.876 A and also the distortion with angles of 103.4° and 122.2°. In crystals
with the scheelite structure, the indicator of distortion in the surroundings of the tetrahedral anion
is the high-frequency 4, vibration, which is the result of the Davydov splitting of the (4)v; free
tetrahedral anion.*** The A mode in the fundamental s state is 314.3 cm’. In passing from s to t*
state, the 4, mode increases to 360.1 cm™. [PbOg] clusters are also modified, passing to excited
state. Four Pb-O distances of 2.627 A and other four of 2.639 A evolve to more distorted clusters

with Pb-O distances of 2.519-2.636 A in one [PbOg] unit and 2.358-2.598 A in the other [PbOs],

12
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which form the unit cell. B, modes in fundamental state (309.1 cm™) involve Mo-O-Pb motion,

which can favour the distortion of [PbOs] clusters in t” state (307.4 cm™).

4.3. FEG-SEM analysis

Figures 3(a-b) and 3(c-d) show the FEG-SEM images for the PMO/acac and PMO/PVP micro-
octahedrons, respectively. As can be seen, the presences of modifiers, acetylacetone and
polyvinylpyrrolidone have a significant influence on the morphology of lead molybdate powders.

Insert Figure 3

However, Figure 3 (a) shows the FEG-SEM image of PMO/acac processed at 100°C/10 min. A
wide homogeneity between micro octahedrons with well-defined superficial morphology of the
material was observed. On the other hand, due to the presence of acetylacetone during the
hydrothermal processing, the micro-octahedrons exhibit interesting morphology (Fig. 3b). In

8485 and

contrast to a PMO crystal simulated by using the Java Structure Viewer Program
according to a previous work **, it was found that the growth of the crystallographic plane (001)
is not favored in the presence of acetylacetone chelate modifier.

In principle, few works in literature have reported that acetylacetone is widely used as a chelating

agent to form ligands with metal ions®,

stabilizer of ZnO nanoparticles in water as
functionalizing agent *’, solvent for solvothermal syntheses of spherical ZrO, *® and as modifier
for perovskite thin film*’. We believe that the formation of a complex between the lead ions and
acetylacetone during the hydrothermal synthesis does not favor the growth of the crystallographic
plane (001). This mechanism will be discussed later.

Figure 3 (c) shows the FEG-SEM image of PMO/PVP processed at 100°C/10 min. In these
conditions, surface defects on micro-octahedrons facets are observed, and the coalescence process
of the material contributed to the growth of several micro octahedrons and resulted in a

imperfectly oriented attachment mechanism’™’' between particles, where a crystal growth along

[001] is preferred than on the [100] direction.”*”

13
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Nevertheless, FEG-SEM micrographs were also used to estimate the average particle size
distribution of PMO/acac and PMO/PVP micro-octahedrons. The average particle size
distribution for micro-octahedrons synthesized by hydrothermal conditions at 100°C/10min
shows the average particle height of 0.74 um and average particle width of 0.60 um for the
PMO/acac system and 0.55 um average particle height and average particle width of 0.48 pm for
the PMO/PVP system (see additional information in figure SI-2).
With the use of PVP during the synthesis of PMO micro-octahedrons, the coupling agent
promotes the oriented attachment mechanism growth, as shown in Figure 3(c,d). However, the
average particle size of PMO/PVP is smaller than that of PMO/acac. This difference on particles
sizes arise from the PVP molecules adsorbed onto all PMO surface during the reaction makes the
controllable nucleation and growth of particles, having as a consequence lower average particles
size of PMO.
Compared to PMO/acac micro-octahedrons, the lead acetylacetonate complex does not favor the
oriented attachment mechanism or the crystallographic plane (001) as shown in Figure 3(a,b), but
micro-octahedrons can grow in the other crystallographic direction due to the absence of lead
acetylacetonate complex in theses directions.
4.4. Growth mechanism
Figure 4 illustrates a possible growth mechanism by the effect of acetylacetone and
polyvinylpyrrolidone on the shape of micro-octahedral and particle size growth. The growth
mechanism will be suggested by the influence of the modifiers on the syntheses of different
materials reported in literature, supported on FEG-SEM micrograph observations.

