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ABSTRACT: Hydrothermally reacting Lu(NO)3 and
Na2WO4·2H2O at 200 °C and pH = 8 produced the new
compound NaLuW2O8·2H2O, which was analyzed via the
Rietveld technique to crystallize in the orthorhombic system
(space group: Cmmm) with cell parameters a = 21.655(1), b =
5.1352(3), and c = 3.6320(2) Å and cell volume V =
403.87(4) Å3. The crystal structure presents −(NaO6)-
(NaO6)− and −(LuO4(H2O)2WO5)-(LuO4(H2O)2WO5)−
alternating layers linked together by the O2− ion common
to NaO6 octahedron and WO5 triangle bipyramid. Tetragonal
structured and phase-pure Na(Lu0.87Ln0.03Yb0.1)(WO4)2 phos-
phors (Ln = Ho, Er, and Tm) were directly produced by calcining their NaLuW2O8·2H2O analogous precursors at 600 °C for 2
h, followed by a detailed study of their downconversion/upconversion (DC/UC) photoluminescence. It was shown that the
UC luminescence is dominated by a red band at ∼650 nm for Ho3+ (5F5 →

5I8 transition), green bands at ∼500−575 nm for
Er3+ (2H11/2/

4S3/2 →
4I15/2 transitions) and a blue band at ∼476 nm for Tm3+ (1G4 →

3H6 transition), all via a three-photon
process. DC luminescence of the phosphors is characterized by a ∼545 nm green emission for Ho3+ (5F4/

5S2 →
5I8 transition,

λex = 453 nm), ∼500−575 nm green emissions for Er3+ (2H11/2/
4S3/2 →

4I15/2 transitions, λex = 380 nm), and a ∼455 nm blue
emission for Tm3+ (1D2 →

3F4 transition, λex = 360 nm), with CIE chromaticity coordinates of around (0.27, 0.71), (0.26, 0.72),
and (0.15, 0.04), respectively.

■ INTRODUCTION

Rare-earth (RE) tungstates have long been a focus of research
interest due to their high theoretical densities and excellent
resistance to mechanical, chemical, thermal and optical
damages. The compounds are currently finding wide
applications in the multifaceted fields of solid lasers, quantum
electronics, scintillation, and lighting and display.1−4 Scheelite-
type RE tungstates (ARE(WO4)2, A = an alkali ion) are of
special interest because of the outstanding chemical and
physical stabilities arising from their compact tetragonal crystal
structure (space group: I-4).2,5 The NaRE(WO4)2 of RE = La,
Gd, Lu, and Y, for example, are frequently employed as
phosphor hosts, since these RE ions have a vacant (La3+ and
Y3+), half-filled (Gd3+), or full-filled (Lu3+) 4f shell. The

smaller RE ions of Ho, Er, Tm and Yb are especially suitable
for NaLu(WO4)2 doping, since they and Lu have similar ionic
radii,6 which allows for minimal lattice distortion.
A rather limited number of techniques are available for the

synthesis of NaLu(WO4)2 based functional materials, and the
most matured one seems to be top-seeded solution growth
(TSSG). The technique generally employs Na2W2O7 or
Na2WO4−Na2W2O7 as solvent and Na2CO3, WO3 and
Ln2O3 (Ln = Ho, Er, Tm, Yb, etc.) as raw materials and
involves keeping the melt at ∼1100 °C for up to several
days.7−11 Continuous wavelength (CW) and tunable laser
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operation has been achieved with the NaLu1−xLnx(WO4)2
crystals fabricated by the TSSG technique (x = 0.05−0.1 for
Ln = Tm, 0.005−0.5 for Ln = Yb, and 0.005 for Ln = Ho).10

Wang et al.12 produced NaLu1−xEux(WO4)2 (x = 0.05−1.0)
through solid-state reaction of WO3, NaHCO3, and Lu2O3 by
preheating and subsequent sintering at 500 and 1000 °C for 4
h, respectively. Gao et al.13 prepared Tb3+/Pr3+ codoped
NaLu(WO4)2 by the sol−gel followed by calcination (800 °C)
technique and investigated its temperature sensing property.
Wang et al.14 tempted hydrothermal crystallization of
NaLu1−xEux(WO4)2 (x = 0.4−1.0) microcrystals in the
presence of EDTA (neutral solution pH, 180 °C for 12 h)
but found that the tetragonal structure cannot be retained
when x < 0.4 since the product transformed into a blend of
unknown phases, which was ascribed by the authors to be due
to the large radius difference between Eu3+ and Lu3+.
Nonetheless, phase purity of the product seems closely related
to the pathway and experimental parameters of synthesis.
Zaldo et al.,15 for example, obtained phase pure Yb:Er:NaLu-
(XO4)2 (X = Mo, W) via hydrothermal reaction of Na2XO4·
2H2O and Lu(NO3)3 in the absence of any organic additive
(pH ∼ 7.5, 170 °C for 24 h). The same authors also achieved
multipath synthesis of phase pure Yb:Er:NaRE(XO4)2 (RE =
Y, La, Gd, Lu) through solid-state reaction, hydrothermal
reaction and the sol−gel technique, and studied their UC
properties by referring to Yb:Er:β-NaYF4.

