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Abstract

In this paper,a combined theoretical and experimensalidy on the electronic structure
and photoluminescence (PL) properties of beta zinc molgh@zZnMoO,) microcrys-
tals synthesized by the hydrothermal methas been employedThese crystals were
structurally characterizetty means ofX-ray diffraction (XRD), Rietveld refinement,
Fourier transform Raman (FT-Raman) and Fourier transforraried (FT-IR) spectro-
scopies. Their optical properties were investigated aulblet-visible (UV-vis) absorp-
tion spectroscopy and PL measurements. First-principlesitym mechanical calcula-
tions based on the density functional theory at the B3LYRuwation level have been
carried out. XRD patterns, Rietveld refinement, FT-Ramath BE+IR spectra showed
that these crystals have a wolframite-type monocliniccstne. The Raman and IfRe-
guencies experimentaésults are in reasonable agreement with theoreticallgutzed
results. UV-vis absorption measuremeat®wsan optical band gap value of 3.17 eV,
while the calculated band structure has a value of 3.22 e¥.dEmsity of statemdicate
that the mairorbitalsinvolved in the electronic structure gFZnMoQO, crystalsare (O
2p-valence banénd Mo 4-conduction band Finally, PL properties o6-ZnMoQ; crys-
tals are explained by distortions effects in octahedraldgnand [MoGQ;] clusters and
inhomogeneous electronic distribution into the latticéhwiine electron density map.
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1. Introduction

Zinc molybdate (ZnMoQ) crystals are semiconductor inorganic solids that
exhibit two types of structures-alpha and3-betawhich can be obtained depend-
ing on synthesis conditions and processing time/temperdlu-3]. a-ZnMoO,
crystals present a triclinic structure, space gr&ipand point group symmetry
C, [4]. In the triclinic structure, zinc atoms are coordinateix oxygens which
form the distorted octahedral [ZRPclusters while the molybdenum atoms are
linked to four oxygens with its configuration of tetrahedidioO,] clusters [5].
However,53-ZnMoQ; crystals have a wolframite-type monoclinic structure cgpa
groupP2/c and point group symmetr§;, [6]. In the monoclinic structure, the
zinc and molybdenum atoms are surrounded by six oxygendwibion the dis-
torted octahedral [Zng)¥[MoOg] clusters [6]. Botha- and 5-ZnMoO, crystals
in undoped and doped forms have been investigated becatiseininteresting
electronic properties and high potential for possible stdal applications in var-
ious scientific fields such as: luminescence [7-9], redfgp®sphors for light-
emitting diedes [10-16], cryogenic/bolometric scintittey detectors [16—19], mi-
crowave dielectric [20], anticorrosive paints [21], calkoelectrode in lithium
batteries [22]photocatalyst for degradation of Victoria blue R and metirgihge
dyes [23, 24]and as a humidity sensi#5].

In the past years, ZnMorystals with two types ak-triclinic and 5-monoclinic
structures were initially prepared by traditional methedsh as: axide mixture
or solid state reactiof26—30] However, these preparation methods require high
temperatures, long processing times and sophisticatedraguat with high main-

tenance costs as well as the formation of deleterious ph&spsssible alterna-



tive for the reduction of these problems and the productiihese crystals at a
low temperature can be the use of wet chemical methods suabpascipitation
controlled/calcinatiof31, 32]and citrate complex precursdi3]. Recently, the
hydrothermal (HT) method has attracted the attention osthentific community
in the preparation of different molybdates with severaésjzshapes and nanos-
tructures[34—36]. In particular, this synthesis method enables the attainmien
pure molybdate at low temperatures (126- 160°'C) in micro and nanoscale with
excellent photoluminescence (PL) properf{&s-41].Froma theoretical perspec-
tive, only onerecent researc2] has been reported in the literature which shows
band structure calculations and partial densities of stetethe triclinic struc-
ture of a-ZnMoO; crystals using the full-potential linear-augmented-plavave
method.

Therefore, inthis work, we report the synthesis 6fZnMoQO, microcrystals
by means of the HT method. These microcrystals were analyzedray diffrac-
tion (XRD), Fourier transform (FT-Raman), FT-Infrared )JRiltraviolet-visible
(UV-Vis) absorption spectroscopy and PL measurements.petteoscopy is an
indispensable tool telucidate electronic structure changes and physical pheno
enainvolvedn optical properties. In addition, we present first-prpies quan-
tum-mechanical calculations based on the density fundtitwemry (DFT) was
employed tdind a correlation between experimental results of Ramaspketro-
scopies and the Raman/IR-active frequencies theoretiaalj gap and PL prop-

ertiesof 5-ZnMoQO, microcrystals with a monoclinic structure.



