
Journal of Luminescence 239 (2021) 118372

Available online 10 August 2021
0022-2313/© 2021 Elsevier B.V. All rights reserved.

Thermal-stable blue-red dual-emitting Na2Mg2Si6O15: Eu2+, Mn2+

phosphor for plant growth lighting 

Wanjun Gong a, Jiabao Luo b, Weiying Zhou b, Jiaqi Fan b, Zishan Sun b, Senxiang Zeng b, 
Haowen Pan b, Zhenpeng Zhu c, Xixiao Yang a,*, Zhiqiang Yu a,b,**, Xinguo Zhang b,*** 

a Department of Pharmacy, Shenzhen Hospital, Southern Medical University, Shenzhen, 518101, China 
b School of Pharmaceutical Sciences, Southern Medical University, Guangzhou, 510515, China 
c Department of Pharmacy, Guangdong Second Provincial General Hospital, Guangzhou, 510317, China   

A R T I C L E  I N F O   

Keywords: 
Phosphor 
Plant growth 
LEDs 
Energy-transfer 

A B S T R A C T   

Dual-emitting alkaline silicate phosphors Na2Mg2Si6O15: Eu2+, Mn2+ have been synthesized to realize blue and 
red emissions to boost photosynthesis process. At UV excitation, Na2Mg2Si6O15: Eu2+, Mn2+ phosphors exhibit 
efficient blue and red emissions due to Eu2+ 4f-5d transition and Mn2+ 3d-3d transition, which matches well with 
the absorption of plant chlorophylls, and also could be excited by near ultraviolet LED chip. The emitting color 
could be readily tuned from blue through pink to red due to effective Eu2+-Mn2+ energy transfer by changing 
Eu2+/Mn2+ ratio. And the corresponding energy transfer mechanism is found to be dipole-dipole interaction. The 
thermal stability of Na2Mg2Si6O15: Eu2+, Mn2+ is significantly higher than that of most reported Eu2+, Mn2+ co- 
activated dual-emitting phosphors, due to thermally activated defect-Eu2+-Mn2+ energy transfer process. Thus, it 
indicates that Na2Mg2Si6O15: Eu2+, Mn2+ is of great potential as converted phosphors for plant growth 
application.   

1. Introduction 

In present days, LEDs are the main artificial light source for plant 
growth due to the advantages of high adjustability and energy saving, 
and have been widely used in indoor plant cultivation [1]. The photo
synthetic action spectrum (PAS) shows the characteristic absorption 
bands of plants chlorophylls in the range of 600–700 nm red light and 
that of 400–500 nm blue light. To be exact, blue light (400–500 nm), red 
light (620–690 nm) and far-red light (700–740 nm) play vital roles in 
reactions of photosynthesis, phototropism, and photomorphogenesis [2, 
3]. Thus, tuning artificial lighting source to have a perfect match with 
PAS is of great importance in indoor plant growth process, The 
phosphor-converted LEDs sources covering the whole PAS shows a great 
potential for plant illumination purpose, since multi-chips LEDs suffer 
from spectrum mismatch with PAS due to the narrow emissions of LED 
chip, as well as severe thermal quenching under high-power drive [4]. 
For the converted phosphors used in plant growth lighting sources, it 
must have the broadband emissions which could perfectly match the 

PAS, with good thermal stability for high-power drive and long-term 
usage. Single-phased multicolor-emitting phosphor is an ideal choice 
for satisfy above mentioned requirements. Using energy transfer strat
egy, efficient phosphors with well-matched multiple-emission bands 
have been designed and synthesized like Ba3CaK(PO4)3: Eu2+ [5] and 
Ca19Zn2(PO4)14: Eu2+, Mn2+ [6]. However, most of the reported con
verted phosphors show severe emission quenching at high temperature 
[7]. Therefore, it is essential to develop novel dual-emitting phosphor 
with thermally stable luminescence. 

