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ABSTRACT: Hydrothermal reaction of La(NO;); and Na,WO,
2H,0 at 100 °C and pH 8 resulted in the formation of new
compound NaLaW,0,(OH),(H,0), as confirmed by the X-ray
diffraction results, chemical composition, Fourier transform infrared,
thermogravimetric/differential thermal analysis, and transmission
electron microscopy analyses. The crystal structure was determined
in the triclinic system (space group P1), with lattice constants a =
5.8671(2) A, b = 8.2440(2) A, and ¢ = 9.0108(3) A, axis angles a = 15
93.121(2)°, f = 75.280(2)°, and y = 94.379(2)°, and cell volume V = svSNa)=1.08 BVS(W1")5 o BVS(W2')=5

420.03(2) A’ The structure contains two-dimensional layers of

-(W104)-(W10g)-(W204)-(W20,)-(W104)-(W10O4)- and -LaOy-LaOy- chains alternating in the a—b plane, which are linked
together through NaOg octahedral trigonal prisms by edges to form a three-dimensional net. Dehydration of the compound
proceeds up to a low temperature of ~350 °C and results in the formation of technologically important NaLa(WO,), double
tungstate, which is thus a unique precursor for the latter. Na(La,RE)W,0,(OH),(H,0) and Na(La,RE)(WO,), solid solutions
separately doped with the practically important activators for which RE = Eu, Tb, Sm, and Dy were also successfully synthesized
and investigated for their structural features and photoluminescence properties, including excitation, emission, quantum yield,
emission color, and fluorescence decay kinetics. The compounds were shown to exhibit dominantly strong red (~616 nm for
Eu®; Ao = 395 or 464 nm), green (~545 nm for Tb>*; A, = 278 or 258 nm), deep red (~645 nm for Sm**; A, = 251 nm), and
yellow (~573 nm for Dy**; A, = 254 nm) emission upon being irradiated with the peak wavelengths of their strongest

excitation bands.

1. INTRODUCTION

The rare-earth (RE) double tungstates of ARE(WO,), (A =
alkali metal ion) initially attracted attention for solid laser
applications in the single-crystal form, because of their
excellent mechanical, thermal, and chemical durability, the
high value of the y(*) nonlinear cubic susceptibility, their good
Raman activity, the facile admittance of various RE®*
activators, and the broad optical transparency from the visible
to the near-infrared region.'”® Later studies revealed that
ARE(WO,), tungstates (RE = La, Y, Gd, and Lu) are attractive
hosts for luminescent purposes,”'? because these RE>* ions do
not have absorption or emission in the visible light region and
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the compounds present self-activation of the WO,*~ ligands, "’
high optical absorption in the ultraviolet (UV) region, and
efficient energy transfer from WO,*” to the activator. ' ~'* The
potential application of ARE(WO,), has been demonstrated in
the multifaceted areas of bioimaging [PEG-NaGd-
(WO,),:Eul,'* biosensors [Na(Gd,Eu)(WO,),],"> photother-
mal therapy (PTT) [NaY(WO,),:Sm*"/Nd**],'® photocatal-
ysis,'” light-emitting diodes (LEDs) [NaGd(WO,),:Pr*"],"*
and temperature sensing [NaY(WO,),:Er**/Yb>*]."”
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The synthesis of ARE(WO,), compounds can be achieved
by a number of methodologies, including solid-state reaction,'®
sol—gel and Pechini-type sol— el’ molten salt growth,20
microwave-assisted ;)rocessingu’ * and hydrothermal/solvo-
thermal reaction,'®* as also summarized in the review article
by Kaczmarek and van Deun.”* Though the hydrothermal and
solvothermal techniques are widely acknowledged to be
capable of directly generating inorganic solids of controlled
phase structure and crystallite morphology within a short
amount of reaction time, they frequently yielded unknown
products (precursors) for the RE3+—tungstate reaction system.
As a result, subsequent annealing is needed to convert the
precursor into the targeted ARE(WO,),:Ln compound (A =
Na and K; RE = La, Y, Gd, and Lu; Ln = Eu®, Tb*, Sm*",
Dy*, and Sm**/Nd*; etc.).””"'®*> This is primarily due to the
rich solution chemistry of tungstate anions, which present
themselves as monomeric [WO,]*” in a solution of sufficiently
high alkalinity (pH >8), while the various protonated and
polymerized forms of [H;3(WO,),]®, [Hio(WO,)s]*,
[H,(WO,)s)°", and [HWO,]™ appear in an acidic or neutral
solution (pH 4—7).”°”*° Furthermore, the type and concen-
tration of tungstate ions are affected by not only the solution
pH but also the temperature, the initial concentration of the
tungstate source (such as Na,WO,2H,O in this work), and
the attendance and concentration of alien anions. On the other
hand, RE** undergoes hydration and hydrolysis in an aqueous
solution to form [RE(OH),(H,0),]*™ complex ions, whose x
value increases with an increase in the solution pH.***’
Numerous reaction pathways are, therefore, possible under
hydrothermal/solvothermal conditions, which, in turn, make
the product rather sensitive to the synthesis parameter.””**
It was recently shown that the reactivity of tungstate species
toward [RE(OH),(H,0),]*™* decreases with an increase in
solution pH, and the hydrothermal product of a higher pH
tends to have a lower W/RE molar ratio and vice versa.”**’
The complicated solution chemistry and reaction pathway may
account for why most of the studies to date left the
hydrothermal/solvothermal precursors unanalyzed for chem-
ical composition, phase purity, phase constituent, and phase
structure. Nevertheless, successful examples do exist for the
direct crystallization of ARE(WO,), via hydrothermal and
solvothermal reactions. Liu et al, for example, produced
NaLa(WO,),:Er’*/Eu** and NaGd(WO,),:Tm**/Dy>*/Eu’*
via one-step hydrothermal reaction at 180 °C for 20 h,'**
and Wang et al. obtained NaLa(WO,),:Ln*" via solvothermal
(ethylene glycol as the co-solvent) and hydrothermal reactions
at 160—200 °C for 12 h.*!

