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A series of color-tunable emitting Na3Sc2(PO4)3:Ce
3+/Tb3+/Eu3+ (NSPO) phosphors were prepared by

a combination of hydrothermal synthesis and low temperature calcination. The phase structure,

photoluminescence and energy transfer properties of the samples were studied in detail. The tunable

colors were obtained by co-doping the Tb3+ ions into the NSPO:Ce3+ or NSPO:Eu3+ phosphors with

varying concentrations. Under UV excitation, the energy transfers from Tb3+ to Eu3+ in the NSPO host

occurred mainly via a dipole–dipole mechanism, and the critical distances of the ion pairs (Rc) was

calculated to be 17.94 Å by the quenching concentration method. And that, the emission colors of the

NSPO:Tb3+,Eu3+ phosphors could be adjusted from green through yellow to red because of the energy

transfer from Tb3+ to Eu3+. Based on its good photoluminescence properties and abundant emission

colors, the NSPO:Ce3+/Tb3+/Eu3+ phosphors might be promising as potential candidates for solid-state

lighting and display fields.
1 Introduction

When replacing cations in certain hosts, rare earth elements are
important activators for modern lighting and display applica-
tions, because they have rich emission colors for spectral
conversion.1–5 Recently, rare earth ion-doped inorganic mate-
rials have drawn a great deal of attention due to their many
applications in optics, magnetics and catalysis.6–8 In the lighting
eld, compared with traditional incandescent lighting, white
light-emitting diodes (w-LEDs) are favored due to their higher
conversion efficiency and more exible photometric proper-
ties.9–11 Now, the main manufacturing technology of w-LEDs
relies on the combination of a blue InGaN chip and a yellow
light-emitting phosphor Y3Al5O12:Ce

3+ (YAG). Although this
method shows high efficiency, it exhibits a high correlated color
and low color rendering index (Ra < 80) because of the lack of
a red component.12 Currently, a new type of w-LEDs assembly
which is made by ultraviolet or near ultraviolet excitation single
matrix multicolor uorescent powders is widely used.13 There-
fore, due to the need to increase the efficiency of white light
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tion (ESI) available. See DOI:
emitting solid state devices, the development of the technique
of combining a UV LED chip with tricolor (red, green and blue)
phosphors has been proceeding. In this case, recent research
has focused on nding converted luminescent phosphors with
suitable emission colors, high efficiencies and high chemical
stability.

Researchers have studied a variety of inorganic materials,
including silicates, aluminates, phosphates, nitrides, molyb-
dates and tungstates. Among them, the rare earth ion-doped
phosphate materials have attracted much attention because of
their abundance, good chemical stability and low sintering
temperature.14–18 Luminescence of rare earth ions in ortho-
phosphates with the general formula MI

3M
II(PO4)3 or

MI
3M

II
2 (PO4)3 (M

I ¼ Ca, Sr, Ba, Pb, K and Na; MII ¼ La, Y, Gd, Sc,
Bi and In) are widely researched.19–21 As early as the 1980s,
scandium phosphate Na3Sc2(PO4)3 (NSPO) was reported and
developed as an ion conductor.22,23 During 2013–2016, Hirohumi
studied the luminescent properties of Eu2+-doped NSPO respec-
tively.24,25 Recently, Huang's group studied the luminescent
properties of Eu3+ doped NSPO phosphors and NSPO:Ce3+,Tb3+

phosphors;26,27 they also reported Dy3+ and Eu3+ co-doped NSPO
phosphors.28 Among these research reports, the high tempera-
ture solid-state reaction method is the most common route to
produce orthophosphates. However, it has many disadvantages
such as complex experimental conditions, cumbersome proce-
dures and high reaction temperatures (such as 1300 �C).25–31

Therefore, from the point of view of simplicity and energy saving,
there is still an urgent need to develop a simple andmild solution
This journal is © The Royal Society of Chemistry 2019
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phase method to produce pure orthophosphate micro/
nanocrystals.

