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ABSTRACT: LusWO;, and LugMoO,, doped with Eu®" ions have been prepared by using a citrate complexation route,
followed by calcination at different temperatures. The morphology, structure, and optical and photoluminescence properties of
the compounds were studied as a function of calcination temperature. Both compositions undergo transitions from a cubic to a
hexagonal phase when the calcination temperature increases. All the compositions have strong absorption of near-UV light and
show intense red luminescence under a near-UV excitation, which is related to the transfer of energy from the host lattices to

dopant Eu’**

ions. Density functional theory calculations have also been performed. The calculation reveals that hexagonal

LusWO,, and LusMoO, are indirect bandgap materials, and the near-UV excitations are due to the electronic transitions from
the O-2p orbitals to W-5d and Mo-4d orbitals, respectively. The lattice parameters and bandgap energies of hexagonal LugWO,,

and LugMoO,, were determined.

1. INTRODUCTION

Inorganic tungstates and molybdates have attracted a great
amount of interest because of their significant technological
importance and novel structure—property relationship. They
have been widely used as high-performance luminescent
materials,' "> catalysts,"*">* oxide ion- and proton-conducting
materials,”* ™ and other functional materials on the basis of
their promising optical, electronic, thermal, and chemical
properties. In terms of the composition and structure, because
a large amount of binary and ternary oxides can be combined
from WO;/MoOj; and other oxides with general formulae of
M0, MO, and M0, the crystal chemistry of inorganic
tungstates and molybdates is widely extended. Among these
compounds, rare earth tungstates and molybdates with an
R¢MO;, composition (R, rare earth elements; M, W or Mo)
have been investigated for decades, and the major concerns
were the synthesis, structural identifying, and crystal chemistry.
According to the literature, the structure of these compounds
depends on the M/R radius ratio.*® The tungstates crystallize in
a cubic or pseudocubic phase from La to Pr*'™* a
pseudotetragonal phase from Nd to Gd,>*~*° and a hexagonal
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phase from Tb to Lu, plus Y.****% It was also reported that
YsWO,, undergoes a transition in structure from the hexagonal
phase to a metastable cubic phase at 1765 °C.>**” In the case of
the molybdates, form La to Dy, it is cubic;®® from Er to Lu, and
Y, it is he}(agoneal,3()’33 and Ho adopts both cubic and hexagonal
phases.’>®> In recent years, renewed interest in these
compounds has arisen. LagW0,,,*% % Nd,wO,,,*"*
EusWO,,, and Er;WO,, were studied as proton—electron
conductive materials for electrolytes of high-temperature solid
oxide fuel cells or membranes of hydrogen separation.*"***
YWO,,, "™ Gd,WO,,, and Y;MoO,, were thought to be
hosts as well as sensitizers of Eu** ions,**~>° which can be used
as color-conversion phosphor for a white light-emitting diode
(WLED). The optical properties of Y,WO,, and its solid
solutions with CeO, and Y;MoO, have also been studied.>"**
Although the structural transition and the structure—property
relationship attracted attention, the specific structural param-
eters of these compounds are still lacking, and only those of
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LagWO,,, Y(WO,,, and HogWO;, have been reported.38’46’53

Systematic investigation on the structure—property relationship

43,46-48,51,52
has seldom been reported.™ .

In this Article, we report a theoretical and experimental
investigation of the synthesis and properties of Eu®" ion-
activated LusWO;, (LWO) and LusMoO;, (LMO) com-
pounds. The samples have been synthesized on the basis of a
citrate complexation route. The morphology, structure, and
optical and photoluminescence properties of the samples have
been characterized. As is well-known, the properties of
materials are closely related to the chemical composition,
crystal structure, and electronic structure. Density functional
theory (DFT) calculations have also been performed because
they can offer us detailed information about the arrangement of
atoms and orbits and help us understand the structure—
property relationship. It was found that the properties of the
compounds varied systematically with the crystal structure and
the crystallinity. All samples show strong absorption of near-UV
light and red luminescence under near-UV excitation, which
contributed to the transfer of energy from host lattices to
dopant Eu®* ions.