2. Experimental details

2.1. Synthesis gf-ZnMoQO, microcrystals

B-ZnMoO, microcrystals were prepared by the HT method at°’CAfor 8 h.
The typical synthesis procedure for these microcrystatiescribed as follows:
2.5 mmol or 0.6079 gof molybdate (VI) sodium dihydrate [NM0Q,.2H,0]
(99.5% purity, Sigma-Aldrich) and 2..amol or 0.7512 gof zinc (Il) nitrate
hexahydrate [Zn(Ng),.6H,0] (99% purity, Sigma-Aldrich) were dissolved sepa-
rately in two plastiovesselgFalcon) with a capacity of 50 mL of deionized water.
After dissolution of these salts at room temperature. Tihenfirst solution (50
mL) with (Na™ and MoG ™~ ions) and the second solution (50 midth the (Zr#+
and NG ions) were mixed and transferred irdetainless-steel autoclave. This
system wagept under constant agitation during the total time on timehsysis HT.
The HT processing promotes favorable conditions for chahn@actions between
the Zr#+ andMoO; _ionswhich results in the formation of crystallifeZnMoO,

microcrystalsasshown inequation (1elow:

~(140°C/8h)~
RSN
(

2Nat

2L
(aq) +MoO q)+2HQO+Zn

+ —
"8 S F2NOS o +6H20

aa B—ZnMoOy(s)+2Naf,  +2N O3

( 3(a

(€

q)+8H20

Then thestainless-steel autoclaveas cooled to room temperature. The re-
sulting suspensions were washed several times with deidmiater to remove
residual Na ions. Finally, crystallings-ZnMoO;, precipitated powders of a light-

gray color were collected and dried on a hot plate &Cri@r 8 h.

2.2. Characterization3-ZnMoQ, microcrystals

These3-ZnMoO, microcrystals were structurally characterized by X-rdfraic-

tion (XRD) patterns using a D/Max-2500PC diffractometegdXiu (Japan) with
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Cu-Ka radiation ¢ = 1.5406 A) in the 2 range from 10to 73 in normal routine
with a scanning velocity of Zmin and from 10 to 75 with a scanning velocity
of 1°/min in the Rietveld routine. FT-Raman spectroscopy waerded with a
Bruker-RFS 100 (Germany). The Raman spectrum from 50 to01¢0@ ' was
obtained using a 1,064 nm line with a Nd:YAG laser kept at igscimum output
power at 100 mW and counts of 500 scans. FT-IR spectroscopyerdormed in
a Bomem-Michelson spectrophotometer in the transmittamaoge (model MB-
102). The FT-IR spectrum in the range from 200 to 1,050 tmas obtained us-
ing KBr pellets as a reference. The shapes of tiieg8aMoO, microcrystals were
observed with a field emission scanning electron microseopgel Inspect F50
(FEI Company, Hillsboro, USA) operated &5 kV. UV-vis spectra were taken
using a Varian spectrophotometer (Model Cary 5G, USA) inffaisk reflectance
mode. PL measurements were performed through a Monospeor2iamromator
(Thermal Jarrel Ash, USA) coupled to a R446 photomultiplidamamatsu Pho-
tonics, Japan). Akrypton ion laser (Coherent Innova 90KAUS\ = 350 nm)
was used as the excitation source; its maximum output powsrmaintained at
500 mW. The laser beam was passed through an optical chappeeifs max-
imum power on the sample was maintained at 40 mW. PL measutemere

performed at room temperature.

2.3. Computational Method and Periodic Model®ZnMoQ, microcrystals

All the calculations were carried out with the CRYSTALO9 qauer pro-
gram[43] within the framework of the density functional theory witrethybrid
functional B3LYP[44, 45]. The calculations were performed using a periodically

repeating geometry; the method is described in the CRY S®Ah&nual43]. Zn,



Mo, and Oatomscenters are described in basis sets: 86-411d31G, PS-3)Gd3
and 8-411G, respectively, taken from the Crystal web [di6} where PS stands
for Hay & Wadt’s nonrelativistic small core pseudopoteni/]. The diagonal-
ization of the Fock matrix was performed at adequap®int grids in the recipro-
cal space which is the Pack-Monkhorst/Gilat shrinkingdad¢® = ISP = 4. The
thresholds controlling the accuracy of the calculation oftiomb and exchange
integrals were set to 10 (ITOL1 to ITOL4) and 10'* (ITOL5) which assures
a convergence in total energy better tharmr18.u.- whereas the percentage of
Fock/Kohn-Sham matrix mixing was set to 40 (IPMIX = 4@Y]. Full optimiza-
tion of the @, b, c) lattice parameters as well-as the Y, 2) internal coordinates
has been carried out. The XCrySDen program version 1[B&3has been used
to draw the band structure diagram, density of states (D@&)}lze maps of the
electronic density. ThRaman/IRvibrational modes and their corresponding fre-
guencies were calculated using numerical second dergtif/the total energies

as implemented in the CRYSTALO9 packdd8].