Insert Figure 4
Firstly, by adding the lead nitrate in contact with molybdic acid in aqueous solution without the
presence of any modifier, both ions are free to move in the solution. One can formally consider
the coordination sphere of the water in both ions Pb*" and MoOj? are present which causes a fast

dissociation of the chemical salts in solution. The positive and negative partial charges of the H,O
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are responsible to surround the ions, maintained as close as possible to each other (Figure 4a).

However, due to differences in the electronic density between Pb** and MoO;‘2 ions, a strong
electrostatic attraction force occurs between both, resulting in the formation of the first PbMoQOs)
precipitate. Secondly, the precipitation rate increased by the addition of 5 mL of NH,OH (pH=11)
into this solution. When one of these suspensions was processed by hydrothermal condition, it is
possible to note an increase in the PbMoOQ; crystal size and also to detect all facets of the micro-
octahedral particles, including the 001 face, as reported in a previous work.*

In the case of acetylacetone, there is a tautomeric equilibrium between keto and enol forms in
solution, where the keto shape is in equilibrium with the cyclic enol form. The acetylacetone
behaves mainly as a bidentate O~ donor ligand forming six-membered chelantes with numerous
metal ions, including Pb*" ion (Figure 4 (b)).

When acetylacetone is added to the reaction medium, it behaves like a weak acid. The anion
resulting from this ionization, acetylacetonate can act as a ligand for metal ions. The coordination
of the deprotonated enol form, the acetylacetonate ion (accac’) to metal cations usually results in
neutral complexes, which in the case of Pb**, results in a complex with square pyramid geometry
(Pb(accac),). We believe that, the complex geometry of (Pb(accac),) significantly contributed to
the evolution of the new morphology observed for the synthesis of PMO/acac powders. The
complex played a role in the inactivation through a steric layer, which is the case of the
acetylacetonate structure (Figure 4 (c)), which in turn has favored inhibition of the specific
crystallographic plane [001] (Figure 4 (d)) at the time of nucleation and formation of PbMoO,
micro-octahedra, during the hydrothermal process at 100°C/10min (Figure 4 (m)).

On the other hand, the use of polyvinylpyrrolidone coupling agent to control the morphology of
the PbMoO,s also observed it was revealed morphological changes of the material.
Polyvinylpyrrolidone is extensively used as the stabilizer and structure-directing agent in

nanotechnology due to its excellent adsorption ability and solubility in water.
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In the case of PVP, its presence during the reaction promoted an increase in the viscosity of the
reaction medium, which plays the role of decreasing the spontaneous interaction between Pb"
and MoO}? ions, even under hydrothermal processing conditions for 10 minutes at 100°C (Figure
30 (e)). We believe that as a consequence of the use of polyvinylpyrrolidone, a slow rate of
formation (nucleation) and aggregation of several microcrystals take place in the system,
promoting the formation of the PbMoO, micro-octahedra (Figure 4 (f)) by coalescence, which
contributes to the growth of distorted and disordered micro-octahedra by growth mechanism of a
crystallographic orientation mechanism (Oriented Attachment) (Figure. 4 (g)) and additional

information in figure SI-3).

Surfaces and growth mechanism

Since many types of metal oxides form a wide range of oxygen-deficient intermediate phases,””’

it is generally believed that the reconstruction of the metal oxide surface is related to an ordered
oxygen vacancy type defect.”””® The analysis of different Pb and Mo arrangements in different
planes leads to diverse degrees of broken chemical bonds on their surface and sites. While bonds
and coordination in the core interior remain their bulk nature, i.e. MoO4 and PbOg, in the surface
undercoordinated Pb is found. The electronic structure of PbMoQ, surfaces has scarcely been
studied. Table 2 presents the calculated surface energy values (Esurf) for (001), (100), (110),
(101) and (111) facets, the number of PbMoO, layers of each surface model and their calculated
band gap energy. Figure 5 shows the resulting geometry of optimized surfaces.

