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Abstract: A serial of Mn ions doped MgAl2O4 phosphors, exhibiting only red light centred at 650 nm, have been 
prepared by a solid state reaction (SSR) with and without MgF2 flux. These phosphors have been characterized by X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and electron paramagnetic resonance (EPR) measurements. 
EPR result demonstrates that Mn ions exist as +2 valence. The emission intensity of the phosphors varies with Mn2+ 
concentration. The addition of MgF2 flux to the reactants enhances the luminescence properties through elevating the 
crystallinity, regulating the morphology and particle size of the MgAl2O4:Mn2+ phosphor. The phosphor 
MgAl2O4:0.10%Mn2+ with 12 wt% MgF2 flux shows the best emission performance. 
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INTRODUCTION 

As a new solid-state light source, light emitting 
diodes (LEDs) have received much attention due to 
their advantages of long lifetime, energy savings, small 
volume, reliability, and environmental-friendliness over 
traditional incandescent and fluorescent lamps [1-6]. 
However, LEDs with multiple emission wavelength 
chips have deteriorating color temperature and 
luminous efficiency due to the different lifetimes and 
stabilities of the chips [7]. It is well-known that the 
commercially available white LEDs are currently 
manufactured by combining a blue InGaN chip with a 
yellow-emitting phosphor (YAG:Ce3+) [8]. Although the 
conversion efficiency is high, the color deficiency in the 
red region makes this white LEDs exhibit poor color 
rendering index (CRI) [9-11]. Therefore, in order to 
improve the CRI, it is important to develop new red 
emitting phosphors which can be excited under near-
UV or blue region. 

In recent years, rare-earth (RE) ions, particularly 
Eu3+, have become good candidates for luminescent 
centers in red emitting phosphors. However, the limited 
reserve and restricted supply of RE elements lead to 
the high cost of RE compounds. Thus the development  
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of new red phosphors with non-RE elements has 
received considerable attention. Manganese, an 
element with multiple oxidation states, has been 
considered as a promising alternative of RE elements 
for the preparation of phosphors. The valence and 
location of Mn ions in the host lattices determine the 
luminescence properties of Mn doped phosphors. For 
example, Mn4+ activated A2SiF6, A2GeF6 (A = Na, K), 
B2SnF6 (B = Na, Cs), CaAl12O19 and 
3.5MgO·0.5MgF2·GeO2 exhibit red emission under the 
UV or blue light excitation, which is associated with the 
transition 2E → 4A2 of Mn4+ [12-19]. And in our recent 
work, Mg2TiO4:Mn4+ prepared by the sol-gel method 
shows an efficient red light emission [20]. Mn2+ can 
also act as an activator in phosphors. For example, 
Mn2+ doped Zn2SiO4 emits green light, owing to the 
transition occurring between the 4T1 and 6A1 levels of 
Mn2+ [21]. Another typical example of the phosphors 
containing Mn2+ is MgAl2O4:Mn2+. MgAl2O4 belongs to 
the cubic space group Fd-3m with a spinel crystal 
structure. Mn2+ with 3d5 electronic structure coordinates 
with four oxygen atoms to form [MnO4] tetrahedral, 
similar to that of Mg2+ in MgAl2O4. The ionic radius of 
Mn2+ (0.67 Å) is close to that of Mg2+ (0.72 Å). 
Furthermore, they have the same valence state of +2. 
Therefore, the substitution of Mn2+ for Mg2+ in MgAl2O4 
is highly feasible. Tomita et al. have reported 
MgAl2O4:Mn2+ which generates two independent 
luminescence channels (green emission centered at 
520 nm and red emission centred at 650 nm under UV 
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and blue irradiation respectively) [22]. As to the best of 
our knowledge, there is no report so far on a single red 
luminescence channel for phosphors containing Mn2+, 
especially for MgAl2O4:Mn2+ spinel under both UV and 
blue irradiation. This means that it must be under a 
light source with particular wavelength in order to get a 
single red emission applied in LEDs. 

Among many preparation methods for phosphors, 
the solid-state reaction (SSR) method is still one of the 
most common and promising methods for the phosphor 
preparation in both laboratories and industries [23-24]. 
However, besides high reaction temperature, long time 
for pestle samples is necessary in SSR. Even so, the 
high chemical uniformity is not guaranteed [25-29]. In 
order to overcome the drawbacks of the conventional 
SSR method, flux has been introduced to the reaction 
system to accelerate the reaction kinetics by enhancing 
diffusion coefficients. Kottaisamy et al. and Lee et al. 
confirmed that the addition of flux can obviously affect 
the growth conditions and the products generated [30-
31]. It has been shown that the addition of fluxes such 
as MgF2, BaF2 NaF, H3BO3 and H3BO3/BaF2 positively 
affects the crystallite size distribution, crystallinity and 
emission intensity of the phosphors [32-33]. However, 
there is no report on the preparation of MgAl2O4:Mn2+ 
with enhanced luminescence properties by addition of 
any flux through a SSR route. 