Alkaline silicates have special merits as phosphor host, such as high 
rigidity and cuboidal alkaline sites, which could result in the efficient 
broadband emission and high thermal stability. Promising luminescent 
properties of Eu2+-activated alkali silicate phosphors such as RbNa3Li 
(Li3SiO4)4: Eu2+ [8], RbLi(Li3SiO4)2: Eu2+ [9] and Li3NaSiO4: Eu2+ [10] 
have been reported. In this study, a tuhualite-structure alkali silicate, 
Na2Mg2Si6O15 [11], is chosen as phosphor host. The thermal stable blue 
emission in Eu2+-activated Na2Mg2Si6O15 has been reported by Toda 
et al. [12], but the luminescence of Eu2+

, Mn2+ co-doped Na2Mg2Si6O15 
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was not reported yet. Here, Eu2+
, Mn2+ co-doped Na2Mg2Si6O15 phos

phors could exhibit efficient blue and red emission at 430 and 630 nm 
due to Eu2+ 4f-5d transition and Mn2+ 3d-3d transition, which exactly 
satisfies photosynthetic action spectrum. More importantly, using the 
strategy of defect-Eu2+-Mn2+ energy transfer, the phosphor shows 
promising emission thermal stability, i.e. blue and red emission keeps 
about 71.3% and 82.6% of original intensity at 200 ◦C. All result in
dicates that the prepared dual-emitting Na2Mg2Si6O15: Eu2+

, Mn2+ have 
potential application value as converted phosphor in indoor 
plant-growth lighting. 

2. Experimental detail 

2.1. Sample synthesis 

Series of solid-state solutions with the formula of Na2-xMg2-ySi6O15: 
xEu2+, yMn2+ (x = 0.02, y = 0–0.80) were prepared by solid-state re
action method. The Na2CO3, 4MgCO3*Mg(OH)2*6H2O, SiO2, MnCO3 
and Eu2O3 powders with high purity were employed as the raw mate
rials. The stoichiometric starting materials were weighed and mixed 
thoroughly in an agate mortar. Then these mixed powders were kept in a 
crucible and sintered at the temperature of 1100 ◦C for 5 h in the H2 
reducing atmosphere. Finally, the final products were obtained when 
the furnace cooled down to room temperature naturally. 

2.2. Characterization 

The phase structures of the Na2-xMg2-ySi6O15: xEu2+, yMn2+ were 
characterized using a powder X-ray diffractometer (XRD) (Bruker D8 
ADVANCE) with Cu Kα irradiation (λ = 1.5406 nm) operating at 40 kV 
and 40 mA. The scanning rate was fixed at 5◦/min to record in the 2θ 
range from 10◦ to 80◦. Photoluminescence excitation (PLE) spectra, 
photoluminescence (PL) spectra and fluorescence lifetime were deter
mined using a FLS 980 Fluorescence Spectrophotometer (Edinburgh). 
The surrounding temperature of the products in the range of 293–473 K 
was adjusted by the temperature-controlled stage (OptistatDN). The 
duration of thermal treatment for PL spectrum at each temperature point 
is about 5 min. For example, after temperature reaches at 473 K, it takes 

3 min to stabilize the temperature in range of 473 ± 0.1 K, then 2 min to 
finish the corresponding PL measurement. The decay curves were 
measured by using the same spectrofluorometer equipped with a 320 nm 
laser and a pulsed xenon lamp. 

3. Results and discussion 

3.1. Phase identification & structure characterization 

XRD patterns of the typical samples of Na2Mg2Si6O15 host, 
Na2Mg2Si6O15: 0.02Eu2+, Na2Mg2Si6O15: 0.02Eu2+

, 0.20Mn2+ and 
Na2Mg2Si6O15: 0.02Eu2+

, 0.60Mn2+ are displayed in Fig. 1a. The syn
thesized samples were indexed to the standard data of Na2Mg2Si6O15 
(JCPDS 70–1506) without secondary phase and impurities, indicating 
that Eu2+/Mn2+ ions have a high solubility limit in the Na2Mg2Si6O15. 
The charge balance and effective ionic radius results of the cations 
showed that Eu2+ (coordination number (CN) = 6 for 1.17 Å) and Mn2+