2. EXPERIMENTAL SECTION

2.1. Materials and Synthesis. The starting materials, Lu,O;
(99.9%), Eu,0; (99.99%), (NH,)sMo,0,,4H,0 (99.98%),
(NH,)10H,(W,0,)s (99.99%), and citric acid C4HgO, (>99.5%),
were obtained from Sigma-Aldrich and used as received. Powder
samples were prepared by using a citrate complexation method,
followed by calcination at different temperatures. In a typical synthesis
procedure for 2.5 mol % Eu*" ion-doped LWO, Lu,O; (5.850 mmol)
and Eu,0; (0.150 mmol) were dissolved in hot diluted HNO; under
vigorous stirring to form solution A, the pH value of which was
adjusted to 2—3 with dilute NH;-H,0O, and then citric acid (12.0
mmol) was added to solution A to form a complex with the metal ions.
Solution B was prepared by dissolving (NH,),oH,(W,0;)s (0.167
mmol) in distilled water, and then the metal ion was complexed with
citric acid (24.0 mmol). Solutions A and B were mixed together,
magnetically stirred for 30 min, and then bathed in water at 70 °C
until a porous gel formed. The gel was first heated at 200 °C for 4 h
and then precalcined at 700 °C for 4 h. After being finely ground, the
powder was divided into six batches and calcined in the range of 800—
1300 °C with an interval of 100 °C for 4 h in air to produce the final
products. LWO:Eu-T and LMO:Eu-T hereafter stand for LWO:Eu and
LMO:Eu samples calcined at temperature T, respectively.

2.2. Characterization. The morphology of the polycrystalline
samples was checked with a JSM-6700F (JEOL) field emission
scanning electron microscope (FE-SEM) at 15 kV. The compositional
analysis was determined by energy dispersive X-ray spectroscopy
(EDX) on the JSM-6700F FE-SEM. Powder X-ray diffraction (XRD)
measurements were taken on a D/MAX 2500 instrument (Rigaku)
with a Rint 2000 wide angle goniometer and Cu Ka, radiation (4 =
1.54056 A) at 40 kV and 100 mA. The diffraction patterns were
scanned over an angular (260) range of 20—80° at intervals of 0.02°
with a counting time of 0.6 s per step. UV—vis diffuse reflectance (DR)
spectra were recorded on a V-670 (JASCO) UV—vis spectropho-
tometer. Photoluminescence (PL) studies were conducted on a
fluorescence spectrophotometer (Photon Technology International)
equipped with a 60 W Xe-arc lamp as the excitation light source. The
temporal decay of the PL was measured with a phosphorimeter
attached to the fluorescence spectrophotometer. All the measurements
were taken at room temperature.

2.3. Details of the Calculation. DFT calculations on hexagonal
LWO and LMO were conducted by using CASTEP code.>* Geometry
optimization and calculation of properties were performed to
determine the crystal structure, electronic structure, and orbital
population. For both compounds, the Vanderbilt ultrasoft pseudopo-
tential®® with a cutoff energy of 390 eV was used, and k-points of 3 X 3

X 4 were generated by using the Monkhorst—Pack scheme.*® The
exchange and correlation functionals were treated by the local density
approximation (LDA) in the formulation of CA-PZ57%8 During the
geometry optimization, lattice parameters and atomic positions were
optimized simultaneously. For the self-consistent field iterations, the
convergence tolerance for geometry optimization was selected with the
differences in total energy, the maximal ionic Hellmann—Feynman
force, the stress tensor, and the maximal displacement being within 5.0
X 107% eV/atom, 1.0 X 1072 eV/A, 2.0 X 1072 GPa, and 5.0 X 107+ A,
respectively.

