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ABSTRACT: A series of NaCa13/18Mg5/18PO4(NCMPO):A
(A = Eu2+/Tb3+/Mn2+, Dy3+) phosphors have been prepared
by the high-temperature solid-state reaction method. The X-
ray diffraction (XRD) and Rietveld refinement, X-ray photo-
electron spectroscopy (XPS), photoluminescence (PL),
cathodoluminescence (CL), decay lifetimes, and PL quantum
yields (QYs) were utilized to characterize the phosphors. The
pure crystalline phase of as-prepared samples has been
demonstrated via XRD measurement and Rietveld refinements.
XPS reveals that the Eu2+/Tb3+/Mn2+ can be efficiently doped
into the crystal lattice. NCMPO:Eu2+/Tb3+/Mn2+ phosphors
can be effectively excited under UV radiation, which show
tunable color from purple-blue to red including white emission
based on energy transfer from Eu2+ to Tb3+/Mn2+ ions. Under
low-voltage electron beam bombardment, the NCMPO:A (A = Eu2+/Tb3+/Mn2+, Dy3+) display their, respectively, characteristic
emissions with different colors, and the CL spectrum of NCMPO:0.04Tb3+ has the comparable intensity to the ZnO:Zn
commercial product. In addition, the calculated CIE coordinate of NCMPO:0.04Tb3+ (0.252, 0.432) is more saturated than it
(0.195, 0.417). These results reveal that NCMPO:A (A = Eu2+/Tb3+/Mn2+, Dy3+) may be potential candidate phosphors for
WLEDs and FEDs.

1. INTRODUCTION

Rare earth and transition metal ions (e.g., Mn2+, Bi3+ etc.)
doped inorganic luminescent materials have been attracting our
attentions for their applications in fluorescent lamps (FLs),
light-emitting diodes (LEDs), cathode ray tubes (CRTs) and
field emission displays (FEDs) as indispensable components.1

Currently, the issues of energy saving and environmental
protection give a prompt development of LEDs for their unique
merits such as high efficiency, long operation time, compact-
ness, etc. besides energy saving and environmental friendliness
compared to conventional incandescent and implemented
fluorescent lamps.2 Moreover, the commercial applications of
LEDs have taken place as backlights for liquid crystal displays
(LCDs), mobile phone screen, car taillight and so on. In the
display field, the LCDs occupies the market at present;
however, as the most potential technology for flat panel
displays, FEDs owns many potential superiorities on lighting,
viewing, operated-temperature range, power depletion, re-
sponse time, and so on.3 Therefore, the investigations devoted
to them have attracted much interest from researchers.

It is well-known that energy transfer plays an important role
to obtain tunable color emissions in many phosphors,4 which
can enrich the luminescent properties of samples and is
beneficial for our selections we need. As an important activator
for phosphors, Eu2+ can produce intensive and broad excitation
and emission bands attributed to their dipole allowed 4f−5d
electronic transitions. The emission wavelength can vary from
n-UV to red region relying on various matrix, such as n-UV for
Na2CaMg(PO4)2:Eu

2+, blue for BaCa2MgSi2O8:Eu
2+, green for

Li2Ca2Si2O7:Eu
2+, yellow for Sr8MgGd(PO4)7:Eu

2+, red for
CaAlSiN3:Eu

2+, and even full-color for Na2‑xAl2‑xSixO4:Eu
2+ (0

< x < 1).5 The trivalent Tb3+ are usually used as a green
emitting activator based on their characteristic transitions of
5D3 →

7FJ in the n-UV to blue region and 5D4 →
7FJ in the

green region (J = 6, 5, 4, 3, 2) depending on its doping
concentration.6 The primary problem for the Tb3+ ion of its
green emission is the deficiency of the efficient and broad

Received: August 23, 2014
Published: November 6, 2014

Article

pubs.acs.org/IC

© 2014 American Chemical Society 12141 dx.doi.org/10.1021/ic502058r | Inorg. Chem. 2014, 53, 12141−12150

pubs.acs.org/IC


excitation band from n-UV to the visible region, which limits its
application in n-UV white LEDs (WLEDs). The transition
metal ion Mn2+ can produce a broad band emission in the
visible range from green to red depending on the around crystal
field owing to its d-d transition. However, the d-d transition of
Mn2+ is spin-forbidden and difficult to be pumped, therefore,
the emission of Mn2+ ions can be generally enhanced by energy
transfer from the host or the sensitizer.7 Besides, Dy3+ ion can
produce white light based on combination of blue (4F9/2-

6H15/2
transition) and yellow (4F9/2-

6H13/2 transition) emissions under
UV excitation, which is also often used as an activator.8

ABPO4 (where A and B are mono- and divalent cations,
respectively), an important family of compounds showing
excellent thermal and charge stability, have gained increasing
interest in the investigations of luminescent materials, such as
NaCaPO4:Ce

3+,Tb3+, RbBaPO4:Eu
2+, NaCaPO4:Mn2+, NaSr-

PO4:Eu
2+/Mn2+.9 However, the structure of Na-

Ca13/18Mg5/18PO4 (NCMPO) (trigonal crystal structure) is
much different from that of NaCaPO4 (orthorhombic crystal
structure), which may produce different luminescent properties
when doped with rare earth ions and Mn2+ ions. In this present
work, we have synthesized Eu2+, Tb3+, Mn2+, Dy3+ doped
NCMPO phosphors via the high-temperature solid-state
reaction route. The tunable color from purple-blue to red has
been produced via doping different kinds of ions and
appropriately adjusting their doping concentration ratios
under UV excitation. Simultaneously, the cathodoluminescence
(CL) properties of phosphors also have been investigated in
detail under a low voltage electron beam excitation to recognize
their potential application in FEDs. Additionally, it develops
that the new crystal structure can be produced when part of
certain elements in some familiar compounds are substituted by
other ones, which may give us an additional way to obtain novel
phosphors.