Luminescent lanthanide ions can be divided into two cate-
gories: 4f–4f and 5d–4f transitions, respectively. Due to the strict
ban of 4f–4f transitions, their emission peak widths are very
narrow and xed. For 5d–4f transitions, the 5d orbitals are
exposed to the environment and their emission spectra are
strongly inuenced by the host, such as the strength of the
crystal eld.32 We know that the energy transfer process may be
affected by the presence of carrier traps or defects in the host
lattice. Therefore, it is possible for the tiny dopants with
different affinities to change the trap conguration and thus
signicantly improve the efficiency.33 It is clear that Tb3+ acts as
a good sensitizer to increase the luminescence efficiency of Eu3+

ions in Na3Gd(PO4)2,34 CaYAlO4,35 SrMg2LaW2O12 (ref. 36) and
Y2O3 (ref. 37) phosphors. Therefore, Tb

3+ and Eu3+ ions can be
used as efficient luminescent centers in real devices. Ce3+ ions
with permissive 5d–4f emission transitions from 300 to 400 nm
have been widely studied as efficient activators.38,39 In addition,
Tb3+ may also be an important activator with only weak
absorption peaks at about 300–400 nm due to the 4f–4f
absorption transitions.40 Therefore, Ce3+ ions co-doped in the
host can not only increase the emission intensity of Tb3+ ions
but also cause excitation in the ultraviolet region of 200–
400 nm, thereby overcoming the defects of the Ce3+ or Tb3+ ions
doped alone. So far, many Ce3+ and Tb3+ co-doped materials
have been reported including silicates, aluminates, phosphates,
uorides and oxynitrides.41–44 To the best of our knowledge, the
energy transfer of Tb3+ / Eu3+ in NSPO materials by a simple
method has little been reported in the previous literature.24,25,27

In this work, Tb3+–Eu3+ (Ce3+–Tb3+) co-doped NSPO phos-
phors were rstly synthesized by a combination of hydro-
thermal method and low temperature calcinations (800 �C). And
we obtained tunable emission colors such as red (Eu3+), green
(Tb3+), blue-violet (Ce3+), yellow (Tb3+–Eu3+) and so on. The
energy transfer mechanisms, the lifetimes, luminescence
properties, crystallinity and color tunability of the NSPO:Tb3+–
Eu3+ phosphors were also investigated. Based on multicolor
tunable luminescence, the NSPO:Ce3+/Tb3+/Eu3+ phosphors
may have potential applications in the eld of color displays,
uorescent lamps, solid-state lighting and UV-pumped LEDs.
2 Experimental section
2.1 Materials

The rare earth oxides including Sc2O3 (A.R.), CeO2 (99.99%),
Eu2O3 (99.99%) and Tb4O7 (99.99%) were purchased from
Chuandong Chemical Reagents Company (China). The raw
materials sodium citrate (Na3C6H5O7$2H2O) (A.R.), sodium
phosphate tribasic dodecahydrate (Na3PO4$12H2O) (A.R.) and
hydrogen peroxide (H2O2) were purchased from Aladdin
(China). All chemicals were used directly without further puri-
cation. The RECl3 (RE ¼ Sc, Ce, Eu and Tb) were rstly ob-
tained by dissolving the corresponding rare earth oxides in
dilute HCl solution. In addition, it was necessary to add H2O2

when dissolving CeO2 in dilute HCl solution.
This journal is © The Royal Society of Chemistry 2019
2.2 Synthesis

In a typical process of preparing Na3Sc2(PO4)3 host, 2 mmol
Na3C6H5O7$2H2O was added to 30 mL deionized water. Aer
vigorous stirring for 30 min, 2 mmol ScCl3 was added into the
above solution for 30 min. Then, it was kept stirring for another
30 min. Subsequently, 2 mmol Na3PO4$12H2O was added into
the above reaction solution. Aer additional agitation for
15 min, the obtained mixing solution was transferred into
a 50 ml Teon-lined stainless steel autoclave and maintained at
180 �C for 24 h. When autoclave cooled to room temperature
naturally, the obtained samples were collected by centrifuga-
tion, washed several times with deionized water and ethanol
and then dried at 60 �C for 24 h. Finally, the obtained precipi-
tates were transferred to muffle stove with the temperature at
800 �C for 2 h to get the nal products Na3Sc2(PO4)3 (marked as
NSPO). A series of NSPO:Ce3+/Tb3+/Eu3+ and NSPO:Tb3+,Eu3+/
Ce3+,Tb3+ phosphors have been synthesized using the same
method above except for different stoichiometric amounts of
RECl3 (RE ¼ Sc, Ce, Eu and Tb). Our sample synthesis has good
reproducibility, which can also be seen from the XRD, SEM and
PL results of the samples in the Results and discussion section.
2.3 Characterization