In our efforts to crystallize NaLa(WO,), via hydrothermal
reaction of Na,WO, and La(NO,), we encountered an
unknown precursor that can be dehydrated to NaLa(WO,), by
calcination in air at the very low temperature of ~350 °C.
Thus, we performed a comprehensive characterization of the
precursor with the combined techniques of elemental analysis,
Fourier transform infrared (FTIR), thermogravimetric/differ-
ential thermal analysis (TG/DTA), X-ray diffraction (XRD),
field emission scanning electron microscopy (FE-SEM), and
transmission electron microscopy (TEM) and confirmed that
it is a new compound NaLaW,0,(OH),(H,0), whose crystal
structure was originally analyzed to belong to the triclinic
system (space group P1) and to feature -(W104)-(W1Oy)-
(W204)-(W204)-(W104)-(W104)- and -LaOy-LaOy- poly-
hedral chains alternating in the a—b plane. Doping the
compound with the practically important activators of Eu*”,

Tb**, Sm**, and Dy** was also successful. We, therefore, report
in this work our detailed characterization and structural
analysis of the compound, together with the photolumines-
cence properties of the aforementioned activators in both the
pristine NaLaW,0,(OH),(H,0) and calcination-derived
NaLa(WO,), double tungstates. Our synthesis studies also
revealed that NaLnW,0,(OH),(H,0) tends to crystallize via
hydrothermal reaction for the large Ln*" ions of Ln = La—Nd
in the lanthanide series. We believe that the outcome of this
work may enrich our understanding of the RE**-WO,*”
reaction and have wide implications for the hydrothermal
crystallization of other RE tungstates and even molybdate
analogues.

2. EXPERIMENTAL SECTION

2.1. Reagents and Sample Synthesis. The 99.99% pure
Ln(NO;);:6H,0 (Ln = La, Sm, Eu, Tb, and Dy), analytical grade
sodium tungstate dihydrate (Na,WO,-2H,0), NaOH, and HNO,
were purchased from Kanto Chemical Co., Inc. (Tokyo, Japan), and
were used without further purification. Milli-Q filtered water
(resistivity of ~18 MQ cm) was used throughout the experiments.
The synthesis of the crystalline NaLaW,0,(OH),(H,0) product was
performed by the following procedure.”” First, 6 mL of a Na,WO,
solution (1.0 mol/L) was dropwise added to 20 mL of a La(NO;),
solution (0.1 mol/L; 3:1 WO,*":La** molar ratio) under magnetic
stirring at room temperature, followed by adjusting the pH with dilute
NaOH and HNOj; solutions to 8 while keeping the total volume at 70
mL. After homogenization for 30 min, the mixture was transferred to
a Teflon-lined stainless steel autoclave with a 100 mL capacity for
reaction for 24 h in an electric oven preheated to 100 °C. After
naturally cooling to room temperature, the hydrothermal product was
collected via centrifugation, washed with water three times, rinsed
with absolute ethanol, and then dried in an oven at 70 °C for 24 h in
air. The activator-doped compounds of Na(La,_,RE,)-
W,0,(0OH),(H,0) (x = 0.05 for RE = Eu and Tb and x = 0.02
for RE = Sm and Dy) were synthesized using the protocol described
above. The lower doping levels of Sm** and Dy’* are considered from
their substantially more abundant energy levels, which cause easier
concentration quenching of luminescence. Calcination of the
hydrothermal product was conducted in air at 500 °C for 2 h, with
a heating rate of 5 °C/min at the ramp stage.