15

The sensitizer/activator pairs of Yb3+/RE3+ (RE = Ho, Er
and Tm) are well-known for their capability of upconversion
(UC) luminescence, which has been achieved in various types
of host lattices such as fluoride,1,16,17 oxide,18−20 phosphate,1,21

oxysulfate,22,23 oxysulfide,24,25 tungstate,26,27 molybdate,28

vanadate,1,29 and so forth. Though the NaLu(WO4)2 double
tungstate of this work has a higher phonon energy (ℏω ∼ 900
cm−1)30,31 than the better known and more widely used RE
halides (such as NaYF4, ℏω < 400 cm−1)1,16,17 and oxides
(such as Y2O3, ℏω ∼ 600 cm−1),32 a very recent work by Zaldo
et al.15 showed that Yb:Er:NaRE(XO4)2 phopshors (RE = Y,
La, Gd, Lu and X = Mo, W) may have UC efficiencies
comparable to Yb:Er:β-NaYF4, which allowed testing equal
subcutaneous depths of ex vivo chicken. It was suggsted that
the large UC efficiency is mainly benefited from the RE3+

multisities and structural disorder that lead to a spatially
variable distribution of crystal field potentials around RE3+.15

Another advantage of Yb/Er-doped AT(WO4)2 phosphors (A
= Li, Na or Ag, T = Y or Ln, and X = W or Mo) is that they
have much larger UC ratiometric thermal sensitivities than β-
NaYF4:Yb/Er, which is essential for application in UC
nanoprobes.28,33−35 Zheng et al.35 synthesized laurustinus
shaped NaY(WO4)2:Yb/Er microassemblies of nanosheets via
microwave-assisted hydrothermal reaction and demonstrated
their potential application as thermal probe. Li et al.28

synthesized NaGd(MoO4)2:0.1Yb/xLn UC nanosquares (Ln
= Er and Tm, x = 0.005−0.02) via hydrothermal reaction in
the presence of oleic acid, and demonstrated an intense green
emission of Er3+ in the ∼530−553 nm spectral region
(2H11/2/

4S3/2 → 4I15/2 transitions) via a two-photon process
and a blue emission of Tm3+ at ∼477 nm (1G4 → 3H6
transition) via a three-photon mechanism. Yang et al.,34 on
the other hand, hydrothermally crystallized a NaY-
(MoO4)2:Yb/Er UC phosphor, discussed its strong green
emission (∼536−558 nm; 2H11/2/

4S3/2 →
4I15/2 transition) and

weak red emission (∼662 nm; 4F9/2 → 4I15/2) with a two-
photon mechanism, and proposed a novel energy-transfer

pathway from Yb3+-MoO4
2− dimers to Er3+ for the green

enhancement.
Our careful literature survey, however, found that the UC

luminescence of Yb3+/Ln3+ pairs in NaLu(WO4)2 was only
scarcely studied up to date.9,10,15 In our effort to synthesize
NaRE(WO4)2 (RE = La−Lu and Y) via hydrothermal reaction
of aqueous solutions containing Na2WO4 and RE(NO3)3,

36 the
NaLuW2O8·2H2O new compound was generated upon
reaction at 200 °C and pH = 8, which was shown to be a
unique and facile precursor to produce tetragonal structured
NaLu(WO4)2 by calcination at the relatively low temperature
of 600 °C. We thus performed systematic crystal structure
analysis of the compound and successfully synthesized
NaLu(WO4)2:Yb/Ln phosphors (Ln = Ho, Er, and Tm),
followed by detailed analysis of their down/upconversion
photoluminescence. It was believed that the structure
information provided for NaLuW2O8·2H2O may lay the base
for future understanding of NaREW2O8·2H2O analogues, and
the synthesis technique may have the advantages of (1) high
chemical purity of the product, since it does not involve any
organic surfactant/chelate or nonvolatile alien ions, and (2)
uniform distribution of the sensitizer/activator ions in the host
lattice, since the NaLu(WO4)2:Yb/Ln phosphors were directly
transformed from their hydrated double tungstate solid-
solution precursors, with water vapor as the only exhaust gas,
which would benefit luminescence investigation. In addition,
the synthetic technique of this work was expected to be
extendible to other NaRE(WO4)2 and even NaRE(MoO4)2
double molybdates for optical functionalities. In the following
sections, we report the materials synthesis, structure determi-
nation, and optical properties.

■ EXPERIMENTAL PROCEDURE
Synthesis Procedure. The tungsten and RE sources are

Na2WO4·2H2O (analytical grade), Ho(NO3)3·6H2O (99.99% pure),
and RE2O3 (RE = Er−Lu, 99.99% pure). The other reagents of
NaOH and nitric acid (HNO3) are of analytical grade. All the
chemicals were purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan). The aqueous solution of RE3+ (0.1 mol/L) was separately
prepared by dissolving the nitrate and oxide in a proper amount of
distilled water and nitric acid, respectively, followed by dilution.

In a typical procedure for hydrothermal reaction, 6 mL of Na2WO4·
2H2O aqueous solution (1.0 mol/L for WO4

2−) was dropwise added
into 20 mL of M3+ solution (M = Lu0.87Yb0.1Ln0.03, 0.1 mol/L for total
cations; WO4

2−/M3+ = 3:1 molar ratio; Ln = Ho, Er, and Tm,
respectively) under magnetic stirring at room temperature, followed
by pH adjustment to 8 with dilute NaOH and HNO3 solutions while
keeping the volume of the mixture at 70 mL. After homogenization
under constant stirring for 30 min, the mixture was transferred to a
Teflon-lined stainless steel autoclave of 100 mL capacity for
hydrothermal reaction at 200 °C for 24 h in an electric oven. After
natural cooling to room temperature, the hydrothermal product was
collected via centrifugation, washed with distilled water three times,
rinsed with absolute ethanol once, and then dried in an air oven at 70
°C for 24 h. Calcination of the hydrothermal product was performed
in stagnant air at 600 °C for 2 h, with a heating rate of 5 °C/min at
the ramp stage.

