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Abstract: Multi-band emission luminescence materials are of great significance owing to their
extensive application in diverse fields. In this research, we successfully prepared a series of Pr3+-
doped CazAl,Og multi-band emission phosphors via a high-temperature solid-state method. The
phase structure, morphology, luminescence spectra and decay curves were investigated in detail. The
CazAl,Og:Pr3* phosphors can absorb blue lights and emit lights in the 450750 nm region, and typical
emission bands are located at 488 nm (blue), 525-550 nm (green), 611-614 nm (red), 648 nm (red) and
733 nm (deep red). The influence of the Pr3* doping concentration was discussed, and the optimal
Pr3+ doping concentration was determined. The impacts of charge compensator ions (Li*, Na*,
and K*) on the luminescence of Pr3* were also investigated, and it was found that all the charge
compensator ions contributed positively to the emission intensity. More importantly, the emission
intensity of the as-prepared phosphors at 423 K can still maintain 65-70% of that at room temperature,
and the potential application for pc-LED was investigated. The interesting results indicate that the
prepared phosphors may serve multifunctional and advanced applications.

Keywords: Pr3*; multi-band emission; Ca3Al,Og; luminescence

1. Introduction

In recent years, luminescence materials have attracted great attention owing to their
extensive applications, such as daily lighting, backlight displays, biological imaging and
medical diagnosis [1-5]. Nowadays, the demand for high-performance materials is growing
rapidly with the development of technology. Thus, an investigation on novel luminescence
materials is of great significance for both application and basic research. Luminescence
center ions play a vital role for phosphors, which determine the luminescence performance
of a phosphor to a large extent. Over the past decades, rare earth ions have been widely
investigated, as luminescence centers in phosphors, such as Ce®*, Eu?*, Tb3*, Pr®*, and
Er®* [6-10]. Pr®* is one of the important luminescence activators, which is rich in energy
levels. More importantly, the emission spectra of Pr’* in different host lattices can cover
ultraviolet to infrared regions [11,12].

Up to now, a large number of Pr**-doped phosphors have been reported. For example,
the 5d-4f transition emissions of Pr** was found to be located in 220-300 nm for the
Sr,P,07:Pr3* phosphor, and continuous ultraviolet-C persistent luminescence could be
achieved after X-ray irradiation [13]. Y5SigNy1:Pr3* exhibits a red broad-band emission,
which may be potentially used for w-LEDs and temperature sensing [14]. Thanks to color-
tunable persistent luminescence, the CaySb,O7:Pr3* phosphor is considered to have a bright
application prospect in the anti-counterfeiting field [15]. A BazMgSi,Og:Pr>* ceramic can
change color from white to pink rapidly when irradiated by a UV lamp, and the responses
are reversible. These rapid high-contrast reversible properties make BazMgSi,Og:Pr** a
prospective material for rewritable paper [16]. Furthermore, the luminescence properties
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of Pr3+-doped LiLuSiO4, BaLUQAlzGaQSiOu, CaSc204, BaY25i3010, CazLaTaoé, YNbO4,
etc., have been reported [17-22]. Owing to the superior luminescence performance of
Pr3+—doped materials, Pr3* has been extensively used in lasers, scintillators, w-LEDs and
optical temperature sensing [23].

The CazAl,Og compound may be a good host matrix due to its excellent physical
and chemical stability [24]. To our knowledge, the luminescence of Ce®*, Eu?*, Dy3+,
Bi**, Sm3*, Tb3*, and Mn?* in Ca3Al,O¢ has hitherto been investigated [24-29]. In this
research, considering the advantages of the CazAl,O¢ host and the Pr3* ion mentioned
above, we performed a study on the luminescence properties of Pr®* in the CazAl,Og
host. As reported, charge compensator ions may play a vital role to achieve a balance
of charges, which could further have great impacts on the luminescence properties of a
phosphor [30,31]. Herein, considering the charge imbalance between Ca?* and Pr", alkali
metal R* (R = Li, Na, K) ions were selected as charge compensator ions. The effects of
charge compensator ions (Li*, Na*, and K*) were also discussed in detail.

2. Materials and Methods

In this research, a series of Pr’*-activated multi-band emission phosphors, Caz_,PryAl,Oq
and Cayp g7_,Prg g3RcAl,Og (R* = Li*, Na*, K*), were synthesized through a solid-state re-
action technique. The raw starting reactants CaCO3 (99.99%, Aladdin, Wallingford, CT,
USA), Al,O3 (99.99%, Aladdin), Pr,O3 (99.9%, Aladdin), Li;CO3 (99.9%, Aladdin), Na,COs
(99.5%, Aladdin) and K,COj3 (99.5%, Aladdin) were used for chemical reactions. As is
typical for the process of synthesis, the raw reactants were accurately weighed according
to the stoichiometric ratio, and then the mixed reactants were ground for about 30 min in
an agate mortar. Afterwards, the well-mixed reactants were fully transferred into alumina
crucibles and sintered at 1623 K for 4 h in air. Lastly, the samples were cooled down to
room temperature naturally and thoroughly ground to obtain fine white powders.

The X-ray diffraction (XRD) patterns were measured using a D8 Advance diffrac-
tometer (Cu Ko, A = 1.5406 A) for phase analysis. Structure refinements were performed
using the TOPAS 5.0-Academic software. Scanning electron micrographs (SEM) were
conducted on a field emission scanning electron microscopy (Hitachi SU5000, Tokyo, Japan)
for micro-morphology analysis. Diffuse reflectance spectra were measured by a UV3600
spectrofluorometer (Shimadzu, Kyoto, Japan). Luminescence spectra and decay curves
at different temperatures were all collected on an Edinburgh FLS1000 spectrofluorometer,
and the excitation sources were a 450 W xenon lamp and a pF900 lamp, respectively. The
electroluminescence spectra of a pc-LED device were measured on an OHSP-350M LED
fast-scan spectrophotometer (Hangzhou Hopoo Light and Color Technology Co., Ltd.,
Hangzhou, China).

