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The red emitting CaZnOS:Mn?* long persistent phosphor was successfully prepared via a conventional
high-temperature solid-state reaction method. The persistent luminescence emission of Mn2*-doped
CazZnOS phosphor was investigated for the first time. Rare-earth trivalent ions were used as co-dopants
to obtain a brighter red afterglow and longer persistence time. The optical properties of the as-prepared
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investigated systematically by employing photoluminescence spectroscopy,

persistent luminescence spectroscopy, afterglow decay curves and thermoluminescence curves. In light
DOI: 10.1035/c7ra05861f of the experimental results of this study, a possible mechanism of persistent luminescence was

rsc.li/rsc-advances illustrated and discussed in detail. These investigations provide a new and efficient long persistent phosphor.
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Introduction

The phenomenon of luminescence has fascinated people since
the earliest times. Persistent luminescent is a particular lumi-
nescence type for which the emission is delayed by minutes,
hours or even days after the excitation has stopped.’ The
luminescent materials with persistent luminescence properties
are put into the context of emerging applications such as in
imaging storage, optical memory and in vivo imaging.>* Since
the efficient persistent phosphor SrAl,O,:Eu®", Dy’" has been
reported,” numerous novel persistent materials have been
gaining attention among many researchers.>'® More recently,
materials with emission in the deep red or in the near-infrared
are desired for surveillance applications and in vivo medical
imaging."* However, many researchers and publications on
these persistent luminescent materials have focused on diva-
lent europium as the doping ion. The broadband emission of
Eu®" is strongly dependent on the host material, more exactly,
on the centroid shift and the strength of the crystal field acting
on the ions.”” This mixture of effects leads to the so-called red
shift, and the value depends strongly on the structure of the
host compound and the local coordination of the europium
dopant ion. It is quite common to obtain a blue or green
afterglow using oxide host compounds, but it is much more
challenging to find a suitable host solid with appropriate red
shift, in order to obtain orange or red persistent luminescence.
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Moreover, red emitting Eu®>" doped persistent phosphors, such
as CaS:Eu* and (Ca, Sr),SisNg:Eu,'*** the choice is limited and
the host lattices are chemically unsteady or hard to prepare. At
present, great efforts have been made to develop other doping
ions in order to obtain efficient red radiating persistent
materials.

Calcium zinc oxysulfide (CaZnOS) is an intermediate
production recovery of zinc from its sulfide by a carbothermal
reduction in the presence of lime. This novel quaternary oxy-
sulfide was first reported.'® Later on, Igiehon and coworkers'”'*
tried to explore the products of carbothermal reduction of iron
and zinc sulfides and to determine the crystal structures of
CaZnOS and CaFeOS. In 2003, Petrova et al. refined the lattice
parameters and determined the space group of this zinc
calcium oxysulfide using the Rietveld profile analysis method.
Subsequently, its synthesis, structure, and electrical properties
were investigated in detail.’>*® Recently, the photoluminescence
properties of CaZnOS:Mn>" phosphor were reported.>* Mn>*-
activated CaZnOS shows a single symmetric narrow red emis-
sion band in the wavelength range of 550-700 nm with the peak
centered at 614 nm. Very recently, the multi-stress sensitive
elastico-mechanoluminescence characteristics of CaZnOS:Mn**
phosphor were for the first time discovered.*” It can simulta-
neously sense and image different mechanical stimuli
including ultrasonic vibration, impact, friction, and compres-
sion with an intense emission, indicating the practical prospect
on stress sensors. Upon reviewing the literature, it is clear that
there is no research on the afterglow properties of Mn>" doped
CaZnOS phosphors. Thus, the investigation of the afterglow
properties of CaZnOS:Mn”*" is a very interesting work.

In this article, Mn>" doped CaZnOS phosphors were
successfully prepared by solid-state reaction in an argon
atmosphere. We report some new and preliminary phenomena

This journal is © The Royal Society of Chemistry 2017
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of CaZnOS:Mn*>" phosphors. The red long afterglow emission
enhancement of CaZnOS:Mn>" by co-doping Ce**/Pr** into the
phosphor is also reported. The photoluminescence (PL), after-
glow and thermoluminescence (TL) properties of CaZnOS:Mn>"*
and CaZnOS$:Mn*", RE** (RE = Ce**, Pr**) phosphors were
investigated in detail. It was found that the additive Ce*" ions
extended the persistent time much longer. This result is of
course an exciting phenomenon in the investigation field of the
red afterglow phosphors.