3. RESULTS AND DISCUSSION

3.1. Morphological and Constituent Analysis. Figure 1
depicts the SEM microimages and constituent element data
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Figure 1. SEM microimages and EDX data of LMO:Eu samples
calcined at different temperatures: (a) 800, (b) 1000, (c) 1200, (d and
g) 900, (e and h) 1100, and (f and i) 1300 °C.

from EDX analysis of LMO:Eu samples calcined at different
temperatures. The SEM microimages show that the samples are
an agglomeration of irregular particles. This is due to the
synthesis procedure, citrate complexation precursor, and high-
temperature calcination, and therefore, totally separated
particles are hard to form. From the indistinct particle
boundary, the particle sizes can be approximately estimated
to be in the range of 100—500 nm. From the variation of
morphology and size, it also can be deduced that the samples
go through a contraction—sinter—crystallization—growth proc-
ess. The EDX data confirm the presence of Lu, Eu, Mo, and O
in the obtained samples, and the (Lu+Eu):Mo:O constituent
ratio is 32.36:5.16:62.38, which agrees with the theoretical ratio
of 6:1:12. The related results for LWO:Eu samples are shown
in Figure S1 of the Supporting Information. The morphology
and particle size of LWO:Eu samples are similar to those of
LMO:Eu samples except LWO:Eu samples are better sintered.
All the elements are presented in the EDX data, and the ratio is
consistent with the theoretical value.

3.2. Structure Refinement and Cell Parameters. The
XRD patterns of LWO:Eu and LMO:Eu calcined at different
temperatures are shown in Figure 2. It is revealed that both
compounds could crystallize into a cubic and a hexagonal
structure depending on the calcination temperature. The
hexagonal structure could be obtained at a calcination
temperature higher than 1200 °C. The diffraction peaks of
the hexagonal phase agree well with those recorded on JCPDS
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Figure 2. XRD patterns of (a) LWO:Eu and (b) LMO:Eu as a
function of the final calcination temperature T.

cards 20-0651 and 19-0746. Cubic phase LWO:Eu and
LMO:Eu existed in a temperature range of 800—1100 °C.
The diffraction peaks of the cubic phase are similar to those of
some other reported RgWO;, compounds within a defect
fluorite structure.>® In the structure, a disorder arrangement of
R* and M® ions was suggested, even though there is great
difference in radius. The XRD patterns evolve systematically
with the calcination temperature. A decrease in the calcination
temperature results in broad and weak diffraction peaks, which
indicates that the crystallinity of the samples decreases, and the
long-range disorder increases. From the known hexagonal
RsMO,, compounds, Aitken et al. concluded that the stability
of these compounds depended on the M/R radius ratio.>® We
suggest that there might be some relationships between the
stability of the compounds and their cubic—hexagonal
transition temperature. As reported, the hexagonal Er{WO,
forms at a temperature higher than 1300 °C,™ while for the
Y,WO,, compound, the transition from the cubic phase to the
hexagonal phase occurred at 1200 °C.*° Comparatively, the
transition temperature of LWO is much lower, and the pure
hexagonal phase can be obtained at 1200 °C. This might verify
the conclusion drawn by Aitken et al. from another aspect of
the crystal.

On the basis of the XRD patterns of LWO:Eu-1300 and
LMO:Eu-1300, the lattice constants and atom positions of

hexagonal LWO and LMO have been refined by using the
Rietveld method on FULLPROF.°”®' The results are
summarized in Tables 1 and 2, and the corresponding
refinement profiles are presented in Figure 3. The hexagonal
LWO and LMO cells can be described by No.148 space group
with R-centered setting. As illustrated in Figure 4, a LWO or
LMO cell contains three formula units for a total of 57 atoms.
W or Mo atoms occupy 3a (0, 0, 0) octahedral sites with six O1
atoms around them, forming W(Mo)Og octahedra, while Lu
atoms occupy 18f (x, y, z) sites and have a coordination
number of 7, including three O1 atoms and four O2 atoms. The
W(Mo)Og and LuO, polyhedra are connected with each other
by shearing corners and edges.