3. Results and discussion

3.1. X-ray diffraction and Rietveld refinement analyses-@hnMoQ, crystals

Figures 1(a—c) show the experimental XRD patterns and 8etefinement
plot of 5-ZnMoO, microcrystals synthesized at 14Dfor 8 h by the HT method
and theoretical XRD profile with their specific lines positiof optimized mono-

clinic structure, respectively.

(<Figures 1(a—c)>)



According to the XRDpatternsanalysis illustrated in Figure 1(a), all XRD
peaks can be indexgetrfectlyto a wolframite-type monoclinic structure with the
space grouP2/c and point group symmetrg;,. Moreover, XRD patterns are
in agreement with the respective Joint Committee on Powdi#rabtion Stan-
dards (JCPDS) card“N 25-1024[49] and theoretical results. The profile of the
all XRD peaks are narrowethat indicate the presence of large crystals with a
considerable degree of structural order at long-range eXperimental lattice pa-
rameters, unit cell volume and atomic positiongefnMoO; microcrystals were
calculated using the Rietveld refinement metf&@j with the Maud program (ver-
sion 2.33)51, 52](Figure 1(b)).Theexperimental results obtained from Rietveld
refinement were optimized by theoretical calculations. theeretical lattice pa-
rameters and atomic positions were used to mtusbdretical XRD profile with
their specific lines positio(Figure 1(c)). The experimentally obtained data from
Rietveld refinement and theoretical calculations, resyalgt are shown in Table

1.

(<Table 1)>)

In this table, it was verified that the lattice parametersamticell volumes of
a monoclinic structure are very close to the values recgnibjished in the litera-
ture [3]. Small variations between these values can beagbtatthe peculiarity of
each synthesis method where the experimental variablepé@eture, time pro-
cessing, heating rate, solvents, etc.) are able to infludrecerganization of the
octahedra[ZnOs] and [MoQ;] clusters within the monoclinic structure. Also,

these variables cause the formation or reduction of straktiefects (oxygen va-



cancies, distortion on the bonds, stresses and strainseooryltalline lattice).
Moreover,in this table, the fit parameterR,;, R, Re.;, Ry, @ando) suggest that
the refinement results are quite reliable. It is interestingote that there are con-
siderable variations in the atomic positions related tathgen atoms while zinc
and molybdenum atonmactically keep their positions fixedithin the structure.
These results indicate the existence of distortions on ¢ttehedral [Zn@)] and

[MoOg] clusterspresents in electronic structure ®ZnMoO, microcrystals.

3.2. Unit cell representations gf-ZnMoQ, crystals

Figures Za,c,e) illustrate the representations. of experimetHahMoO, unit
cells and Figures 2(b,d,f) show the representations ofrétieal 5-ZnMoO, unit

cells in same perspectiveespectively.

(<Figures 2(a—f)>)

The lattice parameters and atomic positions obtained frenRietveld refine-
ment and theoretical calculatiopsesented in Table Wwere used to model these
unit cells usinghe Visualization for Electronic and Structural AnalysSieESTA)
program, version 3.1.2, for Windows [53]The monoclinic structure of thg-
ZnMoQ; crystals is characterized by exhibiting a space gréfe, point-group
symmetryC3, and two clusters per unit cell (Z = 2). In both unit cells, #reand
Mo atomsare coordinated to six oxygens atoms which form the distiort#ahe-
dral [ZnG;] and [MoQy] clusters (6-vertices, 6-faces, and 12-eddéd]. As it
can be observed, that the Figures 2(a,b); (c,d); and (ehfbes small differences

in (O-Zn-0) and (O—Mo0-0) bond angldtowever, the experimentatZnMoO,



crystals present minor unit cell volume and major distoigion the octahedral
[ZnOg]/[M0O¢] clusters in relation to unit cell of theoreticatZnMoO, crys-

tal lattice. In principle, this phenomenon occulsie toexperimentatonditions
required forcrystallization and formation of-ZnMoO;, crystals and other phe-
nomena involved such akssolution and re-crystallization mechanisms under HT
conditiong55]. These small differences between the experimental andetiealr

B-ZnMoO; unit cells can be noted in Figures 2(a—f).