2. EXPERIMENTAL SECTION
2.1. Materials and Preparation. A series of phosphors with the

composition formula NaCa13/18Mg5/18PO4 (NCMPO):Eu2+/Tb3+/
Mn2+, Dy3+ were prepared by the high-temperature solid-state reaction
process. The Na2CO3 (A.R.), CaCO3 (A.R.), (MgCO3)4·Mg(OH)2·
5H2O (A.R.), NH4H2PO4 (A.R.), Eu2O3 (99.99%), Tb4O7 (99.99%),
MnCO3 (A.R.), and Dy2O3 (99.99%) were used as the starting
materials. The stoichiometric amounts of the raw materials were first
thoroughly mixed by grinding them in an agate mortar with an
appropriate amount of ethanol and then dried at 80 °C for 0.5 h. After
reground for 5 min, the powder mixtures were loaded into the
crucibles and transferred to the tube furnace to calcine at 1030 °C for
7 h in a reducing atmosphere of H2 (10%) and N2 (90%) to produce
the final samples after reground for 1 min.
2.2. Measurement Characterization. The X-ray diffraction

(XRD) patterns were performed on a D8 Focus diffractometer at a
scanning rate of 10° min−1 in the 2θ range from 10° to 120° with
graphite-monochromatized Cu Kα radiation (λ = 0.15405 nm). X-ray
photoelectron spectroscopy (XPS) spectra were measured with a
Thermo ESCALAB 250 instrument. Diffuse reflectance spectra were
recorded with a Hitachi U-4100-Vis/NIR spectrophotometer. The
photoluminescence (PL) and CL emission spectra were recorded with
a Hitachi F-7000 spectrophotometer with different excitation source (a
150 W xenon lamp and electron beam, respectively). The CL
measurements were conducted in an ultrahigh vacuum chamber
(<10−8 Torr), where the phosphors were excited by an electron beam
in the voltage range of 1.5−4.5 kV and different filament currents of
82−90 mA. The fluorescent decay lifetimes were measured from a
Lecroy Wave Runner 6100 digital osilloscope (1 GHz) using a tunable
laser (pulse width = 4 ns, gate = 50 ns) as the excitation source
(Contimuum Sunlite OPO). PL quantum yields (QYs) were obtained

directly by the absolute PL quantum yield (internal quantum
efficiency) measurement system (C9920-02, Hamamatsu Photonics
K. K., Japan), including an excitation light source of a Xe lamp, a
monochromator, an integrating sphere capable of nitrogen gas flow,
and a CCD spectrometer for detecting the whole spectral range
simultaneously. All the measurements were conducted at room
temperature (RT).

3. RESULTS AND DISCUSSION
3.1. Crystal Structure and Phase Purity. The composi-

tion and phase purity of as-prepared samples were first
identified by XRD measurement. Figure 1 illustrates the

representative XRD patterns of NCMPO and Eu2+, Tb3+,
Mn2+, Dy3+ doped NCMPO samples as well as the reference
diffraction lines of Na18Ca13Mg5(PO4)18 (JCPDS no. 88-1548).
It is apparent that all the diffraction peaks are well assigned to
pure trigonal [space group, R3 ̅m (166)] based on the JCPDS
no. 88-1548, which indicates Eu2+, Tb3+, Mn2+, and Dy3+ ions
can be dissolved into this host and their introductions do not
arouse any significant changes in this crystal structure. As
depicted in Figure 2, Na18Ca13Mg5(PO4)18 crystallizes in the
trigonal space group R3 ̅m with a relatively large unit cell and

Figure 1. Representat ive XRD patterns for NCMPO,
NCMPO:0.04Eu2+, NCMPO:0.04Eu2+, 0.16Tb3+, NCMPO:0.04Eu2+,
0 . 0 4Mn 2 + , NCMPO:0 . 0 4Eu 2 + , 0 . 1 2Tb 3 + , 0 . 0 1Mn 2 + ,
NCMPO:0.01Dy3+, and the standard card for Na18Ca13Mg5(PO4)18
(JCPDS no. 88-1548).