X-ray power diffraction (XRD) measurements were performed
on a Purkinje General Instrument MSALXD3 using Cu Ka
radiation (l ¼ 0.15406 nm). The morphology analysis was
carried out on a eld emission scanning electron microscopy
(FESEM, Hitachi, S-4800). The PL excitation and emission
spectra were detected by an F-7000 spectrophotometer (Hitachi,
Japan) equipped with a 150 W xenon lamp as excitation source.
The decay lifetimes were measured by FLS980 (Edinburgh
Instrument).
3 Results and discussion
3.1 Phase, structure and morphology

The crystal structure and phase composition of the samples
were studied by X-ray diffraction (XRD). Fig. 1A shows the XRD
patterns of pure NSPO (a), NSPO:0.1Ce3+ (b), NSPO:0.1Tb3+ (c),
NSPO:0.1Eu3+ (d), NSPO:0.1Tb3+,0.1Eu3+ (e) and NSPO:0.1Ce3+,
0.01Tb3 (f), respectively. All diffraction peaks can be attributed
to the pure monoclinic NSPO phase, which is consistent with
the standard card (JCPDS#44–0567). No other impurities are
detected, indicating that the resulting products consist of
a microscopic substructure with high crystallinity. The results
show that the doped Ln3+ ions do not change the phase of the
matrix signicantly, and the dopant ions have been successfully
dissolved in the lattice of NSPO host. It is well known that the
chemical properties and ionic radius of the rare earth ions are
similar, so we conrm that the Ce3+, Tb3+, Eu3+, Ce3+/Tb3+ or
Tb3+/Eu3+ are well incorporated into the NSPO host lattice. It is
worth noting that the characteristic diffraction peak (112) is
shied to a lower diffraction angle. This means that the incor-
porated ions cause the lattice to expand and the doped rare
earth ions have replaced the ions in the body. This further
shows that Ce3+, Tb3+ and Eu3+ are successfully constructed into
RSC Adv., 2019, 9, 1270–1277 | 1271
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Fig. 1 (A) XRD patterns of pure NSPO (a) and NSPO:Ln3+ (b–f); (B) the
structure of the NSPO crystals and the sites of Na+ and Sc3+ poly-
hedrons, respectively; (C) SEM of the prepared NSPO samples.
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NSPO host material by doping strategy. Fig. 1B presents the cell
structure of the NSPO crystal and the coordination environment
of cation Sc3+/Na+ with O atoms. The detailed structural
parameters and crystallographic data for NSPO crystal are listed
in Table S1 (ESI†). In the monoclinic NSPO structure, each Sc3+

ion is coordinated by its nearest six oxygen atoms to form
a regular quadrangular pyramid where Sc3+ ion is located in the
symcenter. The Na+ ion is coordinated by eight oxygen atoms.
The NSPO compound with lattice constants a ¼ b ¼ 8.931 and c
¼ 22.3267 crystallizes in the R�3c space group. The relevant
atomic parameter data are listed in Table S2 (ESI†). As shown in
Fig. 1C, we found that the NSPO products are relatively uniform
nanoparticles with smaller size of 300 nm comparing with the
literature reports26–28 (Fig. S1, ESI†).
Fig. 2 PL and PLE spectra of the NSPO:0.1Eu3+ phosphor (a),
NSPO:0.1Tb3+ phosphor (b) and NSPO:0.1Tb3+,0.1Eu3+ phosphor (c),
respectively.
3.2 Photoluminescence properties