(CN = 4 and 6 for 0.66 and 0.83 Å) preferentially substitute the sites of 
Na+ (CN = 6 for 1.02 Å) and Mg2+ (CN = 4 and 6 for 0.57 and 0.72 Å) in 
the Na2Mg2Si6O15 host. The enlarged XRD profiles (Fig. 1b) show that 
the diffraction peaks shift to lower angles as the content of Mn2+ in
creases in the Na2Mg2Si6O15 host. In a similar crystal structure, 
replacing smaller cations with larger cations expands the crystal cells. 
Based on the Bragg’s equation (2d× sin θ = nλ), the expansion of the cell 
volume decreases the 2θ value, which suggests that the lattice expands 
as the smaller Mg2+ ion was replaced by the larger Mn2+ ion in 
Na2Mg2Si6O15 host. In order to figure out the cell parameters variation, 
Rietveld refinement was performed by JADE 6.0 software, and the re
sults are displayed in Fig. 1c. It is found that both the edge length a,b,c 
and cell volume V increase generally, which is in good agreement with 
the fact that the effective ion radius of Mn2+ is larger than that of Mg2+. 

The crystal structure of the Na2Mg2Si6O15 unit cell along with the 
coordination environment of the Na+ and Mg2+ ions is demonstrated in 
Fig. 2. The Na2Mg2Si6O15 system was composed of tetragonal Si–O and 
formed a 3-dimensional (3D) network structure. The Na+ ions possessed 
two different sites which were marked as Na1 and Na2 with coordina
tion number of 7 and 6, respectively. Besides, the Mg1 ions were sur
rounded by 4 oxygen ions with Mg1–O bond length of 1.965 Å, and the 

Fig. 1. (a) The typical XRD patterns of as-prepared samples together with the standard data (ICSD 2850), (b) the enlargement in the range of 20–30, (c) variation of 
lattice parameters. 
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Mg2 ions were coordinated with 6 oxygen ions with Mg2–O bond length 
of 2.096 Å. Considering the similar valency and close radii between the 
Na+ and Eu2+ ions, the Eu2+ ions could randomly occupy the positions 
of Na + ions in the Na2Mg2Si6O15 host lattices. Due to the valence dif
ference between Na+ and Eu2+, negatively-charged Na vacancies (V′

Na) 
could be introduced and acted as defect level during the doping process 
as: 

Eu2+ + 2Na+→Eu•
Na + V

′

Na (1) 

The relationship between various Eu2+-emitting centers and the 
corresponding luminescent property in the Eu2+-doped Na2Mg2Si6O15 
system has been investigated by Toda et al. [12]. Meanwhile, Mn2+

dopant could occupy either 4-coordinated Mg1 or 6-coordinated Mg2 
site, depending on the similarity of both valence and ionic radius. The 
exact Mn2+ occupied site could be identified by its emission property, as 
discussed in Section 3.2. 

3.2. Luminescence properties & energy transfer 

The excitation spectrum of Eu2+ single-doped Na2Mg2Si6O15 phos
phor, which was monitored at 430 nm, are demonstrated in Fig. 3a. The 
excitation spectra exhibited broad band in the range of 250–400 nm 
arising from the 4f7 to 4f65d1 states of the Eu2+ ions. The corresponding 
emission spectrum, which was excited at 365 nm, showed one asym
metric emission band at 430 nm triggered by the Eu2+ 4f65d1→4f7 

transition. In order to understand the occupation properties of Eu2+

ions, Toda et al. have employed the Gaussian fitting algorithm to sepa
rating the emission band as two components at 430 and 460 nm, which 
was assigned to Eu2+ located in Na1 and Na2 site, respectively [12]. 

Furthermore, the emission band of Na2Mg2Si6O15: Eu2+ is asym
metric shape because Eu2+ occupies two sites, Na1O7 and Na2O6. Thus, 
Gaussian deconvolution of the emission spectrum is applied, and two 
components at 430 and 460 nm are separated (Fig. 3a). It is well-known 

Fig. 2. Crystal structure of the Na2Mg2Si6O15 unit cell along with coordination environment of the Na+ and Mg2+ ions.  
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that the emission energy of Eu2+ ions in different crystal environments 
could be roughly evaluated: 

E =Q

⎡

⎣1 −
(

V
4

)1
V

10−
nEar

80

⎤

⎦ (2) 