The refined lattice constants of LWO and LMO are slightly
larger than those reported previously. We ascribe this difference
to the doping of Eu’* ions, the ionic radius of which is larger
than that of Lu** ions. In other words, the doping of Eu*" ions
increases the ionic radius in 18f sites and finally results in the
expansion of the lattices. This deduction can be confirmed by
the lattice constant variation of isostructural RZWO,,
compounds. As reported, the lattice volumes of RGWO,,
compounds expand from 732.62 to 766.49 A® and then to
768.12 A3 with R changing from Lu to Y and then to Ho,
respectively.>> On the other side, in LWO and LMO cells, the
ionic radius of W (0.60 A) is larger than that of Mo®* (0.59
A).? As a result, the W—O bond is longer than the Mo—O
bond, the WOy coordinate sphere is larger than MoOg, and
eventually the lattice constants of LWO are larger than those of
LMO. The lattice constants obtained from DFT calculation are
also listed in Table 1. It shows that the results obtained from
DFT calculation agree well with the experimental values. The
cell volumes of LWO and LMO are 774.75 and 747.39 A3,
respectively, which are larger than the experimental values by
5.6 and 2.0%, respectively.

3.3. Optical Band Gap Energy and Electronic
Structure. Figure S2 of the Supporting Information shows
the UV—vis DR spectra of LWO:Eu and LMO:Eu calcinated at
different temperatures. It is observed that all the powders have
strong absorption of near-UV light. With the transition of the
structure and the variation of the crystallinity, the absorption
edges of the two compounds shift slightly. The LWO:Eu and
LMO:Eu series have absorption edges at ~350 and ~450 nm,
respectively. The absorption is related to the excitation of
electrons from host lattices’ valence band (VB) to the
conduction band (CB). Although an exact discussion of
transitions from VB to CB requires calculation of the excited-
state electronic structure, the calculated static electronic band,
as an approximation, may still provide important information.
The calculated band structure shown in Figure 5 revealed that
hexagonal LWO and LMO are indirect band gap materials. The
calculated indirect band gap (G point = L point shown in
Figure 5) energies are 2.12 eV for LWO and 1.84 eV for LMO.
According to the orbital population analysis, the tops of the
VBs are identically dominated by the 2p orbitals of O atoms,
and the CBs are separated into two parts in both compounds.
The upper energy parts are contributed mostly by Lu Sd
orbitals, and the lower parts in LWO and LMO, which are also
the bottom of the CBs, are formed mainly by the W 5d and Mo
4d orbitals, respectively. Therefore, the interband transition
might be approximately viewed as one from O 2p to W 5d (Mo
4d) orbitals.

It was reported that the absorption coefficient (a) of a

semiconductor oxide and its band gap energy (E,,,) are related

dx.doi.org/10.1021/ic201452c | Inorg. Chem. 2011, 50, 12522—12530
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Table 1. Cell Constants a4, b, ¢ (in angstroms), and V (in cubic angstroms) of Several RgXO,, Compounds and Atomic
Coordinates (x, y, z) of Compounds LusWO,, and LugMoO,,

compound a/x
LugWO,:Eu” 9.6215 (1)
Lu:Eu 0.1207 (3)
w 0
o1 0.179 (3)
02 0.138 (3)
LugMoO,,:Eu” 9.6129 (1)
Lu (Eu) 0.2922(3)
Mo 0
o1 0.8506(3)
02 0.3019(3)
LugWo,," 9.8010
Lu 0.2922
w 0
o1 0.8506
02 0.3019
LugMoO,," 9.6863
Lu 0.2897
Mo 0
o1 0.8554
02 0.3006
LugWO,,° 9.618
LugMoO,,° 9.609
Y WO ,,? 9.7505
Ho WO ,,? 9.7583

b/y c/z \%4
9.6215 (1) 9.1486 (1) 733.45 (3)
0.4131 (3) 0.0230 (2)

0 0

0.034 (3) 0.117 (2)

0.447 (3) 0269 (2)

9.6129 (1) 9.1512 (1) 732.33 (3)
0.4112(3) 0.0244(2)

0 0

0.0358(3) 0.1146(2)

0.4451(3) 0.2680(3)