2.2. Characterization. Phase identification was performed by X-
ray diffraction (XRD, Smart Lab3, Rigaku, Tokyo, Japan) at 40 kV, 40
mA, and room temperature, using nickel-filtered Cu Ko radiation
(wavelength of 0.15406 nm) and a scanning speed of 4.0° 20 min™".
For crystal structure analysis, the sample was ground with a zirconia
mortar and pestle to avoid the possible influence of the orientation,
and the XRD data were collected in the step-scan mode with a step
size of 0.02° and an accumulation time of 10 s. The Rietveld
refinement was carried out using TOPAS version 42 The
photoluminescence spectra, fluorescence decay kinetics, and quantum
efficiency of the as-synthesized Na(La,RE)W,0,(OH),(H,0) and
calcination-derived Na(La,RE)(WO,), were recorded at room
temperature with an FP-6500 fluorospectrophotometer (Jasco,
Tokyo, Japan) equipped with a 150 W xenon lamp for excitation
and a P60 mm integrating sphere (model ISF-834, Jasco). A scan
speed of 100 nm/min and slit widths of S nm for both excitation and
emission were used. The spectral responses of the spectrophotometer
were corrected in the range of 200—850 nm with a Rhodamine-B
solution (5.5 g/L in ethylene glycol, for the 200—600 nm spectral
region) and with a standard light source unit (ECS-333, Jasco, for the
350—850 nm region) as references. The quantum efficiency of
luminescence was analyzed with the built-in software of the
spectrophotometer by comparing the response of the phosphor to
excitation with a Spectralon diffusive white standard. The morphology
and microstructure of the product were analyzed via FE-SEM (model
S-4800, Hitachi, Tokyo, Japan) at an acceleration voltage of 10 kV
and TEM (model JEM-2100F, JEOL, Tokyo, Japan) at 200 kV. FTIR
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Figure 1. (a) Difference Rietveld plot of NaLaW,0,(OH),(H,0) and (b) indexing of the XRD peaks in the 26 = 5—50° region. The observed
pattern is shown by the black solid line. The calculated data are shown by the red dots. The positions of Bragg reflections are indicated by the green
tick marks. The difference between the results of the experiment and calculation is given by the gray line.

spectroscopy (model FT/IR-4200, Jasco) was performed by the KBr
pellet method following standard procedures. The contents of the
constituent elements were determined for the product via inductively
coupled plasma (ICP) spectroscopy for W and La on an IRIS
Advantage analyzer (Jarrell-Ash Japan, Kyoto, Japan), for Na on an
SPS3520UV-DD instrument (SII Technologies Inc., Tokyo, Japan),
and for O via the inert gas fusion—infrared absorptiometry technique
(model TC-436, LECO, St. Joseph, MI). TG/DTA (Thermal plus
TG 8120, Rigaku) was performed in stagnant air with a heating rate of
10 °C/min.

3. RESULTS AND DISCUSSION

3.1. Characterization and Crystal Structure Analysis
of the Hydrothermal Product. Elemental analysis indicates
that the product obtained via hydrothermal crystallization at
100 °C and pH 8 for 24 h contains 3.2 + 0.1 wt % Na, 19.7 +
0.1 wt % La, 52.1 + 0.2 wt % W, and 21 + 1 wt % O, which
closely correspond to a Na:La:W:O molar ratio of
1.0:1.0:2.0:9.4. The XRD pattern of the product is shown in
Figure 1. The sharp reflections indicate the highly crystalline
nature of the sample, but indexing the pattern with currently
available diffraction data and references failed. This unknown
phase can, however, be well indexed using TOPAS version
4.2" in the triclinic unit cell with the following parameters: a =
5.864 A, b=8230A, c=9.002 A, @ =93.05°, f=7527° vy =
94.357°, and V = 418.70 A’ (goodness of fit of 21.41). Two
allowed space groups of P1 and P1 were considered, and P1,
differing in its higher symmetry, was initially chosen. The
structure was determined by modelinsg in direct space followed
by simulated annealing using FOX.*> One La*" ion, two W**
ions, and one Na* ion were generated, and a dynamic
population of positions was used for all of the atoms.”* The
thus obtained model of the structure was refined using Rietveld
refinement in TOPAS version 4.2. The difference plot of
electron density based on F,, — F_,, where F_,; and F_, are
observed and calculated structural amplitudes, respectively, was
used to localize all O*~ ions, and 10 independent O sites were
found. Two Na*, two La**, four W%, and 20 O ions were
found in the unit cell, and thus, the compound can be
nominally written as NaLaW,0 . The formula, however, has a
negative charge sum of —4, and therefore, some of the o?
ions should be OH™ ions or H,O molecules. Three probable
chemical formulas of NaLaW,04(H,0),, NaLa-
W,0,(0H),(H,0), and NaLaW,04(OH), can then be

generated. Unfortunately, after refinement with all O sites
using the anisotropic model of preferred orientation with
spherical harmonics of the second order, the difference
electron map did not help to localize hydrogen atoms, and
the chemical formula of the product could not be directly
determined. To gain a better understanding of the chemical
formula, the local structure of all 10 O sites was instead
investigated.