E was d-band edge of Eu2+ ions (cm− 1) in energy, Q was the energy 
position for the lower d-band edge of free Eu2+ ions (34,000 cm− 1), V =
2, which referred to the valence of Eu2+, n was the coordinated number 
around Eu2+, r was average bond distance of sites, and Ea was the 
electron affinity of the anion group (eV). The value of E is directly 
proportionate to n × r. Since the average bond length of Na2O6 (2.636 
Å) is smaller than that of Na1O7 (2.734 Å), 430 and 460 nm sub-peak 
was assigned to Eu2+ located in Na1 and Na2 site, respectively. 

The emission intensity of Mn2+ solo-doped phosphor is very weak 
due to the forbidden nature of Mn2+ 4T1-6A1 transition. The PL spectrum 
of Mn2+ single-doped Na2Mg2Si6O15 exhibits one band at 630 nm, 
indicating that Mn2+ ions prefer to substitute octahedral coordination 
sites. The corresponding excitation spectrum presents several weak ab
sorption bands at 423, 478, and 562 nm, which are due to the transitions 
from 6A1–4A1g (4G)), 4T2g (4G), and 4T1g (4G) levels of Mn2+, respec
tively. A significant spectra overlap could be observed between Eu2+

emission band and the Mn2+ excitation transitions, indicating that an 
efficient energy transfer from Eu2+ to Mn2+ is expected. Normally, the 
Mn2+ emitting color is strongly dependent on the coordination envi
ronment of Mn2+ in the host lattice [13]. Tetrahedrally coordinated 
Mn2+ usually gives a green emission, while the octahedrally coordinated 
Mn2+ gives an orange to deep red emission [14]. Since there are two 
available Mg2+ sites for Mn2+ occupation, i.e. tetrahedral Mg1 and 
octahedral Mg2. As a consequence, red emission is eventually attributed 
to 4T1→6A1 transition of Mn2+ incorporated in Mg2 site of the 
Na2Mg2Si6O15 host lattice. 

The excitation and emission spectra of representative Na2Mg2Si6O15: 
0.02Eu2+, 0.40Mn2+ sample were illustrated in Fig. 3b. The emission 
spectrum of Eu2+, Mn2+ co-doped Na2Mg2Si6O15 phosphor had two 
distinct broad emission bands with peaks at 430 and 630 nm, respec
tively. The blue emission was originated from the Eu2+ ions in 

Na2Mg2Si6O15 host, and the wide emission band in red region was 
ascribed to 4T1→6A1 transition of the Mn2+ ions. The excitation spectra 
of the Na2Mg2Si6O15: 0.02Eu2+, 0.40Mn2+ sample by monitoring 430 
and 630 nm emission were consisted of similar broad absorption bands 
covering the whole UV region with different intensity, suggesting that 
energy transfer is occurring from sensitizer Eu2+ to activator Mn2+, and 
Eu2+, Mn2+ co-doped Na2Mg2Si6O15 could efficiently convert UV light 
to double emission. The suitable emitting spectrum of Na2Mg2Si6O15: 
0.02Eu2+, 0.40Mn2+ phosphor covered all the PAS of plants chloro
phylls indicates its potential application in plant illumination combing 
with near-UV LED chips. 

The Mn2+ concentration-dependent emission spectra of Na2-0.02Mg2- 

ySi6O15: 0.02Eu2+, yMn2+ phosphors have been measured and demon
strated in Fig. 4a. As displayed, all of the detected luminescent profiles, 
which consisted of the emission peaks of both Eu2+ and Mn2+, were 
similar; despite the emission intensities were sensitive to the doping 
concentration. The blue emission of Eu2+ showed a monotonous 
decrease as the Mn2+ content increased. The red emission of Mn2+

showed an initial increase reaching a maximum at y = 0.6, followed by a 
continuous decrease due to concentration quenching. The quantum ef
ficiency of optimal sample Na2Mg2Si6O15: 0.02Eu2+, 0.60Mn2+ is 51%. 
With an increase in the Mn2+ doping content, the gradual decrease in 
Eu2+ emission intensity verifies the occurrence of Eu2+-Mn2+ energy 
transfer process. Based on the variation of sensitizer Eu2+ emission in
tensity, the energy transfer efficiency (ηET) can be calculated using the 
following equation [15]: 

