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a b s t r a c t

Near white-light emitting LiNa3P2O7:Dy
3þ phosphors were prepared by a conventional solid-state re-

action method. The orthorhombic crystal structure of the phosphors was confirmed using X-ray
diffraction (XRD), and the valence states of the surface elements were determined from the binding
energies of Li 1s, O 1s, Na 1s, P 2p, and Dy 3d by X-ray photoelectron spectroscopy (XPS). Attenuated total
reflectance (ATR) - Fourier transform infrared (FT-IR) spectroscopy was employed to identify the pyro-
phosphate groups in the phosphors. Diffuse reflectance spectra (DRS) show the absorption bands of the
Dy3þ ions in the host material. Intense blue (481 nm) and yellow (575 nm) emissions were obtained at an
excitation wavelength of 351 nm and are attributed to the 4F9/2 /

6H15/2 and
4F9/2 /

6H13/2 transitions of
Dy3þ ions, respectively. The combination of these two intense bands generates light emission in the near-
white region of the chromaticity diagram.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Over the past few years, there has been increasing demand for
luminescent materials for a wide range of applications, including
plasma display panels (PDPs), Hg-free lamps, liquid crystal display
(LCD) backlights, and quickly commercializing solid-state lighting
(SSL) sources [1,2]. SSL devices have several advantages for lighting
like significant power savings, longer lifetime, higher luminous
efficiency, and environmental friendliness compared to conven-
tional incandescent or fluorescent lamps [3].

Phosphor-converted light-emitting diodes (pc-LEDs) have
received great attention due to their stable color, good color re-
producibility, and higher color rendering indexes compared to RGB

(red, green, and blue) LEDs. SSL devices based on pc-LEDs are
commercializing quickly, but they suffer from various disadvan-
tages like a poor color-rendering index (CRI) and low stability of the
color temperature (CCT) [4e6]. To overcome these weaknesses,
researchers have made numerous efforts to develop single-phase
phosphors for white light generation. Various approaches are
used to obtain white light emission in a single-phase host. The four
following approaches are mainly considered for single-host white-
emitting phosphors [3,7]: (i) introducing a suitable rare-earth (RE)
ion (Eu3þ, Dy3þ, etc.) into the appropriate single-phase host matrix
[8,9]; (ii) combining different RE ions (Tm3þ/Dy3þ, Eu2þ/Tb3þ/
Mn2þ, etc.) with various emissions (red, green, blue, or yellow)
[10,11]; (iii) selective co-doping of ion pairs (Ce3þ / Mn2þ,
Eu2þ / Mn2þ, etc.) via an energy transfer mechanism [12,13]; and
(iv) inducing appropriate defects in the luminescent materials
(defect-related emissions) [14].

A suitable host matrix and dopant ion is important for obtaining
a single-phase white-lighting phosphor. Phosphate-based phos-
phors are an important family of luminescent materials because of
their excellent properties, such as a large band gap, high absorption
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of PO3�
4 in the UV region (300e400 nm), cheaper raw materials,

simple synthesis conditions, high thermal and chemical stability,
and exceptional optical damage threshold [9,15]. Phosphate-based
phosphors are a good host matrix for RE ion transitions. The
interaction between the RE ions is weak in these matrices because
the RE ions are separated from each other by the phosphate groups
[16]. Therefore, one can expect good optical properties from these
materials.

Among the various lanthanide ions, trivalent dysprosium ions
(Dy3þ) have attracted significant attention since dysprosium-doped
phosphors can be used in fluorescent lamps as a tricolor compo-
nent and single-phase full-color phosphor in pc-LEDs [17]. Under n-
UV excitation, there are generally three consistent bands in the
visible region, including blue (470e500 nm), yellow (570e600 nm),
and feeble red (670 nm) emissions, which are achieved when Dy3þ

ions are incorporated in wide-band-gap host materials. These
bands are associated with the hypersensitive electric dipole (ED)
4F9/2/ 6H15/2, 13/2 transition and optical 4F9/2/ 6H11/2 transition in
Dy3þ ions [18,19].

One strategy to achieve white light emission is adjusting the
ratio of yellow to blue emission intensity, which reflects the coor-
dination surroundings of the Dy3þ ion. Doping Dy3þ into an
appropriate host is another strategy to obtain potential candidates
for industrial applications [20]. In the present work, a simple and
inexpensive phosphate host matrix and a suitable single RE dopant
(Dy3þ) ion were investigated for their suitability in single-phase
emission in the white light region. To the best of our knowledge,
the optical properties of LiNa3-xP2O7: xDy3þ phosphor has not been
reported previously. The surface chemical composition of the ele-
ments in the phosphors was studied in detail by X-ray photoelec-
tron spectroscopy.