Characterizations. Phase identification was performed by X-ray
diffractometry (XRD, Smart Lab3, Rigaku, Tokyo, Japan) under 40
kV/40 mA, using nickel filtered Cu-Kα radiation (λ = 1.5406 Å) and a
scanning speed of 4.0° 2θ min−1. The XRD data for Rietveld
refinement were acquired in the step-scan mode with a step size of
0.02° and an accumulation time of 30 s. Profile fitting, crystal
structure search and Rietveld refinement were performed with the
TOPAS 4.2 software.37 Morphology and microstructure of the
product were analyzed by field emission scanning electron microscopy
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(FE-SEM, Model S-4800, Hitachi, Tokyo) under an acceleration
voltage of 10 kV and transmission electron microscopy (TEM, Model
JEM-2100F, JEOL, Tokyo) under 200 kV. Elemental contents of the
product were determined via inductively coupled plasma (ICP)
spectroscopy for W and Lu on an IRIS Advantage analyzer (Jarrell-
Ash Japan, Kyoto), for Na on an SPS3520UV-DD instrument (SII
Technologies Inc., Tokyo), and for O via the He gas transportation
fusion-thermal conductivity technique on a model TC-436 analyzer
(LECO, St. Joseph, MI). Fourier transform infrared spectroscopy
(FTIR, Model FT/IR-4200, Jasco, Tokyo) was performed by the
standard KBr pellet method. Downconversion and upconversion
luminescence of the NaLu(WO4)2:Yb/RE phosphors was analyzed at
room temperature on an FP-6500 fluorospectrophotometer (Jasco)
with a 150 W xenon lamp (Jasco) and a 978 nm CW-laser diode
(Model KS3−12322−105, BWT Beijing Ltd., Beijing, China) as the
excitation sources, respectively.

■ RESULTS AND DISCUSSION
Characterization and Structure Analysis of NaLu-

W2O8·2H2O. XRD analysis yielded sharp reflections, indicating
a highly crystalline nature of the hydrothermal product
(Figures 1 and S1). Elemental analysis of the same sample

found 3.0(±0.1) wt % of Na, 23.8(±0.1) wt % of Lu, 50(±0.1)
wt % of W, and 21(±1) wt % of O, well corresponding to a Na:
Lu: W: O molar ratio of 1:1.07:2.07:10.07. The results thus
suggested a chemical formula of NaLuW2O8·2H2O for the
product. TG/DSC analysis found weight loss of ∼4.80% for
dehydration,36 which is in good agreement with the water
content of 4.93% calculated for NaLuW2O8·2H2O.
All of the XRD peaks of NaLuW2O8·2H2O can be indexed in

the C-centered orthorhombic cell (Gof = 17.97) using TOPAS
4.2.30 The systematic absences allows only Cmmm, Cmm2, and
C222 space groups, but Cmmm was initially used for starting
model due to the highest symmetry among them. The
structure was solved by modeling in direct space followed by
simulated annealing using FOX.38 One Lu3+, one W6+, and one
Na+ ion were generated and a dynamic population of positions
was used for all atoms. The model of the structure was
obtained and it was refined using Rietveld refinement in
TOPAS 4.2. Difference plot of electron density based on Fobs −
Fcalc, where Fobs and Fcalc are observed and calculated structural
amplitudes, respectively, was used to localize all O2− ions. In
total, there are five O2− sites that were localized. Additional

refinement with correction intensities on (100) preferred
orientation showed decreasing of R-factors. Thermal parameter
of Na+ ion was very big after refinement and it was suggested
to refine its occupancy factor, which turned out to be ∼0.5. So
it was decided to fix it to 0.5. There are four Na+, two Lu3+,
four W6+, and 20 O2− ions in the unit cell, however, taking into
account fractional occupancy of Na+, the formula should be
rewritten as NaLuW2O10. Sum of charges gave negative value
−4, therefore some of O2− ions should be OH− or H2O.
Difference electron map of enhanced model after refinement
showed two hydrogen atoms near O5 oxygen atom in proper
geometry and it was decided that O5 is actually H2O molecule.
Therefore, the chemical formula became NaLuW2O8·2H2O.
Coordinates of H atoms were fixed during refinement and
thermal parameters were equal to 1.5 × Biso(O), where Biso(O)
is one isotropic thermal parameter for all O ions. Finally, the
sum of charge became zero, and the model had reliable
geometry and refinement showed low R-factors (Figure 1 and
Table 1). Coordinates of atoms and main bond lengths are

summarized in Tables 2 and S1, respectively. As far as the
structure was solved in Cmmm space group, it was not
necessary to check Cmm2 and C222 lower space groups. The
bond valence sum (BVS) for each ion in this structure was
calculated by using the constants from available references39,40

and taking into account of the fractional occupancy of the ion
(Table 2). The BVS values, marked in Figure 2, are close to the

Figure 1. Final Rietveld difference plot of NaLuW2O8·2H2O. 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, and the difference between the
results of experiment and calculation is given by the gray line.

Table 1. Results of Structure Refinements for the
NaLuW2O8·2H2O Compounda

compound NaLuW2O8·2H2O

Sp. Gr. Cmmm
a (Å) 21.655 (1)
b (Å) 5.1352 (3)
c (Å) 3.6320 (2)
V (Å3) 403.87 (4)
Z 2
2θ-interval (deg) 5−140
Rwp (%) 10.81
Rp (%) 8.12
Rexp (%) 3.19
χ2 3.38
RB (%) 3.68

aχ2 was defined as Rwp/Rexp in the Users’ Manual of TOPAS 4.2
software37.