3. Results and Discussion
3.1. Phase Structure and Morphology

To confirm the phase structure of the as-prepared phosphors, X-ray Rietveld re-
finements were performed for two typical samples, CazAl,O¢ and Caj97Prg3AlOg.
Figure 1a,b depict the refinement results. All the calculated diffraction patterns accord
well with the observed ones, which indicates that the as-prepared samples are of a single
pure phase. The detailed cell parameters for the X-ray Rietveld refinements are illus-
trated in Table 1. The undoped and Pr**-doped Ca3Al,Og phosphors crystallize in a cubic
system with a Pa3 space group. Due to the similar ionic radii for Ca?* and Pr** (e.g.,
r(Ca%*) = 1.00 A, CN = 6; r(Pr®*) = 0.99 A, CN = 6), the cell parameters 4, b, ¢, and cell
volumes remain nearly unchanged for CazAl,Og and Cajp 97Pr 3A1,0¢. Herein, a small
expansion is most probably ascribed to the experimental errors. The crystal structure
of the CazAl,Og host is displayed in Figure 1c. The frame structure consists of [AlO4]
tetrahedrons and [CaOg4/Ca0Oy/CaOg/CaOg] polyhedrons. There are six different Ca?t
sites in this structure. Ca%*(1), Ca?*(2) and Ca?*(3) are coordinated with six oxygen atoms,
and the average Ca?*-O?~ bond lengths are 2.338 A, 2.391 A and 2.354 A, respectively.
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Ca?*(4), Ca®*(5), Ca?*(6) are coordinated with nine, eight and seven oxygen atoms, and
the average Ca?*-O?~ bond lengths are 2.693 A, 2.625 A and 2.525 A, respectively. The
coordination environments of Ca?* are also shown in Figure 1c. In the present case, Pr*
ions may enter all six Ca?* sites, and the luminescence properties we observed should be
the whole contribution of Pr®* in Ca?* sites.
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Figure 1. (a) X-ray Rietveld refinements of CazAl,Og host; (b) X-ray Rietveld refinements of
Cayp 97Pr0 03 Al,O4 phosphor; (c) crystal structure of CazAl,Og and the coordination environments of
Ca?* in the host.

Table 1. Refined cell parameters of CazAl,Og and Cap 97P10 03Al,Og.

Samples Ca3A1206 Host Ca2,97Pr0,03A1206
Space group Pa3 Pa3
a=b=c(A) 15.26326 (6) 15.26700 (4)
a=B=7(°) 90 920

Cell volume (A3) 3555.86 (4) 3558.45 (5)
Ry (%) 9.24 7.36
Rup (%) 11.52 9.85

Figure 2a shows the XRD patterns of Pr**-doped phosphors Caz_,PryAl,O¢. The
observed diffraction peaks are similar in the investigated doping concentration range,
and all the diffractions are consistent with the standard card PDF 38-1429[Ca3zAl,Og],
demonstrating that Pr’* ions were successfully introduced into the CazAl,Og host. The
doping of Pr®* did not have a significant impact on the host structure. In addition, a series
of Cap g7 Prop3RrALOg (R = Li*, Na*, K*) samples were also prepared, and the XRD
results are shown in Figure 2b. As can be seen, the diffraction patterns also accord well
with the standard card. All the samples are of a single pure phase. Figure 2c displays the
representative SEM image of the Cajp 97Pr 03Al,O¢ sample, and the as-prepared sample
shows irregular morphology with several micrometers in size. The EDS (energy-dispersive
spectroscopy) images were obtained from one particle [marked by a red square] selected
from the SEM image in Figure 2c. The elements Ca, Al, Pr and O were successfully detected,
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as shown in Figure 2d. The elemental mapping results indicate all the elements Ca, Al,
O, Pr have been uniformly distributed over the whole particle, and there is no obvious
element aggregation in the particles.
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Figure 2. (a) XRD patterns of Caz_,PryAl,Og phosphors; (b) XRD patterns of Caj 94Pr( 93R0.03A1,06
(R = Li*, Na*, K*); (c¢) SEM image of CapgyPrgo3Al,O¢ sample; (d) EDS images of one
Cajp 97Prg 93A1,0¢ particle.

3.2. Luminescence Properties of Pr3* in CazAl,Og

Figure 3a illustrates the diffuse reflectance spectra of CazAlyOg and Cayp 97Pr( 03 Al2Og.
A very weak absorption band before 400 nm can be observed, which was ascribed to
host-related absorption. The diffuse reflectance spectrum of the CazAl,Og host was in good
accordance with the reported one [25]. For the Cap 97Prg 03Al,Og sample, a series of sharp
absorption lines in the 400-650 nm range also can be observed. In comparison with the
pure CazAl,Og host, the absorptions in 400-650 nm are assigned to the 4f-4f transition
absorptions of Pr3* in the host. To further characterize the luminescence properties of
Cap g7Prg 03ALLOg, the excitation spectrum and the corresponding emission spectrum are
shown in Figure 3b,c, respectively. After monitoring the emission at 612 nm, a series of
excitation bands were detected. The sharp excitation bands in the 425-500 nm wavelength
range are ascribed to the 3H4—>3P0,1,2 transition absorptions of Pri*. A very weak band at
around 300 nm may relate to the essential absorption of the CazAl,Og host. The excitation
spectrum agrees with the diffuse reflectance spectra in Figure 3a. This result indicates that
a weak energy transfer from the host lattice to Pr®* may occur. Based on the excitation
spectrum, the corresponding emission spectrum was measured, as shown in Figure 3c.
Upon 446 nm excitation, a series of sharp emission bands from the blue to deep red region
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were achieved, which are mainly related to the 3Py—3Hy, 3Py—3Hs, 3Py—>Hg/ D, —3Hy,
3Py—3F,, 3Py—>F, transitions of Pr®* [32,33]. In order to the reveal luminescence process,
the energy levels of Pr®* in the 0~25,000 cm ! range are shown in the inset of Figure 3c.
Upon 446 nm excitation, the exaction energy was absorbed by Pr** through 3Hy—3P,
transitions. Then, electrons returned to 3Py and D, levels via non-radiative relaxation
processes, and the emission bands in 450-750 nm were finally observed. Herein, a multi-
band emission can be obtained under blue light (446 nm) excitation for samples singly
doped with Pr®*, which indicates that the phosphor may have potential applications, such
as LED application.
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Figure 3. (a) Diffuse reflectance spectra of CazAl,Og and Cay gyPrg 03Al,Og; (b) excitation spectrum
of Cayp 97Pr( 03A1,0p, Aem = 612 nm; (c) emission spectrum of Cay g7Pr(g3Al,Og, Aex = 446 nm; (d)
emission spectra of Caz_,PryAl,Og upon 446 nm excitation; (e) integrated emission intensity as a
function of Pr’* doping concentration upon 446 nm excitation; (f) luminescence decay curves of
Ca3,xPrxA1206.