9.8010 9.3130 774.75
0.4112 0.0244

0 0

0.0358 0.1146

0.4451 0.2680

9.6863 9.1981 747.39
0.4089 0.0235

0 0

0.0384 0.1132

0.4450 0.2681

9.618 9.145 732.63
9.609 9.147 731.42
9.7505 9.3094 766.49
9.7583 9.3142 768.12

“Data determined from powder XRD data by using the Rietveld refinement. Both compounds crystallize in No.148 space group (R3) within a
hexagonal symmetry. Z = 3. a = # = 90. y = 120. The reliability factors of the refinement are as follows: for LusWO,:Eu, R, = 14.4%, R,,, = 20.2%,
and * = 4.41, and for LusMoO,:Eu, R, =14.7%, R, = 20.8%, and 2% = 4.65. "Data obtained from DFT calculation. “Experimental data reported by

Aitken et al.* dExperimental data reported by Diot et al.*®

Table 2. Bond Lengths (in angstroms) of Several R;XO;, (R = Lu, Y, Ho; X = Mo, W) Compounds

LugWO,,* LucMoO,,*
X-0(1) 19119 1.8903
R-0(1) 22947 23174
R-0(1) 2.4020 24236
R-0(1) 27009 2.6700
R-0(2) 2.0923 2.1289
R-0(2) 21920 2.1655
R-0(2) 22682 2.2490
R-0(2) 22719 22657
R-O 23174 23172

LugWo,,” LugMoO,,° Y WO ,,° HoWO,,°
1.9796 1.9251 1.98 1.92
2.3600 2.3481 2.46 2.47
2.3874 2.3784 2.290 2.359
27078 2.6394 2.70 2.68
2.1934 2.1720 2.277 2.293
22341 22156 226 222
2.2650 2.2500 2.24 2.28
22880 22710 2.19 2.18
2.3480 2.3247 2.345 2.354

“Data determined from powder XRD data by using Rietveld refinement. “Data obtained from DFT calculation. “Experimental data reported by Diot

et al>

through the following equation:®*

ahv o (hv — Eg,.)" )

where h is Planck's constant, v is the frequency of the light, and
n is a constant depending on the transition type, which can be
'/ 3/, or 2 corresponding to direct allowed, direct forbidden,
or indirect transition, respectively. In our cases, LWO and
LMO have been confirmed to be indirect materials; thus, n = 2.
According to the Kubelka—Munk equation®

F(Ry) = (1 — Ry)*/2R, = k/s @)

where R, is the diffuse reflectance of the layer relative to the
standard, k is the molar absorption coefficient of the sample,
and s is the scattering coefficient. Function F(R,,) can be
obtained from the DR spectra shown in Figure 6a. For a given

12525

material, s is independent of the wavelength of the incident
light, and k is proportional to the & in eq 1. As a result, F(R,,)
is proportional to the absorption coefficient a; substituting a
with F(R,,) in eq 1, we obtain

hoF(R,) o (hv — Egap)Z

(©)

By plotting [hvF(Ry,)]"* ~ hv in panels b and ¢ of Figure 6, we
determined the band gap energies of LWO and LMO to be
3.02 and 2.61 eV, respectively, which are larger than the DFT-
predicted values by 0.8 eV. The inconsistency comes mainly
from the use of an unmodified exchange correlation function,
which usually underestimates the band gap of semiconductors
and insulates, and slightly from the errors introduced from the
measurement of the DR spectrum and the estimation by using
egqs 1-3.
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Figure 3. Final Rietveld refinement profiles of (a) LWO:Eu and (b)
LMO:Eu. The red dots present the observed data, the black lines
through which are the calculated patterns, and the differences between
observed and calculated data are plotted at the bottom. The vertical
lines indicate the calculated Bragg reflection positions.

Figure 4. Hexagonal cell of LWO, as well as the coordination of W
(green) in the cell.

3.4. Energy Transfer and Photoluminescence Proper-
ties. The PL excitation and emission spectra of Eu®* ion-
activated LWO and LMO are shown in Figures S3 and S4 of
the Supporting Information. Corresponding to two kinds of
structures, the spectra of LWO:Eu and LMO:Eu within
hexagonal and cubic phases also show two distinct character-
istics. We take the samples calcined at 900 and 1300 °C as
examples of the cubic and hexagonal phases, respectively, to
discuss the structure—property relationship and the energy
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Figure S. Calculated band structures (left) and orbital populations
(right) of hexagonal LWO and LMO near the Fermi energy (Eg) level.
The Fermi energy is the zero of the energy scale. Indirect band gap
energies from the G point to the L point of LWO and LMO are
predicted to be 2.12 and 1.84 eV, respectively.

transfer mechanics from the host lattices to the dopant Eu®*
ions.