Table 2. Fractional Atomic Coordinates, Isotropic
Displacement Parameters Biso (Å

2) and Atomic Occupancy
(occ.) of NaLuW2O8·2H2O

x y z Biso occ.

Lu 0 0 0.5 0.67 (5) 1
W 0.08306 (7) 0.5 0 1.03 (3) 1
Na 0.25 0.25 0 1.8 (5) 0.5
O1 0.2150 (7) 0 0.5 2.5 (2) 1
O2 0.0841 (8) 0.5 0.5 2.5 (2) 1
O3 0 0.280 (3) 0 2.5 (2) 1
O4 0.1580 (8) 0.5 0 2.5 (2) 1
O5 0.0929 (8) 0 0.5 2.5 (2) 1
H 0.117 0.16 0.5 3.8 (3) 1
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valences of Na+, W6+, and Lu3+ ions, respectively. While it is a
pity that the positions of H atoms could not be directly
localized by Rietveld refinement of the XRD pattern, we
believe that the outcome of this work may hopefully guide
future structure studies and a better understanding of the
crystal structure may be achieved with the data taken by
neutron diffraction or synchrotron irradiation.
Figure 2 shows the solved crystal structure of NaLuW2O8·

2H2O (space group Cmmm). The Lu3+ ion is coordinated by
four O2− ions equatorially and two H2O molecules on the
poles of the octahedron. The H2O molecules are terminal and
isolated, but linked with other O atoms through hydrogen
bonds forming infinite chain along b-axis. The LuO4(H2O)2
octahedrons are linked with each other through WO5 trigonal
bipyramids forming 2D layer in bc plane. It should be noted
that the WO5 bipyramids are also joined with each other by
sharing edges. Each Na+ ion is 6-fold coordinated with O2−,
and the NaO6 octahedrons are linked with each other by
sharing faces and edges to form 2D layer in bc plane also. The
two layers of···-(NaO6)-(NaO6)-··· and···-(LuO4(H2O)2WO5)-
(LuO4(H2O)2WO5)-··· are linked with each other by the O2−

ion common to NaO6 octahedron and WO5 bipyramid.
The calcination derived tetragonal NaLu(WO4)2 phase

(space group: I-4; Figure S2) distinguishes itself from
NaLuW2O8·2H2O in that (1) Na+ and Lu3+ act as [Na/Lu]
pair to form distorted [Na/Lu]O8 square antiprisms, which are
distributed over two different lattice sites with the site
occupancies of [0.57Na/0.43Lu] (Figure 3b) and [0.42Na/
0.58Lu] (Figure 3c), respectively, (2) the [0.57Na/0.43Lu]O8
and [0.42Na/0.58Lu]O8 polyhedrons, alternating with WO4
tetrahedron in each case, form chains running parallel to a- and
b-axis and are connected via edge-sharing along the c-axis
(Figure 3f,g,h), and (3) the W6+ in the hydration phase is 5-

fold coordinated with O2− to form WO5 trigonal antiprisms,
which link together the LuO4(H2O)2 and NaO6 layers along
the a-axis (Figure 2c,f,g), while that in NaLu(WO4)2 forms
WO4 tetrahedron and connects the dimeric [Na/Lu]2O14 units
along the c-axis (Figure 3d−g).
FE-SEM and TEM analysis showed that NaLuW2O8·2H2O

crystallized as platelets of ∼100−300 nm in lateral size (Figure
4a,b). Selective area electron diffraction (SAED) yielded well-
arranged diffraction spots, indicating high crystallinity of the
sample (Figure 4c). The analyzed d spacings of ∼2.90, 2.93,
and 2.52 Å may correspond to the (1−11), (111), and (020)
planes and are in close vicinity to the ∼2.94, 2.94, and 2.57 Å
derived from the data of Rietveld refinement (Table S2),
respectively. The (1−11) and (020) planes would have a
dihedral angle of ∼125.0°, as calculated from the structure
information in Table 1, and is indeed very close to the ∼125.3°
measured from the SAED pattern (Figure 4c). HR-TEM
analysis (Figure 4d) well resolved lattice fringes with the
interplanar distances of ∼2.91, 2.93, and 2.54 Å, which can be
assigned to the (1−11), (111) and (020) planes of
orthorhombic NaLuW2O8·2H2O, respectively. The measured
dihedral angles of ∼69.6 and 55.0° for (1−11)/(111) and
(111)/(020) planes are also in good agreement with those of
∼69.8 and 55.1° derived from the results of Rietveld
refinement, respectively. The well corresponding TEM and
refinement results further confirmed the crystal structure
proposed for NaLuW2O8·2H2O.

Structure and Down/Upconversion Luminescence of
Na(Lu0.87Ln0.03Yb0.1)(WO4)2 Phosphors. Figure 5 shows
XRD patterns of the Yb/Ln doped hydration phase and 600 °C
calcination products, where it can be seen that the former and
latter can be fully indexed with NaLuW2O8·2H2O (Figure 5a)

Figure 2. Structure of NaLuW2O8·2H2O cell unit (a), cation
coordination mode and bond valence sums (BVS) (b−d), and view
of the structure along a-, b-, and c-axes (e−g). Hydrogen bonds O−
H···O are depicted as dash lines in (a). Purple, green, orange, and red
spheres are for W6+, Na+, Lu3+, and O2−, respectively.