Insert Table 2

Insert Figure 5
In the (001) surface, Pb is surrounded by six O atoms, three sets of two equivalent distances 2.43,
2.50 and 2.72 A, respectively. The (100) surface shows a Pb coordinated to five O atoms at
distances 2.23 (x2), 2.31, 2.89 and 2.92 A, respectively. In the (110) and (111) surfaces, Pb is
surrounded by only four O atoms at a range of distances 2.17-2.87 A, and 2.26-2.92 A,

respectively. Mo atoms have a tetrahedral environment in all surfaces more distorted than in bulk,
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with clearly two different distances, 1.75 and 1.86 A in (001); 1.71 and 1.79 A in (100); 1.74 and
1.87 A in (110), respectively. Therefore, undercoordination at Pb atom can explain the stability
order of surface energy between surfaces, since the lack of three or four O atoms in (100) or (110)
and (111) facets, respectively, induces more distortions than the deficiency of two O atoms in
(001) facets.” In the case of (101) facet, Pb atoms are located far from the top of the surface and
are coordinated to six O atoms (in the range 2.32-2.94 A). Figure 6 shows the resulting Wulff
construction derived from calculated surface energy values ** for different crystalline planes.
Although theoretical calculations predict a low percentage of (100) and (110) facets in the
resulting morphology, both experimental and theoretical results point out that a crystal growth
along [001] crystal direction is preferred to the [100] direction for PbMoOs. A growth
combination along the [001] direction may lead to the formation of octahedron-like PbMoO4
microcrystals with small exposed (001) facets at the top and bottom of the octahedron-like
microcrystals.>
Insert Figure 6

The second surface in order of stability is (100) (see Table 2), and therefore it appears in
the Wulff construction (Figure 6) obtained from the computed surface energies. Although the
(100) surface is not experimentally seen, it has a small extent in equilibrium morphologies
reported in literature.”
4.5. UV-vis absorption spectroscopy analyses
The UV-vis absorbance espectra of PMO/acac and PMO/PVP micro-octahedrons synthetized at
100°C for 10 min was used to understand how the hydrothermal processing can intorduces
intermediartes energy leves within the band gap of these materials. Wood and Tauc *° proposed a
method to estimated the optical band gap energy (Eg,,), which is associated with absorbance and
photon energy by the following equation.

hva o (hv — Eggy)" 3)
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where « is the absorbance, /4 is the Planck constant, v is the frequency, E,,, is the optical band
gap, and n is a constant associated with the different types of electronic transitions (n=1/2, 2, 3/2,
or 3 for direct allowed, indirect allowed, direct forbidden, and indirect forbidden transitions,
respectively). According to Lacomba-Perales’’ et al and previous report’*, molybdates with
scheelite-type tetragonal structure present direct allowed electronic transition, i.e. n equal to 1/2.
The band gap was estimated using equation 3, and the results obtained are listed in Table 3,
which can be compared with E,,, values recently reported in literature. Our research group
synthesized the hierarchical assembly of CaMo0O,4 nano-octahedrons and their photoluminescence
properties and structural order-disorder effect as a function of the particle/region size” have been
studied. This work analyzes the structure order-disorder using theoretical models and concludes
that geometric distortions along the y and z planes of the scheelite structure affect the order-

disorder in the lattice, which causes the appearance of intermediate energy levels within the band

gap.

In Figure SI-4, the PMO/acac and PMO/PVP band gap values were 3.05 eV and 3.17 eV,
respectively. We can observe the result of refinement Rietveld method (Table 1) that the structure
parameter of PMO/PVP are closer to the reference used in the work (JCPDS 44-1486) than
PMO/acac. Therefore, the increase in structural organization leads to a reduction in these
intermediary energy levels, increasing the E,,, values. The presence of disorder structure of
PMO/acac due to increased defects in the lattice (tetrahedral and octahedral distortion) favors the
decrease in the bad gap, which can be directly related to increased defects, such as absence of
(001) face on the micro-octahedron morphology (Figure 3d), which raises the local levels within

the band gap region, reducing the optical band gap measure.
4.6. Photocatalytic activity of PbMoO,

Recently, several studies have investigated the photocatalytic degradation properties of PbMoQO4

of different types of organic dyes. For this purpose, different synthesis routes have been proposed
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to obtain new strutural morphologies and particle size, in oder to improve the photocatalytic