The PL excitation and emission spectra of LWO and LMO
calcined at 900 and 1300 °C are shown in Figure 7. The
observed emissions were ascribed to the transitions of Eu** ion
4f electrons from the °Dj excited state to "F; (] = 0—4) ground
states, e.g, Dy — "F, (578.5 nm of the hexagonal phase, or
580.5 nm of the cubic phase), Dy — "F; (582—60S nm), °D,
— F, (605—640 nm), °D, — "F; (640—670 nm), and D, —
’F, (680—700 nm). With regard to the cubic phase (see Figure
7b,d), the D, — ’F, emission is dominant, while for the
hexagonal phase (Figure 7a,c), both *D, = “F, and *D, — 'F;
emissions are intensive but the 5D0 - 7F2 emission is superior.

As is well-known, the SD, — 7F] emissions of Eu®" ions are
sensitive to site symmetry. If Eu** ions occupy a site with
symmetric inversion, then the D, — ’F, magnetic dipole
transitions will dominate and show orange luminescence;
otherwise, the Dy — ’F, electric dipole transitions will be
predominant and show red luminescence. Eu*" ions are
therefore a promising structural probe as well as one of the
most widely used red light-emitting activators. In our case,
there are two kinds of cation sites, namely, W /Mo®" and Lu*".
The octahedrally coordinated W and Mo®" ions have ionic
radii of 0.60 and 0.59 A, respectively, and the 7-fold
coordinated Lu** ions have an ionic radius of 0.86 A.°* Eu*
ions have ionic radii of 0.89 and 0.95 A in 6- and 7-fold
coordination environments, respectively.*> According to the
requirement of charge balance and radius match, Eu’* ions are
expected to occupy Lu’* sites. This can be confirmed by the
spectral features. In the hexagonal phase, W** (Mo®") ions take
the 3a sites with Sg point symmetry, while Lu** ions occupy the
18f sites with C; symmetry. If Eu®* ions reside in the W
(Mo®) sites, only Dy — "F, emissions can be observed; on the
other hand, if Eu** ions move into the Lu®" sites, there will be
one, three, and five Dy, — ’Fy, D, — ’Fy, and D, — F,
emission peaks at most, respectively, within which the Dy, —
’F, transitions are predominant. The observed spectra are
consistent with C; symmetry. With regard to the cubic phase,
the spectra suggest that the symmetry of the occupied Eu’* ion
sites derives further from inversion. This might due to the
disordered arrangement of the ions.

dx.doi.org/10.1021/ic201452c | Inorg. Chem. 2011, 50, 12522—12530
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T powders calcined at different temperatures T. (b and c)
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It was also observed in Figure 7 that the D, — "F, peak
shifts from 578.5 to 580.5 nm when the compounds transform
from the hexagonal phase to the cubic phase, which suggests
that the crystal field strength of the environment of Eu** ions in
the hexagonal phase is stronger than that in the cubic phase.
This is because a variation in the crystal field can produce a
series of modifications in the observed D, — 7F} transitions.
One of them is the splitting of the F; states and the shift of
their energy levels. Because both D, and ’F, states are
energetically nondegenerate and cannot be split into sublevels
by the crystal field, the D, — "F,, transition of Eu®" ions always
consists of a single peak; consequently, the D, — ’F, peak
shift is directly related to the crystal field variation.®>™®”

The excitation spectra shown on the left in Figure 7 were
collected by monitoring D, — "F; or D, — ’F, emission of
Eu®" ions. It reveals that except for the characteristic excitation
of Eu*" ions, such as ’F, — SL¢ and "F, — °D, transitions, there
are also broad band centered at 314, 334, 405, and 338 nm for
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Figure 7. PL excitation and emission spectra of LWO:Eu and
LMO:Eu: (a) LWO:Eu-1300, (b) LWO:Eu-900, (c) LMO:Eu-1300,
and (d) LMO:Eu-900. 0—J (J = 0, 1, 2, 3, or 4) stands for the D, —
7F] transitions within Eu®" ion f—f energy levels.