When the Pr3* doping concentration increases from 0.002 to 0.10, all the emission
spectra are similar [see Figure 3d], demonstrating that the Pr>* doping concentration has
little effect on the spectral shape of Caz_,PryAl,Og. However, the integrated emission
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intensity changes greatly with the doping concentration. As displayed in Figure 3e, the
emission intensity greatly increases with increasing Pr’* concentrations at first and reaches
a maximum at x = 0.03, then it decreases gradually with x value owing to the concentration
quenching and the non-radiative energy transferring to quenching centers. Normally, the
optimal doping concentration is associated with the crucial energy transfer distance (R.).
Herein, the R. value between Pr3* (activator ions) in the CazAl,Og host could be estimated
through the following equation [3]:

1
3V 3
R, =2 1

‘ (471ch) @

where V represents the unit cell volume, N is the number of CaZ* ions in a unit cell, and
x. refers to the optimal doping concentration. For Pr¥*-doped Ca3Al,O4, V = 3558.45 A3
and N = 24. As a consequence, the R, value is estimated to be 26.63 A. In general, exchange
interaction should be responsible for forbidden transitions with an R. value less than 5 A.
Clearly, the R, value is much larger than 5 A in the present case. Therefore, multipolar
interactions should be the dominant factor for the concentration quenching of Pr3*.

Figure 3f depicts the luminescence decay curves of 3Py—>Hy transition emission
(488 nm). The decay processes nearly follow a first-order exponential form at a low Pr3*
concentration, and then exhibit certain deviations for a high Pr3* concentration. First, some
defects will exist in the phosphors due to the charge imbalance between Ca?* and Pr**, and
the high temperature sintering process may also generate some defects as well. The complex
defects could affect the excited state relaxation process of Pr3* in the host. Second, the
inner energy transfer or interactions between adjacent Pr3* ions increase gradually with the
Pr®* doping concentration. Third, the multi-site luminescence of Pr>* exists in CazAl,Og,
and the luminescence decay for Pr3* in each Ca" site may also show some differences.
Therefore, the decay curves of Pr3* exhibit bi-exponential or even multi-exponential decay
behaviors with increasing the Pr3* doping concentration. Because of the deviations, the
average decay constants can be estimated using Equation (2) [34]:

L Jo I(t)tdt ?

It

The estimated decay constants are also shown in Figure 3f. The decay constants
shortened from 127.84 us (x = 0.002) to 118.22 us (x = 0.10). For luminescence materials
singly doped with Pr3*, the average lifetime 7 is the reciprocal sum of all the radiative
transition (Wg) and non-radiative transition (W), as can be described by Equation (3) [35]:

T = _ )
WR + WNR

Herein, the decrease in T confirms the increasing non-radiative energy transfer with
x value. The influence of temperature is a key factor for further applications. Figure 4a
shows the emission spectra of Cay 97Pr 03Al,Og at various temperatures. The 3Po—3Hy,
3Py—3Hs, °Py—3Hy /1D, —3Hy, 3Py —3F,, 3Py —3F, transition emission lines of Pr3* can
be observed, All the emission spectra are similar, but the emission intensity changes
remarkably. Figure 4b displays the emission intensity dependent on temperature. The
relative emission intensity decreases gradually with increasing temperature owing to the
temperature-involved thermal quenching. The emission intensity at 423 K maintains about
66.8% of that at 298 K (room temperature). In general, the AE, value (activation energy)
can be used to evaluate the thermal quenching properties of a phosphor, and the relevant

equation is described as following [36]:

Ip
I+ =
'™ 14 Axexp(—AE,/kT)

(4)
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where [y and I refer to the initial emission intensity and the intensity at a given temperature
T, respectively. k represents the Boltzmann constant, and A can be treated as constant in
specific cases. The Equation (4) could also be expressed as [37]
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Figure 4. (a) Emission spectra of Cap 97Pr 03Al,O¢ at various temperatures; (b) normalized emission
intensity dependent on temperature, and inset displays the relationship between In[(Ip/I) — 1] and
1/(kT); (c) CIE chromaticity coordinates of Cap 97Pr( g3 Al,Og at different temperatures; (d) lumines-
cence decay curves of Cay g7Prg 03A1,O4 at different temperatures.

As a consequence, the activation energy AE, can be obtained according to the relation-
ship between In[(lp/I) — 1] and 1/(kT). As depicted in the inset of Figure 4b, a well-fitted
straight line with a slope of —0.149 was achieved. Thus, the AE, value is 0.149 eV for
CapgyPrg03AlpOg. As reported, the AE,; value for the CayZnSiy O7:0.005Pr3+ phosphor is
0.2255 eV [38], and the values are 0.22 eV, 0.18 eV for Pr’*-doped SrLaMgTaO:Pr>* and
BaLaMgTaOG:Pr3+, respectively [35]. The AE, value in this research is similar to that of
CagMgLi(PO4)7:13’1‘3Jr (AE; = 0.15 eV), which is slightly larger than that of CaLaB;0,3:Pr3*
(AE; =0.116 V) [39,40].

