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Tables and Table Captions

Table S1. Structure Refinement Parameters of CNSOF and CNSOF:0.05Eu3+ 

samples.

Formula              CNSOF

Space group Cubic, Fd-3m（277）

Cell parameters a = 10.2850（1） Å, V = 1087.97（2） Å3, Z = 8

Rwp, Rp, χ2 Rwp = 8.08%, Rp =5.47%, χ2 = 9.52

Atom Wyck x y z Occpancy

Na1 16d 0.625 0.625 0.625 0.5

Ca1 16d 0.625 0.625 0.625 0.5

Sb1 16c 0.125 0.125 0.125 1

O1 48f 0.2 0 0 1

F1 8b 0.5 0.5 0.5 1

Formula              CNSOF：0.05Eu3+

Space group Cubic, Fd-3m（277）

Cell parameters a = 10.3096（1） Å, V = 1095.77（2） Å3, Z = 8

Rwp, Rp, χ2 Rwp = 6.41%, Rp = 4.24%, CHI2 = 6.258

Atom Wyck x y z Occpancy

Na1 16d 0.625 0.625 0.625 0.5

Ca1 16d 0.625 0.625 0.625 0.475

Sb1 16c 0.125 0.125 0.125 1

O1 48f 0.2 0 0 1

F1 8b 0.5 0.5 0.5 1

Eu1 16d 0.625 0.625 0.625 0.025

The radius percentage difference (DR) of Eu3+ and cationic sites is estimated 

according to the following equation reported by Davolos:1

                                                  (1)
𝐷𝑟 =

∣𝑅𝑚(𝐶𝑁) ‒ 𝑅𝑑(𝐶𝑁)∣

𝑅𝑚(𝐶𝑁)
× 100%



S3

where CN is the coordination number of ions, and Rm (CN) and Rd (CN) represent the 

radius of host cations and doped ions, respectively. In this work, the calculated Dr 

values of Eu3+ occupying host cationic sites of Na+, Ca2+ and Sb5+ are about 5.93%, 

11.61% and 95.00%, respectively.2 Obviously, the Sb5+ sites are too small and the 

charge difference is large, so that Eu3+ ion can hardly occupy the Sb5+ site. Combined 

with the law of XRD peak position shift, it is further indicated that Eu3+ ions take the 

Na+ or Ca2+ sites with smaller radius, accompanied by the expansion of the main lattice 

volume.
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Table S2. Bond details of Na/Ca-O/F in the CNSOF.

Bond Length(Å) Bonds Angle(degree)

Na1-O1Ⅰ 2.5613 O1Ⅰ-Na1-O1Ⅱ 117.0357

Na1-O1Ⅱ 2.5613 O1Ⅰ-Na1-O1Ⅲ 117.0357

Na1-O1Ⅲ 2.5613 O1Ⅰ-Na1-O1Ⅳ 180

Na1-O1Ⅳ 2.5613 O1Ⅰ-Na1-O1Ⅴ 62.9643

Na1-O1Ⅴ 2.5613 O1Ⅰ-Na1-O1Ⅵ 62.9643

Na1-O1Ⅵ 2.5613 O1Ⅰ-Na1-F1Ⅰ 79.975

Na1-F1Ⅰ 2.2293 O1Ⅰ-Na1-F1Ⅱ 100.025

Na1-F1Ⅱ 2.2293

Ca1-O1Ⅰ 2.5613 O1Ⅰ-Ca1-O1Ⅱ 117.0357

Ca1-O1Ⅱ 2.5613 O1Ⅰ-Ca1-O1Ⅲ 117.0357

Ca1-O1Ⅲ 2.5613 O1Ⅰ-Ca1-O1Ⅳ 180

Ca1-O1Ⅳ 2.5613 O1Ⅰ-Ca1-O1Ⅴ 62.9643

Ca1-O1Ⅴ 2.5613 O1Ⅰ-Ca1-O1Ⅵ 62.9643

Ca1-O1Ⅵ 2.5613 O1Ⅰ-Ca1-F1Ⅰ 79.975

Ca1-F1Ⅰ 2.2293 O1Ⅰ-Ca1-F1Ⅱ 100.025

Ca1-F1Ⅱ 2.2293

According to the refined data, the lattice distortion D of the crystal Ca/Na co-

occupying site is analyzed and calculated by the following formula:3

                                                         (2)
𝐷 =  

1
𝑛

𝑛

∑
𝑖 = 1

|𝑙𝑖 ‒ 𝑙𝑎𝑣|
𝑙𝑎𝑣

where li refers to the distance between the ith coordination atom and the central atom, 
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lav represents the average bond length, and n is the coordination number. Based on the 

refined data, the bond length distortion index of the Ca/NaO6F2 dodecahedron is 

calculated to be 0.05. The angle between the opposite O atoms or F atoms is 180 °, and 

Ca/Na is in the symmetry center of dodecahedron.