LWO:Eu-1300, LWO:Eu-900, LMO:Eu-1300, and LMO:Eu-
900, respectively. According to the DR spectra and the
calculated band structures, we know that these bands are
excitations of the host lattices, which relate to the electronic
transitions from O 2p orbitals to W Sd and Mo 4d orbitals. For
all the samples, no emission of the host lattices was observed.
This suggests that there is energy transferred from LWO and
LMO host lattices to dopant Eu’* ions, and correspondingly,
there is energy immigration in the host lattices, which competes
against the energy transfer process. From the relative intensity
(see Figures S3 and S4 of the Supporting Information), it can
be concluded that the efficiency of the transfer of energy from
the LWO Iattice to Eu®" ions is higher than the efficiency of
that from the LMO lattice to Eu®* ions, and the hexagonal
phase benefits from the transfer of energy from lattices to Eu*"
ions.

One may notice in Figure 7 that the excitation bands of
LWO:Eu-900, LWO:Eu-1300, and LMO:Eu-1300 are consis-
tent with the absorption edges in the DR spectra, but the
excitation band of LMO:Eu-900 shifts obviously in the high-
energy direction relative to the absorption edge in the DR
spectrum. As a matter of fact, this phenomenon also exists in
other cubic LMO:Eu compounds. We know that the absorption
and excitation spectra are closely related but not identical with
each other. An absorption spectrum characterizes the
interaction between the incident light and a material (including
the host lattice and all species within it). An excitation
spectrum, however, relates to the absorbed light that can finally
result in light emission at the monitor wavelength. If all the
light absorbed can be equally converted into emission light, the
absorption spectrum and the excitation spectrum should be
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identical, but this situation is ideal. In a real phosphor,
especially the emission is realized by means of the transfer of
energy between the host lattice and dopant, such as the
underconsidered LWO:Eu and LMO:Eu systems, some of the
absorbed energy might finally arrive at dopant Eu®* and
luminesce, while the others might be trapped by defects or
converted into phonon emission. Both of these parts are shown
in the absorption spectrum, but only the former is shown in the
excitation spectrum. As mentioned earlier, the cubic LMO:Eu is
in a defect fluorite structure and not well crystallized. As a
result, there are a great amount of defects, which might trap the
energy within the range of 375—450 nm, and this finally leads
to the divergence between the excitation and absorption
spectra.

We also checked the PL decay property of all the phosphors
by exciting the host lattices and observing the emission of Eu**
ions. The decay data of LWO:Eu-1300, LWO:Eu-900,
LMO:Eu-1300, and LMO:Eu-900 samples are representatively
depicted in Figure 8. The decay data of other samples are
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Figure 8. Temporal decay data of LWO:Eu and LMO:Eu: (a)
LWO:Eu-900, (b) LWO:Eu-1300, (c) LMO:Eu-900, and (d)
LMO:Eu-1300.

shown in Figures SS and S6 of the Supporting Information. As
observed in the figures, all the lJuminescence decay data can be
fitted to a single-exponential function

Iy = Iy exp( — t/7) (4)

where I, and I; are the intensity at time t and time zero,
respectively, and 7 is the lifetime. The determined luminescence
lifetimes of the LWO:Eu and LMO:Eu series are plotted in
Figure 9. Although the structure and luminescence of the
LWO:Eu and LMO:Eu series evolve in similar patterns, there
are significant differences in the decay property. First, the
lifetimes of the LWO:Eu series are longer than those of the
LMO:Eu series. Second, the lifetime of the LWO:Eu series is
almost kept consistent (within a range of 988—1053 us) and
independent of the calcination temperature. On the other hand,
the lifetime of the LMO:Eu series decreases gradually from 383
pus for LMO:Eu-800 to 147 us for LMO:Eu-1300. The
experimentally determined lifetime contains both radiative
and nonradiative contributions, namely

l=Z(Ai+Wf):E[TL+W]