Experimental

Undoped and doped CaZnOS powder samples were prepared by
the conventional high-temperature solid-state reaction method.
The 4 N pure CaCO;, ZnS, MnCOj;, CeF; and Pr,O; were
employed as the starting materials. Phosphor with molar
compositions of Cag g9Zng.9908:0.01Mn**,0.01RE*" (RE = Ce’",
Pr*") were thoroughly mixed and ground in an agate mortar,
and subsequently sintered in an alumina crucible at 1273 K for
4 h in a horizontal tube furnace under a flowing argon atmo-
sphere. After sintering, these samples were gradually cooled
down to room temperature in the heating system. Finally, the
samples crystallization behavior were examined by powder
X-ray diffraction (XRD, Bruker D8) with Cu Ko radiation (A =
1.54056 A) operated at 36 kV and 30 mA in the 26 range from 10°
to 80° with a step size of 0.02° for a scanning rate of 2° min~".
The microstructure and morphological information of samples
were measured using a scanning electron microscope (SEM,
XL-30, Phillips) coupled with energy dispersive spectroscopy
(EDS). X-ray photoelectron spectroscopy (XPS) measurements
were performed by X-ray photoelectron spectrometer (Escalab
250Xi, Thermo Scientific) equipped with an Al Ko line within
the 0-1300 eV energy range. The photoluminescence and
persistent luminescence spectra of the as-synthesized materials
were recorded using a fluorescence spectrometer (F-7000,
Hitachi) equipped with a 150 W Xe lamp as the radiation
source. Afterglow decay curves were measured by long afterglow
phosphor tester after 15 min excitation with an unfiltered Xe arc
lamp at 1000 lux (PR-305, Zhejiang Tri-color instrument Co.
Ltd., Zhejiang, China). The thermoluminescence (TL) behaviors
were investigated by a microcomputer controlled TL dosimeters
(FJ427-AL; Beijing Nuclear Instrument Factory, Beijing, China)
with a fixed heating ratio 1 K s~". Before measuring the TL, the
samples were pre-irradiated by 365 nm UV light for 10 min. All
measurements were carried out at room temperature except for
the TL curves.

Results and discussion

After prepared through solid-state reaction, the samples were
ground. The size and shape of the particles are important when
constructing of the optical device. The morphology and the size
of a typical Mn**-dope CaZnOS sample were examined by SEM,
as shown in Fig. 1. It can be clearly seen that most of the
particles are distributed in the crystal size range of 1-3 um,
together with some larger particles up to 5 um. And the phos-
phors are composed of small, roughened spherical grains.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM image of the CaZnOS:Mn?* sample. Inset: EDS spectrum
of the sample.
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Fig. 2 XPS survey spectrum of CaZnOS:Mn?* sample.

Composition and quantity of all elements in a spot were
analyzed by using Energy Dispersive X-ray Spectrometer (EDS),
as shown in the inset of Fig. 1. The EDS spectrum of the
CaZnOS:Mn sample revealed that it is composed of Ca, Zn, O
and S. However, Mn element was not detected due to its low-
concentration doping. The EPR spectra of the samples in the
present study were measured and illustrated as Fig. S1.7 The
well resolved signature of Mn>" ions observed in the EPR spectra
confirms the existence of Mn>" ions in samples. In order to
confirm the constituent elements of the synthesized CaZnOS
phosphor, X-ray photoelectron spectroscopy (XPS) measure-
ment was also carried out, as shown in Fig. 2. The XPS spectrum
contains Ca, Zn, O, C, S and Mn signal.*® As in the previous EDS
testing result, we could not accurately determine the amount of
Mn incorporated in the present XPS measurements because of
the low sensitivity of the Mn signal.