Figures and Figure Captions

Element Wt% Wt% Sigma At%

O 20.78 0.56 54.23

F 3.68 0.41 8.10

Na 4.60 0.26 8.37

Ca 7.71 0.39 8.04

Sb 57.14 1.41 19.60

Eu 6.08 2.13 1.67

Total 100.00 100.00

(a) (b)

Figure S1. (a) EDS analysis spectrum of the CaNaSb2O6F:0.05Eu3+ phosphor. (b) 

Content of different elements.
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Figure S2. DRS of CNSOF host; the inset presents the calculated optical bandgap 

values.

The optical band gap value (Eg) of CNSOF can be calculated according to the 

following formula:4,5

                                                             (3)
𝐹(𝑅) =

（1 ‒ 𝑅）2

2𝑅

                                                      (4)[𝐹(𝑅)ℎ𝑣]𝑛 = 𝐷(ℎ𝑣 ‒ 𝐸𝑔)

where R represents the reflection parameter (%), F(R) represents the absorption 

coefficient, D denotes the absorption constant, and hv refers to the corresponding 

photon energy (eV). Meanwhile, the value of n depends on the type of band gap: n = 2 

is used for direct band gap, and n = 1/2 is used for indirect band gap. The calculation 

results of the band structure show that CNSOF sample belongs to direct band gap (n = 

2). According to the DRS spectrum of the sample, the optical band gap Eg value of 

CNSOF is calculated to be about 4.27 eV by extrapolating to [F(R)hv]2 = 0, as exhibited 

in the inset of Figure S2.
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Figure S3. The PLE spectra of CNSOF:0.05Eu3+(em = 641 nm), CNSOF:0.05 

Sm3+(em = 612 nm) and CNSOF:0.05 Yb3+(em = 974 nm).

The CTB presents in many Sm3+, Eu3+, Yb3+-doped phosphors. In the same host, the 

relationship between the charge transfer energy of rare earth ions and Eu3+ is as 

follows:5, 6

𝐸𝐶𝑇(𝑛,3 + ,𝐴) =  𝐸𝐶𝑇(6,3 + ,𝐴) + Δ𝐸𝐶𝑇(𝑛,6,3 + )

where, ECT (n,3+,A) is the charge transfer energy of trivalent rare earth ions with n 

electrons in 4f layer in host A, and ΔECT (n,6,3+) is the difference of charge transfer 

energy between some trivalent rare earth ions and Eu3+ ions. According to the statistical 

results, the value of ΔECT (n,6,3+) varies with different rare earth ions, and the order is 

Er3+ > Dy3+ > Tm3+ > Sm3+ > Yb3+ > Eu3+.7, 8 The PLE spectra of CNSOF:0.05Eu3+ (em 

= 641 nm), CNSOF:0.05 Sm3+ (em = 612 nm) and CNSOF:0.05 Yb3+ (em = 974 nm) 

were measured, and the charge transfer of O2--Sb5+ at 275 nm was observed in all the 

samples. The charge transfer energy is Sm3+ > Yb3+ > Eu3+, which further confirms the 

existence of the CTB.
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Eu3+

Figure S4. CIE (x, y) coordinate diagram of CNSOF:xEu3+(0.01≤x≤0.08) phosphors 

under 336 nm excitation.
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Figure S5. The dependence of the emission intensity on content of Eu3+ ion doping 

concentration; the inset shows The relationship between Ln(I/x) and Ln(x) for 

CNSOF:xEu3+ (0.05 ≤ x ≤ 0.08) .

The critical distance (Rc) of energy transfer among Eu3+ ions can be further identified 

by estimating the following expression:9

                                                            (5)
𝑅𝑐 = 2 × [ 3𝑉

4𝜋𝑥𝑐𝑍]
1
3

where V is the volume of the unit cell, xc represents the optimal concentration of 

activator ions, and Z refers to the number of cation sites suitable for doping in each unit 

cell. For CNSOF:xEu3+ (0 ≤ x ≤ 0.08), V = 1087.97 Å3, Z = 8, and the critical 

concentration of Eu3+ is xc = 0.05. Therefore, the average distance of the Rc is estimated 

to be about 17.32 Å. Generally, multipole interaction and exchange interaction are two 

types of energy transfer mechanisms. When Rc is less than or about 5 Å, it belongs to 

exchange interaction.10 At this time, the Rc is much larger than 5 Å, proving again that 

the concentration quenching should be mainly dominated by multipole interaction 
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mechanism.