A series of independently doped NSPO:Ln3+ (Ln ¼ Ce/Tb/Eu)
and double doped NSPO:Ln3+ (Ln ¼ Tb,Eu/Ce,Tb) phosphors
1272 | RSC Adv., 2019, 9, 1270–1277
were synthesized and their respective luminescence spectra
were studied. Eu3+ ions are noted activators in various host
lattices. Fig. 2a displays the PLE and PL spectra of NSPO:0.1Eu3+

phosphors. Monitored at 619 nm, the excitation spectrum
includes a weak broad band at 275 nm, which can be attributed
to the charge-transfer (CT) band from O2� to Eu3+ ions. There
are some sharp peaks in the ultraviolet range of 300–400 nm,
which can be assigned to the f / f characteristic transition of
Eu3+ (7F0 /

5H5 at 323 nm, 7D0 /
5D4 at 358 nm, 5D0 /

5L7 at
380 nm and 7F0/

5L6 at 394 nm).45 The strongest one is located
at near-UV region of 394 nm which indicates that the phosphor
is suitable for excitation of UV LED chips. Upon excitation at
394 nm, the PL spectrum includes two emissions peaks at 594
and 619 nm originating from the 5D0 / 7F1 and 5D0 / 7F2
transitions of Eu3+ activator, respectively. We know that the
relative intensity of emission is affected obviously by the
replaced position of activator Eu3+ in host lattice. The 5D0/

7F1
transition corresponding to the magnetic dipole moment is less
sensitive to the crystallographic site symmetry of activator Eu3+

than the 5D0 / 7F2 transition corresponding to the electrical
dipole moment transition. Therefore, if Eu3+ occupies a high
symmetry site, the 5D0/

7F1 emission will be stronger; whereas
the 5D0 / 7F2 emission dominates the emission spectrum if
Eu3+ ions locate in a low symmetry site (Fig. 2a).46,47

We compared the PL and PLE of the Na3Sc2(PO4)3 doped
with Eu3+ by both methods (ceramic and hydrothermal) in
Fig. S2 (ESI†). Under excitation of 394 nm, the PL spectra of
Na3Sc2(PO4)3:Eu

3+ phosphors by both methods both exhibited
four characteristic emission bands with 594(593), 619(621),
654 and 699 nm corresponding to 5D0 /

7F1,
5D0 /

7F2,
5D0

/ 7F3 and 5D0 / 7F4 transitions, respectively. The emission
spectrum of the sample by ceramic method appears to be more
rened and has higher luminous intensity at 654 and 699 nm,
which can be attributed to higher crystallinity caused by the
ceramic method at higher temperature. In the PLE spectra of
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Emission spectra of the NSPO:0.1Tb3+,xEu3+ phosphors.
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Na3Sc2(PO4)3:Eu
3+ phosphors by both methods, the broad

band in the 250–300 nm region was both attributed to the CTB
transition from the fully lled 2p orbitals of O2� ions to the
partially lled 4f orbitals of Eu3+. Furthermore, these narrow
PLE peaks located at around 323(318), 358(364), 380(384) and
394 nm were all attributed to the intra-4f transitions of Eu3+

ions from 7F0 level to
5H6,

5D4,
5L7 and

5L6 level, respectively.
Compared with Fig. S2A(a),† there was no peak at 297 nm in
Fig. S2B(a)† because of the overlap of the CTB band and the 7F0
/ 5FJ transition of Eu3+. The excitation spectrum of the
sample by ceramic method appears to be more rened, which
can be also attributed to higher crystallinity caused by the
ceramic method at higher temperature.