3.3. Fourier-transform Raman/infrared Spectroscopiebedretical and experi-

mental analyses gf-ZnMoQ, crystals

According to the group theory calculations and symmg6-58] molybdate
and tungstate crystals with a wolframite-type monoclitfa&ure presenti$ =
36 degrees of freedom. Therefore, thereMre 12 atoms within the unit mono-
clinic cell as illustrated previously (see Figures 3(a,by) our case3-ZnMoO,
microcrystals have 36 distinct vibrational modes (Ramaah iafrared) as indi-

cated inequation (2) [57, 58]
F(Raman+[nfrared) = SAg + 10Bg + 84, + 10B, (2)

where theA, andB, are Raman-active modes, afgandB,, are active vibrational
modes in the infrared spectrum; tAendB modes are nondegenerate. Teéens
“, and,” subscriptsindicate the parity under inversion in centrosymmetiic
ZnMoO; crystals. Therefore, only 18 active vibrational modes aggeeted in

Raman spectra gf-ZnMoQ, crystals as represented by equat{@nbelow[59]:
F(Raman) = 8Ag +10B, ()

According to the literatur¢60, 61]and the data obtained from the structural

9



refinement of the3-ZnMoO, crystals with a wolframite-type monoclinic struc-
ture, these crystals have only distorted octahedral Zr&@d [MoQy] clusters
with a symmetry grou®;,, space group2/c and symmetry sit€,. Raman spec-
tra of 5-ZnMoQ, crystals can be classified into two types of groups (exteandl
internal modes). External vibrational modes are relatethéolattice phonons
which corresponds to the motion of distorted octahedraQdrclusters in the
unit cell. The internal vibrational modes are ascribed tarations of distorted
octahedral [Mo@) clusters by assuming a center of mass of the steady Sthée.
distorted octahedral [Mog) clusters have their vibrations composed by six inter-
nal modegfour A, and twoB,). The other vibrational modes with low values in
Raman spectra are external modes:

Figures 3(a) and (bjlustrate the FT-Raman spectrum and specific theoreti-

cal/experimental Raman modes®#ZnMoO, microcrystals, respectively.

(<Figures 3(a)and (b)>)

In Figure 3(a), we can identify eighteen Raman active vibral modes be-
tween 50 and 1,000 cm for 3-ZnMoO, microcrystals synthesized at 14D
for 8 h by the HT method. The main Ramaf,) mode referent tointense
peak located at around 878 ctis assignedo the symmetric stretch of bonds
(+0<-Mo—0—) (see inset Figure 3(a)). Moreover, two Ramay andB,)
modes at approximately (778 crhand 701 cm') are assigned to the asymmet-
ric stretch of bonds--O—Mo—0—) [62] (see inset Figure 3(a)) while a Raman
(B,) mode of low intensity at around 191 crhis ascribed to the symmetric stretch

of bonds (0«+Zn—0—) (see inset Figure 3(a]p3] . Therefore, all Raman

10



peaks correspond to a wolframite-type monoclinic struetufFhe experimental
positions of 18 Raman vibrational modes were identifiedafid compared with
those Raman-active modes calculated theoretically thr@tgmic positions.and
lattice parameters for the optimizedZnMoO, crystal(see Figure 3(b)and their
respective experimental and theoretical positions atedis) the Supplementary
data (Table-S1).

In Figure 3(b), there is good agreement between the Rantareacodes of
B-ZnMoQO, microcrystals synthesized experimentally and theoriyicdtained
from ab-initio calculations. Some small variations in the typical posgiof the
vibrational modes can be caused by preparation methodsgeverystal size, dis-
tortions on the (O—Zn-0)/(O—Mo—-0) bondisternalforces interactionbetween
the [ZnOg4]-[M0Og]-[ZnO¢] clusters and/or different degrees of structural order-
disorder within the latticeMoreover, outheoretical calculation does not consider
the non-harmonic contribution to the lattice vibrations.

As described earlier, Raman and infrared spectra displagif82rent vibra-
tional modes that were presentedeiquation (2) Only some of these modes are
active in‘the infrared spectrum. Therefore, only 18 vilmaél modes are expected
in the infrared spectrum gf-ZnMoO; crystals, as represented éguation (4pe-
low:

F(Raman) =84, + 108, (4)

However, three modes Al and B,) are only acoustic vibrations and can not
be detected in the infrared spectrum. Therefegyation (4)should be reduced

and can be better represented by the folloveggation (5) [64—66]

F(Raman) =TA, + 8B,y (5)

11



In general, infrared (IR) spectroscopy elucidates theetkffit types of vibra-
tional modes between the atoms and their inter-atomic biona®lybdates [67]
Figures 4(a) and (b)ustrate the FT-IR spectrum and specific theoreticalésxpental

infrared modes of-ZnMoO, microcrystals, respectively.