properti6855-57,99-101

In this work, with the aid of different modifiers, it was possible to modify the morphology and
creates defects on the surface and PbMoOj clusters, as can be seen in Figures 3b and 3d. In order
to demostrate the photocatalytic activity of PMO/acac and PMO/PVP materials obtained by
hydrotermal synthesis at 100°C/10min, photodegradation of RhB dye was carried out in aqueous
dispersion (RhB + PMO/acac or PMO/PVP) under UV lamps with maximum intensity at 254 nm.
The temporal evolution of adsorption and photocatalytic degradation of aqueous RhB dye
solution (C,/C,) is shown in Figure 7. To observe the influence of acetylacetone and
polyvinylpyrrolidone on the PbMoO,s micro-octahedrons morphology, similar experiment for
PbMoO, micro-octahedrons without any modifier addition (PMO/WS) was carried out. The
structural, morphological and optical characterization of these micro-octahedrons can be seen in
our previous work.* As can be seen in Figure 7 (a), for PMO/WS micro-octahedrons, the RhB
dye was totally photodegraded after 55 min under UV light illumination. The result indicates that
even without any modification on the PbMoO4 morphology, the RhB photodegradation efficiency
is high. On the other hand, for the synthesized PMO/acac and PMO/ PVP materials (Figure 7 (b)
and (c), respectively, the photodegradation rate of RhB dye was higher than PMO/WS due to the
action of modifiers, which promoted remarkable changes on the PbMoO, morphology, having as
consequence the formation of surface defects and distortions in [MoQO4] or [PbOg] clusters. The
degradation degree of the RhB dye increases when PbMoO, was synthesized by hydrothermal
process at 100°C/10min with polyvinylpyrrolidone coupling agent (Figure 7 (c), where the RhB
dye was totally photodegraded after 45 min under UV light illumination. According to literature,
scheelite-type structure tend to be faceted and aligned by “docking” processes involving
crystallographic fusion between some faces with lower surface energy because they are more
abundant and generate an extended morphology.’' Figure 3 (c) and Figure SI-3 (c,d) show the

growth process of these morphologies through a self-organization of adjacent microcrystals in a
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similar crystallographic orientation (“oriented attachment”). The growth along the [001]
direction, promoted the aggregation of several particles on similar crystallographic orientations,
favoring the coalescence of PbMoQO, micro-octahedrons, which promote more potential active
sites on the surface (defects), in relation to PMO/WS for RhB dye photodegradation.

For PMO/acac materials, different morphologies compared to PMO/WS and PMO/PVP were
observed. Recently, Shen et. al,>* synthesized PbMoO, microcrystals with preferentially exposed
(001) facets by a facile surfactant-assisted hydrothermal process in the presence of
cetyltrimethylammonium bromide (CTAB), which exhibited higher catalytic activity compared to
(110) facet. Similarly, Hashim et. al,” produced PbMoO, dendrites with exposed on (001) facet

with photocatalytic thorough the degradation of rhodamine B.

In our work, it was observed that the absence of the (001) facet exhibited enhanced activity for
the RhB photodegradation instead of exposing it. As can be seen in Figure 7 (b), the complete
degradation of the RhB dye was achieved in only 14 min of exposure to UV light, demonstrating
the high catalytic properties of PbMoQ, in the absence of the (001) face in the material structure,
as shown in Figure 3 (b). In our research group, a model based on complex clusters was proposed
to explain the photocatalytic activity of StWO, microcrystal due to the photo-oxidation of RhB
12 For PbMoO, synthesized by hydrothermal method at 100°C/10 min with acetylacetone, we
believe that PbMoOy catalyst without the presence of (001) facet has higher ability to generate ¢ -

h" pairs due to defects on the specific surface (001), providing a fast degradation of the RhB dye.

The cluster-like elucidation of the photocatalytic performance is supported and strengthened by
different extrinsic (surface) and intrinsic (bulk) defect distribution. The defect structure and
density variation surface and/or bulk might be responsible for the different photocatalytic
behavior of PbMoQO,, Effective charge separation (electron/hole) requires the presence of a

cluster-to-cluster charge transfer (CCCT) of electrons or holes from [MOO4]’; / [MoO4]; or

[Pb08]§ / [PbOg]Z . One way to boost photocatalyst efficiency is to exchange ordered complex
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clusters to disordered complex clusters. Consequently, the effect of surface properties on the

photocatalytic performance should be considered in terms of [MoO,]} , [PbOs] clusters and

[MoO,]; , [PbOs]; clusters, where o = order and d= disorder.