Fig. 2b shows the PLE and PL spectra of NSPO:0.1Tb3+. We
know that Tb3+ has a simple 4f conguration energy level
structure with low energy state 7FJ (J ¼ 6, 5, ., 0) and excited
states 5D3,4. The excitation spectrum (le) at room temperature
(RT) is recorded by monitoring with bright green emission at
548 nm, which showed a strong spectral band at 219 nm owing
to the 4f8 / 4f75d1 transition of the Tb3+ ions. Here, we can see
several weak peaks in the range of 300–500 nm, which are
caused by the spin and orbital forbidden intra-4f transitions
(enlarged and shown in Fig. S3†). Excited at the wavelength of
219 nm, the NSPO:0.1Tb3+ samples have two emission groups,
one is the blue emission caused by the 5D3 / 7FJ transitions,
and the other is the green emission caused by the 5D4 / 7FJ
transitions. Four typical transitions from 5D4 level down to 7FJ
levels of 4f8 conguration of Tb3+ were observed, that is, 5D4 /
7F6 at 488 nm, 5D4 /

7F4 at 587 nm, 5D4 /
7F3 at 621 nm and

5D4/
7F5 at 548 nm (the strongest one). Furthermore, there are

three weaker emission peaks at 375 nm, 417 nm and 434 nm,
which can be attributed to the 5D3 /

7F6,
5D3 /

7F5 and
5D3 /

7F4 transitions of Tb3+, respectively. The emission spectra
illustrate that phosphor NSPO:0.1Tb3+ shows an intense green
emission. Comparing the excitation band of NSPO:0.1Eu3+ with
the emission band of NSPO:0.1Tb3+ (Fig. 2a and b), a meaning-
ful spectral overlap was observed, which facilitated the transfer
energy from Tb3+ to Eu3+.

Fig. 2c shows the PLE and PL spectra of the typical
NSPO:0.1Tb3+,0.1Eu3+ sample. The excitation spectra under the
detection wavelength of 619 nm and 548 nm (Fig. 2c) are both
the same as the excitation spectra of the single doped Tb3+ in
Fig. 2b (219 nm), indicating that double doped NSPO phosphors
can be used as a green and red two-color phosphors in near-UV
pumped white LEDs. On the other hand, the emission peaks of
the Tb3+–Eu3+ co-doped phosphors under 219 nm excitation
were observed at 619 nm (5D0–

7F2) and 548 nm (5D4–
7F5), which

are attributed to the Eu3+ and Tb3+ ions, respectively. Moreover,
595 nm (5D0–

7F1) in the orange region of Eu3+ as well as 488 nm
(5D4–

7F6) in the blue region of Tb3+ can be also observed in the
NSPO:0.1Tb3+,0.1Eu3+ phosphors. From the Fig. 2, we can see
that the co-doping of the Tb3+ ions have greatly improved the
Eu3+ emission under same irradiation by comparing the emis-
sion spectra of the NSPO:0.10Tb3+,0.1Eu3+ (Fig. 2c) and
NSPO:0.1Eu3+ phosphors (Fig. 2a). Most notably, the intensity of
the characteristic emitter region of Tb3+ is weaker than that of
Eu3+, which provides sufficient evidence for effective energy
This journal is © The Royal Society of Chemistry 2019
transfer from the donor Tb3+ to the receptor Eu3+. Therefore,
adjusting the concentrations of the two activators can change
the relative intensities of the two emissions by the principle of
energy transfer, which is a viable way to get multicolor light
emission.

In order to further understand the energy transfer between
the Tb3+ and Eu3+ ions, a series of composition-controlled
samples were prepared. Fig. 3 displays the emission spectra of
NSPO:0.1Tb3+,xEu3+ phosphors with x varying from 0 to 0.1.
Under excitation at 219 nm UV light, the phosphors show the
characteristic emissions of Tb3+ as well as sharp emission peaks
of Eu3+. Keeping the concentration of Tb3+ at 0.1, the emission
intensity of Eu3+ at 595/619 nm gradually increases with the
increase of Eu3+ concentration, while the emission intensity of
Tb3+ at 488/548 nm decreases. Under excitation of characteristic
excitation peaks of Tb3+ at 219 nm, the changing of Tb3+ and
Eu3+ emission relative intensity in NSPO:0.1Tb3+,xEu3+ phos-
phors can further prove the efficient energy transfer from Tb3+

to Eu3+ ions. In addition, the variations of the Eu3+ and Tb3+

emission intensity in NSPO:0.1Eu3+,yTb3+ phosphors is dis-
played in Fig. S4,† which also reect the same result of energy
transfer from Tb3+ to Eu3+.