Figure 2. Crystal structure of Na18Ca13Mg5(PO4)18 compound.
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cell parameters of a = 15.811 Å, c = 21.499 Å, V = 4643.62 Å3,
Z = 3.10 The composition was fixed under the assumption of
two cationic positions per phosphorus atom leading to the
general formula NaMIIPO4. Furthermore, there are five Ca
cationic positions of Ca1 with Wyckoff position 3a, Ca2 with
Wyckoff position 18f, Ca3/Na3 with Wyckoff position 18g,
Ca4/Na4 with Wyckoff position 18h, Ca6 with Wyckoff
position 18h for Eu2+ ions substitution, in which two of them
share the same positions with Na cations. Moreover, Ca1 and
Ca4 are coordinated with six oxygen atoms around, while 10 for
Ca2, 8 for Ca3, and 2 for Ca6. Also, the Eu2+, Tb3+, and Dy3+

are suggested to substitute Ca2+ based on the similar ionic
radius of them [coordination number (CN) = 6, r = 1.00 Å, CN
= 8, r = 1.12 Å, CN = 10, r = 1.28 Å for Ca2+; CN = 6, r = 1.17
Å, CN = 8, r = 1.25 Å for Ca2+; CN = 6, r = 0.92 Å, CN = 8, r =
1.04 Å for Tb3+; CN = 6, r = 0.91 Å, CN = 8, r = 1.02 Å for
Dy3+], as well as the occupation of Mg2+ by Mn2+ (CN = 6, r =
0.72 Å, CN = 8, r = 0.89 Å for Mg2+; CN = 6, r = 0.67 Å, CN =
8, r = 0.93 Å for Mn2+). Some small shifts in the diffraction
patterns relative to the standard diffraction pattern of JCPDS
no. 88-1548 can be ascribed to the differences of ionic radius
between Ca2+ and Eu2+, Dy3+ and Tb3+, as well as between
Mg2+ and Mn2+.
In order to further identify the effect to crystal structure of

doping rare earth ions, the Rietveld refinement of powder XRD
profile of representative NCMPO:0.04Eu2+ was defined by the
general structure analysis system (GSAS) method. The original
structure model of previously reported crystallographic data of
Na18Ca13Mg5(PO4)18 (ICSD no. 408372), which crystallizes in
a trigonal unit cell with the space group R3 ̅m (166) was
employed to refine the structure of NCMPO:0.04Eu2+. The
experimental, calculated, and difference XRD profiles and Bragg
positions for the Rietveld refinement of NCMPO:0.04Eu2+ at
room temperature are shown in Figure 3. The refined results

show that all atom coordinates, fraction factors, as well as
thermal vibration parameters are fitted well with the reflection
condition, Rp = 3.12%, Rwp = 4.06%, and χ2 = 2.19, indicating
that the introduction of rare earth ions has little influence to the
crystal structure of Na18Ca13Mg5(PO4)18.
XPS was used to determine the elemental compositions of

the samples. The measured results of NCMPO and

NCMPO:0.04Eu2+, 0.12Tb3+, 0.005Mn2+ are illustrated in
Figure S1 in the Supporting Information, showing the almost
identical profiles and peak positions for binding energies below
600 eV. The doped elements, Eu, Tb, and Mn, were detected in
the spectrum of NCMPO:0.04Eu2+, 0.12Tb3+, 0.005Mn2+ in
Figure S1b in the Supporting Information compared to that of
NCMPO host in Figure S1a in the Supporting Information. As
illustrated in insets b-1 and b-2 in Figure S1b, the Eu 3d3/2,

3d5/2
and Mn 2p1/2,

2p3/2 core peaks show binding energies of around
1166, 1135 eV and 650, 640 eV,11 respectively, but have weak
intensities owing to their low doping concentrations. While for
the Tb element, its 4d core peak is observed obviously from
inset b-3 in Figure S1b. By combining the result with the XRD
analysis, we can infer that these signals originate from elements
present in NCMPO and NCMPO:0.04Eu2+, 0.12Tb3+,
0.005Mn2+.

3.2. Photoluminescence Properties. Figure 4 shows the
PL emission and excitation spectra of NCMPO:0.04Eu2+,

NCMPO:0.0003Tb3+, NCMPO:0.15Tb3+, NCMPO:0.04Mn2+,
and NCMPO:0.01Dy3+ samples at room temperature. In Figure
4a, the PL excitation spectrum has a broad band ranging from
210 to 380 nm monitored at 405 nm with the maximum at
about 280 nm, which is ascribed to the 4f7 → 4f65d1 transition
of the Eu2+ ion and in accordance with the absorption band
displayed in the diffuse reflect ion spectrum of
NCMPO:0.04Eu2+ in Figure S2 in the Supporting Information.
Under 280 nm excitation, the PL emission spectrum of
NCMPO:0.04Eu2+ shows a purple-blue emission in the region
of 375 to 485 nm, peaking at 405 nm, with the full width at
half-maximum (fwhm) of about 50 nm, which can be assigned
to the typical 4f65d1 → 4f7 transition of the Eu2+ ion. On the
basis of five kinds of Ca sites in the host, the PL emission
spectrum of the NCMPO:0.04Eu2+ phosphor can be
decomposed into five Gaussian bands with peaks centered at
389, 401, 415, 433, and 464 nm by Gaussian deconvolution,
respectively. Figure 5a displays the variation of emission spectra
(λex = 280 nm) for NCMPO:xEu2+ as a function of Eu2+

concentration x, one can clearly find that the optimal doping
concentration x of Eu2+ in this host is 0.04 in Figure 5b, beyond
which the concentration quenching effect takes place owing to
the energy transfer between activators until an energy

Figure 3. Rietveld refinement of powder XRD profile of representative
NCMPO:0.04Eu2+.