Figure 4c shows the CIE (Commission International de I'Eclairage 1931) chromaticity
coordinates for the emission of Cay g7Prp 3Al,Og at various temperatures. Although all the
emission lines can be observed in Figure 4a, the chromaticity coordinates also show some
differences, which move from (0.431, 0.379) at 298 K to (0.416, 0.417) at 573 K due to the
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thermal population of electrons between the 3Py and 'D; levels. The emission colors are
located at the orange-yellow region in all the temperature ranges.

Upon 446 nm excitation and detecting the emission at 488 nm, temperature-dependent
luminescence decay curves were collected and illustrated in Figure 4d. The luminescence
decay times become shorter and shorter with increasing temperature, which also demon-
strates the increasing non-radiative energy transfer processes. These results are consistent
with the temperature-dependent emission spectra in Figure 4a.

3.3. The Influences of Charge Compensator lons

In the above section, the phosphors were designed by nonequivalent substitution,
that is, one Pr®* substitutes one Ca?* in the CazAl,Og host. Therefore, charge defects will
exist due to the nonequivalent substitution, which may have impacts on the luminescence
of Pr3*. Figure 5a shows the emission spectra of Cay.g7_Prg g3LixAlOg (x = 0, 0.01, 0.02,
0.03) samples. The introduction of compensator ions Li* does not significantly influence
the emission spectral shape. The inset depicts the integrated emission intensity at various
Li* concentrations. The co-doping of Li* contributes positively to the emission intensity
of Pr3*. The emission intensity is about 3.4 (0.01 Li*), 2.3 (0.02 Li*), 2.6 (0.03 Li*) times
that of CapgyPr(03Al,Og, respectively. The emission spectra of Cajg7_,Prgo3NayxAl,Og
and Cay g7, Prp 03KrAl,Og samples are displayed in Figure 5b,c. The incorporation of Na*
and K* can also improve the emission intensity of Pr®*. The relative emission intensity is
about 2.8 (0.01 Na*), 2.3 (0.02 Na*), 2.7 (0.03 Na*), 1.2 (0.01 K*), 1.6 (0.02 K*), 1.3 (0.03 K*)
times that of Cap 97Pr0 03Al,Og, respectively. Among all the samples, the optimal emission
intensity can be achieved for Caj94Prgo3Lig01Al2Og. For the Cajg7Prg03Al O sample,
defects may be caused via several paths [31,41,42]: (1) Three Ca®* replaced by two Pr®* ions
generates a Ca>* vacancy at the same time, which can be described by 3Cac, —2Pr¢, +V{,.
(2) Two Ca?* ions replaced by two Pr®* ions may cause an interstitial O!’ defect. (3) Two Ca®*
ions replaced by two Pr®* ions may cause an oxygen vacancy V¢, according to the possible
process 2Cac,—2Pre,+V{. In fact, some defects could act as killers of luminescence
centers, resulting in the quenching of luminescence intensity. For Cap 97_,Prg 03RxAl2Og
samples, two Ca®* ions would be substituted by one Pr®* ion and one R* ion according
to 2Cac, —Prg,+R(-,. Some vacancies or defects were reduced. Therefore, the observed
luminescence intensity can be improved. Furthermore, the ionic radii of K* and Na*
are larger than that of Li*. Li* ions more easily fill the vacancy defects, which may also
further promote the effective entrance of the Pr3* into Ca?* sites in the host [31,43,44]. As a
consequence, the emission intensity can be significantly enhanced by the introduction of
Li* ions into the host lattice. The influence of charge compensator ions on some phosphors
have been reported, such as BaZrGe;0y:Cr’*, CapGdTaOg:Mn**, M (M = Li*, Na*, K*, and
Mg?*), CapZnSirO7:Pr®* and o-SryPrO7:Dy>* [38,42,45,46].

Luminescence decay curves of Cay g7_,Prg3LirAl,Og, Cag.g7_xPrp03NayAl,Og and
Cap.gy—Prp 3K Al,Og were collected at room temperature to confirm the influence of
charge compensator ions, as illustrated in Figure 5d—f. As can be observed, several lumines-
cence decay curves show notable increase in comparison with Cay 97Prg 03 Al,Og, especially
for Cay g6Prg03Li0.01Al2Og and Cajp g96Prgg3Nag o1 Al,Og. When charge compensator ions
were introduced into the host lattice, the defects and interactions between adjacent Pr3*
ions were be changed. Luminescence decay curves further demonstrate that non-radiative
energy transfer processes have been reduced, which leads to the increases of emission
intensity in Figure 5a—c.
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Figure 5. (a) Emission spectra of Capgy_,Prgg3LixAl,O4 (x = 0, 0.01, 0.02, 0.03) under 446 nm
excitation; (b) emission spectra of Cajgy_,Prgo3NayAl,Og (x = 0, 0.01, 0.02, 0.03) under 446 nm
excitation; (c) emission spectra of Cajpgy_,Prg oK Al,Og (x = 0, 0.01, 0.02, 0.03) under 446 nm
excitation; (d) luminescence decay curves of Cay g7 xPr( 03LixAl;Og (x = 0, 0.01, 0.02, 0.03) at room
temperature; (e) luminescence decay curves of Cajg7_,Prgo3NayAl,Og (x = 0, 0.01, 0.02, 0.03) at
room temperature; (f) luminescence decay curves of Caj g7_,Prp 93Ky Al,Og (x =0, 0.01, 0.02, 0.03) at
room temperature.

To evaluate the influence of charge compensator ions on thermal quenching properties,
temperature dependent emission spectra and luminescence decay curves were measured
for Ca2.96PI'0.03Li0.01A1206, Ca2,96Pr0.03Na0.01A1206 and Ca2.95Pr0.03K0.02A1206. Emission
intensity declines with increasing temperature for Li*, Na* and K* co-doped samples, and
all the emission profiles are similar as shown in Figure 6a—c. Normalized integrated emis-
sion intensity dependent on different temperatures are listed in Figure 6d. The observed
emission intensities at 423 K are all about 65-70% of those at 298 K, which are similar to
that of Cay 97Pr( g3A1,Og.