T
i I

)

where 7 is the experimental lifetime determined by eq 4, A; and
W, are radiative and nonradiative transition probabilities,
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Figure 9. Variation in the PL decay lifetime of LWO:Eu and LMO:Eu
with calcination temperature.

respectively, 7; is the radiative lifetime of an energy pair, and
i indicates transitions from the excited energy level to all
possible levels below. Consequently, the change in both the
radiative process and the nonradiative process affects the
experimental result. In our cases, with the transition of the
structure from the cubic phase to the hexagonal phase, the
luminescence intensity increases, indicating the reduced
nonradiative process (decrease in W;) and enhanced radiative
process (increase in A;). The possible reason for the evolution
of the decay lifetime might be the balance of W; and A;: for the
LWO:Eu series, the effect is counteracted, while for the
LMO:Eu series, the increase in A; is over the decrease in W,
In recent decades, because of the rapid development of LED
technology and the requirement of energy saving and
environmental protection, near-UV LED-based solid-state
lighting has been investigated widely and intensively.®*~"" As
one of the most important components, near-UV LED-based
color-conversion phosphors were also extensively re-
searched.”””" As a color-conversion phosphor for near-UV-
based LED, it is expected to absorb near-UV light efficiently
and convert the excitation energy into red, green, or blue light
emission.”””" Eu®" ion-activated molybdates and tungstates
were widely suggested to be red phosphors for near-UV LED.
According to the structure of the host lattice, the suggested
phosphors can be roughly divided into two groups. Within one
of the groups, the host lattices contain 4-fold coordinated W/
Mo, namely WO,/MoO, groups.”*>”* In the other group, the
coordination number of W/Mo is higher, which might be S or
6.4749 73780 It was reported that the position of the excitation
band of MoO, groups depends on the coordination number
x.%' Generally, an increase in x results in the excitation band
shifting in the long-wavelength direction. A similar phenomen-
on has also been observed in the tungstates. The different
structural features of the two groups determine the divergence
of the excitation patterns. Compounds containing WO,/MoO,
complexes are usually excited directly into Eu** f—f transition
because of the host lattice excitation band located at a high-
energy position, and therefore, near-UV light cannot be
efficiently absorbed by host lattices. For compounds having
high-fold coordinated W/Mo, energy within the near-UV
region can be efficiently absorbed and transferred to dopant
Eu’" ions; the energy transfer channel is usually used to excite
Eu’* ions. Compounds LWO and LMO reported here belong
to the second group, containing 6-fold coordinated W/Mo. The
optical and photoluminescence spectra shown in Figures 6 and
7 indicate that LWO:Eu and LMO:Eu show excellent near-UV
absorption characteristic, and under near-UV excitation, the
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compounds show intensive red luminescence. Therefore, these
compounds are suggested as candidates for the red color-
conversion phosphor for solid-state lighting.

4. CONCLUSIONS

(1) Polycrystalline LWO:Eu and LMO:Eu have been
synthesized by using a citrate complexation method. Both
cubic and hexagonal phases have been obtained. (2) The lattice
constants of hexagonal LWO and LMO have been determined.
(3) LWO and LMO show strong absorption of near-UV light,
which was ascribed to the interband transition from O 2p
orbitals to W 5d and Mo 4d orbitals within WO4 and MoOyg
groups. The band gap energies of the hexagonal Lu,WO,, and
LusMoQO;, have been determined from the diffuse reflectance
spectra. (4) Upon near-UV excitation, both LWO:Eu and
LMO:Eu series show intensive red luminescence because of the
transfer of energy from WO, and MoOy groups to dopant Eu**
ions. The energy transfer efficiency of the WO, — Eu’*
transition is higher than that of the MoOg — Eu®* transition.
On the other hand, the hexagonal phase benefits the transfer of
energy in both compounds. These compounds were suggested
to be red color-conversion phosphors for WLED devices
because of their color-conversion property from near-UV to
red.
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