Figure 2 shows the coordination spheres of all 10 O sites
that were divided into three groups. The first group consists of

Central O site can be:

O” or OH ions
or H,0 molecules

010e, °§,®
“]{’0{3

O*ions only O or OH ions

Figure 2. Three groups of coordination spheres of all 10 O sites. The
crossed out O sites cannot be considered as a direction of an O—H---
O hydrogen bond due to different geometric restrictions. The orange,
purple, and green polyhedra represent LaO,, (W1/W2)Oy, and NaOy,
respectively.

01, 04, and OS sites that can be coordinated with only metal
ions and correspond to O~ ions. The second group contains
02, 03, 06, and O7 sites that can be O*~ or OH™ ions. The
third group, which consists of O8—010 sites, has more than
one short OO contact, and therefore, only these sites can be
H,O molecules. Careful analysis found that only one of them
(08-010) can be an H,0 molecule. Assuming that O8 is an
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H,0 molecule with two O—H groups directed toward O9 and
010 sites, 09 and O10 sites can contain only OH™ or 0>~
ions; otherwise, an unacceptably short distance between H
atoms will be obtained. The same situation was found for the
09 and O10 sites, and thus, at most one H,O molecule can
exist in the asymmetric part of the unit cell. With this
reasoning, two possible chemical formulas of NaLa-
W,0,(0OH),(H,0) and NaLaW,04(OH), remained.

To further identify the composition, we performed FTIR
spectroscopy to reveal the functional groups built in the
compound, and the results are shown in Figure 3. The sample

Transmittance (%)

T T T T T T v T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500
-1

Wavenumber (cm )

Figure 3. FITR spectrum of NaLaW,0,(OH),(H,0).

for FTIR analysis was dried in an air oven at 100 °C for 24 h to
sufficiently evaporate surface-adsorbed water molecules,
followed by immediate grinding with KBr granules (for IR
absorptiometry, Wako Pure Chemicals, Osaka, Japan), pellet-
ing, and analysis. It is evident from Figure 3 that the
compound contains both hydroxyls (OH™) and hydration
water, as evidenced by the vibrations at ~3525 cm™'

(stretching mode of OH™), 3414 cm™ (stretching mode of
H,0), and 1623 cm™" (bending mode of H,0). The additional
absorptions occurring at ~313S and 1671 cm™" may arise from
proton vibrations in O—H pairs. The multiplets in the spectral
region of ~400—1000 cm™" well correspond to the stretching,
bending, and deformation modes of tungstate groups,44_ 7
though co-occurrence of the bending vibration of OH~™
(~600—1200 cm™") is also possible. With the help of FTIR,
the compound under investigation was eventually assigned to
be NaLaW,0,(OH),(H,0). TG/DTA of the compound
(Figure 4) revealed three stages of weight losses accompanied
by endothermic effects up to ~350 °C. The first one (~0.45%)
was ascribed to the evaporation of surface-adsorbed species,
and the second and third (~3.83 and 1.40%, respectively) were
related to dehydration and dehydroxylation. NaLa-
W,0,(OH),(H,0) was calculated to have a theoretical weight
loss of 5.18% upon being heated, which coincides with the sum
of ~523% for the second and third stages of thermal
decomposition revealed by TG.

The H atoms were not included in the final model, because
numerous models will be generated by three probable H,O
molecule centers (Figure 2, right column) and four probable
OH™ group centers (Figure 2, middle column). Refinement of
the decided model showed quite acceptable R factors (Table
1), and the resultant coordinates of atoms and main bond
lengths are listed in Tables SI and S2, respectively. The bond
valence sums were calculated for all the heavy ions of La*",
W%, and Na* using constants from refs 48 and 49, and
acceptable values within +15% of real valences were obtained
(Figure S), which further supports the suggested structural
model.

The crystal structure of NaLaW,0,(OH),(H,0) is
presented in Figure 6, and the unit cell viewed down the a-,
b-, and c-axes can be found in Figure S1. The La** ion is
coordinated by nine O sites forming three-capped trigonal
prism (Figure S). The LaO, polyhedra are linked with each
other by sharing edges, forming a chain along the b-axis
(Figure 6a). Two independent W sites were found in the
asymmetric part of the unit cell, and each of them was
coordinated by six O sites forming an octahedron (Figure S).

20
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Figure 4. TG/DTA traces of NaLaW,0,(0H),(H,0).
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Table 1. Main Parameters of Processing and Results of
Refinement for NaLaW,0,(OH),(H,0)

space group P1

a (A) 5.8671(2)
b (A) 8.2440(2)
¢ (A) 9.0108(3)
a (deg) 93.121(2)
f (deg) 75.280(2)
7 (deg) 94.379(2)
V (A3 420.03(2)
z 2

20 interval (deg) 5-136.6
R, (%) 7.41

R, (%) 5.33

Rey (%) 2.30

Ve 323

Ry (%) 2.33

.66(2)A
_ BVS(La")=3.44

BVS(Na')=1.08 BVS(W1")=5.10 BVS(W2")=5.41

Figure S. Crystal structure of NaLaW,0,(OH),(H,0) without H
atoms, together with the coordination of La**, W, and Na* ions and
the bond valence sums (BVS) calculated using bond lengths.