Figure 3. Structure of NaLu(WO4)2 cell unit (a), cation coordination
mode (b−e) and view of the structure along a-, b-, and c-axes (f−h).7
Gray spheres are for W6+ and yellow and green spheres are for [Na/
Lu] of different site occupancies.
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and tetragonal structured NaLu(WO4)2 (Figure 5b), respec-
tively. It is also seen that the calcination product tends to retain
the overall morphology of its precursor, though the thin
platelets became less regular in shape, as shown in Figure S3
with the Yb3+/Ho3+ doped samples for example. The cell
dimension of NaLu(WO4)2:Yb/Ln is larger than that of

NaLu(WO4)2 in each case and tends to gradually decrease
from Ho3+ to Tm3+ (Table S3 and Figure S4). For 8-fold
coordination in tetragonal structured NaRE(WO4)2, Lu3+,
Yb3+, Tm3+, Er3+, and Ho3+ ions have the increasing radii of
0.977, 0.985, 0.994, 1.004, and 1.015 Å,6 respectively, and the
Yb3+/Ln3+ pair was expected to take the Lu3+ site in the crystal

Figure 4. FE-SEM (a) and TEM (b) morphology, SAED pattern (c) and HR-TEM lattice fringes (d) for NaLuW2O8·2H2O.

Figure 5. XRD patterns for the as-synthesized Na(Lu0.87Ln0.03Yb0.1)W2O8·2H2O powders (a) and the products calcined at 600 °C (b). The main
diffractions of NaLuW2O8·2H2O are indicated in (a) and those of t-NaLu(WO4)2 in the standard diffraction file are included as bars in (b) for
comparison.

Figure 6. Upconversion luminescence spectra (a), the relationship between ln(Iem) and ln(P) (b), and a scheme showing the energy levels and UC
process (c) for the NaLu(WO4)2:Yb/Ho phosphor. P and Iem are the pumping power (in milliwatt) and emission intensity, respectively. The inset
photograph in (a) is the appearance of UC luminescence for an aqueous suspension of the phosphor under 2 W laser excitation.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b01427
Inorg. Chem. 2018, 57, 10791−10801

10795

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01427/suppl_file/ic8b01427_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b01427/suppl_file/ic8b01427_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b01427


lattice. Consequently, doping NaLu(WO4)2 with Yb3+/Ln3+

pair induces lattice expansion, and at the same time, the cell
parameter shrinks for a smaller average ionic size of the Yb3+/
Ln3+ pair. The results are conforming to lanthanide contraction
and confirmed the crystallization of solid solution.
Figure 6a shows the UC luminescence spectra of NaLu-

(WO4)2:Yb/Ho under 978 nm laser excitation. The emissions
at ∼544 nm (green) and 650 nm (red) are attributed to the
5F4/

5S2 → 5I8 and 5F5 → 5I8 transitions of Ho3+,41,42

respectively, with the latter being predominantly strong.
Additionally, negligibly weak blue emission arising from the
3K8/

5F2 →
5I8 transition was resolved at ∼488 nm (Figure 6a,

the left-hand inset). The UC luminescence is clearly observable
with naked eye for an aqueous suspension of the phosphor
under 2 W laser pumping (the inset in Figure 6a). The
Internationale de l’Eclairage (CIE) chromaticity coordinates
determined for the emission slightly drifted from reddish
yellow [(0.50, 0.49)] to greenish yellow [(0.47, 0.53)] with
increasing excitation power from 0.6 to 2.0 W (Table S4 and
Figure S5). The color change agrees with the gradually smaller
red to green intensity ratio (I650/I544, Table S5). In general, the
number of laser photons required to populate the upper
emitting state under unsaturated condition can be obtained
from the relation Iem ∝ Pn,43 where Iem is the luminescence
intensity, P the pumping power, and n the number of laser
photons. Linear fitting of the ln(Iem) − ln(P) plot (Figure 6b)
produced n values of ∼3.00 and 2.85 for the ∼544 and 650 nm
emissions, respectively, which suggested that a three-photon
process was involved to generate the observed UC
luminescence. The photon reactions may be explained with
the energy diagram constructed in Figure 6c as follows: (1)
excitation of Yb3+ by laser photon [2F7/2(Yb

3+) + hν(978 nm)
→ 2F5/2(Yb

3+)], (2) population of the 5I6 energy level of Ho
3+

after Yb3+ absorbing the first laser photon and transferring
energy to Ho3+ [ET1; 2F5/2(Yb

3+) + 5I8(Ho
3+) → 2F7/2(Yb

3+)
+ 5I6(Ho

3+)], (3) nonradiative relaxation (NR) to the 5I7 level
[5I6(Ho

3+) ∼ 5I7(Ho
3+) ], followed by excitation to the 5F5

level after Yb3+ absorbing the second laser photon and
transferring energy to Ho3+ [ET2; 2F5/2(Yb

3+) + 5I7(Ho
3+)

→ 2F7/2(Yb
3+) + 5F5(Ho3+)], (4) NR to the 5I5 level

[5F5(Ho
3+) ∼ 5I5(Ho3+)], followed by excitation to the

5G6/
5F1 state after Yb3+ absorbing the third laser photon and

transferring energy to Ho3+ [ET3; 2F5/2(Yb
3+) + 5I5(Ho

3+) →

2F7/2(Yb
3+) + 5G6/

5F1(Ho
3+)], and then NR to the 3K8/

5F2,
5F4/

5S2, and
5F5 levels, from which the ∼488 nm blue, 544 nm

green, and 650 nm red emissions were produced upon back
jumping of the electrons to the 5I8 ground state, respectively. It
seems that the 5F5 level underwent broadening and even
splitting under electron population, and thus, the red band split
into two sub-bands peaking at ∼647 and 660 nm, respectively,
with a small energy difference of ∼304 cm−1.
Since the 2F5/2 →