ηET = 1 − I/I0
(3)  

where I0 and I are the Eu2+ emission intensity in the Eu2+ single-doped 
and Eu2+, Mn2+ co-doped samples, respectively. As evidenced in Fig. 4a 
inset, the ηET for the y = 0.80 sample reached as high as 98.8 %. This 
efficient energy transfer will be beneficial to realize the color-tunable 
luminescence from blue to red in the Na2Mg2Si6O15: Eu2+, Mn2+ sam
ples under UV light excitation (Fig. 4b). 

As observed in Fig. 4a, a continuous red-shift is observed on the peak 
wavelength of Mn2+ along with increasing Mn2+ concentration. There 

Fig. 3. Excitation and emission spectra of Na2Mg2Si6O15: Eu2+/Mn2+ (a) and Na2Mg2Si6O15: 0.02Eu2+, 0.40Mn2+ (b), inset are the corresponding sample pictures 
under 365 nm UV light. 
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are two aspects can be explained this phenomenon. On the one hand, 
since the ion radius of Mn2+ is larger than Mg2+, the Mn–O distances 
would shorten with consistent Mn2+ replacement of Mg2+, which result 
in the stronger crystal field and emission red shift. On the other hand, 
the probability of the energy transfer between the Mn2+ ions is increased 
via decreasing the average distance between Mn2+ ion. The nonradiative 
energy transfer would lead to the excited 5d electron transfer to a 
relatively lower energy level. Thus, a redshift emission is observed with 
increasing Mn2+ concentration [16]. Fig. 5b shows the CIE coordinates 
variation of Na2-0.02Mg2-ySi6O15: 0.02Eu2+, yMn2+ phosphors. 

It is well-known that the main mechanism of energy transfer can be 
include in two types: exchange interaction or electric multipolar inter
action. To have a further investigation of the process of energy transfer 
between the Mn2+ ions, the critical distance for energy transfer can be 
obtained by Ref. [17]: 

Rc ≈ 2
(

3V
4πxcN

)1/3

(4)  

in which V means the unit cell volume (2542.7 Å3), xc represents the 
concentration of Mn2+ ion where the quenching occurs (0.60) and N is 
the number of the Mg2+ ion in per unit cell (16). Hence, the value of Rc is 
calculated to about 7.967 Å. Since the typical critical distance of the 
exchange interaction is 5 Å or less, therefore, the electric multipolar 
interactions are dominant in the intra-Mn2+ energy transfer. 

To further discuss the energy transfer from Eu2+ to Mn2+ ions, the 
fluorescent decay curves of Eu2+ in different Mn2+ doping contents, 
which are monitored at 430 nm and excited at 320 nm laser, were 
depicted in Fig. 5a. All decay curves can be well fitted to a bi-exponential 
decay model: 

I(t)=A1 exp
(

−
t

τ1

)

+ A2 exp
(

−
t

τ2

)

(5)  

where I is the luminescence intensity; A1 and A2 are constants; t is the 
time; and τ1 and τ2 are the lifetimes for the exponential components. And 
the effective decay lifetime values were calculated by: 

Fig. 4. The emission spectra of Na2-xMg2-ySi6O15: xEu2+, yMn2+ (x = 0.02, y = 0–0.80) upon 365 nm excitation (a), and the corresponding CIE diagram (b).  