The first effect is intrinsic to the PbMoO,4 material and is derived from the bulk/surface material
composed of an asymmetric distorted [MoO4],; or [PbOs],; and ordered [MoQy4], or [M0QOy],. The
ordered complex cluster often behaves as electrons sink and improve the charge separations
within the semiconductor photocatalytic system. These electron polarons can then be discharged
to acceptors (O,) at the interface with a relatively lower over reduction potential. Consequently,
the effect of surface properties on the photocatalytic activity should be considered in term of the

following reactions:

hv

[MoO4J; + [MoOsJ;  —~—» [MoOx], + [MoOx]] (5)
[PbOs]* + [PbOs]} M, [PbOs], + [PbOs]} (6)

Upon the adsorption of a photon with energy equal to or greater than the band gap of the
semiconductor, an electron polaron/hole pair is generated in the bulk/surface. These charge
carriers migrate toward the catalytic surface where the charge transfer between the perfect or
defective surface and adsorbed oxygen molecules produces several kinds of charged species
including 02’ superoxide ion. The molecular oxygen reactivity with [MoO,4] or [PbOg] results in

the following species:

[MoO4]], + O, LN [M0O4]5.. O3 (ass) (7)
[M0O4S,. Os g + [M0O4], —=—b [M0O4]3.. Oassy+ MO (8)
[PbOL]S, + Oy —2— [PbOL]’ .. O )

[PbOs]5 ... Oz (aas) + [Pbog];L [PbO5]5... O, aas) + [PHOs]Y (10)

The clusters formed by the complex PbMoOjy cluster interact with water and separate it

into its hydroxyl radicals and hydrogen ions according to following reactions:
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h *
[MoO4], + H,0 —— [MoO,], ... OH' + H* (11)
[PbOs% + H:0 —~—» [PbOy]" .. OH' + H® (12)

The primary products of the partial oxidation reaction between water and a complex
cluster [MoO4]; or [Pb03]; are hydroxyl radicals, OH". These radicals exhibit high oxidation
power and produce mineralization of an organic compound in water. The primary reaction is the
formation of superoxide species [MoO,], ... O, or [PbOs]}... O,. These species then react with
hydrogen ion H and form a hydrogen peroxide radical (O,H") according to the following
reactions:

[MoO4], ... Ojaag + H®  ——— [Mo0O4]5...0:H (13)
[PbOs]5... O s + H® ——> [PbOs]}...0H" (14)

OH" and O,H" radicals react with an organic compound and ultimately cause their
oxidation. The nature of superoxide radicals can be described using a complex cluster where the
polaron/hole polaron electron exchanges from structural disorder to structural order to absorb
molecular oxygen and water molecular oxygen and water.

Finally, it is noteworthy that it is still challenging to correlate the surface defects with the
photocatalytic activity. A major problem is that the defects are interacting with many other
factors and the photocatalytic activity of PbMoO,4 can be dominated by the balance between all
these factors. One should keep in mind that defects exist in most PbMoQO, samples except perfect
single crystals, and the degrees of defects may differ greatly in different samples. Therefore, it is
almost impossible to exclude the effects of defects on the photocatalytic activity of PbMoO,
when studying the effects from other factors, e.g. crystalline phases and exposed crystal facets,
while it is rational to investigate the sole effect of defects on the photocatalytic activity of
PbMoOQ,, providing that other factors could be kept unchanged.

4.6. Electronic structure of bulk ground and triplet sates, and surfaces

Figure 8(a) shows the band structure and DOS projected on atoms for the triplet structure.

The distortion process on the fundamental [MoO,]; and [PbOs], clusters to the excited [MoO,]y
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and [PbOg]j tetrahedral and deltahedral groups, respectively, favour the formation of
intermediary energy levels in the conduction band (CB) conferring conductor properties to this
material. In the ground state, the top of the valence band (VB) is located on the A point and the
bottom of the conduction band (CB) is on point N, presenting an indirect band gap of 3.69 eV.*!
Zhang et al. investigated in detail the electronic band structures of crystalline PbWO,, PbMoO,
CaWQ,, and CaMoOy scheelites, by means of linearized augmented plane-wave calculations.'®
An analysis of DOS projected on atoms and orbitals shows that the maximum valence band (VB)
is derived mostly from O 2p orbitals for fundamental and excited states. The CB in the
fundamental state is composed of Mo 4d,,, over 4dz in the first set of CB and by 4d,z2_,2 in the
second CB. In the triplet state, it appears new energy levels lower in energy previous this first CB
composed by Mo _2 4d,2 orbitals which form more [MoQ,] distorted clusters, as can be seen in
the alpha band structure. Some other intermediate levels appear in the uppermost of the VB in the
beta band structure, mostly derived from Pb 6p orbitals. Figure 8 (b) shows the spin density
charge, which is mostly accumulated in Mo_2 4d,2 orbitals, so there is a charge transfer from O
2p orbitals to empty Mo_2 4d 2 orbitals. The rest of CB is found to be governed by Mo 4d,z2_,z.
Insert Figure. 8