These octahedra are linked with each other by edge, forming a
zigzag chain along the b-axis. The -(W10)-(W10g)-(W20q)-
(W204)-(W104)-(W10y)- chains alternate with -LaOy-LaOy-
chains and join with each other by edges forming a two-
dimensional (2D) layer in the a—b plane (Figure 6a). The Na*
ions are coordinated by six O sites forming NaOy trigonal
prisms (Figure S), which are linked with each other by edges
(Figure 6b). The 2D layers in the a—b plane are linked through
NaOy prisms by edges to form a three-dimensional (3D) net
(Figure 6b).

FE-SEM revealed that the NaLaW,0,(OH),(H,0) product
mostly contains spheroids [~20—25 pm in diameter (Figure
7a)] loosely agglomerated from microplate crystallites [thick-

wwd

{ %(020) -
(220) - * .

51/nm

Figure 7. (a) FE-SEM and (b) TEM morphologies and (c) SAED
pattern of NaLaW,0,(OH),(H,0).

ness of ~200 nm (Figure S2a and the inset of Figure 7a)].
Doping of the RE*" activator did not significantly change the
overall morphology, as shown in Figure S2c for the
Na(LaggsTbges)W,0,(OH),(H,0) representative. TEM anal-
ysis of the edge part of an individual microplate clearly reveals
stacking of thin sheets (Figure 7b). Such a microstructural
feature may well correspond to the 2D layers formed by
-(W104)-(W104)-(W204)-(W204)-(W104)-(W10O4)- and
-LaOy-LaOy- polyhedral chains alternating in the a—b plane

(b)

Figure 6. (a) Chain of -(W10Og)-(W10)-(W20,)-(W20,)-(W10)-(W10y)- polyhedra along the b-axis that alternates with the -LaOg-LaOy-
chain to form a 2D layer in the a—b plane. (b) Two LaOy-WOq layers are joined with each other through NaOg trigonal prisms.
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Table 2. Unit Cell Parameters of the Na(La,RE)W,0,(0OH),(H,0) Crystals

undoped RE = Sm RE = Eu RE = Tb RE = Dy
space group Pl P1 P1 P1 Pl
a (A) 5.8671(2) 5.8637(6) 5.8611(7) 5.8587(7) 5.8637(8)
b (A) 8.2440(2) 8.2402(6) 8.2352(6) 8.2335(5) 8.2391(9)
¢ (A) 9.0108(3) 9.0171(8) 9.0173(7) 9.0190(7) 9.0191(S)
a (deg) 93.121(2) 93.108(4) 93.104(7) 93.107(3) 93.107(9)
p (deg) 75.280(2) 75.284(8) 75.261(6) 75.283(5) 75.253(8)
y (deg) 94.379(2) 94.350(5) 94.377(6) 94.373(S) 94.349(5)
v (A%) 420.03(2) 419.91(7) 419.42(8) 419.28(6) 419.89(8)
(a) 7 5 (b)120
120 395 (F, L) . 617 (D,~F,)
S 100 RE=Eu _ 5 100+
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Figure 8. (a and ¢) PLE and (b and d) PL spectra of Na(Lay4sREos)W,0,(OH),(H,0), where RE = Eu and Tb.