For more directly observing the changes of relative emission
intensity, Fig. 4 presents the variations of Tb3+ at 548 nm and
Eu3+ at 619 nm upon changing the Eu3+ content. It is found that
the emission intensity of Tb3+ ions decreases monotonically
with increasing the content of the Eu3+ ions; whereas the
emission intensity of Eu3+ ions as well as the energy transfer
efficiency gradually increases. These results further support the
generation of effective energy transfer from Tb3+ to Eu3+ ions.
Here, the energy transfer efficiency (hT) of Tb

3+ / Eu3+ in the
NSPO host can be estimated using the following formula:48

hT ¼ 1 � IS/IS0

where IS and IS0 are the luminescence intensities of Tb3+ in the
presence and absence of Eu3+, respectively. It is clearly discov-
ered that the value of hT gradually increases with the increase of
Eu3+, as shown in Fig. 4 (red line). When x ¼ 0.1, the hT is as
high as 84.72% for NSPO:0.1Tb3+,0.1Eu3+ phosphors. Generally
speaking, energy transfer from sensitizer (Tb3+) to activator
RSC Adv., 2019, 9, 1270–1277 | 1273
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Fig. 4 Relative emission intensities of Eu3+ at 619 nm and Tb3+ at
548 nm, and the ET efficiency of Tb3+ / Eu3+ in NSPO:0.1Tb3+,xEu3+

phosphors (x ¼ 0–0.1).

Fig. 5 Dependence of IS0/IS of Tb3+ on C(Tb3++Eu3+)
6/3, C(Tb3++Eu3+)

8/3

and C(Tb3++Eu3+)
10/3, respectively.

Fig. 6 Decay curves of Tb3+ in NSPO:0.1Tb3+,xEu3+ (x ¼ 0, 0.01, 0.05,
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(Eu3+) can be achieved through the exchange interaction or
electric multipolar interaction.49 If the energy transfer is caused
by the exchange interaction, the critical distance between the
sensitizer and the activator should be less than 3–4 Å. In
contrast, electrical multipolar interaction may dominate.50 The
critical distance Rc of energy transfer was calculated by using
the concentration quenching method, where the critical
distance Rc can be calculated by the following formula pre-
sented by Blasse:51

Rc z 2

�
3V

4pxcN

�1=3

Here V is the unit cell volume, xc is the critical concentration
and N refers to the number of formula units per unit cell. For
the NSPO host, V ¼ 1542.20 Å3, xc ¼ 0.085 and N ¼ 6. Based on
the above formula, the critical distance for energy transfer is
estimated to be about 17.94 Å. The value is longer than 3–4 Å,
indicating that the energy transfer mechanism is controlled by
electrical multipolar interaction in this system. We have further
discussed the energy transfer mechanism for electrical multi-
polar interaction, which can be determined using the following
relationship:52,53

h0/h f Cn/3

Here h0 and h are the luminescence quantum efficiencies of
Tb3+ in the absence and presence of Eu3+, respectively; and the
values of h0/h can be approximately calculated by the ratio of
related luminescence intensities (IS0/IS); C is the concentration
of the sum of Tb3+ and Eu3+; and n ¼ 6, 8 and 10 correspond to
dipole–dipole, dipole–quadrupole and quadrupole–quadrupole
interaction, respectively. The relationships between IS0/IS and
C(Tb3++Eu3+)

n/3 are illustrated in Fig. 5 for NSPO:0.1Tb3+,xEu3+

phosphors. The best linear behavior was observed when n ¼ 6
based on the values of the tting parameters R2, implying that
the Tb3+ / Eu3+ energy transfer occurs by the dipole–dipole
interaction.