The CIE chromaticity coordinates of CaZ.96PI'0.03Li0.01A1206, Ca2.96PI'0.03Na0.01A1206
and Cajp 95Pr 03K0.02ALOg at different temperatures are shown in Figure 7a—c. The vari-
ation tendencies are the same and accord with the Caj gyPrg 93 Al,Og sample in Figure 4c.
Luminescence decay curves and decay times at various temperatures are illustrated in
Figure 7d—-i. Luminescence decay processes become faster and gradually deviate from the
first-order exponential, owing to the heat-involved energy transfer. The average decay
times were also estimated by Equation (2), and the results are shown in Figure 7g—i. The
decay times decrease from 122.37 ps (298 K) to 120.16 us (573 K) for Cayp 9sPrg 03Li 01 AlpOg.
The values are 122.33 us (298 K, Na* doped), 119.81 us (573 K, Na* doped), 122.16 us
(298 K, K* doped), 119.93 us (573 K, K* doped). The decreases in decay times are also
similar for the three samples, which are very consistent with the observed temperature-
dependent emission spectra. Based on the above discussions, it is can be found that certain
amounts of compensator ions will enhance the emission intensity of Pr®*, especially for Li*
co-doped ones.
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Figure 6. (a) Temperature-dependent emission spectra of Caj gPrgo3Lig01A12O¢ under 446 nm
excitation; (b) temperature-dependent emission spectra of Caj gsPrgg3Nag g1 Al,Og upon 446 nm
excitation; (c) temperature-dependent emission spectra of Cap95Prg03Kg 02AlLOg under 446 nm
excitation; (d) normalized emission intensity dependent of different temperatures.

3.4. Potential Applications

A phosphor-converted light-emitting diode (pc-LED) was fabricated with a blue LED
chip, Y3Al5_GaxOqp:Ce®* (YAGG:Ce, yellow—green component) and Cay 94Pr¢ 03Li 01 Al2Og.
Multi-emission bands from ~425 nm to 750 nm were detected at 20-320 mA driven currents,
as shown in Figure 8a. Herein, differences appear in comparisons with the above emission
spectra. Several factors may contribute to this: (D) The responses of the relative emission
intensity some exhibit are different for different spectrophotometers. (@) The filters used
in measurement setup. (3 Most importantly, the absorption of YAGG:Ce phosphor in
blue region. The emission intensity of the pc-LED device increases gradually with driven
currents. We did not observe light saturation in the 20-320 mA current range. The inset of
Figure 8a displays the photographs of the pc-LED, and bright white light can be observed
clearly with the driven power on. CIE chromaticity coordinates of the working pc-LED are
(0.3682, 0.3598), and the CRI (color rendering index) and CCT (correlated color temperature)
are 81.9 and 4236 K driven by 160 mA current, respectively. The output optical power also
increases with a driven current, as shown in Figure 8b. The luminous efficiency in this
situation is around 8.99 Im/W, and the maximum photoelectric efficiency is about 3.5%.
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Figure 7. (a) CIE chromaticity coordinates of CapgeProo3Lipo1Al,Og at different tempera-
tures; (b) CIE chromaticity coordinates of CaposPrpo3NaggiAl,Og at different temperatures;
(c) CIE chromaticity coordinates of CapgsPrpo3KopAlLOg at different temperatures; (d) lumi-
nescence decay curves of CapggPrpgsLipg1AlLOg at different temperatures; (e) luminescence de-
cay curves of CapgsPrgo3Nag1Al,Og at different temperatures; (f) luminescence decay curves of
Cay.95Pr0,03K0.02ALL O at different temperatures; (g) luminescence decay times of Cayp gPrg 03Lig,01 Al2Og
dependent on temperature; (h) luminescence decay times of Ca;g4Prg3Nag g1 Al,Og dependent on
temperature; (i) luminescence decay times of Cay g5Pr( 03K 02Al,Og dependent on temperature.
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Figure 8. (a) Emission spectra of pc-LED device driven at 20-320 mA, and inset shows the pictures of
pc-LED prototype and working LED; (b) output optical power on dependent of driven current.

4. Conclusions

In summary, a series of Pr3*-doped Ca3Al,Og with multi-band emission were success-
fully designed and prepared. All the samples crystallize in cubic system, but the emission
intensity is strongly dependent on the Pr>* doping concentration. The optimal Pr** concen-
tration is 0.03, and the crucial energy transfer distance R, was determined to be 26.63 A.
Pr3*-doped phosphors exhibit good thermal quenching properties. The emission intensity
at 423 K can maintain 65-70% of that at room temperature, and the estimated activation en-
ergy AE; is 0.149 eV for Cay 97Pr( 03AlyOg. The introduction of charge compensator ions can
greatly enhance the emission intensity of Pr’* due to a possible decrease in charge defects,
especially for the Li* co-doped ones. The luminescence intensity of Cay g4Prg 03Li0.01AlOp
can be increased by 340% in comparison to that of Cap ¢7Prp 3Al,O¢. A white light emis-
sion pc-LED was created using Y5Als5_GaxO12:Ce3* and Cay g6Pr g3Lig 01 Al,Og as color
converters. The CIE coordinates of the working pc-LED are (0.3682, 0.3598), and the CRI
and CCT are 81.9 and 4236 K under 160 mA current. Thanks to good multi-band emission
properties, the designed phosphors may have potential applications.

Author Contributions: D.H.: conceptualization, writing—review and editing, investigation, formal
analysis. R.H.: investigation, formal analysis. Y.Z.: investigation, formal analysis. H.L.: investigation.
W.Z.: investigation. Z.L. (Zhisen Lin): investigation. Y.G.: investigation. Z.L. (Zewen Lin): investiga-
tion. J.D.: investigation. J.-Y.L.: writing—review and editing, formal analysis. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. 12104117),
the Scientific Research Project of Education Department of Guangdong Province (2021KTSCX075,
20227ZDJS067), the Hanshan Normal University Start-up Fund for Doctoral Scientific Research (QD202320),
and the Advanced Materials and Devices Laboratory (623012).