Fig. 3a shows the X-ray powder diffraction patterns of as-
prepared samples and the standard ICSD card of CaZnOS for
comparison. It is can be seen from Fig. 3a that all the diffraction
peaks are in good agreement with the standard data of CaZnOS
(ISCD#245309). It indicates that the obtained samples are well

RSC Adv., 2017, 7, 38498-38505 | 38499
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Fig. 3 (a) X-ray diffraction patterns of the as-prepared samples and
the pattern of ICSD#245309 for CazZnOS; (b) crystal structure of
CaznOSs.

crystallized and the incorporation of Mn**/Ce®"/Pr** ions almost
has no significant influence on the host lattice. The structure of
CaZnOSs is investigated in detail by Clarke et al.*® Based on the
above article, the oxysulfide compound crystallizes in the
hexagonal space group P6ymc with a = 3.75726(3) A,
11.4013(1) A, V = 139.388(2) A® and Z = 2. The crystal
structure of CaZnOS and the coordination environments of the
Ca”"/Zn** sites are plotted in Fig. 3b. It can be seen that the
structure framework of CaZnOS host lattice is composed of layers
of ZnS;0 tetrahedral and CaS;0; octahedral. Obviously, ZnS;O
tetrahedra all aligned with Zn-O bond vectors parallel and
directed parallel to ¢ axis and linked at all their S-containing
vertices, yielding [ZnS;,;0]*" layers. Ca** ions occupy distorted
octahedral interstices between these [ZnS;,;0]*".

To further examine the crystal structure and sites in this
compound, Rietveld structure refinements of these typical
samples have been performed using the GSAS program, and the
final refinement patterns of the typical CaZnOS:Mn** sample
are shown in Fig. 4. Correspondingly, these refinement
parameters are shown in Table 1. The good fitness of x?, Ryp,
and R, suggests that the refined results are reliable.

The effective ionic radii for the given coordination number
(CN) are listed in Table 2. In view of similar ionic radii and

cC =
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Fig. 4 Observed (crossed) and calculated (red line) XRD patterns and

the difference profile (blue line) of the Rietveld refinement of CaZ-
nOS:Mn?*. Bragg reflections are shown as green vertical bars.

Table 1 Refinement data for CaZnOS and CaZnOS:Mn?*

Formula CazZnOS CaZnOS:Mn*"
Space group P6;mc P63mc

alA 3.75610(3) 3.75611(2)
b/A 3.75610(3) 3.75611(2)
c/A 11.4011(2) 11.4012(7)
7N 139.30 139.31
a=6/° 90 90

vl 120 120

z 2 2

Ruypl % 3.99 3.76

Ry% 2.55 2.71

x* 6.58 6.36

valence state, the Mn?®" ions can be dissolved into the host
lattice completely by the substitution for Zn** ions. The ionic
radii of Ce*" and Pr’* are similar to that of Ca®", but much larger
than that of Zn>". As a logical consequence, the Ca”" sites will be
substituted by Ce**/Pr’*.

The diffuse reflectance spectra of nondoped and doped
CaZnOS are comparatively demonstrated in Fig. 5. It is noticed
that the CaZnOS host shows high reflection in the range of 450-
800 nm and then starts to decline from 450 nm to 250 nm due to
the host absorption. For CaZnOS:Mn>" and CaZnOS:Mn>",Pr*",
the similar reflection are observed in the range of 400-800 nm,
and then they decrease obviously to 200 nm. For Mn**, Ce** co-

Table 2 lonic radii (A) for given coordination number (CN) of positive
ions

Ion CN Tonic radius (A)
Zn** 4 0.60
ca** 6 1.00
Mn?* 4 (HS) 0.66
Mn** 6 (LS) 0.67
Mn** 6 (HS) 0.83
ce** 6 1.01
pr** 6 0.99

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Diffuse reflectance spectrum of CaZnOS; CaZnOS:Mn2*;
CaZnOS:Mn?*,Ce3*; CaZnOS:Mn?*,Prét,

doped CaZnOS, the high reflection ends up until 450 nm, and
then declines quickly to 320 nm. Two absorption bands can be
observed (at about 500 and 600 nm), which should be related to
the absorption of doped Ce?*.24?