To further validate the energy transfer phenomenon, the
decay curves of Tb3+ emission of NSPO:0.1Tb3+,xEu3+ (x ¼ 0,
0.01, 0.05, 0.10) phosphors are shown in Fig. 6. We can see that
1274 | RSC Adv., 2019, 9, 1270–1277
all decay curves can be well tted by the rst order exponential
decay method using the formula:54,55

I(t) ¼ I0 exp(�t/s)

where s is the 1/e lifetime of Tb3+. According to the formula, the
decay times were calculated to be 3.36, 2.84, 1.97 and 0.86 ms
for NSPO:0.1Tb3+,xEu3+ with x ¼ 0, 0.01, 0.05 and 0.10,
respectively. It is easy to nd that the decay lifetime of the Tb3+

ions decreases monotonically with the Eu3+ concentration
increasing, which further conrms the existence of energy
transfer from Tb3+ to Eu3+ ions.51 Based on the principle of
energy transfer, a coordinated emission of colors can be ach-
ieved by varying the proportion of doping content. A represen-
tative CIE chromaticity diagram and coordinates of
NSPO:0.1Tb3+,xEu3+ (x ¼ 0–0.1) phosphors are calculated from
the relevant PL spectra (Fig. 3), as shown in Fig. 7. With the
increase of Eu3+ concentration, the CIE coordinates range from
(0.2865, 0.4982) through (0.3657, 0.4516) to (0.5693, 0.2976);
and the emission colors change from green through yellow to
red, accordingly. Thus, we make sure that tunable lumines-
cence can be achieved in the new NSPO:0.10Tb3+,xEu3+ phos-
phors based on energy transfer.
0.10) phosphors.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 CIE chromaticity coordinates of NSPO:0.1Tb3+,xEu3+ (x ¼ 0–
0.1) phosphors under 219 nm excitation.
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Fig. 8 displays the PLE and PL spectra of Ce3+ or Tb3+ solely
doped and Ce3+/Tb3+ co-activated NSPO phosphors. Ce3+ ions
have been doped into the host as activator, and the luminescent
properties have been explored. As shown in Fig. 8a, the excita-
tion spectrum monitored at 367 nm for NSPO:0.1Ce3+ phos-
phors exhibit a broad band centered at 278 nm, which
corresponds to the transition from the 4f state of Ce3+ ions to
the excited Ce3+ ions 5d state. Under the irradiation at 278 nm,
the phosphors can emit intense blue-violet light with a peak
wavelength at 367 nmwhich can be attributed to the lowest Ce3+

5d excited state to the ground state 2F5/2 in the Ce3+ 4f cong-
uration. Generally, with a low doping concentration of Tb3+ in
the host matrix, the character emission of Tb3+ is rather weak.
Fig. 8b displays the excitation and emission spectra of
NSPO:0.01Tb3+. The excitation spectrum shows a strong broad
absorption band (219 nm) with shoulders at 257/273 nm arising
Fig. 8 PLE and PL spectra of NSPO:0.1Ce3+ (a), NSPO:0.01Tb3+ (b) and
NSPO:0.1Ce3+,0.01Tb3+ (c), respectively.

This journal is © The Royal Society of Chemistry 2019
from an allowed 4f8–4f75d transition and some weak narrow
absorption peaks from 300 to 500 nm due to intra-(4f) transi-
tions of Tb3+. The shoulders may originate from the forbidden
component of the 4f8–4f75d transition.56 Based on the above PL
spectrum of the Ce3+ single-doped sample and the PLE spec-
trum of the Tb3+ single-doped sample (Fig. 8a and b), the
spectral overlap between the broad emission band of Ce3+ and
the Tb3+ excitation within the spectral range of 300–400 nm.
Thus, it is expected that a resonance-type ET from Ce3+ to Tb3+

may occur in the NSPO host. As shown in Fig. 8c, the PLE and PL
spectra of NSPO:0.1Ce3+,0.01Tb3+ phosphors were studied.
When monitored at 548 nm of Tb3+, the excitation spectrum
consists of an excitation band (219 nm) of Tb3+ ions assigned to
f-d transitions and a strongest excitation band (278 nm) of Ce3+

ions, indicating the possible energy transfer from Ce3+ to Tb3+

ions. Moreover, when excited at 278 nm, the PL spectra show
not only the broad emission peak in the blue-violet region from
the electric-dipole-allowed 4f–5d transitions of Ce3+ (367 nm),
but also the strong emission of Tb3+at 488 nm and 548 nm
(5D4–