(Figure 6a). The selected area electron diffraction (SAED)
pattern taken from the thin edge of the crystallite (Figure 7b)
displays two sets of well-arranged spots (Figure 7c). The bright
spots apparently originate from the a—b plane of the
fundamental cell, and the measured d spacings of ~2.92,
4.06, and 2.30 A (blue frame) can be assigned to the (200),
(020), and (220) planes, respectively, of triclinic NaLa-
W,0,(OH),(H,0). The observed spacing values are close to
the values of ~2.8313, 4.1073, and 2.2636 A, respectively,
derived via Rietveld refinement of the XRD pattern. The
measured dihedral angles of ~85.5° and $1.4° for the (200)/
(020) and (220)/(020) planes are also in good agreement with
the values of ~86.2° and 52.9° obtained via Rietveld
refinement, respectively. The results of TEM and Rietveld
refinement that corresponded well further confirmed the
crystal structure proposed for NaLaW,O,(OH),(H,0). The
set of diffraction spots with weaker contrast in the SAED
pattern (yellow frame) indicates the possible presence of
sublattice structure,’’~>® which can be caused by a slight
deviation of atoms from their ideal positions.
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3.2. Characterization and Luminescence of RE**-
Doped NalLaW,0,(OH),(H,0). As determined by XRD
analysis (Figure S3), doping of NaLaW,0,(OH),(H,0) with
the four types of practically important RE*" activators of Eu®"
(5 atom %), Tb>* (S atom %), Sm** (2 atom %), and Dy** (2
atom %) did not alter the phase purity of the product. The
lattice parameters and cell volumes of the Na(La,RE)-
W,0,(OH),(H,0) solid solutions, which were obtained via
Rietveld refinement of the XRD patterns (Figure S4), are
summarized in Table 2. For the 9-fold coordination of rare-
earth ions in this compound (Figure 5), La**, Sm*, Eu*, Tb*",
and Dy** have ionic radii of 1.216, 1.132, 1.120, 1.095, and
1.083 A, respectively.”® In light of the rare-earth ions being
solely located in the a—b plane of the crystal structure (Figure
6a), the substitution of larger La*" with smaller RE** dopants
could thus lead to smaller a and b constants. This provides
direct evidence of the formation of the Na(La,RE)-
W,0,(OH),(H,0) solid solution and is supported by the
smaller cell volume of the doped sample. In particular, the
Tb**- and Dy’*-doped samples have a and b parameters and
cell volumes that are smaller than those of the Eu**- and Sm>*-
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doped ones at the same doping level, which further confirmed
the statement made above. The results of refinement also
clearly indicated that shrinking the a—b plane expanded the
unit cell along the c-axis, mostly through distortion of the
NaOg trigonal prisms that connect the 2D layers constructed
by -(W10)-(W10g)-(W204)-(W204)-(W104)-(W10g)-
and -LaOy-LaO,- chains alternating in the a—b plane (Figure
6b).

Na(La,RE)W,0,(OH),(H,0) contains both hydroxyls and
hydration water, which are known in the phosphor field to
have a substantial quenching effect on RE®' luminescence.
Nevertheless, we investigated the photoluminescence of the
four types of RE*" activators and found that Eu** and Tb*" are
luminescent while Sm*" and Dy** are essentially not in the
visible light regime, as also found in the layered rare-earth
hydroxides of RE,(OH)X-nH,0 (X = NO;~ or CI7).”>™%
The negligibly weak Sm* and Dy** luminescence could be
ascribed to the significantly abundant energy levels located
between the lower-lying excited states and ground states of the
two types of activators, which force the excitation energy to be
readily dissipated via nonradiative relaxation, particularly in the
mediation of hydration water and hydroxyls. Figure 8 shows
the excitation and emission spectra of Eu** and Tb*" in
NaLaW,0,(OH),(H,0). For Eu**, the broad excitation band
(Aem = 617 nm) in the ~200—350 nm region [centered at
~270 nm (Figure 8a)] is known to overlap with excitation of
the tungstate ligand (lAlg = T/Tyg transition),”**” which is
dominant, and O*” — Eu’* charge transfer (CT), that is,
excitation of electrons from the 2p orbital of O®” to the 4f
orbital of Eu**.°” The occurrence of the former suggested the
presence of energy transfer from tungstate ligands to Eu®*
activators. The shoulder peak at ~317 nm overlaps with the
'A; = *T, and F, — °H, excitations of the [WO,]*~ group
and Eu’, respectively.25 The sharp peaks in the longer
wavelength region arise from electronic transitions within the
4f° shell of Eu*, as labeled in the figure, with the "Fo1 — “Lg
excitation at ~395 nm dominating the whole excitation
spectrum (Figure 8a). Tb*" similarly presents two groups of
excitation bands (Figure 8c), but the broad band in the short-
UV region (~200—330 nm, centered at ~278 nm) overwhelms
any of the intra-4f® excitation of Tb*" in the ~330—500 nm
region and is also significantly stronger than that found for the
Eu*’-doped sample. There are two main reasons for this
phenomenon. One is the simultaneous occurrence of a ** —
*’d" interconfigurational Tb*" transition (low-spin and high-
spin), which is known to be prominent in various host lattices,
and the other one is better matching of the emission of
tungstate ligands and excitation energy levels of Tb%, as
reported by Liu et al.®" and Liao et al.°* Under 395 and 278
nm excitations, the Eu®* and Tb*" activators exhibited their
characteristic 5Do,1 - 7Fj [j = 1-4 (Figure 8b)] and °D, — 7Fj
[j = 2—6 (Figure 8d)] emission and have absolute quantum
yields (17) of ~3.8 and 11.0%, respectively. The International
de L’Eclairage (CIE) chromaticity coordinates were estimated
from the luminescence spectra to be around (0.62, 0.37) for
Eu* and (0.31, 0.58) for Tb*', which are typical of red and
green colors (Figure SS), respectively. Because Eu’* would
reside at the noncentrosymmetric C; or C; site in the triclinic
lattice,”® the °D, — ’F, forced electric dipole transition (~617
nm) is remarkably stronger than the parity-allowed D, — F,
magnetic dipole transition (~592 nm), with a (°Dy — "F,)/
(°Dy, — "F,) intensity ratio (asymmetry factor; R) of ~6.56.
For Eu®, similar emission behaviors were observed in other