Data Availability Statement: The data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhong, J.; Zhuo, Y.; Hariyani, S.; Zhao, W.; Zhuang, W.; Brgoch, J. Thermally robust and color-tunable blue-green-emitting
BaMgSiz;Ow:EuzJ“,Mn2+ phosphor for warm-white LEDs. Inorg. Chem. 2020, 59, 13427-13434. [CrossRef] [PubMed]

2. Zhou, J.; Wang, Y,; Chen, Y.; Zhou, Y.; Mili¢evi¢, B.; Zhou, L.; Yan, J.; Shi, J.; Liu, R.; Wu, M. Single-crystal red phosphors and their
core-shell structure for improved water-resistance for Laser diodes applications. Angew. Chem. Int. Ed. 2021, 133, 3986-3991.
[CrossRef]

3. Zhu, Y; Liang, Y.; Liu, S.; Li, H.; Chen, J. Narrow-band green-emitting SrzMgA122036:Mn2+ phosphors with superior thermal
stability and wide color gamut for backlighting display applications. Adv. Optical Mater. 2018, 7, 1801419. [CrossRef]


https://doi.org/10.1021/acs.inorgchem.0c01803
https://www.ncbi.nlm.nih.gov/pubmed/32869990
https://doi.org/10.1002/ange.202011022
https://doi.org/10.1002/adom.201801419

Nanomaterials 2024, 14, 2 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Maldiney, T.; Bessiére, A.; Seguin, J.; Teston, E.; Sharma, S.K.; Viana, B.; Bos, A.].].; Dorenbos, P.; Bessodes, M.; Gourier, D.; et al.
The in vivo activation of persistent nanophosphors for optical imaging of vascularization, tumours and grafted cells. Nature
Materials 2014, 13, 418-426. [CrossRef]

Fan, Y,; Zhang, F. A new generation of NIR-II probes: Lanthanide-based nanocrystals for bioimaging and biosensing. Adv. Optical
Mater. 2019, 7, 1801417. [CrossRef]

Zhang, X.; Zhang, D.; Zheng, B.; Zheng, Z.; Song, Y.; Zheng, K.; Sheng, Y.; Shi, Z.; Zou, H. Luminescence and energy transfer of
color-tunable Y,Mg,Al,SiyO12:Eu?*,Ce3* phosphors. Inorg. Chem. 2021, 60, 5908-5916. [CrossRef]

Su, E; Lou, B,; Ou, Y,; Yang, Y.; Zhou, W.; Duan, C.; Liang, H. VUV-UV-vis luminescence, energy transfer dynamics, and potential
applications of Ce?*-and Eu2+-doped CaMgSiyOg. J. Phys. Chem. C 2021, 125, 5957-5967. [CrossRef]

Sun, L.; Devakumar, B.; Liang, J.; Wang, S.; Sun, Q.; Huang, X. Highly efficient Ce3*+ 5 Tb3* energy transfer induced bright
narrowband green emissions from garnet-type CapYZrp (AlO,)3:Ce3*, Th3* phosphors for white LEDs with high color rendering
index. J. Mater. Chem. C 2019, 7, 10471-10480. [CrossRef]

Pei, P.; Wei, R.; Wang, B.; Su, ].; Zhang, Z.; Liu, W. An advanced tunable multimodal luminescent La4Ge08:Eu2+, Erd+ phosphor
for multicolor anticounterfeiting. Adv. Funct. Mater. 2021, 31, 2102479. [CrossRef]

Shi, R.; Lin, L.; Dorenbos, P.,; Liang, H. Development of potential optical thermometric material through photoluminescence of
Pr3* in LayMgTiOg. |. Mater. Chem. C 2017, 5, 10737-10745. [CrossRef]

Zhang, X.; Zhang, S.; Li, X,; Tan, T.; Wu, H.; Su, J.; Yuan, W,; Pang, R; Jiang, L.; Li, D.; et al. Effect of Pr3* concentration on the
luminescent properties of Ca;LuScGa,Ge,O1; compound with garnet structure. J. Solid State Chem. 2022, 306, 122758. [CrossRef]
Gopal, R.; Manam, J. A novel blue excited white light emitting StWO,: Pr®* phosphor for single phase white-LED applications.
Ceram. Int. 2022, 48, 30724-30733. [CrossRef]

Zhang, Y,; Yan, S.; Xiao, F; Shan, X.; Lv, X.; Wang, W,; Liang, Y. Long-persistent far-UVC light emission in Pr3+—d0ped Sr,P,O7
phosphor for microbial sterilization. Inorg. Chem. Front. 2023, 10, 5958-5968. [CrossRef]

Sun, D.; Zhang, L.; Hao, Z.; Wu, H.; Wu, H.; Luo, Y;; Yang, L.; Zhang, X.; Liu, F.; Zhang, ]. Multi-peaked broad-band red phosphor
Y3SigNy1: Pr3* for white LEDs and temperature sensing. Dalton Trans. 2020, 49, 17779-17785. [CrossRef] [PubMed]

Zhang, X.; Guo, H.; Shi, Q.; Cui, C.; Cui, Y.; Huang, P.; Wang, L. The color-tunable persistent luminescence of Pr3*-activated
CaySb, Oy with double anti-counterfeiting potentiality. Ceram. Int. 2022, 48, 36201-36209. [CrossRef]

Tang, W.; Zuo, C.; Ma, C.; Chang, C.; Dang, E; Liu, H.; Li, Y.; Yuan, X.; Wen, Z.; Wu, L.; et al. Rapid high-contrast reversible
coloration of Ba3MgSizog:Pr3+ photochromic materials for rewritable light-printing. . Mater. Chem. C 2022, 10, 18375-18384.
[CrossRef]

Yan, S.; Liang, Y.; Zhang, Y.; Lou, B.; Liu, J.; Chen, D.; Miao, S.; Ma, C. A considerable improvement of long-persistent
luminescence in LiLuSiO4:Pr3* phosphors by Sm3* co-doping for optical tagging applications. J. Mater. Chem. C 2022, 10,
17343-17352. [CrossRef]