7FJ¼6,5), which also provides another evidence for the
energy transfer from Ce3+ to Tb3+. To know the energy transfer
process, a series of samples with different concentrations of
Ce3+ were prepared. Fig. S5† shows the emission spectrum of
the NSPO:0.01Tb3+,yCe3+(y ¼ 0, 0.05, and 0.10) phosphors upon
an excitation wavelength of 278 nm. When the Tb3+ doping
concentration is xed, the Tb3+ emission intensity increases
monotonously and the Ce3+ emission intensity decreases as the
Ce3+ ion concentration increases. This should be due to the
enhancement of energy transfer from Ce3+ ions to Tb3+ ions.

The decay curves and lifetime of Ce3+ in NSPO:0.1Ce3+,yTb3+

(y ¼ 0, 0.01) are showed in Fig. 9 According to the decay
behavior of Ce3+, their corresponding luminescence decay curve
can be best tted to the typical second-order decay method by
the following equation:57

I(t) ¼ A1 exp(�t/s1) + A2 exp(�t/s2)
Fig. 9 The decay curves and lifetime of Ce3+ in NSPO:0.1Ce3+,yTb3+

(y ¼ 0, 0.01).

RSC Adv., 2019, 9, 1270–1277 | 1275
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Fig. 10 Energy level model for the ET processes of Ce3+ / Tb3+ in
NSPO host.
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Here I is the luminescence intensity at time t; A1 and A2 are two
constants which are related with the initial intensity; s1 and s2
are rapid and slow times for the exponential components,
respectively. The average lifetime (s) can be calculated using the
following equation:

s ¼ (A1s1
2 + A2s2

2)2/(A1s1 + A2s2)

The lifetime of Ce3+ is 4.67 ms when doped only with Ce3+

ions in NSPO phosphors. However, the lifetime of Ce3+

decreases to 3.25 ms with the introduction of Tb3+, demon-
strating the energy transfer from Ce3+ to Tb3+ by non-radiative
processes.58

The proposed Ce3+ / Tb3+ ET process in the NSPO host is
shown in Fig. 10. Firstly, Ce3+ ions can effectively absorb UV
light from the ground state (2F5/2) to the excited state (5d energy
levels) by UV irradiation. Secondly, these electrons relax to the
lowest vibrational level of the excited state to release excess
energy into the surrounding environment and then either
return to the ground states to produce the Ce3+ emissions; or
efficiently transfers the energy to the 5D3 level of Tb

3+, followed
by non-radiative relaxation to 5D4 level (5D3 + 7F6 ¼ 5D4 + 7F0)
due to the same energy difference between 5D3 /

5D4 and
7F0

/ 7F6 in Tb3+ ions.56,59 Finally, as a result of the electrons
moving from the 5D4 excited state to the 7FJ (J ¼ 3, 4, 5, 6)
ground state, the green light is obtained.
4 Conclusions

In summary, we have successfully synthesized a series of color
tunable NSPO:Ce3+/Eu3+/Tb3+ phosphors by a combination of
1276 | RSC Adv., 2019, 9, 1270–1277
hydrothermal method and low temperature calcinations (800
�C). The obtained NSPO:Ce3+/Eu3+/Tb3+ phosphors were rela-
tively uniform nanoparticles with size of 300 nm. The energy
transfer of Tb3+/Eu3+ co-doping as well as their tunable multi-
color luminescence in Na3Sc2(PO4)3 host lattices were realized.
Due to energy transfer of Tb3+ / Eu3+, the emission colors of
the resulting phosphor can be changed from green (0.2865,
0.4982) to red (0.5693, 0.2976) through yellow (0.3657, 0.4516)
by adjusting the concentration of Eu3+. The obtained
NSPO:Ce3+/Eu3+/Tb3+ phosphors can be promising as a poten-
tial candidate for the applications for solid-state lighting and
display elds.
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