2F7/2 emission of Yb3+ and the 4I15/2 →
4I11/2 excitation of Er3+ have well-matching energies, the Yb3+/
Er3+ pair is being frequently studied in various types of host
lattices to realize efficient UC luminescence.21 Under 978 nm
laser excitation, the NaLu(WO4)2:Yb/Er phosphor emits green
(∼531 and 553 nm, dominantly strong) and red (∼657 nm,
weak) lights (Figure 7a), which are originated from the
2H11/2/

4S3/2 →
4I15/2 and

4F9/2 →
4I15/2 transitions of Er

3+,43

respectively. Additionally, negligibly weak emissions arising
from the 2H9/2 →

4I15/2 (∼410 nm) and 4F7/2 →
4I15/2 (∼495

nm) transitions were observed in the magnified spectrum
(Figure 7a, the left-hand inset). Under 2 W laser pumping,
vivid and strong green luminescence was observed with the
naked eyes for an aqueous suspension of the phosphor (the
inset in Figure 7a). The emission color determined from the
luminescence spectra in the visible-light region (500−700 nm)
drifted from the yellowish green [(0.33, 0.62)] to green [(0.25,
0.73)] region in the CIE chromaticity diagram upon raising the
excitation power from 0.6 to 2.0 W (Table S4 and Figure S5),
which conforms to the gradually larger green to red intensity
ratio (I531/I657 and I553/I657) under a higher excitation power
(Table S5). The green and red emissions were analyzed to
have the n values of ∼3 and 2, respectively (Figure 7b), and the
UC process was proposed in Figure 7c and is detailed below.
The Yb3+ sensitizer ion in the 2F7/2 ground state is populated
to the 2F5/2 excited state by absorbing a laser photon
[2F7/2(Yb

3+) + hν(978 nm)→ 2F5/2(Yb
3+)]. The Er3+ electrons

are excited from the 4I15/2 ground state to the 4I11/2 level by
resonant energy transfer from the 2F5/2 level of Yb

3+ to the Er3+

activator [ET1; 4I15/2(Er
3+) + 2F5/2(Yb

3+) → 4I11/2(Er
3+) +

2F7/2(Yb
3+)]. After NR to the 4I13/2 state [4I11/2(Er

3+) ∼
4I13/2(Er

3+)], the Er3+ electrons are raised to the 4F9/2 level by
ET of a second laser photon [ET2; 4I13/2(Er

3+) + 2F5/2(Yb
3+)

→ 4F9/2(Er
3+) + 2F7/2(Yb

3+)]. A limited number of the 4F9/2
electrons radiatively relax to the 4I15/2 ground state, which

Figure 7. Upconversion luminescence spectra (a), the relationship between ln(Iem) and ln(P) (b), and a scheme showing the energy levels and UC
process (c) for the NaLu(WO4)2:Yb/Er phosphor. P and Iem are the pumping power (in milliwatt) and emission intensity in (b), respectively. The
inset photograph in (a) is the appearance of UC luminescence for an aqueous suspension of the phosphor under 2 W laser excitation.
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produces the weak red emission (∼657 nm; 4F9/2 → 4I15/2).
The majority of 4F9/2 electrons are further excited to the 2H9/2
level with ET of a third laser photon [ET3; 4F9/2(Er

3+) +
2F5/2(Yb

3+) → 2H9/2(Er
3+) + 2F7/2(Yb

3+)], from which the
observed weak purple emission (∼409 nm; 2H9/2 →

4I15/2) was
generated (Figure 7a, the inset). Significant NR of the 2H9/2
electrons to the 2H11/2 and 4S3/2 states [2H9/2(Er

3+) ∼
2H11/2(Er

3+)/4S3/2(Er
3+)] led to the 531 and 553 nm green

emissions upon radiative relaxation to the 4I15/2 ground state.
The very weak 4F7/2 →

4I15/2 emission (∼495 nm, the inset in
Figure 7a) suggests that the probability of NR from 2H9/2 to
4F7/2 is rather low.
Under 978 nm laser excitation, the NaLu(WO4)2:Yb/Tm

phosphor exhibits an intense blue emission at ∼476 nm and
weak red emission at ∼650 nm, which correspond to the 1G4
→ 3H6 and 1G4 → 3F4 transitions of Tm3+ (Figure 8a),
respectively. The negligibly weak green emission at ∼545 nm
has an energy of ∼18.3 × 103 cm−1, which could not well
match with the energy gap between 1G4 (also 1D2) and any
lower energy levels of Tm3+, and thus its occurrence was
temporarily ascribed to crystal defects. Under 2-W laser
pumping, vivid blue emission of the phosphor suspension was
observed with naked eyes (the inset in Figure 8a). The color
coordinates of luminescence (400−675 nm) drifted from the
white [(0.29, 0.31)] to blue [(0.18, 0.18)] region in the CIE
chromaticity diagram with increasing excitation power from 1.0
to 2.0 W (Table S4 and Figure S5). The color change is in
agreement with the successively larger blue to red intensity
ratio (I476/I650) under a higher excitation power (Table S5).
The blue and red emissions are determined to have the n
values of ∼ 3.29 and 1.81 (Figure 8b), largely conforming to a
three- and two-photon process, respectively. As proposed in
Figure 8c, the UC process may involve: (1) excitation of Yb3+

by laser photon [2F7/2(Yb
3+) + hν(978 nm) → 2F5/2(Yb

3+)],
(2) population of the 3H5 energy level of Tm3+ via energy
transfer [ET1; 2F5/2(Yb