Figure 4. Excitation (black line) and emission (red line) spectra for
NCMPO:0.04Eu2+ (a), NCMPO:0.0003Tb3+ (b), NCMPO:0.15Tb3+

(c), NCMPO:0.04Mn2+ (d), and NCMPO:0.01Dy3+ (e).
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saturation and then results in the decrease of emission intensity.
In order to determine the energy transfer mechanism in
NCMPO:xEu2+ samples, it is necessary to know the critical
distance (Rc) between activators such as Eu2+ here. With the
increase of Eu2+ content, the distance between Eu2+ ions
becomes shorter, thus the probability of energy migration
increases constantly. When the distance is small enough, the
concentration quenching occurs and the energy migration is
hindered. Therefore, the calculation of Rc has been pointed out
by Blasse:12

π
≈

⎡
⎣⎢

⎤
⎦⎥R

V
X N

2
3

4c
c

1/3

(1)

where V corresponds to the volume of the unit cell, N is the
number of host cations in the unit cell, and Xc is the critical
concentration of dopant ions. For the Na18Ca13Mg5(PO4)18
host, N = 3, V = 4643.62 Å3, and Xc is 0.04 × 18 = 0.72 for
Eu2+. Accordingly, the Rc was estimated to be about 16.01 Å. In
general, there are three mechanisms for nonradiate energy
transfer involving exchange interaction, radiation reabsorption,
and electric multipolar interactions. The result obtained above
indicates the little possibility of exchange interaction since the
exchange interaction is predominant only for about 5 Å.13 The

mechanism of radiation reabsorption is only efficacious when
the fluorescence and absorption spectra are widely overlapping,
which also does not intend to occur in this case. Consequently,
we can conclude the energy transfer mechanism between Eu2+

ions is appropriate for electric multipolar interactions.
According to the formula proposed by Dexter and Van Uitert,
which can be expressed as follow:13a,14

β= + θ −I
x

x[1 ( ) ]/3 1
(2)

where I represents the emission intensity, x is the activator ion
concentration, and β is a constant for the given matrix under
the identical excitation conditions. The type of energy transfer
mechanism of electric multipolar interactions can be estimated
by analyzing the constant θ from this formula. The value of θ is
6, 8, 10, corresponding to electric dipole-dipole (d-d), dipole-
quadrupole (d-q), or quadrupole-quadrupole (q-q) interac-
tions, respectively. The curve of log(I/x) versus log(x) in
NCMPO:Eu2+ phosphors beyond the quenching content of
Eu2+ is plotted in Figure 6 to determine the value of θ, which

shows a fitted straight line with the slope equal to −1.573 =
−θ/3, as a consequence, the θ is approximately 6,9b,15

indicating the d-d interaction dominates the energy transfer
mechanism between Eu2+ in NCMPO:Eu2+ phosphors. It also
can be observed that the emission wavelength produces a red-
shift phenomenon under a fixed excitation wavelength of 280
nm in Figure 5b owing to the increase of magnitude of the
crystal field (resulting from the constant deduction of distance
between Eu2+ and O2− when Ca2+ is substituted by the larger
Eu2+ ion), which often similarly takes place in other
phosphors.16

Figure 4b shows the emission and excitation spectra of low
Tb3+ doping concentration NCMPO:0.0003Tb3+ sample. The
excitation spectrum monitored at characteristic emission (384
nm) of Tb3+ primarily presents a broad band centered at 226
nm, which is attributed to the spin-allowed transition from the
4 f to the 5d s t a t e o f Tb 3 + . Compa red w i th
NCMPO:0.0003Tb3+ sample, the excitation spectrum of the
high Tb3+ doping concentration NCMPO:0.15Tb3+ sample
monitored at its unique emission (548 nm) contains many lines
besides a broad band centered at 226 nm in Figure 4c, which

Figure 5. (a) Variation of emission spectra (λex = 280 nm) for
NCMPO:xEu2+ as a function of Eu2+ concentration x. (b) Dependence
of emission intensity and wavelength of emission peaks on Eu2+

concentration.

Figure 6. Linear fitting of log(x) versus log(I/x) for the various Eu2+

singly doped NCMPO phosphors, where I and x are the emission
intensity and activator concentration, respectively.
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correspond to the absorption of the spin-forbidden 4f-4f and
spin-allowed 4f-5d transitions of Tb3+, respectively. It is obvious
that the NCMPO:Tb3+ phosphors can be optimally excited
under 226 nm UV radiation. The emission spectra of both
NCMPO:0.0003Tb3+ and NCMPO:0.15Tb3+ consist of the
5D3,4 →

7FJ(J=6,5,4,3,2) transitions of Tb
3+ ions, while the primary

emission lines are different. The energy difference between 5D3
and 5D4 is close to that between 7F0 and

7F6, which sometimes
corresponds to the energy transfer of identical centers: 5D3
(Tb3+) + 7F6 (Tb

3+) → 5D4 (Tb
3+) + 7F0 (Tb

3+).17 As shown in
Figure 7a, with the increase of Tb3+ concentration, the emission

spectra show different ratios between the 5D3 and 5D4
emissions. In the emission spectra for low doping concen-
trations (m ≤ 0.01), the 5D3 → 7FJ(J=6,5,4,3,2) transitions are
predominant, while the 5D4 → 7F5 transition at 548 nm is
dominant at higher doping concentrations (m > 0.01). The
emission intensity of 5D3 first increases to a maximum
corresponding to the Tb3+ concentration m = 0.005 and begins
to decrease with further Tb3+ concentration owing to the cross-
relaxation between the 5D3-