According to a previous report, the optical band gap (E) of
the sample can be determined by the following equation

provided by Tauc:*®
ahv = A(hv — E,)" (1)

The « in eqn (1) is absorption coefficient /4 is Planck’s
constant, v is the light frequency, 4 is the absorption constant, n
is a constant exponent that determines the type of optical
transitions. n = 3 represents indirect forbidden transition, n =2
represents indirectly allowed transition, n = 3/2 represents
direct forbidden transition and n = 1/2 represents direct
allowed transition. In the CaZnOS host, n = 1/2.2%**

Absorption coefficient « of the sample at different wave-
lengths is proportional to F(R). Based on Kubelka-Munk
model,?” F(R) can be expressed by the following equation:*®

F(R)=(1 — R*2R (2)

where R is the reflectance of the material and can be estimated
from the experimental reflectance in our CaZnOS sample. Fig. 6
presents the polt of [avF(R)]> vs. hv according to eqn (1). We can
get that the E, value from the intercepts of the fitted straight
lines using the linear extrapolations of [F(R)hv]* = 0, as shown
in Fig. 6. For undoped CaZnOS, its optical band gap is calcu-
lated to be about 3.91 eV, which is in fair agreement with the

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The [F(R)hv]? variation versus photon energy hr and the Eg of
CazZnOS host.

Table 3 Summary of optical band gap of CaZnOS in different articles

Optical band gap of CaZnOS

Value (eV) 3.71 3.88 3.90 4.00 4.16
Ref. 20 29 30 21 22

3.91
This work

value of the previously reported.**>>**3° Table 3 shows the
optical band gap of CaZnOS in previous articles.

Fig. 7 exhibits the excitation and emission spectra of as-
prepared samples. Fig. 7a shows the excitation and emission
spectra of host material CaZnOS. In the spectra, CaZnOS shows
avery broad green light emission band between 400 and 650 nm
with a dominated peak at about 500 nm. An asymmetrical
excitation band centered at 376 nm is observed when moni-
toring host emission at 500 nm. According to a previous
report,® the green emission can be assigned to the recombi-
nation of donors (Vo) and acceptors (Vy,) which are associated
with native defects. The photoluminescence of the Mn** doped
CaZnOS exhibits a relatively broad orange-red emission band
caused by “T;-°A, transition of Mn*" (Fig. 7b). Normally, the
tetrahedral Mn** will give out the green emission,*>* this red
emission observed is ascribed to further splitting of the two
level system of Mn>" ion into more levels in a distorted tetra-
hedral coordination environment resulting in the first excited-
state shifting to lower energy. In addition to the strong
4T,-°A, emission from Mn?', there is a weak emission band
located at 530 nm. This band is most likely due to the Mn**-
related trap levels introduced into host lattice CaZnOS.>* Inter-
estingly, it is complete disappearanced by codoping Pr** or Ce**
into CaZnOS:Mn*" (Fig. 7d and c). We will examine this situa-
tion in more detail below. The excitation spectra of
CaZnOS:Mn>" extended a broad range of wavelength, which
could be ascribed to the host lattice absorption and a small part
of weak d-d transition of Mn>*, Similarly, the excitation spectra
of CaZnOS:Mn**M (M = Pr*", Ce*") also consist of two parts,
one is the excitation band of host lattice (200-325 nm) and the
other one is d-d transition of Mn** (325-550 nm). The former is
much stronger than the latter. In addition, if compared with

RSC Adv., 2017, 7, 38498-38505 | 38501
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Fig. 7 Comparison of the excitation and emission spectra from (a)
CaZnOS, (b) CaZnOS:Mn?*,  (c)  CaZnOS:Mn?*Pr**,  (d)
CazZnOS:Mn?*,Ce3".

CaZnOS:Mn*", the intensities of Mn>" (d-d transition) absorp-
tion peaks of CaZnOS:Mn>', Ce*" increased obviously. These
peaks at approximately 380 nm, 436 nm and 495 nm can be
attributed to the transitions of °A; (°S) to “T, (*D), [‘E (*G), A,
(*G)] and *T, (*G), respectively. According to Dexter theory,* an
efficient energy transfer requires a spectral overlap between the
donor emission and the acceptor excitation. Fig. 7 (the red
bounding box) demonstrates a significant spectral overlap
between the emission bands of CaZnOS host and the excitation
peaks of the Pr**/Ce*" codoped CaZnOS:Mn?** sample. As
a result, there could exist efficient energy transfer from host to
Mn*" in CaZnOS:Mn** M (M = Pr**, Ce**). These results give
strong evidence for why the emission intensities at about
530 nm in CaZnOS:Mn>*,M (M = Pr’**, Ce*") decreased obvi-
ously. By codoping with Pr** or Ce®" can significantly improve
the intensity of Mn>" emission peak.