low-symmetry crystal structures, such as a-Eu,(MoO,);*"
CsGd,_,Fu,(M00,),,* and Rb;EuB(0,,.°° For Tb**, green
luminescence dominated by the ~545 nm band was widely
observed for other hosts, such as f-Tb,(MoO,);*” and
(Gd,Tb),0,.°® The fluorescence decay kinetics were taken
for the dominantly strong red emission of Eu’* (°D, — F,
transition, ~617 nm; 4., = 395 nm) and green emission of
Tb* (°D, — ’F transition, ~545 nm; A, = 278 nm). It was
found that the decay data can be fit well with the single-
exponential equation I = A exp(—t/7) + B, where 7, t, and I
denote the fluorescence lifetime, delay time, and instantaneous
emission intensity, respectively, and A and B are constants. The
results of fitting (Figure S6) yielded fluorescence lifetimes of
~1.19 ms for Eu® and 1.38 ms for Tb*. The major
luminescent properties of these two samples are summarized
in Table 3.

Table 3. Summary of Photoluminescence Properties for
Na(Lay 4sRE( 05)W,0,(OH),(H,0)

RE Aex Aem CIE lifetime

type  (nm) (nm)  coordinates color (ms) 7 (%) R
Eu 395 617 (0.62, 0.37) red 1.19 3.8 6.56
Tb 278 545  (0.31,058) green 138 110 —

3.3. Characterization and Photoluminescence of the
Calcination-Derived Na(La,RE)(WO,), Double Tungstate
(RE = Sm, Eu, Tb, and Dy). NaLaW,0,(OH),(H,0) would
decompose to NaLa(WO,), at the very low temperature of
~350 °C, as suggested by the results of TG/DTA (Figure 4).
For sufficient dehydration and hydroxylation, however, the
Na(La,RE)(WO,), phosphors were obtained in this work by
calcining their respective precursors at the higher temperature
of 500 °C. Figure 9 exhibits XRD patterns of the calcination
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Figure 9. XRD patterns of the Na(La,RE)(WO,), phosphors calcined
from their respective hydrothermal precursors at 500 °C. The
standard diffractions of NaLa(WO,), (JCPDS Card No. 01-079-
1118)% are included as bars for comparison.

products, where it is seen that the diffraction peaks can be fully
indexed with tetragonally structured NaLa(WO,), (JCPDS
Card No. 01-079-1118,” space group I4,/a) in each case. The
observation of morphology shows that the loose agglomerates
in the precursor were mostly disintegrated into individual
microplates, possibly because of the release of water vapor
during calcination (Figure S2b,d). The results of Rietveld
fitting of the XRD patterns are shown in Figure S7 and Table
S3. It is seen that RE*" doping shrunk a (a = b) and ¢
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Figure 10. PLE (left column) and PL (right column) spectra for the Na(La,RE)(WO,), phosphors, where RE = Eu (a and b), Tb (c and d), Sm (e

and f), and Dy (g and h).

parameters and cell volume V of the crystal structure, and the
product of a smaller RE** has smaller cell dimensions and a
smaller cell volume at the same RE** content (Table S3). That
is, the results suggested the formation of Na(La,RE)(WO,),

solid solutions.
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Figure 10 exhibits PLE and PL spectra of the Na(La,RE)-
(WO,), phosphors. A common feature of the PLE spectra is
that they are composed of a broad band in the short-UV region
(roughly 200—300 nm, group I) and a series of sharp peaks in
the ~300—500 nm region (group II), similar to those shown in
Figure 8. As discussed above, the group I bands overlap with
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tungstate excitation (promotion of electrons from the 2p
orbital of O®” to the 5d orbital of W*" within the tungstate
ligand; O*~ = W% CT)***”” and O~ — RE* CT (RE = Eg,
Sm, and Dy) or ** — *d" interconfigurational transition (RE
= Tb), while the group II bands arise from intra-4f (Sm>"),
-4f5 (Eu®"), -4f* (Tb*), and -4f (Dy’*) excitation transitions,
as specified in the corresponding parts of Figure 10. The peak
position and broadness of group I bands are largely related to
two factors, that is, the separation distance between 0>~ —
W CT and O™ — RE* CT (f — d transition for Tb) and
the extent of crystal field splitting of the 5d energy level of W,
with the latter being substantially affected by the lattice
covalency, the W—O bond length, and the geometry and
distortion of [W—O] polyhedra. These may account for the
apparently broader feature of the group I band of Eu*" and
narrowing toward the shorter-UV region of the group I bands
of Eu** and Tb*" in NaLa(WO,), compared to that in
NaLaW,0,(OH),(H,0). A comparison of Figures 8a and 10a
revealed that, unlike in NaLaW,0,(OH),(H,0), Eu** shows
stronger 7F0'1 — D, (~465 nm) than 7F0’1 — Lg (~395 nm)
excitation in NaLa(WQ,),, as also observed by Liu et al.’ and
Wang et al”! Though the exact reason needs to be clarified,
the phenomenon may suggest that the electrons excited to the
SLg level of Eu®* seem to have more interactions with the CT
states of W® and Eu™. It is also noteworthy that, except for
Eu*, the excitation spectra are dominated by group I bands in
each case. This implies that the emission spectrum of tungstate
ligands matches better with the excitation spectra of Tb*”,
Sm*, and Dy**, and as a consequence, more efficient energy
transfer from excited [WO,]*>” ligands to activators takes
place.””®* Through excitement with the peak wavelength of the
strongest excitation band, the phosphors present dominantly
strong red (Eu*, ~616 nm), green (Tb*', ~545 nm), deep red
(Sm*, ~645 nm), and yellow (Dy*, ~573 nm) emission.
NaLa(WO,), crystallizes in the sheelite-type tetragonal
structure, which consists of [WQ,] tetrahedra and [NaOg]
and [LaOyg] polyhedra, with the La** ions connected via La—
O-W-0-La.”! Though La® was expected to have Dy
theoretical site symmetry in such a crystal structure, the
statistical distribution of Na*/La*" ions lowers centrosym-
metric D3, to noncentrosymmetric C, symmetry in practice.71
For this, the parity-forbidden electric dipole transitions of *D,
— F, (~616 nm), *Gs;, — °H,, (~645 nm), and *F,,, —
Hy;/, (~573 nm) appear stronger than the parity-allowed
magnetic dipole transitions of °Dy = "F; (~592 nm), *Gs/, —
H;,, (~565 nm), and *Fy;, — °Hjs/, (~480 nm) for Eu**,
Sm**, and Dy, respectively.