(<Figures 4(a)and (b)>)

In Figure4(a) shows eighinfrared-activevibrational modes between 50 and
1,050cm™! for 5-ZnMoQ, microcrystals synthesized at X4Dfor 8 h by the HT
method. A very narrow band at around 257 Cnis due to the B,) mode with
the anti-symmetric stretch of bonds-and interaction folbmwseen the [Zng) «
[ZnOg] clusters. Thus, twoA,) modes at approximately 326 and 359 cnare
related to the symmetric stretch {&¥Zn+0—Zn—0) of the distorted octahedral
[ZnOg]-[ZnOg] clusters in‘a chain. Tha&, mode at around (410 cm) is ascribed
to an anti-symmetric stretch{O—Zn—0—) of distorted octahedral [ZnQ
clusters. Two bands at approximately 453 and 516'care assigned tB, e A,
modes which are related to the anti-asymmetric stretch- @< O«+Mo+O0)
of distorted octahedral [Mog)-[MoQOg] clusters in a chain. A broad band at
around 665 cm! corresponds to a@, modewhich is the main band in the
Infrared spectrum of5-ZnMoQO, crystals(see inset Figure 4(a)) with distorted
octahedral [Mo@) clusters which are assigned to an anti-symmetric stretchi
Also, a shoulder at 712 cm is related to theB, mode. Finally, the band at
around 829 cm! is related toA, mode which is assigned to symmetric stretch
(+0O«+Mo—0—) of the distorted octahedral [Ma{clusters. Typical theoreti-

cal and experimental positionHll) of IR-actives modes are shown in Figure 4(b).

12



Moreover, their respective experimental and theoretiedllesare listed in the
Supplementary data-Table-S2.

Figure 4(b) indicates a good conformity between the wavdrarm of .the
infrared-active modes which are experimentally deterchered theoretically cal-
culated. Moreover, theoretical resute evidence the presence of more s@Be
andA,) modes at 131.17 cm, 168.42 cm!, 178.3 cn1!, 236:03 cn’, 285.26
cm~! and 544.19 cm! which were not experimentally-detected due to the low
detection limit imposed by the FT-IR spectrophotometetehms of spectral po-
sitions, small deviations in the IR-active modesseZnMoO, microcrystals can
be attributed to different degrees of interaction and modaliion on the O-Zn-O
and O—Mo-0 bond lengths and/or.angles within the distorttdhedral [Zn(]
and [MoQ;] clusters. We have noted that some of these infrared vdmmatimodes

of 5-ZnMoO, microcrystalsare similar to isostructural ZnWrystals [68, 69].

3.4. Ultraviolet-visible absorption spectroscopy and 8atructureof 5-ZnMoO,

crystals

The optical band gap energl () was calculated by the method proposed by
Kubelka and MunK70]. This methodology is based on the transformation of dif-
fuse reflectance measurements to estirigig values with good accuracy within
the limits of assumptions when modeled in three dimendiohp Particularly, it
is useful in limited cases of an infinitely thick sample lay€he Kubelka-Munk
equation for any wavelength is descridedequation (6)

(1- Ry _k
S

F(Ro) = o2l —

SR (6)

13



whereF(R..) is the Kubelka-Munk function or absolute reflectance of$hen-
ple. In our case, magnesium oxide (MgO) was the standardleampeflectance
measurementsRy, = Ryampie/Rurgo (Rx is the reflectance when the sample is
infinitely thick), k is the molar absorption coefficient aads the scattering coeffi-
cient. In a parabolic band structure, the optical band gd@abasorption coefficient

of semiconductor oxid€32] can be calculated by the following equati@f):

ahv = Ci(hv — Ey,,)", (7)

wherea is the linear absorption coefficient of the matertal,is the photon en-
ergy, C, is a proportionality constan&,,, is the optical band gap andis a
constant associated with different kinds of electroniogidons q = 0.5 for a
direct allowed,n = 2 for an indirect allowedn = 1.5 for a direct forbidden and
n = 3 for an indirect forbidden). According to the literatutbe isostructural
ZnWO; crystalsexhibit an optical absorption spectrum governed by dirést-e
tronic transitiong73—75] In this phenomenon, after the electronic absorption
process, the electrons located in the maximum-energysstatbe valence band
revert to minimum-energy states in the conduction band utidesame point in
the Brillouin zong[75, 76] Based on this informatiork,,, values of3-ZnMoO,
crystals were calculated usimg= 0.5 in equation (7) Finally, using the remis-
sion function described iequation (6)and with the ternk = 2«, we obtain the

modified Kubelka-Munk equation as indicatedequation (8)

[F(ROO)hV]2 = Co(hw — Egap), (8)
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Therefore, finding th&(R..) value fromequation (8)and plotting a graph of
[F(R)hv]? againstw, theE,,, of 3-ZnMoO, microcrystalsvas determined.