5D4 and 7F0-
7F6 of the two

neighboring Tb3+, whereas the emission intensity of 5D4
consecutively increases to high Tb3+ concentration m = 0.15
and subsequently decreases attributed to general concentration
quenching effect in Figure 7b. The concentration quenching of
luminescence is originated from the energy migration among
the activator ions at the high concentrations. In the energy

migration process, the excitation energy will be lost at a killer or
quenching site, resulting in the decrease of PL intensity.18

The PL emission and excitation spectra of Mn2+ doped
NCMPO:0.04Mn2+ phosphor are displayed in Figure 4d. The
excitation spectrum contains two primary peaks centered at 370
and 410 nm, which correspond to the transitions from 6A1 (

6S)
to 4T2 (

4D) and [4A1 (
4G), 4E (4G)] of Mn2+, respectively.19 It

is clearly observed that there is a spectral overlap between the
excitation band peaking at 410 nm of Mn2+ and the emission
band centered at 405 nm of Eu2+, from which we can deduce
that the energy transfer from Eu2+ to Mn2+ ions is able to occur.
The emission spectrum of Mn2+ excited at 410 nm presents a
broad band extending from 540 to 650 nm centered at 600 nm,
corresponding to a red emission color.
Figure 4e illustrates the PL emission and excitation spectra of

NCMPO:0.01Dy3+ sample. The excitation spectrum includes
several lines in the range of 250−450 nm originating from
characteristic f-f transitions of Dy3+ within its 4f9 configuration,
namely, 6H12/5−4F5/2 (328 nm), 6H12/5−6P5/2 (352 nm),
6H12/5−6P7/2 (368 nm), 6H12/5−4F7/2 (385 nm),
6H12/5−4G11/2 (428 nm), respectively.

20 The emission spectrum
excited at 352 nm presents its characteristic emission lines
peaking at 483 and 577 nm, which are originated from Dy3+

transitions of 4F9/2 to
6H15/2 and

4F9/2 to
6H13/2, respectively. It

is well-known that the Dy3+ emission around 483 nm
(4F9/2−6H15/2) derives from its magnetic dipole transition and
the emission around 577 nm (4F9/2−6H13/2) originates from its
electric dipole origin. It is observed that the 4F9/2−6H15/2
transition is dominant in this host, which implies that Dy3+

ions locates at low-symmetry sites with no inversion centers.21

The emission spectra (λex = 352 nm) and the variation of
emission intensity for NCMPO:nDy3+ with various Dy3+

concentration n are shown in Figure S3 in the Supporting
Information. We can find that the optimal doping concen-
tration of Dy3+ n is 0.01, beyond which the concentration
quenching similar to above also occurs, resulting in the decrease
of emission intensity.
It is well accepted that Eu2+ can serve as a sensitizer to

transfer its absorption energy to an activator in certain hosts.22

In this NCMPO:Eu2+, Tb3+/Mn2+ system, the Eu2+ can act as a
sensitizer to enhance the emission intensity of Tb3+ or Mn2+,
therefore, resulting in the tunable emission color in codoped
samples under UV excitation. Figure 8a,c displays the
normalized excitation spectra of NCMPO:0.04Eu2+, 0.12Tb3+

(monitored at 405 and 548 nm) and NCMPO:0.04Eu2+,
0.04Mn2+ (monitored at 405 and 610 nm). For the
NCMPO:0.04Eu2+, 0.12Tb3+ sample, the excitation spectrum
for Tb3+ 5D4 →

7F5 transition (548 nm) comprises bands of
both Tb3+ (220−240 nm) and Eu2+ (240−380 nm), the
occurrence of Eu2+ excitation spectrum indicates the existence
of energy transfer from Eu2+ to Tb3+ ions. Differently, the
excitation spectrum for Mn2+ 4T1 →

6A1 transition (610 nm) is
normally identical to that of Eu2+, which reveals that Mn2+ ions
are essentially excited via Eu2+ ions and gives a confirmation of
energy transfer from Eu2+ to Mn2+ ions in the
NCMPO:0.04Eu2+, 0.04Mn2+ sample. The emission spectra
for NCMPO:0.04Eu2+ , yTb3+ (y = 0−0.28) and
NCMPO:0.04Eu2+, zMn2+ (z = 0−0.06) under 365 nm UV
excitation are illustrated in Figure 8b,d. The emission intensities
for Eu2+ in NCMPO:0.04Eu2+, yTb3+ and NCMPO:0.04Eu2+,
zMn2+ both decrease monotonously with increasing Tb3+ or
Mn2+ doping concentration, while the emission intensity for
Tb3+ or Mn2+ first increases to a maximum and then decreases

Figure 7. (a) Emission spectra (λex = 226 nm) for NCMPO:mTb3+ as
a function of Tb3+ concentration m. (b) Dependence of emission
intensities for 5D3 and

5D4 in NCMPO:mTb3+ on Tb3+ concentration.
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because of the concentration quenching effect, which further
certifies the energy transfer from Eu2+ to Tb3+ or Mn2+ ions,
respectively. The corresponding digital photographs under a
365 nm UV lamp excitation are presented on the right of Figure
8b,d, respectively, which show the tunable emission color
(purple-blue to green for NCMPO:Eu2+, Tb3+ and purple-blue
to red for NCMPO:Eu2+, Mn2+) takes place in both systems.
Additionally, the fluorescent decay lifetimes (τ) of Eu2+ in