Herein, MgAl2O4:Mn2+ phosphors with a single red 
luminescence channel have been prepared through 
solid state reaction with and without MgF2 flux. The 
structure, morphology and crystallinity of products are 
characterized by XRD, SEM, and EPR techniques. The 
influence of flux on the microstructure and 
luminescence properties of the phosphors has also 
been investigated and elucidated.  

MATERIALS AND METHODS 

Materials and Preparation 

A traditional solid state reaction method was used to 
prepare MgAl2O4:Mn2+, with molar ratio nMn/(nMn+nMg) = 
0%, 0.05%, 0.10%, 0.20% and 0.50%. Commercially 
available high-purity reagents (99.9 ~ 99.999%) of 
MgO, Al2O3, MnO and MgF2 were used as raw 
materials. The adding weight ratio of MgF2 flux varied 
from 0 wt% ~ 18 wt% to improve the luminescence 
properties. All the reagents were stoichiometrically 
mixed in an agate mortar and ball milled with zirconia 
balls for 2 h. Then the powders were calcined in a tube 
furnace at 900 ~ 1350 °C for 8 h with flowing oxygen. 
After gradually cooling to room temperature, the 
samples were then ground into fine powders. 

Characterization 

The powder X-ray diffraction (XRD) patterns were 
recorded on a Rigaku D/Max 2550 X-ray diffractometer 
with Cu Kα radiation (λ = 1.5418 Å, tube current and 
tube voltage are 30 mA and 40 kV respectively). The 
electron paramagnetic resonance (EPR) spectra were 
obtained on a JES-FA 200 electron paramagnetic 
resonance spectrometer (scanning frequency, 9.45 
GHz; central field, 3360 G; scanning width, 8000 G; 
scanning power, 0.998 mW; scanning temperature, 25 
°C). The scanning electron microscope (SEM) images 
were taken on a JEOL JSM-6700F field emission 
scanning electron microscope. The UV–vis absorption 
spectra were recorded on a Shimadzu UV-2450 
spectrometer. The photoluminescence (PL) and 
photoluminescence excitation (PLE) spectra were 
recorded on a QM-4-CW (Photo technology 
international, Int. USA/CAN).  

RESULTS AND DISCUSSION 

Preparation of Mn2+ Doped Magnesium Aluminate 

In SSR process, the temperature is a very important 
parameter, so the influence of calcination temperature 
on the crystal structure of MgAl2O4 has been 
investigated and discussed. Figure 1A shows the XRD 
patterns of MgAl2O4 which were calcined at 900, 1100 
and 1350 °C for 8 h respectively. The peaks located in 
the range between 10° and 80° correspond to (111), 
(220), (311), (222), (400), (422), (511), (440), (531), 
(620), (533) reflections of the cubic MgAl2O4 with a Fd-
3m space group, consistent with that of JCPDS No. 75-
1797. Small peaks are detected in the XRD patterns of 
the samples calcined at 900 and 1100 °C, attributed to 
the presence of MgO impurity (JCPDS No. 87-653). 
But after calcination at 1350 °C, a pure MgAl2O4 phase 
without the MgO impurity is obtained (c pattern in 
Figure 1A). It is also noted that the intensity of the 
diffractions increases with the calcination temperature, 
indicating the better crystallinity. The XRD analyses 
revealed the appropriate temperature to generate pure-
phased MgAl2O4 with high crystallinity is 1350 °C. 
Therefore, the temperature of 1350 °C is choosed for 
the preparation of Mn doped spinel MgAl2O4. Figure 1B 
shows the XRD patterns of MgAl2O4:Mn2+ samples with 
nMn/(nMn+nMg) molar ratio ranging from 0% to 0.50% 
prepared at 1350 °C. All of the diffractions of the as-
obtained samples can be attributed to cubic MgAl2O4 
without any impurity and the intensity of the diffractions 
indicates the high crystallinity of the samples prepared, 
suggesting that the incorporation of Mn ions does not 
lead to the variation of MgAl2O4 crystal structure. The 
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lattice parameters of MgAl2O4 doped with various Mn2+ 
contents have been refined by the Win-CSD program 
[34]. As seen in Table 1, the lattice parameters 
decrease with the increase of Mn2+ content, which is 
attributed to the substitution of the smaller size Mn2+ 
(0.67 Å). Given the ionic sizes and taking into account 
of charge compensation, it is very likely that the Mn2+ 
ions substitute for the tetrahedrally coordinated Mg2+ in 
the MgAl2O4 host lattice. 