Figures 5(a) and (bjlustrate the UV-vis spectrum gf-ZnMoO, microcrys-
tals synthesized at 140 for 8 h by HTmethod and theiband structure, respec-

tively.

(<Figures 5(a)and (b)>)

The profile of the UV-vis spectrurfor 5-ZnMoO, microcrystals indicatea
typical optical behavior of structurally ordered crystal materials. This micro-
crystal exhibits a diredt,,,, value of 3.17 eV (see Figure 5(a)). Figure 5(b) reveals
that band structures gFZnMoO, crystals are characterized by well defined direct
electronic transitions; i.e., the top of the valence banB8)(&s well as the bottom
of the conduction band (CB) are at the same-YY (0, 0.5, 0) point.Therefore,
was verified thatheoretical band gap valuel(, = 3.22 eV) are close to values

experimentally estimated by UV-vis spectra (Figure 5(a)).

3.5. Density of states gi-ZnMoOQ, crystals

Figures 6(a) and (bj)lustrate the DOS projected over the most important or-
bitals of the O and Mo atoms and the total DOS projected oVet@is involved

in the electronic structure gi-ZnMoO, crystals, respectively.

(<Figures 6(a)and (b)>)

Figure 6(a) shows that the top of th@® are composed mainlyf O (2p,, 2p,,
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and 2. atomic orbitalsYhat connect with botZn and Moatoms. The lower part
of theCB is formed mainly by Mo (4., 4d,. and 4., 4d,*_,* and 4J,* atomic
orbitals). In addition, was verified slight contribution of th€® 2p orbitals - In

an octahedral field, theddorbitals of the Mo atoms are not degenerate; they first
split in thets,, (4d,,, 4d,., and 4,.) ande, (4d,”_,* and 41,°) orbitals. Thee,
orbitals have lobes that point at the oxygen ligands andwhilascend in energy;
thet,, orbitals have lobes that lie between ligands and thuswéitded in energy
(in theVB), but due to the distortion in octahedral [Mgj@lusters, they present
five different energies. The order of energies are oppasiteea virtual bands so
the most important contributions in the lower part of @ are due tae, orbitals
followed by 4. (t;,) and to a lesser extent, to thed(4 and 4l,.) orbitals (see
Figures 6(a,b) lists the total DOS of all orbitals f&ZnMoQ, crystals. This total
DOS shows that Zn atomic orbitals have a minimal contribu{lmetween -8 eV
and 4 eV) due to a weak hybridization between the Zn and OaisbitOn the
other hand, the total DOS indicates a strong hybridizatietwben O p (above
theVB) and Mo 4l orbitals (near th€B), respectively. Therefore, this analysis
performed on the total orbital-resolved DOS denotes a fsogmit dependence of
Mo (4d) orbitals in theCB. In generalthis behavior carbe correlated with dis-
tortions on the octahedral [Ma@clusters within themonoclinicstructure which

are responsible for the origin of intermediary energy IsVetated above the CB.

3.6. Electron density maps and PL emissio-&fnMoQ, crystals

Figures 7(a—d) illustrate electron density maps perforamedhe Zn, Mo, O
atomsand Zn—Moatomsin different planes. Figure 7(e) shows the possible mech-

anism of charge transferenbetween the [Zng]-[MoO;)/[ZnOg]-[ZNn0;] clus-
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tersinvolved in a monoclinic structurandFigure 7(f) shows the PL behavior of
£-ZnMoO, microcrystals synthesized at 4Dfor 8 h by the HT method, respec-

tively.

(<Figures 7(a—f)>)

Figure 7(a) shows the electronic density map on the Zn-atan(00) plane
of 5-ZnMoQ, crystals. The regions in dark blue can be ascribed to a higg el
tronic density or the number of electrorss)(located in Zn atoms and between
the [ZnQ;]-[ZNnOg] clusters while the region inred indicates the possibleabs
of thee between the [Zng}-[MoOg]<[ZnOs] clusters. Moreover, we can verify
that these regions have a value near zero which is donatetemmalscale (see
inset Figure 7(a)). Regions with medium electronic den@itylight blue) are
possibly related to O.atoms 'which are bonded to Zn atoms.r&ig(b) depicts
the electronic density map on Mo atoms in the (100) plang-@ghMoQO, crys-
tals. Regionsindark blue and light blue indicate a hightedec density for Mo
atoms while the region in red indicates the absence of artrefec density be-
tween the [MoQ]-[ZnOs]-[M0oOg] clusters. In addition, was verifiedhat these
regions have a value near zero which is donateidtiernalscale (see inset Fig-
ure 7(b)). In addition, circular green regions can possiig@yelated to O atoms
bonded with Mo atoms. Figure 7(c) illustrates the electrat@nsity mapn the
O atoms in the (400) plane gFZnMoQO, crystals. In this plane, a high electronic
density corresponding to O atoms in circular blue and gregions can be ver-
ified. However, theO atoms are not equidistant duedistortions of the bonds