View Article Online
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Fig. 8 displays persistent luminescence emission spectra
recorded at different times after the 285 nm excitation source is
switched off. As can be seen in Fig. 8a-c, the persistent lumi-
nescence intensity of CaZnOS:Mn**M (M = Pr**, Ce®") are
remarkably stronger than that of CaZnOS:Mn”" in the same test
conditions. It is found that the emission peaks at about 610 nm
and the spectral features in the persistent luminescence spectra
remain unchanged and are consistent with the photo-
luminescence emission. Moreover, no other typical emission
which belongs to the Pr** or Ce®* are observed in the persistent
luminescence emission spectra (Fig. 8b and c). These give
evidence that the long afterglow characteristics in all cases are
from the same “T,-°A; transition of Mn>*. It should be noted
that the CaZnOS host also shows weak persistent luminescence
emission. However, the persistent luminescence emission
centered at 530 nm from the host in the CaZn0S:Mn>" system is
very weak (Fig. 8a).

One of the most important result of the present work is that
we have observed obvious enhancement and longer phospho-
rescence when RE*" (Pr**, Ce®") co-doped into CaZnOS:Mn**,
Accordingly, the afterglow decay curves of as-prepared samples
after irradiation by an artificial light have been conducted in
Fig. 9a. Their initial intensity is normalized for comparison. The
afterglow intensity of all samples exhibits a rapid decay and
subsequential long-lasting phosphorescence. Clearly, the RE**
(Pr**, Ce*) co-dopants can increase the intrinsic positive
defects and result in longer the duration time. In particular, it is
very exciting to note that the afterglow intensity of the CaZz-
nOS:Mn**,Ce** sample can be recorded for about 1790 s by
definition of 0.32 med m™> after the 1000 lux artificial light
promoted (the inset of Fig. 9a). As shown in Fig. 9b and c, the
afterglow decay curves of the RE*" co-doped CaZnOS:Mn**
samples are plotted as a function of the reciprocal afterglow
intensity (I ') versus time (£). Both of the curves can be well
fitted by the linear equations. The linear dependence of I " vs. t
indicates that the afterglow of the samples are probably caused
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Fig. 8 Persistent luminescence emission spectra of (a) CaZnOS:Mn2*; (b) CaZnOS:Mn?* Pré*; (c) CaZnOS:Mn?*,Ce®* at different times after

removal of the excitation source.
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Fig. 9 (a) Afterglow decay curves of Mn?"-doped and Mn?*, RE®*

comparison. Inset: The afterglow decay curve of CaZnOS:Mn2*,Ce®* by definition of 0.32 mcd m~2.

versus time of (b) CaZnOS:Mn?*,Pr®* and (c) CaZnOS:Mn?*,Ce>*.

by only one type effective trap center.*® The electron traps
created by Pr’* and Ce®* seemed to have similar nature. This
result demonstrates that the incorporation of RE*" (Pr’*, Ce*")
does not influence the type of traps, which are predominantly
responsible for the afterglow.

As already known, the density of traps generally plays a key
role in the afterglow emission of optical materials. Defects with
suitable structure could capture the carrier more effectively and
deliver them more slowly to the emission centers. The ther-
moluminescence technique was carried out because of its
sensitivity to the trapping property of defects. Fig. 10 represents
the TL spectra of CaZnOS:Mn”" and CaZnOS:Mn>",RE*" (Pr®",
Ce’") samples. One very weak peak is observed above room
temperature at around 350 K in CaZnOS:Mn** sample, which is
formed by native defect in CaZnOS (Fig. 10a). As show in
Fig. 10b and ¢, the TL intensity of CaZnOS:Mn>*, RE** (Pr’",
Ce®") samples are more higher than the CaZnOS:Mn**, which
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indicating that more traps are created when RE*" (Pr**, Ce®*) co-
doped in CaZnOS:Mn**. Because of the nonequivalent substi-
tution, an excess of positive charge in the lattice must be
compensated. There are two possible ways to fulfill the charge
compensation of the RE** co-doped in CaZnOS:Mn>* phosphor.
One possible way is that two RE*" ions replace three Ca>* ions to
balance the charge of the phosphor, which creates two RE,
positive defects and one V¢, negative defect. The other possibility
of the charge compensation, the vacancies of V7, created during
the synthesis process, is also feasible because of the relatively high
vapor pressure of the Zn** component. By adsorbing and inte-
grating the previous research results,*** it is considered that the
mainly defects in Fig. 10 belong to V,  created. This negative
defect is responsible for the improvement of long afterglow of
Mn**, According to Chen's method,* the trap depth and density
of TL peak can be estimated by the following equations:***