NCMPO:Eu2+, Tb3+ and NCMPO:Eu2+, Mn2+ with various
doping concentration of Tb3+ or Mn2+ are presented in parts a
and b of Figure S4 in the Supporting Information, respectively.
With the increases of Tb3+ or Mn2+ concentration, the effective
fluorescent decay lifetime of Eu2+ ions can be approximately
calculated as follows:23

∫τ =
∞

I t t( ) d
0 (3)

where τ is calculated lifetime value and I(t) is the normalized
intensity of emission spectra. The lifetimes are evaluated to be
159.6, 122.2, 110.8, 72.3 ns corresponding to y = 0, 0.08, 0.20,
0.28 in NCMPO:0.04Eu2+, yTb3+ and 159.6, 135.7, 122.2, 95.1
ns corresponding to z = 0, 0.02, 0.04, 0.06 in
NCMPO:0.04Eu2+, zMn2+ phosphors, respectively. The con-
stant decreases of effective fluorescent lifetimes of Eu2+ ions in
NCMPO:Eu2+, Tb3+/Mn2+ samples with the increases of Tb3+

or Mn2+ doping concentration further testify the existence of

energy transfer from Eu2+ to Tb3+ or Mn2+ ions in NCMPO
hosts. Generally, the energy transfer efficiency (ηT) from the
sensitizer to the activator could be determined by the following
expression:24

η = − I
I

1T
0 (4)

where IS0 and IS are the luminescence intensities of the
sensitizer with the absence and presence of the activators,
respectively. In this host, the Eu2+ can be the sensitizer and the
Tb3+ or Mn2+ ions act as the activators, respectively. The energy
transfer efficiencies from Eu2+ to Tb3+ or Mn2+ in this host are
calculated as a function of Tb3+ or Mn2+ doping concentration,
which are, respectively, shown in Figure 9a,b. The energy
transfer efficiency increases constantly with the increase of Tb3+

or Mn2+ doping concentration, which can reach about 92.7%
and 93.7%, respectively.
As described above, for this host, the Rc is calculated to be

9.70 and 13.99 Å via using eq 1, respectively, where the
different value of Xc is defined as the critical concentration of
dopant ions (total concentration of Eu2+ and Tb3+ or Mn2+,
approximately 0.18 or 0.06), that is, at which the luminescence
intensity of Eu2+ is half of that in the sample without Tb3+ or
Mn2+. Since the value of Rc is much longer than 3−4 Å,25 which
implies the exchange interaction would not be responsible for

Figure 8. Excitation spectra for NCMPO:0.04Eu2+, 0.12Tb3+ (a) and NCMPO:0.04Eu2+, 0.04Mn2+ (c) samples. The emission spectra (λex = 365
nm) for NCMPO:0.04Eu2+, yTb3+ (b) and NCMPO:0.04Eu2+, zMn2+ (d) with corresponding digital luminescent photographs on the right under a
365 nm UV lamp excitation.
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the energy transfer mechanism from Eu2+ to Tb3+ or Mn2+ ions.
As a result, we can infer that the electric multipolar interactions
will take place for energy transfer from Eu2+ to Tb3+ or Mn2+

ions. On account of Dexter’s energy transfer formula of
multipolar interaction and Reisfeld’s approximation, the
following relationship can be attained:26

η
η

∞ αCS0

S

/3

(5)

where ηS0 and ηS represent the luminescence quantum
efficiencies of the Eu2+ ions with the absence and presence of
the Tb3+ or Mn2+ ions, respectively. C is Mn2+ and the total
concentration of the Eu2+ and Tb3+ ions. The value for α = 6, 8,
and 10 corresponds to d-d, d-q, and q-q interactions,
respectively. However, the value of ηS0/ηS is hard to be
obtained and therefore it can be approximately calculated
instead by the IS0/IS, where IS0 and IS stand for the
luminescence intensity of the Eu2+ ions without and with the
Tb3+ or Mn2+ ions, respectively. Consequently, the following
relation can be obtained:

∞ αI
I

CS0

S

/3

(6)

The relationships between IS0/IS and Cα/3, which are fitted
using, respectively, straight lines and based on the above
equation, are illustrated in Figure S5 in the Supporting

Information. One can find that the biggest R2 of the linear
fitting is when α = 10 and 8 in parts a and b of Figure S5 in the
Supporting Information, respectively, which indicates that these
relationships are considered to be the best linear behaviors
when α = 10 and 8, respectively. Therefore, the energy transfer
from Eu2+ to Tb3+ or Mn2+ ions takes place through the q-q and
d-q interactions mechanism in NCMPO:Eu2+, Tb3+ and
NCMPO:Eu2+, Mn2+ phosphors, respectively.
On the basis of the efficient energy transfer from Eu2+ to

Tb3+ or Mn2+ ions, a series of Eu2+, Tb3+, and Mn2+ triply
doped phosphors with fixed Eu2+ doping concentration have
been designed and prepared to acquire expected white emission
color in a single-component host. The emission spectra (λex =
365 nm) for NCMPO:0.04Eu2+, yTb3+, zMn2+ (y = 0.08, 0.12,
0.16, z = 0.005, 0.01, 0.02, 0.04) phosphors have been
illustrated in Figure S6 in the Supporting Information. It shows
that each emission band contains the Eu2+, Tb3+, and Mn2+

emission bands, making the samples present different colors
including white (observed from the digital luminescent
photographs under a 365 nm UV lamp excitation on the
right in Figure S6 in the Supporting Information) with the
variation of Tb3+ and Mn2+ concentrations under 365 nm UV
excitation.
The quantum yields (QYs) of NCMPO:0.04Eu2+, yTb3+,

zMn2+ samples under 280 nm UV excitation have been
measured and listed in Table 1. The maximum value can reach

54% for NCMPO:0 .04Eu2+ , 0 .04Tb3+ , 33% for
NCMPO:0.04Eu2+, 0.01Mn2+, and 49% for NCMPO:0.04Eu2+,
0.08Tb3+, 0.005Mn2+, respectively. Moreover, the QY can be
further improved by controlling the morphology, particle size,
and crystalline defects via optimizing the synthesis process and
chemical composition.