3+) + 3H6(Tm
3+) → 2F7/2(Yb

3+) +
3H5(Tm

3+)], (3) NR to the 3F4 level [3H5(Tm
3+) ∼

3F4(Tm
3+)], (4) excitation of Tm3+ from 3F4 to the 3F2 level

with energy transfer of a second laser photon [ET2;
2F5/2(Yb

3+) + 3F4(Tm
3+) → 2F7/2(Yb

3+) + 3F2(Tm
3+)], (5)

NR to the 3H4 level [
3F2(Tm

3+) ∼ 3H4(Tm
3+)], followed by

excitation to the 1G4 state via energy transfer of a third laser
photon [ET3; 2F5/2(Yb

3+) + 3H4(Tm
3+) → 2F7/2(Yb

3+) +
1G4(Tm

3+)], and (6) radiative relaxation to the 3H6 ground

state to produce the blue emission (∼476 nm; 1G4 →
3H6).

44

The red emission centered at ∼650 nm was analyzed to involve
a two-photon process (n ∼ 1.81) and, thus, its origin was
initially assigned to 3F2/

3F3 →
3H6 transitions. Further analysis

indicated that the energy of this red emission (∼15.4 × 103

cm−1) presents relatively large deviation from those of the 3F2
→ 3H6 (∼14.8 × 103 cm−1) and 3F3 → 3H6 (∼14.0 × 103

cm−1) transitions but well matches with the energy gap (∼15.4
× 103 cm−1) between the 1G4 and

3F4 levels of Tm
3+. The red

emission was therefore assigned to 1G4 → 3F4 transition.
Similar observation and explanation were previously reported
by Li et al.28 and Han et al.44

In summary, the NaLu(WO4)2:Yb/Ln phosphors developed
in this work showed UC luminescence dominated by red
(∼650 nm; 5F5 → 5I8 transition), green (∼531/553 nm;
2H11/2/

4S3/2 →
4I15/2 transitions) and blue (∼476 nm; 1G4 →

3H6 transition) emissions for Ln = Ho, Er and Tm,
respectively, all via a three-photon process. The energy process
and thus luminescent property of a UC phosphor is known to
be significantly affected by the type of host lattice, the contents
of sensitizer and activator, distribution uniformity (clustering)
of the sensitizer and activator ions, crystallinity, lattice defects,
particle/crystallite morphology, excitation power, and the
actual lattice site where the dopant ion resides.1,16,17,45−47

Our literature survey found that Ho3+ similarly exhibits strong
red emission (5F5 → 5I8) in NaSrLa(WO4)3

48 and
Y2(WO4)3,

49 though dominantly stronger green emission
(5F4/

5S2 →
5I8) is more frequently encountered in the hosts

of β-NaYF4, BaYF5, Y2O3, and NaY(WO4)2.
1,41 Er3+ usually

shows strong green emission (2H11/2/
4S3/2 →

4I15/2) in various
types of host lattices, such as β-NaYF4, YF3, Y6WO12,
NaGd(WO4)2, NaY(MoO4)2, and Y2(MoO4)3, but predom-
inant red emission (4F9/2 →

4I15/2) was found in α-NaYF4 and
BaYF5.

1,27,43,50 Tm3+ commonly exhibits strong blue emission
(1G4 → 3H6 transition) in the aforementioned hosts. In
addition, the UC luminescence mentioned above mostly
involves a two-photon mechanism, though a three-photon
process was also reported for Y2(WO4)3:Yb/Tm.49 As
mentioned earlier, the UC luminescence of a phosphor is
substantially affected by a number of factors. While we believe
that our NaLu(WO4)2:Yb/Ln UC phosphors have high
chemical/phase purity and uniform distribution of Yb3+/Ln3+

pairs in the host lattice, which are benefited from the synthetic
technique, and the proposed photon processes are intrinsic to

Figure 8. Upconversion luminescence spectra (a), relationship between ln(Iem) and ln(P) (b), and a scheme showing the energy levels and UC
process (c) for the NaLu(WO4)2:Yb/Tm phosphor. P and Iem are the pumping power (in milliwatt) and emission intensity in (b), respectively. The
inset photograph in (a) is the appearance of UC luminescence for an aqueous suspension of the phosphor under 2 W laser excitation.
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the phosphors, the decisive factor(s) that led to the different
observations between this and previous works yet need to
identify. Another point that needs to address is that the laser
power used in this work for excitation is relatively high (up to
2 W), and thus heating effect was feared. It is known that
heating of a UC phosphor may populate and/or depopulate
energy levels of the activator and thus change the photon
process and mechanism (number of laser photon n) of UC
luminescence.47 For the Ho3+, Er3+, and Tm3+ activators
studied in this work, the double-logarithm plot of UC intensity
and pump power presented good linear relation in the 0.6−2.0
W power range for each of the investigated emission bands,
and therefore, the heating effect may basically be neglected
from the photon reactions discussed for the observed UC
luminescence.
Figure 9 shows excitation and downconversion lumines-

cence spectra of the NaLu(WO4)2:Yb/Ln phosphors in the
visible light region. The excitation spectrum of Ho3+ (Figure
9a), obtained by monitoring the strong 545 nm green emission
(5F4/