2. Experimental

2.1. Synthesis

Polycrystalline powders of LiNa3-xDyxP2O7 (x ¼ 0, 0.05, 0.07,
0.09, and 0.11) were prepared by a solid-state reaction method. The
materials were synthesized using the same experimental condi-
tions as those in a recently published study [21]. In brief, analytical
reagent-grade high-purity (99.99%) starting materials of Li2CO3,
Na2CO3, NH4H2PO4, and Dy2O3 were purchased (SigmaeAldrich,
USA) and usedwithout further purification. To obtain homogeneity,
stoichiometric amounts of reactive mixtures were finely ground in
an agate mortar for 1 h. Each of the mixtures was placed in a
separate silica crucible and gradually heated in a muffle furnace
from room temperature (RT) to 400 �C for 4 h. This process elimi-
nates the residual water, CO2, and NH3 from the mixtures. The
samples were re-ground after cooling down to RTand then sintered
at 540 �C for 12 h with several intermediate grindings. Finally, the
samples were furnace cooled, ground again, and used for
characterization.

2.2. Characterization

X-ray diffraction (XRD) patterns were collected using an X-ray
diffractometer (PANalytical X'Pert PRO, USA) in a 2q range of 10 to
70� with Cu Ka radiation at a wavelength of l ¼ 1.5405 Å. Attenu-
ated total reflectance (ATR) - Fourier transform infrared (FTIR)
spectra were recorded in the wavenumber range of 4000 to
400 cm�1 on a PerkineElmer (Bruker) IR spectrometer.

X-ray photoelectron spectroscopy (XPS) analysis was performed
on an X-ray photoelectron spectrometer (K-alpha, Thermo Scien-
tific, USA) using Al Ka X-ray radiation (1486.6 eV). All experiments
were performed at analyzing chamber pressure of 1.8 � 10�8 mbar

using pass energies of 160 and 30 eV and step sizes of 1 eV and
0.1 eV for the low and high-resolution spectra, respectively. Prior to
measurements, the XPS instrument work function was calibrated
with the standard Au 4f7/2 metallic binding energy (83.9 eV) and
the spectrometer dispersion is adjusted tometallic Cu 2p3/2 binding
energy (932.6 eV). The data were recorded and processed using the
commercial software Avantage (Version 5.932, Thermo Scientific,
USA). The charge shift corrections of the binding energies were
adjusted relative to the carbon (C 1s¼ 284.8 eV) fromhydrocarbons
adsorbed on the surface of sample. Each core level spectrum was
first fitted with a Shirley-type background and then deconvoluted
into various components using GL30 (a mixture of Gaussian (70%)
and Lorentzian (30%)) in Avantage. In the process of deconvolution
of a signal, the full-width at half-maximum (FWHM) of each
elemental spectrum was kept at similar value for different
contributions.

The morphology of the sample was analyzed using a field-
emission scanning electron microscope (FE-SEM) (S-4200, Hita-
chi, Japan). UVeVis diffuse reflectance spectra (DRS) were recorded
on a UVeViseNIR spectrophotometer (Jobin Varian Cary 5000,
USA). The reflectance was measured in the range of 800 to 200 nm
using polytetrafluoroethylene (PTFE) as a standard. Photo-
luminescence (PL) emission and excitation (PLE) spectra were
recorded using a fluorescence spectrophotometer (Jobin Vyon
Fluorologe3, USA) with a xenon lamp as an excitation source. All
the measurements were recorded at RT.

3. Results and discussion

3.1. X-ray diffraction analysis

The phase purity of the prepared pyrophosphate
LiNa3P2O7:Dy3þ phosphors were characterized by powder XRD
analysis. The XRD patterns of the Dy-doped LiNa3P2O7 samples are
shown in Fig. 1. The dominant reflections of all the samples were
well indexed with the host structure (LiNa3P2O7) recently reported
by Shi et al. [22] as well as the Inorganic Crystal Structure Data
(ICSD: 424375). There were no other impurities in the patterns,
indicating purity of the synthesized powders.

A closer look at the figure indicates that the predominant XRD
peak positions are shifted toward a higher 2q angle with increasing
dopant concentration. In general, distortion of the XRD peaks from
their mean position could be influenced by many factors, such as

Fig. 1. XRD patterns of LiNa3P2O7:Dy3þ phosphor (Dy3þ ¼ 5e11 mol%).
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