Fig. 5. Decay lifetime curves monitored at 430 nm Eu2+ emission in Na2Mg2Si6O15: Eu2+, Mn2+ (a), Eu2+ and Mn2+ decay lifetime data in Eu2+/Mn2+-singly doped 
Na2Mg2Si6O15 (b) and schematic diagram of energy transfer (c). 
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τ =
∫∞

0 I(t)tdt
∫∞

0 I(t)dt
(6) 

The effective decay lifetimes were 854, 771, 722, 662, 557, 503 and 
431 ns for the samples Na2-0.02Mg2-ySi6O15: 0.02Eu2+, yMn2+ (y = 0, 
0.05, 0.10, 0.20, 0.30, 0.40 and 0.60), respectively. The decay lifetime of 
Eu2+ monotonously decreased as the Mn2+ content increased, and this 
firmly demonstrated the energy transfer from Eu2+ to Mn2+. Both Eu2+

and Mn2+ decay lifetime data in Eu2+/Mn2+-singly doped Na2Mg2Si6O15 
are shown in Fig. 5b, which make possible to exactly clarify the effects of 
co-doping Eu2+/Mn2+ in Na2Mg2Si6O15. The proposed diagram of the 
energy transfer process from Eu2+ to Mn2+ in Na2Mg2Si6O15 phosphor is 
illustrated in Fig. 5c. From this diagram, the energy transfer behavior 
between Eu2+ and Mn2+ ions can be attributed to the similar value of 
energy level between the excited 5d state of Eu2+ and the 4T1 levels of 
Mn2+ ions. 

To identify the exact Eu2+-Mn2+ energy transfer mechanism in 
Na2Mg2Si6O15, Reisfeld’s approximation was applied, i.e. the relation 
between the sensitizer Eu2+ emission intensity and Mn2+ concentration 
can be expressed as [18]: 

I0

I
∝(CMn)

s/3 (7)  

while the values of s can be 6, 8 and 10 corresponding to the dipole- 

dipole, dipole-quadrupole and quadrupole-quadrupole interactions, 
respectively. The exponential fitting model was used to analyze the raw 
data, as shown in Fig. 6. A linear fitting results was found when the value 
of s was 6, implying that the electric dipole-dipole interaction was 
responsible for Eu2+-Mn2+ energy transfer in Na2Mg2Si6O15. 

3.3. Emission thermal stability 

It is quite important for phosphor materials to measure the thermal 
stability at high temperature because the temperature in most of lumi
nescent devices rises when they are driven. Since the high power or laser 
lighting gradually becomes the main streams with the development of 
lighting industry, and the thermally stable luminescence is badly needed 
in near future [19,20]. 

Upon the excitation at 365 nm, the temperature-dependent emission 
spectra of the Na2Mg2Si6O15: 0.02Eu2+ phosphors were measured in the 
range of 20–200 ◦C, as displayed in Fig. 7a. The total integrated emission 
intensity decreased continuously with the temperature, which was 
triggered by the thermal quenching effect, and kept at around 68.6% of 
its starting value at 20 ◦C as the temperature heating up to 200 ◦C. It is 
quite amazing to find out that the emission thermal stability is enhanced 
by Eu2+, Mn2+ co-doped. As seen in Fig. 7b, in case of Na2Mg2Si6O15: 
0.02Eu2+, 0.20Mn2+ sample, the relative intensity of Eu2+ blue emission 
at 200 ◦C is 74.7% of original intensity at 20 ◦C, while that of Mn2+ red 

Fig. 6. Dependence of I0/I of Eu2+ on CMn2+
s/3 (s = 3, 6, 8 and 10).  
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emission showed a slight thermal quenching, i.e. 84.3% of original in
tensity at 200 ◦C. The Mn2+ heavily doping did not have significant 
negative effect on emission thermal stability. The blue and red emission 
intensity of optimized Na2Mg2Si6O15: 0.02Eu2+, 0.60Mn2+ sample kept 
about 71.3% and 82.6% at 200 ◦C. In addition, a blue shift of the Mn2+

emission from red occurred at high temperatures possibly as a result of 
thermally activated phonon-assisted excitation from lower excited states 
to higher ones in Mn2+. The result indicates that the thermal stability of 
Na2Mg2Si6O15: Eu2+, Mn2+ is considerably higher than that of most 
reported Eu2+, Mn2+ co-activated dual-emitting phosphors, such as 
K2BaCa(PO4)2: Eu2+, Mn2+ [21] and (Ba0⋅9Sr0.1)9Lu2Si6O24: Eu2+, Mn2+

[22]. Therefore, Na2Mg2Si6O15: Eu2+, Mn2+ phosphor can be useful 
under the high temperature environment such as high-power driving 
luminescent device. It is well known that a phosphor of large activation 
energy promises good stability at high temperatures. The activation 
energy (Ea) was used to evaluate the emission thermal stability of 
phosphor and could be determined by Arrhenius equation. The Ea value 
was derived to be 0.197, 0.218 and 0.209 eV for Na2Mg2Si6O15: 
0.02Eu2+, Na2Mg2Si6O15: 0.02Eu2+, 0.20Mn2+ and Na2Mg2Si6O15: 
0.02Eu2+, 0.60Mn2+, respectively. 