3.3. Cathodoluminescence Properties. In addition, the
CL properties of as-synthesized NCMPO:Eu2+/Tb3+/Mn2+,
Dy3+ samples have been investigated in detail to recognize their
potential application in FEDs. Figure 10 illustrates the typical
CL spectra (accelerating voltage = 2.5 kV, filament current = 88
mA) together with the corresponding digital luminescent
photographs of NCMPO:Eu2+/Tb3+/Mn2+, Dy3+ samples. The
Eu2+, Tb3+, Mn2+, Dy3+ ions in this host can display their,
respectively, characteristic emissions under low-voltage electron
beam bombardment. All the representative emission spectra are
similar to the PL emission spectra, which also give the various
emission colors from purple-blue to red observed on the right
of Figure 10. The CL spectra for NCMPO:mTb3+ (m = 0.005−
0.15) phosphors under low-voltage electron beam excitation

Figure 9. Dependence of the energy transfer efficiency ηT on y (a) and
z (b) (λex = 365 nm).

Table 1. Quantum Yields (QYs) of NCMPO:0.04Eu2+,
yTb3+, zMn2+ Samples under 280 nm UV Excitation

NCMPO:0.04Eu2+, yTb3+,
zMn2+

QY
(%)

NCMPO:0.04Eu2+, yTb3+,
zMn2+

QY
(%)

y = 0, z = 0 46 y = 0, z = 0.01 33
y = 0.01, z = 0 43 y = 0, z = 0.02 31
y = 0.04, z = 0 54 y = 0, z = 0.04 29
y = 0.08, z = 0 54 y = 0, z = 0.06 12
y = 0.12, z = 0 49 y = 0.08, z = 0.005 49
y = 0.16, z = 0 45 y = 0.08, z = 0.04 39
y = 0.20, z = 0 35 y = 0.12, z = 0.005 46
y = 0.24, z = 0 30 y = 0.12, z = 0.01 47
y = 0.28, z = 0 25 y = 0.12, z = 0.02 44
y = 0.16, z = 0.04 12 y = 0.12, z = 0.04 32
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with the accelerating voltage of 2.5 kV and filament current of
88 mA are presented in Figure S7 in the Supporting
Information. One can find that the strongest emission intensity
of the 5D3 →

7F6 transition at 384 nm is more intense than that
of the 5D4 →

7F5 transition at 548 nm, which is not identical
with the PL spectra. The reason for this observation originates
from the different excitation source.27 For CL, the primary fast
and energetic electrons produce many secondary electrons with
a very broad excitation energy distribution. Thereby, all these
electrons involving primary and secondary electrons can
populate both the low-energy states and the high-energy states
of activators, which results in the high-energy states of
activators more remarkable. It is well-known that the
commercial ZnO:Zn displays bright green luminescence and
has been demonstrated to be a good candidate for FEDs
phosphor under low-voltage excitation. Figure 11 shows the
comparison of CL spectra and digital luminescent photographs
of ZnO:Zn and NCMPO:0.04Tb3+ under low-voltage electron
beam excitation with the accelerating voltage of 3 kV and
filament current of 88 mA. It can be seen the CL intensity of as-
prepared NCMPO:0.04Tb3+ (in height) is comparable with
that of ZnO:Zn, and the calculated CIE coordinate of
NCMPO:0.04Tb3+ (0.252, 0.432) is more saturated than it
(0.195, 0.417), as presented in Figure 11, indicating that it is a
promising candidate for FEDs phosphor.
The variation of CL intensities of representative

NCMPO:0.04Eu2+, NCMPO:0.01Tb3+, NCMPO:0.15Tb3+,
NCMPO:0.04Mn2+, NCMPO:0.01Dy3+, NCMPO:0.04Eu2+,
0.16Tb3+, NCMPO:0.04Eu2+, 0.12Tb3+, and 0.005Mn2+

samples as a function of the accelerating voltage and filament
current have been investigated in detail, respectively. At a fixed
filament current of 88 mA, the CL intensities of phosphors
increase without a saturation with the increase of accelerating
voltage from 1.5 to 4.5 kV (Figure 12a). Similarly, with the
increasing filament current from 82 to 90 mA at a stationary
accelerating voltage of 2.5 kV, the CL intensities of phosphors
ascends monotonously (Figure 12b). The raise in CL
brightness with an increase in electron energy and filament
current can be ascribed to the deeper penetration of the

electrons into the phosphors body and the larger electron-beam
current density. The electron penetration depth can be
evaluated utilizing the empirical formula L [Å] = 250(A/

Figure 10. CL spectra for NCMPO:0.04Eu2+ (a), NCMPO:0.01Tb3+

(b) , NCMPO:0 .15Tb3+ ( c ) , NCMPO:0 .04Mn2 + (d) ,
NCMPO:0.01Dy3+ (e), NCMPO:0.04Eu2+, 0.16Tb3+ (f),
NCMPO:0.04Eu2+, 0.04Mn2+ (g), NCMPO:0.04Eu2+, 0.12Tb3+,
0.005Mn2+ (h) with corresponding digital luminescent photographs
on the right under low-voltage electron beam excitation.