presenin octahedral on [Mog) and [ZnQ;] clusters which is in good agreement
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with models shown ifFigures 2(a—f) Based on this information, it is possible to
confirm that P orbitals of O atoms are hybridized withl,>_,*> and 41,% orbitals
of Mo atoms are located on the axasase of octahedroend apesof octahedron
non-formed angles of 90Figure 7(d) illustrates the electronic density noaythe
Zn and Mo atoms in the (004) plane 8fZnMoQ; crystals.In this figure can be
confirmedthat two Mo atoms are interconnected to one O atom with a Higtt e
tronic density. Thus, the Zn atom is equidistant to two'Mamapand the region
in different colors indicates that there is an inhomoges&bectron distribution
and chargebetween distorted octahedral [Mg[@and [ZnQ;] clusters.

Figure 7(e) shows the laser employed inthe excitatiod-@ahMoO, micro-
crystals. The wavelength energy (350 rm3.543 eV) is able to excite several
electrons localized in intermediary energy levels witlna band gap (see Figure
5(a)). These direct electronic transitions in the band gaquoin the same re-
gion of the Brillouin zone between the maximum-energy stagar to minimum-
energy states (see Figure 5(b)). During the excitationgg®@t room tempera-
ture, some electrons localized at lower intermediary gnkenels (O 2 orbitals)
near thevB absorb photon energi€sy). As a consequence of this phenomenon,
the energetic electrons are promoted to higher intermgdnergy levels (Mo
4d orbitals) located near théB (see Figure 6(b)). When the electrons revert to
lower energy states, (again via radiative return procg@ssesrgies arising from
this electronic transition are converted to photdms ) (see Figure 7(e))More-
over, theFigure 7(e) illustrates our proposetbdel of electron transfer between
clusters to origin PL emission gf-ZnMoO; crystals. In this model, we can at-
tributed thepossible process of charge transfer between the {Fr{MoC;]?,

[MoOg]3-[ZNnGs]% or [Zn0s]5—[Zn0g]% clustersin the monoclinic lattice of5-
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ZnMoO; crystals due to order-disorder effects between clustersechby a con-

stant process of charge transfer according to folloveggations (9-11)

[Zn06]% < [MoOg)% = [ZnO¢]", — [MoOg], ©)
[MoOg} % [ZnOg); — [MoOg3 — [ZnOg], (10)
[Zn06]% <5 [ZnOg)E = [Zn0g)$ — [Zn0¢], (11)

In these equations, the cluster-to-cluster charge-teaf§ICCT) in a crystal
containing more than one kind of cluster is characterize@iwmytations involv-
ing electronic transitions from one cluster to anothertelu§/7]. Graciaet al.
[78] have demonstrated that the CCCT mechanis@alVvQ, crystals at excited
stateg(excited singlet and excited triplet) can be consideredvagiass of elec-
tronic transitions which are involved in PL emissions. listiwork, we consider
that within the3-ZnMoQ, lattice; the octahedral [Zn§);—-[M0oOg]Z, [M0oOg]%—
[ZnOg]% or [ZnGs]5—[Zn0Og]% Clusters(o = ordered andl = disordered/distorted)
clusters arise from structural distortions in a monoclstimicture where the oc-
currence of electronic transference between them is dessilherefore, several
photons i) originating from the participation of different energyasgsduring
electronic transitions between the VB and CBGEZnMoO; crystals are respon-

sible by their broad PL properti¢see Figure 7(f)).