The electronic transitions that are responsible for the
observed emission bands are assigned in the corresponding
parts of Figure 10, and the luminescence properties of the four
phosphors are summarized in Table 4, including dominant
excitation (A.) and emission (A.,) wavelengths, quantum
efficiencies (1) of luminescence, CIE color coordinates,
emission colors (Figure S8), fluorescence lifetimes derived
via single-exponential fitting of the decay curve (Figure S9),
and asymmetry factors of luminescence (R, intensity ratio of
forced electric dipole transition to magnetic dipole transition).
It is seen that NaLa(WO,), presents higher quantum
efficiencies and longer lifetimes compared to those of
NaLaW,0,(OH),(H,0) for Eu** and Tb** luminescence.

Table 4. Photoluminescence Properties for

Na(La,RE)(WO,),

RE Aex Aem CIE lifetime

type (nm) (nm) coordinates  color (ms) n (%) R

Eu 464 615 (058 red 1.60 45 956
0.41)

Tb 258 545 (0.31, green 1.48 153 -
0.51)

Sm 251 645 (0.56, red 1.73 5.9 3.27
0.43)

Dy 254 575 (039, yellow 133 52 447
0.42)

4. CONCLUSIONS

Hydrothermally reacting La(NO;); and Na,WO,-2H,0 at 100
°C and pH 8 yielded the new compound NalLa-
W,0,(0OH),(H,0), which dehydrates to NaLa(WO,), up to
~350 °C. Doping the two types of double tungstates with
practically important Eu®*, Tb**, Sm*, and Dy’* activators to
form solid solutions was also achieved. Detailed analysis of the
compounds in terms of structure and photoluminescence led
to the following main conclusions.

(1) NaLaW,0,(OH),(H,0O) crystallizes in the triclinic
system (space group PT), with lattice constants a =
5.8671(2) A, b = 8.2440(2) A, and ¢ = 9.0108(3) A, axis
angles a = 93.121(2)°, f = 75.280(2)°, and y = 94.379(2)°,
and cell volume V = 420.03(2) A’ The crystal structure
contains 2D layers of -(W10g)-(W10g)-(W20y)-(W20y)-
(W104)-(W10g)- and -LaOg-LaOy- chains alternating in the
a—b plane, which are linked together through NaOg octahedral
trigonal prisms by edges to form a 3D net.

(2) Only Eu® and Tb* are favorably luminescent in
Na(La,RE)W,0,(OH),(H,0), whose main excitation/emis-
sion wavelengths, quantum yields, and fluorescence lifetimes
are 395/617 and 278/545 nm, ~3.8 and 11.0%, and ~1.19 and
1.38 ms, respectively.

(3) Na(LaRE)(WO,), exhibits dominantly strong red
(~616 nm for Eu’*; A, = 464 nm), green (545 nm for
Tb**; Ae, = 258 nm), deep red (~64S nm for Sm>*; 4., = 251
nm), and yellow (~573 nm for Dy**; ., = 254 nm) emission.
The quantum yield of luminescence and the fluorescence
lifetime of the main emission are ~4.5% and 1.60 ms for Eu’*,
15.3% and 1.48 ms for Tb*, 5.9% and 1.73 ms for Sm**, and
5.2% and 1.33 ms for Dy’", respectively.
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