Therefore, an analysis of site- and orbital-resolved DOS shows a significant dependence of
the Mo CB DOS’s on local coordination. During the excitation process, some electrons are
promoted more feasibly from the oxygen 2p states to these molybdenum 4d states (4d,z) through
the absorption of photons. The emission process of photons occurs when an electron localized in
the molybdenum 4d state moves into an empty oxygen 2p state.
The band structure and DOS projected on atoms for singlet and triplet surfaces have also been
obtained, and as in the bulk, the formation of intermediary energy levels between CV and CB is
favoured by the distortion on [MoOy],; and [PbOg],; clusters. In particular, (001) triplet surface
shows a Pb coordinated to six O atoms at distances of 2.40 (x2), 2.42(x2) and 2.65(x2) A. The

spin density is concentrated around the Mo2 atom, which forms the more distorted [MoO4]4

23

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry

clusters, with the same angles than in the bulk and two distances Mo-O of 1.924 A and other two
of 1.835 A. Such distortion can favour the absence of the (001) facet and then, the growth along
the [001] direction may lead to the formation of octahedron-like PbMoQO,4 microcrystals without
presence of exposed (001) facets.

Therefore, the action of acetylacetone and polyvinylpyrrolidone on the PbMoQO, system would be
comparable to the localization of an excited state, having as a consequence the formation of
surface defects and distortions in [MoOs] or [PbOs] clusters, which promote remarkable changes
on the PbMoO,4 morphology.

Conclusions

In summary, unique PbMoQO4 powders with predominant (111), (100), (011), and (110) facets
have been prepared using co-precipitation and hydrothermal methods in the presence of
acetylacetone or polyvinylpyrrolidone with a good control of the synthesis parameters. PbMoO,
crystals were characterized by X-ray diffraction (XRD), micro-Raman (MR) spectroscopy, field-
emission gun scanning electron microscopy (FEG-SEM), and ultraviolet visible absorption
spectroscopy (UV-vis). The photocatalytic efficiency of powder suspensions of PbMoQO,4 micro-
octahedrons without presence of (001) surface exhibits enhanced activity for the
photodegradation of rhodamine B (RhB) under ultraviolet-visible light irradiation. The
surface/bulk defects can influence the separation of photogenerated electron—hole pairs on
PbMoO4 under irradiation, and therefore, influence the activity in photocatalytic reaction. There
is a direct relationship between the surface specific photocatalytic activity and the surface/bulk
defect. The photocatalytic superiority of this material should be synergistically attributed to its
high crystallinity, and oriented subunit alignment as well as exposed high-energy (111), (100),
(011), and (110) facets. The detailed comparison with experimental data shows the high degree of
agreement and thus we are confident that our findings can provide useful information and can
serve as a guideline for rational design of PbMoO,-based materials for various catalytic

applications.
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Table Caption

Table 1. Rietveld refined parameters of PMO/acac and PMO/PVP processed in a hydrothermal

system at 100 °C for 10 min.
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14 Cell volume R-Bragg Rwp
15 PMO a(A) c(A) c/a v
16 (A%) (%) (%)

19 JCPDS
20 5.433 12.110 2.228 357.456 - - -
21 44-1486

acac
26 5.439 12.124  2.229 358.661 2.70 8.76 432
27 100°C/10min

30 PVP
32 5.438 12.124 2.229 358.529 2.28 7.53 4.55
33 100°C/10min

36 y*, goodness of fit; Rwp, weighted error (%).
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Table 2. Number of PbMoO, units, area, surface energy and band gap energy for (001), (100),

(110), (101) and (111) surfaces of PbMoO,. All surfaces are O-terminated.

n Area (A%  Egr(Jm?) relax(%) Egap (€V)
bulk 2 3.70
[001] 5 30.07 0.28 332 3.58
[100] 8 66.84 0.37 63.8 3.99
[110] 5 47.26 0.58 75.5 3.61
[101] 4 36.65 0.66 64.8 3.86
[111] 10 99.20 0.61 60.4 3.60
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Table 3. Comparative results between the Eg,, values of PbMoOj, obtained in this work and those

reported in literature by different synthesis methods.