Yuan, W.; Pang, R.; Tan, T.; Wu, H.; Wang, S.; Su, J.; Wang, J; Jiao, S.; Li, C.; Zhang, H. Tuning emission color and improving
the warm white persistent luminescence of phosphor BaLuyAl,Ga;SiOqp: Pr3* via Zn%* co-doping. Dalton Trans. 2021, 50,
12137-12146. [CrossRef]

Wang, S.; Ma, S.; Zhang, G.; Ye, Z.; Cheng, X. High-performance Pr3+-doped scandate optical thermometry: 200 K of sensing
range with relative temperature sensitivity above 2%-K~1. ACS Appl. Mater. Interfaces 2019, 11, 42330-42338. [CrossRef]

Shi, R.; Huang, Y.; Tao, Y.; Dorenbos, P.; Ni, H.; Liang, H. Luminescence and energy transfer between Ce3* and Pr3* in BaY;SizOq
under VUV-vis and X-ray excitation. Inorg. Chem. 2018, 57, 8414-8421. [CrossRef]

Ueda, K;; Oya, A.; Nagashima, S.; Ogata, T.; Honma, T.; Omata, T. Site-dependent luminescence from Pr3t in double-perovskite-
type alkaline earth lanthanum tantalates. J. Phys. Chem. C 2023, 127, 8833-8839. [CrossRef]

Yang, C.; Guo, N.; Qu, S.; Ma, Q.; Liu, J.; Chen, S.; Ouyang, R. Design of anti-thermal quenching Pr3+—d0ped niobate phosphors
based on a charge transfer and intervalence charge transfer band excitation-driven strategy. Inorg. Chem. Front. 2023, 10,
4808-4818. [CrossRef]

Hu, C; Han, X;; Yang, Q.; Wu, J.; Wang, S.; Ye, Z. Fluorescence modulation in Pr3+—doped MGd;0O4 (M = Sr, Ba) by the site
engineering strategy. J. Lumin. 2023, 255, 119582. [CrossRef]

He, Q.; Fu, R;; Song, X.; Zhu, H.; Su, X.; You, C. Tunable luminescence and energy transfer from Ce3* to Dy3+ in CazAl,Og host
matrix prepared via a facile sol-gel process. J. Alloys Compd. 2019, 810, 151960. [CrossRef]

He, Y.; Zhang, J.; Zhou, W.,; Han, J.; Qiu, Z.; Yu, L.; Rong, C; Lian, S. Multicolor emission in a single-phase phosphor
CazAl,Og:Ce3*,Li*: Luminescence and site occupancy. J. Am. Ceram. Soc. 2014, 97, 1517-1522. [CrossRef]

Zhang, ].; He, Y,; Qiu, Z.; Zhang, W.; Zhou, W.; Yu, L.; Lian, S. Site-sensitive energy transfer modes in CagAl;Og: Ce3* /Tb3* /Mn?*
phosphors. Dalton Trans. 2014, 43, 18134-18145. [CrossRef]

Wang, L.; Guo, H.; Wei, Y.; Noh, HM.; Jeong, ].H. White luminescence and energy transfer process in Bid* Sm3* co-doped
CazAl,Og phosphors. Opt. Mater. 2015, 42, 233-236. [CrossRef]

Fan, F; Liu, F; Yu, S;; Wu, J.; Zhang, J.; Wang, T.; Li, Y,; Zhao, L.; Qiang, Q.; Chen, W. Efficient near-infrared luminescence and
energy transfer mechanism in CazAl,Og: Ce3*, Yb3* phosphors. J. Lumin. 2022, 241, 118511. [CrossRef]

Wang, X.; Wang, Y;; Jin, L.; Bu, Y.; Yang, X.L.; Yan, X. Controlling optical temperature detection of CazAl,Og: Yb3* Erd3* phosphors
through doping. J. Alloys Compd. 2019, 773, 393—400. [CrossRef]


https://doi.org/10.1038/nmat3908
https://doi.org/10.1002/adom.201801417
https://doi.org/10.1021/acs.inorgchem.1c00317
https://doi.org/10.1021/acs.jpcc.1c01320
https://doi.org/10.1039/C9TC03664D
https://doi.org/10.1002/adfm.202102479
https://doi.org/10.1039/C7TC02661G
https://doi.org/10.1016/j.jssc.2021.122758
https://doi.org/10.1016/j.ceramint.2022.07.023
https://doi.org/10.1039/D3QI01253K
https://doi.org/10.1039/D0DT03532G
https://www.ncbi.nlm.nih.gov/pubmed/33283822
https://doi.org/10.1016/j.ceramint.2022.08.177
https://doi.org/10.1039/D2TC04137E
https://doi.org/10.1039/D2TC03646K
https://doi.org/10.1039/D1DT01913A
https://doi.org/10.1021/acsami.9b13873
https://doi.org/10.1021/acs.inorgchem.8b01084
https://doi.org/10.1021/acs.jpcc.3c01208
https://doi.org/10.1039/D3QI01009K
https://doi.org/10.1016/j.jlumin.2022.119582
https://doi.org/10.1016/j.jallcom.2019.151960
https://doi.org/10.1111/jace.12801
https://doi.org/10.1039/C4DT01587H
https://doi.org/10.1016/j.optmat.2014.12.037
https://doi.org/10.1016/j.jlumin.2021.118511
https://doi.org/10.1016/j.jallcom.2018.09.229

Nanomaterials 2024, 14, 2 14 of 14

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Gao, X.; Zhang, W.; Wang, X.; Huang, X.; Zhao, Z. Charge compensation effects of alkali metal ions M* (Li*, Na*, K*) on
luminescence enhancement in red-emitting Ca3Si,O7:Eu®* phosphors. . Alloys Compd. 2022, 893, 162265. [CrossRef]

Xu, D.; Zhou, W,; Zhang, Z.; Li, S.; Wang, X. Improved photoluminescence by charge compensation in Dy3+ doped
SryCa(PO4),Si04 phosphor. Opt. Mater. 2019, 89, 197-202. [CrossRef]