In order to confirm the valence state of Mn ions in 
MgAl2O4, the EPR spectra of the samples are recorded 

in the low-field microwave response at room 
temperature. Figure 2 compares the EPR signals of the 
undoped MgAl2O4 and a representative of Mn-doped 
MgAl2O4 [nMn/(nMn+nMg) = 0.10%]. For pure MgAl2O4, 
there is no obvious EPR signals. But for Mn-doped 
MgAl2O4, the EPR spectrum shows a six-line hyperfine 
structure between 300 MT and 400 MT, which can be 
attributed to the interaction of unpaired electron with 
the Mn2+ nucleus (nucleus spin I = 5/2). It indicates that 
the doped Mn existed as ions with +2 valence in 
MgAl2O4. 

Optical Properties of Mn2+ Doped Magnesium 
Aluminate  

The substitution of Mn2+ for Mg-sites has an obvious 
effect on the UV-vis absorption behavior of the 
MgAl2O4 material. As shown in the UV-vis absorption 
spectra (Figure 3), the absorption of MgAl2O4 is mainly 
located in the ultraviolet region (wavelength below 350 
nm). A new absorption band within 400 and 600 nm 
appears for the Mn doped samples. The response 

 
Figure 1: XRD patterns of samples (A) MgAl2O4 at different calcination temperatures: (a) 900 °C, (b) 1100 °C, (c) 1350 °C; (B) 
Mn-doped MgAl2O4 with nMn/(nMn+nMg): (a) 0%, (b) 0.05%, (c) 0.10%, (d) 0.20%, (e) 0.50%. Stars in (A) mark the impure phases 
of MgO. 

Table 1: Lattice Parameters of the Samples with 
Various Mn Concentrations 

Sample nMn/(nMn+nMg) lattice parameter (Å) 

a 0% 8.0920(2) 

b 0.05% 8.0841(1) 

c 0.10% 8.0833(3) 

d 0.20% 8.0824(2) 

e 0.50% 8.0809(1) 

 

 
Figure 2: EPR spectra of the samples (a) MgAl2O4, (b) 
MgAl2O4:Mn2+ with nMn/(nMn+nMg) = 0.10%. 

 
Figure 3: The room-temperature UV-vis absorption spectra 
of MgAl2O4:Mn2+ with nMn/(nMn+nMg): 0%, 0.05%, 0.10%, 
0.20% and 0.50%. 
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intensity of this band significant increases with the 
content of Mn2+ doped. The presence of the new 
absorption band indicates that new energy levels in the 
forbidden band of the host MgAl2O4 are formed due to 
the Mn doping, consistent with the observation in Mn2+ 
doped ZnO [35]. 

Figure 4 shows the photoluminescence (PL) 
excitation and emission spectra of MgAl2O4:Mn2+ with 
nMn/(nMn+nMg) of 0%, 0.05%, 0.10%, 0.20% and 0.50%. 
Red emission intensity variation of the Mn-doped 
samples can be clearly observed from the photographs 
taken with a digital camera under UV light irradiation 
(Figure 4a). Emission spectra of the samples under 
435 nm excitation are shown in Figure 4b. The 
samples doped with Mn ions exhibit only red emission 
centred at 650 nm. The intensity of the red emission 
depends on the amount of Mn2+ doped into the 
MgAl2O4 host. As shown in Figure 4c, the emission 
intensity reaches the maximum when the Mn2+ doping 
concentration is 0.10%, and it then decreases with the 
concentration increasing from 0.10% to 0.50%. This 
phenomenon is attributed to the well-known 
concentration quenching effect [36]. Mn2+ ion pairs 
contributing to the concentration quenching effect is 
expected to be generated due to the reduced inter-ionic 
(Mn2+-Mn2+) distance resulting from the high doping 