Method Temperature time (min) Egap (eV) Ref.
‘0

Reflux Method 1440 3.31 >

Hydrothermal 180 1440 3.21 24

Co-precipitation/ 350 1440 316 9

thermal treatment

Solid-state reaction 950 4320 3.1 20

Solvothermal 160 720 33 12
Hydrothermal/acac 100 10 3.05 This work
Hydrothermal/PVP 100 10 3.17 This work
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Figure Caption

Figure 1. XRD patterns of PbMoO,/acac and PbMoO,/PVP micro-octahedrons processed by
hydrothermal method at 100°C for 10min.

Figure 2. Micro Raman spectra in the range from 50 to 1000 cm’ of PbMoOgs/acac and
PbMoO4/PVP micro-octahedrons processed by hydrothermal method at 100°C for 10min.
(T) = Theoretical Raman modes of the triplet state.

Figure 3. FEG-SEM micrographs of PbMoQO, micro-octahedrons processed by hydrothermal
method at 100°C/10 min (a, b) PMO/acac and (c,d) PMO/PVP.

Figure 4. Schematic representation of the synthesis and growth mechanism for PbMoOj crystals
by FEG-SEM (1) without modifiers, (2) with acetylacetone (acac) and (3) polyvinylpyrrolidone
(PVP).

Figure 5. Geometry of optimized surfaces a) (001), b) (100), ¢) (110), d) (101) and e) (111).
Figure 6. Wulff constructed nanocrystal using SOWOS code.”

Figure 7. UV—vis absorption spectra for (a) PMO/WS, (b) PMO/acac and (c) PMO/PVP micro-

octahedrons during different exposure time of illumination for the photodegradation of RhB dye.
Inset shows photodegradation efficiencies of RhB as a function of irradiation time for different
photocatalysts.

Figure 8. Calculated band structure and total DOS projected on atoms of triplet PMO (a) and the

spin charge density location in the unit cell of triplet PMO (b).
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Figure 1
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31 FEG-SEM micrographs of PbMoO4 micro-octahedrons processed by hydrothermal method at 1000C/10 min
(a, b) PMO/acac and (c,d) PMO/PVP.
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Schematic representation of the synthesis and growth mechanism for PbMoO4 crystals by FEG-SEM (1)
without modifiers, (2) with acetylacetone (acac) and (3) polyvinylpyrrolidone (PVP).
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32 Geometry of optimized surfaces a) (001), b) (100), c¢) (110), d) (101) and e) (111).
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Wulff constructed nanocrystal using SOWOS code.
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Table Caption

Table 1. Rietveld refined parameters of PMO/acac and PMO/PVP processed in a hydrothermal

©CoO~NOUTA,WNPE

system at 100 °C for 10 min.

15 . i Cell volume R-Bragg  Rwp
16 PMO a (A) c(A) cla ] v
17 (A% (%) (%)

21 JCPDS
22 5.433 12.110 2.228 357.456 - - -
23 44-1486

26 acac
28 5.439 12.124 2.229 358.661 2.70 8.76 4.32
29 100°C/10min

32 PVP
34 5.438 12.124  2.229 358.529 2.28 7.53 4.55
100°C/10min

39 ¥*, goodness of fit; Rwp, weighted error (%).
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Table 2. Number of PbMoO; units, area, surface energy and band gap energy for (001), (100),

(110), (101) and (111) surfaces of PbMoQ,. All surfaces are O-terminated.

n Area (A Eur(Jm?)  relax(%) Eg,p (€V)
bulk 2 3.70
[001] 5 30.07 0.28 33.2 3.58
[100] 8 66.84 0.37 63.8 3.99
[110] 5 47.26 0.58 75.5 3.61
[101] 4 36.65 0.66 64.8 3.86
[111] 10 99.20 0.61 60.4 3.60
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Table 3. Comparative results between the Eg,, values of PbMoO, obtained in this work and those

reported in literature by different synthesis methods.

Method

Temperature

°C)

time (min)

Egap (€V)

Ref.

Reflux Method
Hydrothermal
Co-precipitation/
thermal treatment
Solid-state reaction
Solvothermal
Hydrothermal/acac
Hydrothermal/PVP

180

350

950
160
100
100

1440
1440

1440

4320
720
10
10

3.31
3.21

3.16

3.1
33
3.05
3.17

104

24

99

20

12

This work
This work
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