According to previous study, It is revealed that the vacancies that 

generate when Eu2+ was doped into alkaline sites could act as an elec
tron trap, and assist the thermal stability at high temperature by release 
the electron from the trap levels to the emission level of Eu2+. Using the 
strategy of energy transfer from defect levels to Eu2+ 5d-band, high 
thermally stable phosphor K2BaCa(PO4)2: Eu2+ [23], Na3Sc2(PO4)3: 
Eu2+ [24], KxCs1-xAlSi2O6: Eu2+ [25] exhibit zero-TQ phenomenon. 
Thus, this strategy should be used as an effective method to enhance 
thermal stability of phosphors. In present case, We believe that the 
thermally activated defect-Eu2+-Mn2+ energy transfer is the main reason 
for the greatly enhanced thermal stability (Fig. 5b). Similar case has 
been found in BaMgP2O7: Eu2+, Mn2+, which realized zero-thermal 
quenching of Mn2+ red luminescence [26,27]. The generated defect 
levels are considered to play a crucial role in this processes. Under UV 
excitation, the traps will be filled with electrons and the holes are 
generated at valence band at the same time. Then the energy of 
electron-hole pairs can transfer to the Eu2+ 5d-band at high temperature, 
and transfer to Mn2+ 3d level with sensitized red transition. There is a 
great probability for more excited electrons overcoming the energy 
barrier to transfer the energy to Mn2+ excited levels in the energy 
transfer process from Eu2+ to Mn2+ resulting from stronger 
electron-phonon coupling with increasing temperature, which 

Fig. 7. Temperature-dependent PL spectra of Na2Mg2Si6O15: 0.02Eu2+, yMn2+ phosphors (y = 0, 0.20 and 0.60 for a, c, e), and corresponding normalized PL in
tensity as a function of temperature (b,d,f). Insets are the activated energy plotting. 
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effectively counter-measure non-radiative relaxation process. Conse
quently, the Mn2+ emission intensity of Na2Mg2Si6O15: Eu2+, Mn2+

show promising thermal stability at elevated temperature. 

4. Conclusion 

Eu2+, Mn2+ co-activated Na2Mg2Si6O15 phosphors with dual blue 
and red emissions were synthesized by a solid-state reaction route in a 
reduction atmosphere. The investigation on the crystal structure and 
photoluminescent properties indicated that two different Na + sites were 
partially occupied by the Eu2+ ions, while Mn2+ was selectively located 
in 6-coordinated Mg2 site. 

It is found that the emission spectrum of Na2Mg2Si6O15: Eu2+, Mn2+

matched well the photosynthetic action spectrum (PAS) of plant chlo
rophylls. The optimal doping content for Mn2+ ions in the Na2Mg2

Si6O15: Eu2+, Mn2+ system was 0.60. The electric dipole-dipole 
interaction contributed to the involved Eu2+, Mn2+ energy transfer 
process. The thermal stability performance was identified by using the 
temperature-dependent emission spectra. The blue and red emission 
intensity of optimized Na2Mg2Si6O15: 0.02Eu2+, 0.60Mn2+ sample kept 
about 71.3% and 82.6% at 200 ◦C, which was significantly higher than 
that of most reported Eu2+, Mn2+ co-activated dual-emitting phosphors. 
The corresponding reason could be thermally activated defect-Eu2+- 
Mn2+ energy transfer, which acts as a countermeasure against non- 
radiative relaxation process. These results revealed that Na2Mg2

Si6O15: Eu2+, Mn2+ phosphors could be a novel promising luminescent 
material for plant growth LED based on the near-ultraviolet chip. 
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