Chen, Y.; Wang, J.; Liu, C,; Tang, J.; Kuang, X.; Wu, M.; Su, Q. UV-Vis-NIR luminescence properties and energy transfer mechanism
of LiSrPO,:Eu?*, Pr3* suitable for solar spectral convertor. Optics Express 2013, 21, 3161-3169. [CrossRef]

Keil, J.-N.; Paulsen, C.; Rosner, F.; Pottgen, R.; Jiistel, T. Crystallographic and photoluminescence studies on the solid solution
LizBayLaz_,Pry(WOy)g (x = 0-3). J. Lumin. 2022, 252, 119415. [CrossRef]

Jia, Y.; Huang, Y.; Zheng, Y.; Guo, N.; Qiao, H.; Zhao, Q.; Lv, W.; You, H. Color point tuning of Y3Al5015: Ce3* phosphor via
Mn?2*-Si** incorporation for white light generation. ]. Mater. Chem. 2012, 22, 15146-15152. [CrossRef]

Kang, X.; Lii, W.; Zhu, Z;; Jia, C. A novel blue-light excitable Pr3* doped (Sr, Ba)LaMgTaOg phosphor for plant growth lighting. J.
Rare Earths 2023, 41, 666—-672. [CrossRef]

Nie, W.; Yao, L.; Chen, G.; Wu, S.; Liao, Z.; Han, L.; Ye, X. A novel Cr3+-doped LuyCaMg;SizO1, garnet phosphor with broadband
emission for near-infrared applications. Dalton Trans. 2021, 50, 8446-8456. [CrossRef] [PubMed]

Li, Z,; Zhang, X.; Wu, J.; Guo, R;; Luo, L.; Xiong, Y.; Wang, L.; Chen, W. A novel inequivalent double-site substituted red phosphor
Liz AISbOg:Mn** with high color purity: Its structure, photoluminescence properties, and application in warm white LEDs. J.
Mater. Chem. C 2021, 9, 13236-13246. [CrossRef]

Yao, C.; Zhang, C. Photoluminescence enhancement and excellent thermal stability of Cap;ZnSiO7:Pr3* red-emitting phosphors
through charge compensator A* (Li*, Na* and K*) co-doping for w-LED applications. Spectrochim. Acta A 2023, 303, 123177.
[CrossRef]

Xiong, F.B.; Lin, H.F; Meng, X.G.; Shen, H.X.; Zhu, W.Z. Photoluminescence properties of a novel red-emitting Pr3+—doped borate
phosphor. Optik 2018, 159, 102-107. [CrossRef]

Golim, O.P; Huang, S; Yin, L.; Yang, T.; Zhou, H.; Gao, W.; Sthnel, T.; Cao, P. Synthesis, neutron diffraction and photolumines-
cence properties of a whitlockite structured CagMgLi(PO4)7:Pr3+ phosphor. Ceram. Int. 2020, 46, 27476-27483. [CrossRef]
Wang, T.; Zhang, W.; Wang, X.; Huang, X.; Zhang, P. Calgznz(PO4)14:Dy3+, M* (M = Li, Na, K) white-emitting phosphors: Charge
compensation effect of M* on the photoluminescence enhancement. Ceram. Int. 2021, 47, 14260-14269. [CrossRef]

Han, B,; Li, P; Zhang, J.; Zhang, J.; Xue, Y.; Shi, H. The effect of Li* ions on the luminescent properties of a single-phase white
light-emitting phosphor oc-Sr2P207:Dy3+. Dalton Trans. 2015, 44, 7854-7861. [CrossRef]

Gao, M,; Xu, X,; Li, Z,; Dai, H.; Wang, C.; Xin, S.; Zhou, F; Zhu, G. Synthesis and luminescent properties of Sr,SnOy: Pr3*, M+ M
= Li, Na and K) phosphors with layered perovskite-related structure. J. Lumin. 2020, 226, 117423. [CrossRef]

Singh, R.; Bedyal, A K.; Manhas, M.; Swart, H.C.; Kumar, V. Charge compensated CaSr; (POy)y:Sm3*, Li* /Nat /K* phosphor:
Luminescence and thermometric studies. J. Alloys Compd. 2022, 901, 163793. [CrossRef]

Zhang, L.; Dong, L.; Xu, Y.; Yin, S.; You, H. Effect of R* (R = Li, Na and K) codoping on the luminescence enhancement of
broadband NIR BaZrGe;Oq:Cr3* phosphors for NIR LED. J. Lumin. 2021, 236, 118084. [CrossRef]

Wang, S.; Sun, Q.; Devakumar, B.; Liang, J.; Sun, L.; Huang, X. Novel CayGdTaOg:Mn** M (M = Li*, Na*, K*, and MgZ*)
red phosphors for plant cultivation light-emitting diodes: Synthesis and luminescence properties. J. Lumin. 2019, 214, 116525.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jallcom.2021.162265
https://doi.org/10.1016/j.optmat.2019.01.041
https://doi.org/10.1364/OE.21.003161
https://doi.org/10.1016/j.jlumin.2022.119415
https://doi.org/10.1039/c2jm32233a
https://doi.org/10.1016/j.jre.2022.04.014
https://doi.org/10.1039/D1DT01195B
https://www.ncbi.nlm.nih.gov/pubmed/34041515
https://doi.org/10.1039/D1TC02541D
https://doi.org/10.1016/j.saa.2023.123177
https://doi.org/10.1016/j.ijleo.2018.01.074
https://doi.org/10.1016/j.ceramint.2020.07.236
https://doi.org/10.1016/j.ceramint.2021.01.289
https://doi.org/10.1039/C4DT03967J
https://doi.org/10.1016/j.jlumin.2020.117423
https://doi.org/10.1016/j.jallcom.2022.163793
https://doi.org/10.1016/j.jlumin.2021.118084
https://doi.org/10.1016/j.jlumin.2019.116525

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Phase Structure and Morphology 
	Luminescence Properties of Pr3+ in Ca3Al2O6 
	The Influences of Charge Compensator Ions 
	Potential Applications 

	Conclusions 
	References

