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Figure S1 The XRD patterns of Na2MoO2F4:1.5%Mn4+ phosphors with 5 mL organics. 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry C.
This journal is © The Royal Society of Chemistry 2023



2 

 

Figure S2 Crystal structure of Na2MoO2F4 showing a 2 × 2 × 1 supercell. 

 

 

 

 

Figure S3 SEM images of Na2MoO2F4 (a) and Na2Mo1-xO2F4:xMn4+ (b~f correspond to x = 

0.3%, 0.6%, 1.0%, 1.5%, 2.0%, respectively). 
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Figure S4 Five possible occupation forms and possible charge compensation models of Mn4+ 

or [MnF6]2– doped in the Na2MoO2F4 host. 

 

 

Figure S5 Luminescence decay curves of Na2Mo1-xO2F4:xMn4+ phosphors, with x ranging 

from 0.3% to 2.0% (a~e correspond to x = 0.3%, 0.6%, 1.0%, 1.5%, 2.0%, respectively) 

monitored for 625 nm emission under 480 nm excitation. 
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Figure S6. PL spectra (under 470 nm excitation) of Na2MoO2F4:1.5%Mn4+ and reference 

sample measured using an integrating sphere for quantum yield. 

 

Figure S7. CIE chromaticity coordinate of Na2MoO2F4:1.5%Mn4+ red phosphor. 
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Figure S8. Transmission spectra of color filters (CFs) and RGB spectra of white LED after 

filtering by CFs. 
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Table S1 Yield of Na2MoO2F4:1.5%Mn4+ treated by different amount of acetic acid 

Usage (mL) Yield 

4 87.7% 

5 89.9% 

6 89.7% 

 

Table S2 Crystallographic parameters of Na2MoO2F4 from XRD Rietveld refinement 

Items Parameters 

Space group P 21/c (14) 

Crystal structure Monoclinic 

a (Å) 5.50843 

b (Å) 5.72113 

c (Å) 16.40740 

α (°) 90 

β (°) 91.46095 

γ (°) 90 

Volume (Å3) 516.902106 

Mo–O1 (Å) 1.72481(5) 

Mo–O2 (Å) 1.77387(4) 

Mo–F1 (Å) 2.20214(6) 

Mo–F2 (Å) 2.08913(5) 

Mo–F3 (Å) 1.94605(5) 

Mo–F4 (Å) 1.91554(6) 

F3–Mo–O1 (°) 166.6487(5) 

F1–Mo–F4 (°) 158.9484(5) 

F1–Mo–O1 (°) 93.4231(8) 

F1–Mo–O2 (°) 99.984(2) 

F1–Mo–F2 (°) 81.189(2) 

F1–Mo–F3 (°) 84.8704(9) 

F2–Mo–O1 (°) 90.3483(17) 

F2–Mo–F3 (°) 76.3024(17) 

F2–Mo–F4 (°) 80.167(3) 

F3–Mo–O2 (°) 90.1127(17) 

F3–Mo–F4 (°) 81.3004(15) 

F4–Mo–O2 (°) 95.853(3) 

F4–Mo–O1 (°) 96.3753(14) 

O1–Mo–O2 (°) 103.2174(16) 

Rwp (%) 9.76 

Rp (%) 7.15 

χ2 3.375 
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Table S3 The calculated formation energy for the five possible charge compensation models 

of Mn4+ or [MnF6]2–doped in Na2MoO2F4:Mn4+ (2×1×1) 

Model Compounds Replacement forms 
Formation energy 

(eV) 

N1 Na32Mo15MnO31F66 [MnF6]2– → [MoO2F4]2– 1.3353166 

N2 Na32Mo15MnO31F64 Mn4+ → Mo6+ – [O1]2– 7.57662195 

N3 Na32Mo15MnO31F64 Mn4+ → Mo6+ – [O2]2– 7.57613195 

N4 Na32Mo15MnO32F62 Mn4+ → Mo6+ – 2F– 11.7330173 

N5 Na32Mo15MnO32F62 Mn4+ → Mo6+ – 2F– 11.8512373 

 

 

 

 

 

Table S4 The bond angles and bond lengths of [MnF6] 2– in optimized Na2MoO2F4:Mn4+ 