Figure 11. CL spectra of ZnO:Zn and NCMPO:0.04Tb3+ under low-
voltage electron beam excitation with the accelerating voltage of 3 kV
and filament current of 88 mA. The inset is the digital luminescent
photographs and CIE coordinates for the phosphors (1, ZnO:Zn; 2,
NCMPO:0.04Tb3+).

Figure 12. CL intensities of NCMPO:0.04Eu2+, NCMPO:0.01Tb3+,
NCMPO:0.15Tb3+, NCMPO:0.04Mn2+, NCMPO:0.01Dy3+,
NCMPO:0.04Eu2+, 0.16Tb3+, NCMPO:0.04Eu2+, 0.12Tb3+, and
0.005Mn2+ samples as a function of (a) accelerating voltage and (b)
filament current.
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ρ)(E/Z1/2)n, where n = 1.2/(1−0.29 log10 Z), A refers to the
atomic or molecular weight of the material, ρ is the bulk
density, Z is the atomic number or the number of electrons per
molecule in the case compounds, and E is the accelerating
voltage (kV).28 For Na18Ca13Mg5(PO4)18, Z = 1364, A =
2765.84, ρ = 2.97 g/cm3. Therefore, the electron penetration
depths are estimated to be 85.12 pm, 7.22 nm, and 199.36 nm,
corresponding to the accelerating voltages 2.5, 3.5, and 4.5 kV,
according to above equation, respectively. For CL, the Eu2+,
Tb3+, Mn2+, and Dy3+ ions are excited by the plasma produced
by the incident electrons. The deeper the electron penetration
depth, the more plasma will be produced, which results in more
Eu2+, Tb3+, Mn2+, and Dy3+ ions being excited, and thus the CL
intensity increases.

4. CONCLUSIONS
A succession of NCMPO:A (A = Eu2+/Tb3+/Mn2+, Dy3+)
phosphors have been first prepared by the high-temperature
solid-state reaction method. The pure crystalline phase of as-
prepared samples has been demonstrated via XRD measure-
ment and Rietveld refinements. The NCMPO:A (A = Eu2+/
Tb3+/Mn2+) show tunable color from purple-blue to red based
on energy transfer from Eu2+ to Tb3+ or Mn2+ ions under UV
excitation which are demonstrated by their variations of
emission spectra and fluorescent decay curves with the increase
of Tb3+ or Mn2+ content. The maximum value of QY can reach
54% for NCMPO:0 .04Eu2+ , 0 .04Tb3+ , 33% for
NCMPO:0.04Eu2+, 0.01Mn2+, and 49% for NCMPO:0.04Eu2+,
0.08Tb3+, 0.005Mn2+, respectively. Under low-voltage electron
beam bombardment excitation, the NCMPO:A (A = Eu2+/
Tb3+/Mn2+, Dy3+) phosphors display their, respectively,
characteristic emissions and correspondingly various colors.
Impor t an t l y , t h e CL in t en s i t y o f a s - p r epa r ed
NCMPO:0.04Tb3+ (in height) is comparable with that of
ZnO:Zn, and the ca lculated CIE coordinate of
NCMPO:0.04Tb3+ (0.252, 0.432) is more saturated than it
(0.195, 0.417). These results show their potential applied to
WLEDs and FEDs.

■ ASSOCIATED CONTENT
*S Supporting Information
XPS spectra of (a) the NCMPO host and (b)
NCMPO:0.04Eu2+, 0.12Tb3+, 0.005Mn2+. Insets show the
XPS spectra of the Eu, Tb, Mn elements in NCMPO:0.04Eu2+,
0.12Tb3+, 0.005Mn2+ (Figure S1). Diffuse reflection spectra of
the NCMPO host and NCMPO:0.04Eu2+ samples (Figure S2).
Emission spectra (λex = 352 nm) for NCMPO:nDy3+ with
different Dy3+ concentration n. Inset is the dependence of
emission intensity on Dy3+ concentration (Figure S3).
Fluorescent decay curves for the luminescence of Eu2+ in for
NCMPO:0.04Eu2+, yTb3+ (a) and NCMPO:0.04Eu2+, zMn2+

(b) samples with various Tb3+ or Mn2+ doping concentrations
(Figure S4). Dependence of IS0/IS of Eu2+ on CEu

2+
+Tb

3+6/3,
CEu

2+
+Tb

3+8/3 and CEu
2+

+Tb
3+10/3 (a), and CMn

2+6/3, CMn
2+8/3 and

CMn
2+10/3 (b) (Figure S5). Emission spectra (λex = 365 nm) for

NCMPO:0.04Eu2+, yTb3+, zMn2+ with corresponding digital
luminescent photographs on the right under a 365 nm UV
lamp excitation (Figure S6). Variation of CL spectra for
NCMPO:mTb3+ (m = 0.005−0.15) phosphors under low-
voltage electron beam excitation with the accelerating voltage of
2.5 kV and filament current of 88 mA (Figure S7). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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