5S2 →
5I8), consists of a series of bands ranging from 240

to 500 nm. The broad band located at ∼258 nm can be
assigned to host absorption,51,52 which was observed at ∼264
nm for NaLu(WO4)2 in this work (Figure S6). The peaks in
the 300−500 nm region and located at ∼362, 386, 420, 453,
and 487 nm correspond to excitation from the 5I8 ground state
to the 5G2,

5G4,
5G5,

5F1/
5G6, and

5F2 energy levels within the
4f10 shell of Ho3+, as labeled in the figure,32,51,53 with the 5I8 →

5F1/
5G6 transition at ∼453 nm being the strongest. The Ho3+

phosphor exhibits strong green emission at ∼545 nm (5F4/
5S2

→ 5I8 transition) and weak red emission at ∼650 nm (5F5 →
5I8 transition) under 453 nm excitation. Ho3+ shows similar
green emission in CaBi4Ti4O15

54 and Sr2ScF7
55 but strong red

emission (∼660 nm; 5F5 →
5I8) in CaxSryBa1−x‑yWO4

53 and β-
NaYF4,

56 which is determined by the composition and site
symmetry of the host lattice. The excitation spectrum of Er3+

(Figure 9b, λem = 553 nm) consists of two major components,
with the broad band at ∼262 nm arising from host absorption
and those at ∼365, 380, 407, 452, and 490 nm attributable to
transitions from the 4I15/2 ground state to the 2G9/2,

4G11/2,
2H9/2,

4F5/2, and
4F7/2 energy levels within the 4f11 shell,52

respectively. The phosphor exhibits strong green emissions via
2H11/2 → 4I15/2 (∼530 nm) and 4S3/2 → 4I15/2 (∼553 nm)
transitions under 380 nm excitation. Tm3+ exhibits host
absorption at ∼258 nm and overwhelmingly strong 3H6 →

1D2

intra4f12 excitation transition at ∼360 nm (λem = 455 nm), and
shows a highly pure blue emission (∼455 nm) via 1D2 →

3F4
transition (Figure 9c) under 360 nm excitation.57 The three
phosphors were assayed to have the CIE chromaticity
coordinates of around (0.27, 0.71), (0.26, 0.72), and (0.15,
0.04) for Ho3+ (green), Er3+ (green), and Tm3+ (blue),
respectively (Figure 9d). The fluorescence lifetime of Ho3+,
Er3+, and Tm3+ is generally on the μs scale,53,58,59 which is

Figure 9. Excitation (left-hand) and downconversion luminescence (right-hand, color lines) spectra of the NaLu(WO4)2:Yb/Ln phosphors for Ln
= Ho (a), Er (b), and Tm (c). (d) CIE chromaticity diagram of the downconversion luminescence.
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beyond the measurement limit (ms) of the fluorospectropho-
tometer of this work.
It was noticed that the ∼650 nm red UC emission of Tm3+

(Figure 8a) did not appear on the DC luminescence spectrum
(Figure 9c). This is due to the different excitation processes for
UC and DC luminescence, since the ground state electrons
were excited to the 1G4 level with three successive laser
photons in the former case while directly to the1D2 level under
360 nm UV excitation in the latter case. Radiative relaxation of
the excited electrons to the same 3F4 level hence produced a
red UC emission at ∼650 nm but a blue DC emission at ∼455
nm. The phenomenon also indicates that the1D2 electrons
hardly relax to the 1G4 level (energy gap between1D2 and

1G4:
∼6.7 × 103 cm−1). It was also found from the DC excitation
spectra (Figure 9a−c) that the main intra4f excitations of Ho3+

and Er3+ have intensities comparable to host absorption while
the 3H6 →

1D2 excitation of Tm3+ is overwhelmingly stronger
than host absorption. This could be understood from the
structure of energy levels in the Dieke diagram for RE3+.60 For
Tm3+, the1D2 level is well isolated from its nearest neighbors
and thus the probability of nonradiative relaxation under
thermal fluctuation would be negligible, which contributes to
the observed much stronger excitation and emission associated
with 1D2 (Figure 9c). In contrast, the main excitation levels of
Ho3+ (5F1/

5G6) and Er3+ (4G11/2) all have narrowly spaced
adjacent energy levels, which readily causes nonradiative
relaxation and, thus, substantially lower excitation and emission
intensities.

■ CONCLUSION
The new compound NaLuW2O8·2H2O was found to crystallize
in the orthorhombic system (space group: Cmmm) with cell
dimensions of a = 21.655(1), b = 5.1352(3), and c = 3.6320(2)
Å and cell volume V = 403.87(4) Å3. The crystal structure can
be viewed as alternating −(NaO6)-(NaO6)− and
−(LuO4(H2O)2WO5)-(LuO4(H2O)2WO5)− layers linked to-
gether by the O2− ion common to NaO6 octahedron and WO5
triangle bipyramid. Na(Lu0.87Ln0.03Yb0.1)(WO4)2 phosphors,
calcined from their NaLuW2O8·2H2O analogous precursors,
were found to show upconversion luminescence dominated by
a red band at ∼650 nm for Ho3+, green bands at ∼500−575
nm for Er3+ and a blue band at ∼476 nm for Tm3+, all via a
three-photon process. The three activators also exhibited
downconversion luminescence that is characterized by strong
bands at ∼545 nm for Ho3+ (green, 5F4/

5S2 →
5I8 transition;

λex = 453 nm), 500−575 nm (green, 2H11/2/
4S3/2 → 4I15/2

transition; λex = 380 nm) for Er3+ and 455 nm (blue, 1D2 →
3F4 transition; λex = 360 nm) for Tm3+.
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