5000
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Fig. 10 Thermoluminescence curves of (a) CaZnOS:Mn?*, (b) CaZnOS:Mn?*,Pr** and (c) CaZnOS:Mn?*,Ce**.
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E =[2.52 + 10.2(ug — 0.42))(kg T’ 1) — 2kpTm 3)
1o = wly/[2.528 + 10.26(ug — 0.42)] (4)

where E is the trap depth; u, is the asymmetry parameter and
defined as u, = 6/w; w is the FWHM (full width of half maximum)
and defined as w = ¢ + 7, with J being the high-temperature half
width and 7 the low-temperature half-width; kg is Boltzmann's
constant; T, is the temperature of the glow peak; n, is the initial
concentration of trapped charges; I, is the TL intensity of glow
peak and § is the heating rate (1 K s~ *). Therefore, the trap depths
E corresponding to CaZnOS:Mn”**Pr’* and CaZnOS$:Mn**,Ce*"
phosphors are about 0.623 eV and 0.652 eV, respectively. The
calculated n, are about 8.6 x 10° (em®)™" and 1.3 x 10° (em®) ™%,
respectively. It is reported that a trap depth around 0.6-0.7 eV
whose TL peaks located at 320-390 K is ideal for generating long
afterglow at room temperature. On the basis of the TL peak posi-
tion and the calculated trap depth, we believe that the
CazZnOS:Mn>",Ce*" phosphor have an opportune trap depth so
that the sample could exhibit excellent afterglow at room
temperature.

Fig. 11 displays the schematic diagram of the generation
processes of host emission in CaZnOS and the after grow
emission in CaZnOS:Mn>*,Ce*". For undoped CaZnOS, under
the 376 nm excitation, electrons can be pumped from valence
band (VB) into conduction band (CB). The recombination of
electrons and holes immediately generates the emission of host
(500 nm). According to previous studies and the above results,
we give the possible mechanism of afterglow in CaZ-
n0S:Mn**,Ce*" as following. After UV excitation, electrons are
excited to CB and holes are generated in VB in CaZ-
nOS:Mn?",Ce*". Some of the excited electrons will be transferred
via the lattice directly to the luminescence centers Mn>" and

38504 | RSC Adv., 2017, 7, 38498-38505

finally to excited energy level of *T; (*G) with non-radiative
transitions. Afterwards, they will release to ground state and
combines with holes accompanying with the 610 nm red
emission. However, most of the excited electrons and the holes
are trapped by lattice defects. Subsequently, with the thermal
disturbance, these carriers will be released from the traps and
transferred via the host to the excited state of Mn>* ions. In
addition, some of released electrons also will transfer gradually
to the excited level of Mn>" ions through tunneling. Owing to
the slowly releasing of trapped carriers, the Mn>" emission can
last for a relatively long time after the removal of excitation.

Conclusions

In conclusion, we extend the persistent luminescence into the
red spectral region by developing a novel Mn**-doped CaZnOS
persistent phosphor. The structure and luminescent proper-
ties of CaZnOS and CaZnOS:Mn*" phosphors were investi-
gated. Codoping with RE** (Pr*", Ce®") ions, the
CaZnOS:Mn**,RE*" (Pr®*, Ce’") sample has more stronger
afterglow intensity and longer duration of the afterglow. The
afterglow intensity for the CaZnOS:Mn>*,Ce** phosphor can be
recorded for about 1790 s by definition of 0.32 med m™2 after
the irradiation have been removed. From the TL curves, we can
calculate that the trap depth of Cazn0OS:Mn**,Pr** is 0.623 eV
and CaZnOS:Mn”*,Ce*” is 0.652 eV. Moreover, a simplified
schematic illustration was also constructed based on the
photoluminescence and thermoluminescence results. The
results suggest that CaZnOS may be an excellent host material
for Mn”>*-based long afterglow. The further work can be
focused on the improvement of the decay time and further
enhancement of the afterglow brightness by adjusting the
concentrations of RE*" (Pr**, Ce®) and Mn*".

This journal is © The Royal Society of Chemistry 2017
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