concentration in the host lattice. The maximum 
emission of the samples is located at 650 nm, which 
can be assigned to the charge-transfer deexcitation 
associated with Mn2+ ion. The red emission process 
corresponds to a finite density of Mg2+ deficiencies 
existing in the spinel MgAl2O4. Due to the 
compensation of Mg2+ deficiency by Mn2+ doping, the 
luminescence quality is improved, coinciding with the 
assignment of Mn2+ ion to Td (A) site. When the 
electron–hole pair is optically created, Mn2+ in A site 
will attract a hole at first, resulting in the formation of 
Mn3+ (3d4), an intermediate state. Then an electron in 
the conduction band is radiatively annihilated, leading 
to the formation of the electronic ground state of Mn2+ 
(3d5). On the other hand, it is also possible for the 
electron in the conduction band trapped by Mn2+ ion at 
first, generating an intermediate state. Then the hole 
radiatively annihilates in the valence band, generating 
the electronic ground state of Mn2+ (3d5). It is possible 
that the luminescence phenomenon will take place both 
in the electron and hole trapping processes, in good 
agreement with those reported by Tomita et al. and 
Singh et al. [22, 37]. Figure 4d shows the excitation 
spectrum of MgAl2O4:Mn2+ with nMn/(nMn+nMg) = 0.10%. 
The excitation peaks are mainly located at 290 nm and 
435 nm. The excitation band at 290 nm is induced 

 
Figure 4: (a) Optical photos, (b) emission spectra, (c) concentration dependence of the relative emission intensity of 
MgAl2O4:Mn2+ samples. nMn/(nMn+nMg): 0%, 0.05%, 0.10%, 0.20%, 0.50% respectively, and (d) excitation spectrum of 
MgAl2O4:Mn2+, nMn/ (nMn+nMg) = 0.10%. 
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mainly by the optical absorption which excites an 
electron–hole pair, similarly to those reported by Han et 
al. [38]. Whereas the broad excitation band at 435 nm 
is partially induced by the d-d transition 6A1 → 4T2 of 
Mn2+. It is noted that similar emission spectra with that 
shown in Figure 4b are also received when the 
samples are excitated under 290 nm.  

Effect of MgF2 Flux on Mn-Doped Magnesium 
Aluminate 

In order to improve the luminescence properties of 
the Mn doped MgAl2O4 phosphor, MgF2 flux is 
introduced to the reaction system. The nMn/(nMn+nMg) 
molar ratio of Mn2+ doped in the host is fixed to 0.10% 
to investigate the influence of the flux on the 
luminescence properties of the phosphors. The red 
emission intensity variation of the samples prepared 
with different weight ratios of MgF2 can be observed 
from the digital photographs (Figure 5a). The emission 
spectra of MgAl2O4:0.10%Mn2+ with different weight 
ratios of MgF2 flux under 435 nm excitation are shown 
in Figure 5b. Obviously, the emission intensity of 
MgAl2O4:0.10%Mn2+ with MgF2 flux is higher than that 
of the sample without MgF2. It is also observed that the 
red emission intensity gradually enhances and then 
decreases with the weight ratio of MgF2, with the 
maximum emission intensity at MgF2 weight ratio of 12 
wt%. This is because the constituent ions of flux remain 

in the host lattice as defects that degrade the intensity 
[39]. Figure 5d shows the excitation spectrum of 
MgAl2O4:0.10%Mn2+ with 12 wt% MgF2 flux. The 
excitation peaks are mainly located at 290 nm and 435 
nm, consistent with those of MgAl2O4:Mn2+ phosphors 
prepared without MgF2, suggesting that the addition of 
flux does not change the emission and excitation 
positions of MgAl2O4:Mn2+ phosphors. 

The luminescence properties are closely related to 
the crystallinity, particle size, and morphology of the 
Mn-doped MgAl2O4 phosphors prepared with the 
presence of MgF2 flux. High crystallinity and relatively 
large particle size may suppress the amount of defects 
in the crystal structures, which leads to the 
improvement of emission intensity of the samples. The 
XRD patterns of MgAl2O4:0.10%Mn2+ prepared with 
various MgF2 weight ratios are shown in Figure 6. The 
strong diffractions of the samples are attributed to the 
cubic MgAl2O4. It can be seen that no distinctive peaks 
corresponding to MgF2 phase were observed, 
indicating the most of the MgF2 flux was removed after 
powder calcination. However, further increasing MgF2 
weight ratio to the reaction system, small amount of 
MgO impurity present in the final products, derived 
from the decomposition and oxidation of MgF2 at high 
temperature in oxygen atmosphere (peaks marked with 
star in Figure 6). The diffraction intensity of the 
samples with MgF2 are higher than that of the sample 