4. Conclusions

In summary,5-ZnMoQ, microcrystals were synthesized successfully by the
conventional HT method at 140 for 8 h. XRD patterns and Rietveld refinement
data demonstrate thatZnMoO, microcrystalsare monophasic with a wolframite-

type tetragonal structure arsgpace grougP2/c. FT-Raman and FT-IR spectro-
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scopies have been employaal verify the vibrational modes while UV-vis ab-
sorption spectroscopy and PL measurements was used toigategheir optical
properties.The experimental Raman aimtfrared modesare in good agreement
with theoretical results. UV-vis absorption spectra shadar optical band gap
which are associated with the presence of intermeaingrgy levels between the
VB and CB The band structure reveasdirect band gap from Y to Y point for
B-ZnMoO, microcrystals According to the DOS analyses, the energy states in
the VB is constituted main from O (2, 2p,, and %) orbitals, while in the CB
there is the contribution main from Mo d4,, 4d,. and 4l,.., 4d,?_,* and 4,2,
respectively An electron density map shows an inhomogeneous electdistic-
bution of charges between distorted octahedral [MaDd [ZnQ;] clusters. The

PL behavior of5-ZnMoQO, microcrystals is associated with distortiefiects on

the octahedrdlZnO4] and [MoQ;].into the monoclinic structure.
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Figures Captions

Figure 1. Color Onling (a) XRD patterns, (bRietveld refinement plot of
B-ZnMoQO, microcrystals synthesized at 4Dfor 8 h in HT system and (¢) XRD
patterns theoretically calculated, respectively.

Figure 2: Color Onling Schematic representation of the monoclinic unit cells
correspondingo $-ZnMoO;, crystalsprojected at same axiéa,c,e)experimental
and(b,d,f) theoretical, respectively.

Figure 3: Color Onling (a) FT-Raman spectrum @#-ZnMoO, microcrys-
tals synthesized at 140 for 8 h in HT system and (b) Comparative between the
relative positions of theoretical and experimental Raraetive modes.

Figure 4: Color Onling (a) FT-IR spectrum of3-ZnMoO, microcrystals syn-
thesized at 14@ for 8 h in HT system and (b) Comparative between the relative
positions of theoretical and experimental IR-active modes

Figure 5: Color Onling (a) UV-vis spectra of-ZnMoO, microcrystals syn-
thesized at 14@ for 8 h in HT system an¢b) Optimizedband structure of-
ZnMoO; crystals

Figure 6: Color Onling Projected Partial DOS on tio and O orbitalsand
(b) Projected Total DO®n the Zn, Mo and O orbitals for th&ZnMoO, crystals.

Figure 7: Color Onling Electronic density map on the: (a) (200) plane, (b)
(100) plane, (c) (400) plane, and (d) (004) plane of thBnMoQO, crystals (e)
Possible mechanism of charge transference between therslasid (f) PL spec-
tra of -ZnMoQO, microcrystals synthesized at 4Dfor 8 h in HT system. Insets
show the digital photographs of its corresponding PL erarssand FE-SEM im-

age of individual microcrystal, respectively.
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Tables Captions
Table 1. Lattice parameters, unit cell volume, atomic cowi# obtained ex-
perimentally from the structural refinement by the Rietwelethod and theoreti-

cally calculated from DFT method.
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Table(1)

Tables:
Table 1:
(a) MAtoms Wycroff Site S.OF X y z
Zn 2f 2 1 0.5 0.68588 0.25
Mo 2e 2 1 0 0.19564 0.25
01 49 1 1 0.23115  0.35436 0.31255
02 49 1 1 0.21435° 0.93315 0.32451

a=4.6987(3) A, b =5.7487(2) A;c=4.9044(2) A; V = 132.47 A, B =90.3312° R, = 6.54%; Ryn, = 5.67%;

Rp = 4.23%; Reyp = 3.23% and o = 2.02

(b) * Atoms Wycroff Site S.O.F X y VA
Zn 2f 2 1 0.5 0.67568 0.25
Mo 2e 2 1 0 0.18603 0.25
01 4q 1 1 0.26110 0.38081 0.39073
02 49 1 1 0.21320 0.89251 0.42669

a=4.7391 A b=5.8100 A;c=5.0895A; p=90.6470° and V = 140.12 A3

S.O.F = Site occupancy factor; B B-ZnMoO, microcrystals synthesized at 140°C for 8 h by HT system;
Data generated from the structure refinement by the Rietveld method and % Theoretical results.

33



Graphical Abstract (picture)

Raman-active modes [Theo]
Infrared-active modes [Theo]
E =3.22eV

Theoretical

gap(theo)

Raman=active modes [Exp]
Infrared-active modes [Exp]
E =3.17 eV

gap(exp)



http://ees.elsevier.com/poly/download.aspx?id=337296&guid=89c5a6cf-701d-4125-b4bb-58f5300fd542&scheme=1

Graphical abstract (synopsis)

New theoretical and experimental investigations on the electronic structure,
Raman/infrared spectroscopies and photoluminescence properties of [-

ZnMoO, microcrystals synthesized by the hydrothermal method
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