Bond angles Bond lengths 

F1–Mn–F2 91.8161(0)° Mn–F1 1.86478(0) Å 

F1–Mn–F3 93.3196(0)° Mn–F2 1.88076(0) Å 

F1–Mn–F5 87.6277(0)° Mn–F3 1.85207(0) Å 

F1–Mn–F6 91.9649(0)° Mn–F4 1.81428(0) Å 

F2–Mn–F3 92.8185(0)° Mn–F5 1.82007(0) Å 

F2–Mn–F4 87.5813(0)° Mn–F6 1.78747(0) Å 

F2–Mn–F5 87.0029(0)°   

F3–Mn–F4 92.1307(0)°   

F3–Mn–F6 90.9532(0)°   

F4–Mn–F5 86.9212(0)°   

F4–Mn–F6 88.2754(0)°   

F5–Mn–F6 89.1596(0)°   
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Table S5 The fluorescence lifetime and structure of typical Mn4+-doped (oxy)fluoride 

phosphors. 

Phosphors 
Lifetime(

ms) 
ZPL Structure Space group 

Conc.(mol

%) 
Ref. 

Na2SiF6:Mn4+ 5.80 Strong Trigonal 𝐷3
2 − 𝑃321 – 1 

K2SiF6:Mn4+ 8.30 weak Cubic 𝑂ℎ
5 − 𝐹𝑚3̅𝑚 – 2 

K3SiF7:Mn4+ 5.80 Weak Tetragonal P4/mbm 1 3 

Rb2SiF6:Mn4+ 8.26 Weak Cubic 𝑂ℎ
5 − 𝐹𝑚3̅𝑚 – 4 

Rb3SiF7:Mn4+ 5.38 Weak Tetragonal P4/mbm 1 3 

Cs2SiF6:Mn4+ 7.81 Weak Cubic 𝑂ℎ
5 − 𝐹𝑚3̅𝑚 10.75 5 

Na2GeF6:Mn4+ 6.58 Strong Trigonal 𝐷3
2 − 𝑃321 ＜10 6 

K2GeF6:Mn4+ 6.68 Weak Trigonal 𝐷3𝑑
3 − 𝑃3̅𝑚1 ＜3 6 

Rb2GeF6:Mn4+ 6.02 Weak Trigonal 𝐷3𝑑
3 − 𝑃3̅𝑚1 ＜0.8 6 

Rb2GeF6:Mn4+ 5.8 Strong Hexagonal 𝐶6𝑣
4 − 𝑃63𝑚𝑐 – 7 

Cs2GeF6:Mn4+ 7.52 Weak Cubic 𝑂ℎ
5 − 𝐹𝑚3̅𝑚 ＜3 6 

K2TiF6:Mn4+ 5.70 Weak Trigonal 𝐷3𝑑
3 − 𝑃3̅𝑚1 5.5 8 

Rb2TiF6:Mn4+ 5.20 Weak Trigonal 𝐷3𝑑
3 − 𝑃3̅𝑚1 – 9 

Na3AlF6:Mn4+ 4.68 Strong Monoclinic 𝐶2ℎ
5 − 𝑃21/𝑐 1.58 10 

K3AlF6:Mn4+ 3.50 Strong Cubic 𝑂ℎ
5 − 𝐹𝑚3̅𝑚 3.41 11 

K2NaAlF6:Mn4+ 6.63 Strong Cubic 𝑂ℎ
5 − 𝐹𝑚3̅𝑚 2.03 12 

Cs3AlF6:Mn4+ 2.83 Weak Cubic 𝑂ℎ
5 − 𝐹𝑚3̅𝑚 1.83 13 

K2NaGaF6:Mn4+ 5.68 Strong Cubic 𝑂ℎ
5 − 𝐹𝑚3̅𝑚 – 14 

K2NbF7:Mn4+ 3.62 Strong Monoclinic 𝐶2ℎ
5 − 𝑃21/𝑐 ＜1 15 

KTeF5:Mn4+ 3.29 Medium Orthorhombic 𝐷2ℎ
11 − 𝑃𝑏𝑐𝑚 0.23 16 

Na2WO2F4:Mn4+ 2.59 Strong Orthorhombic 𝐷2ℎ
14 − 𝑃𝑏𝑐𝑛 0.5 17 

LiAl4O6F:Mn4+ 0.24~3.5 – Cubic – – 18 

LiNaWO2F4:Mn4+ 1.21 Strong Orthorhombic 𝐷2ℎ
14 − 𝑃𝑏𝑐𝑛 2 19 

KNaWO2F4:Mn4+ 2.02 Strong Orthorhombic 𝐷2ℎ
14 − 𝑃𝑏𝑐𝑛 4 19 

Rb2WO2F4:Mn4+ 2.15 Weak Trigonal 𝐷3𝑑
3 − 𝑃3̅𝑚1 11 20 

Cs2WO2F4:Mn4+ 3.2 Weak Trigonal 𝐷3𝑑
3 − 𝑃3̅𝑚1 5 21 

K3WOF7:Mn4+ – Medium Monoclinic 𝐶2ℎ
5 − 𝑃21/𝑐 – 22 

K2[MoO2F4]·H2O:Mn4+ 3.78 Medium Monoclinic 𝐶2ℎ
5 − 𝑃21/𝑐 3.28 23 

Cs2MoO2F4:Mn4+ 1.95 Medium Orthorhombic Amam 1.12 24 