 
Figure 5: (a) Optical photos, (b) emission spectra, (c) relative emission intensity of MgAl2O4:0.10%Mn2+ with different weight 
ratios of MgF2 flux (0 wt%, 1 wt%, 6 wt%, 12 wt%, 18 wt%), and (d) excitation spectrum of MgAl2O4:0.10%Mn2+ with 12 wt% 
MgF2 flux. 
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without MgF2, indicating the crystallinity of the 
phosphor is increased. The maximum intensities for 
diffraction peaks occurred when the MgF2 flux weight 
ratio is 12 wt%. When the MgF2 weight ratio is 
increased further, the intensity of the diffraction peaks 
decreases. Figure 7 shows the SEM images of 
MgAl2O4:0.10%Mn2+ with different weight ratios of 
MgF2 flux (0 wt% ~ 18 wt%). It is observed that the 
particle size of the phosphors increases with MgF2 
weight ratio. Molten flux may facilitate the slide and 
rotation of particles, providing opportunities for particle-
particle contact and promoting the particle growth [40-
41]. Thus the increase of MgF2 weight ratio leads to the 
formation of larger and more regular particles with the 
higher crystallinity, significantly reducing the amount of 

defects on the surface and in the crystal structure of 
the phosphors. Based on the XRD analyses and the 
SEM observation, the crystallinity, particle size, and 
morphology of the Mn-doped MgAl2O4 phosphors can 
be well controlled by the addition of MgF2 flux to 
reaction system. It is known that the regular 
morphology and optimal particle size can improve the 
packing density of phosphor materials and produce 
uniform luminescence centers [42]. The uniform 
distribution of the luminescent centers in samples 
MgAl2O4:0.10%Mn2+ with 0 wt% and 12 wt% MgF2 flux 
is illustrated in Scheme 1. There is a increscent inter-
ionic (Mn2+-Mn2+) distance alleviating the concentration 
quenching effect and thus enhancing the emission 
intensity. As a result, the emission performance of the 
sample with MgF2 flux is markedly superior to that of 
the sample without flux.  

The variation in the packing density and the 
interaction of inter-ionic Mn2+-Mn2+ are reflected on the 
EPR signal. Figure 8 shows the EPR spectra of the 
Mn-doped MgAl2O4 phosphors prepared with and 
without MgF2 flux. It is obvious that the EPR signal of 
MgAl2O4:0.10%Mn2+ prepared with 12 wt% MgF2 flux is 
more distinctive than that of the sample prepared 
without MgF2, consistent with their luminescent 
performance results. The EPR signal of 
MgAl2O4:0.10%Mn2+ with 12 wt% MgF2 flux is 
intensified compared to that of the sample without 
MgF2, indicating that the regular morphology and 
appropriate particle size can improve the packing 
density and weaken the inter-ionic Mn2+-Mn2+ 
interaction. 

 
Figure 6: XRD patterns MgAl2O4:0.10%Mn2+ with different 
weight ratios of MgF2 flux. (a) 0 wt%, (b) 1 wt%, (c) 6 wt%, 
(d) 12 wt%, (e) 18 wt%. Stars in (a) mark the impure phases 
of MgO. 

 
Figure 7: SEM images of MgAl2O4:0.10%Mn2+ with weight ratios of MgF2 flux: (a-b) different magnification factors for samples 
with 0 wt%, (c) 1 wt%, (d) 6 wt%, (e) 12 wt%, (f) 18 wt%.  
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CONCLUSIONS 

A traditional solid state method was used to prepare 
Mn2+ ions doped phosphors MgAl2O4:Mn2+ 
[nMn/(nMn+nMg) = 0% ~ 0.50%)]. with and without MgF2 
flux. Due to charge-transfer deexcitation associated 
with the Mn2+ ion, the phosphor exhibits single red 
luminescence centred at 650 nm. The emission 
intensity of MgAl2O4:Mn2+ increases firstly and then 
decreases with the Mn2+ concentration increasing, 
which is attributed to the concentration quenching 
effect. The optimal Mn doping content for the best 
luminescence is 0.10%. The fluorescence intensity of 
MgAl2O4:0.10%Mn2+ improves when added different 
contents of MgF2 flux (1 wt% ~ 18 wt%). The enhanced 
performance in photoluminescence is attributed to both 
the high crystallinity and regular particle size by the 
addition of MgF2 flux.  

 
Figure 8: EPR spectra of the samples (a) MgAl2O4: 
0.10%Mn2+, (b) MgAl2O4:0.10% Mn2+ with 12 wt% MgF2 flux. 
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