Rb2MoO2F4:Mn4+ 3.66 Medium Orthorhombic Amam 5 25 

CsMoO2F3:Mn4+ 1.88 Weak Orthorhombic 𝐷2ℎ
28 − Imma 3.88 26 

Cs2NbOF5:Mn4+ 3.23  Weak Trigonal 𝐶3
1 − P3 6.98 27 

Rb2NbOF5:Mn4+ 4.73 Weak Trigonal 𝐶3
1 − P3 1 28 

Na2NbOF5:Mn4+ 3.32 Strong Orthorhombic Pbcn(60) 0.3 29 

BaNbOF5:Mn4+ – Strong Cubic 𝑇ℎ
6 − Pa3̅ 6 30 

K3TaO2F4:Mn4+ 4.24 Medium Cubic 𝑂ℎ
5 − Fm3̅𝑚 6.92 31 
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Table S6 The CIE1931 color coordinates of the red, green and blue components of this 

WLED incorporating β-SiAlON:Eu2+, Na2MoO2F4:1.5%Mn4+ phosphor, and an InGaN chip at 

20 mA current 

CIE White Red Green Blue 

x 0.295 0.673 0.141 0.141 

y 0.313 0.292 0.683 0.039 

 

Calculation for crystal field strength and Racah parameters: 

The crystal-field strength (Dq) of Mn4+ can be roughly estimated by the peak energy of 
4A2g→4T2g transition32: 

𝐷𝑞 = 𝐸( 𝐴 
4

2g →4 T2g)/10 

Based on the peak energy difference between 4A2g→4T1g and 4A2g→4T2g, the Racah parameter 

B can be calculated by the following equation32: 

𝐷𝑞

𝐵
=

15(𝑥 − 8)

(𝑥2 − 10𝑥)
 

where the parameter x is defined as 

𝑥 =
𝐸( 𝐴2𝑔 

4 →4 𝑇1𝑔) − 𝐸( 𝐴 
4

2𝑔 →4 𝑇2𝑔)

𝐷𝑞
 

According to the peak energy for Mn4+: 2Eg→4A2g transition, the Racah parameter C is 

evaluated by the following equation {Henderson, 1989 #1015}:32 

𝐸(2𝐸𝑔 →4 𝐴2𝑔)

𝐵
=

3.05𝐶

𝐵
−

1.8𝐵

𝐷𝑞
+ 7.9 

Calculation for IQE, AE and EQE: 

The internal quantum efficiency (IQE), absorption efficiency (AE) and external quantum 

efficiency (EQE) of the Na2MoO2F4:1.5%Mn4+ were measured to be 7.6%, 26.29% and 2%, 

respectively. The IQE (termed as ηint) was calculated by using the following equation :33 

ηint = 
∫ 𝐿𝑆

∫ 𝐸𝑅 − ∫ 𝐸𝑆
 

where LS is the emission spectrum of the sample, and ES and ER stand for the excitation spectra 

of the excitation light used for exciting the sample and without the sample in the integrating 

sphere, respectively. The AE of the sample, εabs, was calculated via the expression: 
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εabs = 
∫ 𝐸𝑅 − ∫ 𝐸𝑆

∫ 𝐸𝑅  
 

The EQE (ηext) was determined via the equation: 

ηext = εabs × ηint 
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