According to Dexter theory, the multipole interaction mechanism of energy transfer 

can be determined by using the following expression:11

                                                              (6)

𝐼
𝑥

=
𝐾

[1 + 𝛽（𝑥）
𝜃
3]

here, I is the integrated emission intensity, x is the concentration of the activator ion, K 

and  are the constants for the given host lattice under the same excitation conditions, 

and  = 6, 8 and 10 denote dipole-dipole (d-d), dipole-quadrupole (d-q) and quadrupole-

quadrupole (q-q) interactions, respectively. The inset of Figure S5 displays the 

functional relationship between Ln(I/x) and Ln(x) of CNSOF:xEu3+ (0.05 ≤ x ≤ 0.08). 

By linear fitting, the correlation coefficient is 1.5297. Therefore, the value of θ can be 

estimated to be 4.5891, which is closest to 6, manifesting that the most likely 

concentration quenching mechanism of Eu3+ in CNSOF:xEu3+ phosphors should be 

dipole-dipole interaction.
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Figure S6. The quantum efficiencies of the CNSOF:0.05Eu3+ phosphor.

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

quantum efficiency (EQE) were calculated respectively by the following equation:12, 13

 (7)
𝜉𝑎𝑏𝑠 =  

∫𝐸𝑅 ‒ ∫𝐸𝑆

∫𝐸𝑅

 (8)
𝐼𝑄𝐸 =  

∫𝐿𝑆

∫𝐸𝑅 ‒ ∫𝐸𝑆

(9)𝐸𝑄𝐸 = 𝐼𝑄𝐸 × 𝜉𝑎𝑏𝑠

here, ∫LS stands for the integral area of the emission spectra, and ∫ES and ∫ER represent 

the integral area of the excitation spectrum with and without phosphors in the 

integrating sphere, respectively. As shown in Figure S6, under 336 nm excitation, the 

wavelength of the emission peak is basically the same as that of Figure 4a, but the peak 

intensity is different.14 This divergence is caused by resolutions of different 

instruments. The values of IQE, ξabs and EQE of yellow-orange phosphor 

CNSOF:0.05Eu3+ are calculated to be 55.3%, 35.5% and 19.6%, respectively.
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Figure S7. Emission spectra of Y2O2S:Eu3+, Mg2+, Ti4+, CNSOF:Eu3+ phosphor and 

reference samples recorded by a spectrofluorometer equipped with an integrating 

sphere for QE measurement. 
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Figure S8. (a) Integrated emission intensity measured at different temperature. (b) 

The plots fitted activation energy for thermal quenching. (c)Temperature-dependent 

emission spectra (ex = 334 nm) of CNSOF:0.05Eu3+.

Using the PL intensity of I0 and IT at different temperatures T, the thermal activation 

energy barrier (Ea) can be obtained by Arrhenius equation:15

 (10)

𝐼𝑇

𝐼0
= [1 + 𝐷𝑒𝑥𝑝( ‒ 𝐸𝑎

𝑘𝑇 )] ‒ 1

where T, IT, I0, D, Ea and k represent the working temperature, the PL intensity at T, the 

PL intensity at 298 K, the constant, the activation energy and the Boltzmann constant, 

respectively. The curve between ln[(I0/IT)−1] and 1/kT is shown in Figure S8b, and the 

Ea value corresponding to the linearly fitted slope is 0.5031 eV.
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Figure S9. TL curves of CNSOF:0.05Eu3+ phosphor under at 254 nm and 365nm 

excitation, respectively.
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Figure S10. Normalized PersLE spectra of CNSOF:0.05Eu3+ phosphor and the solar 

spectrum received at the Earth’s surface.
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CNSOF: Eu3+ Y2O2S:Eu3+, Mg2+, Ti4+

Figure S11. Photograph of the initial PersL of the prepared CNSOF: Eu3+ sample and 

Y2O2S: Eu3+, Mg2+, Ti4+ phosphor.
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Figure S13. After being irradiated by direct sunlight for 10 min, the PersL decay curves 

of CNSOF:0.05Eu3+ phosphors recorded at different surrounding media, and the insets 

show the corresponding PersL photographs of the samples.
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Figure S14. After being irradiated by direct sunlight for 10 min, the PersL decay curves 

of CNSOF:0.05Eu3+ phosphors recorded at different surrounding media for three days, 

and the insets show the corresponding PersL photographs of the samples.



S20

340 345 350 355

Ca 3p3/2

346.7 eV

Ca 3p1/2

350.3 eV

Binding Energy (eV)

In
te

ns
ity

 (a
.u

.)

1065 1070 1075 1080
Binding Energy (eV)

In
te

ns
ity

 (a
.u

.)

    Na 1s
1070.7 eV

525 530 535 540 545

530.4 eV

Sb 3d5/2

Sb 3d3/2

539.7 eV

Binding Energy (eV)

In
te

ns
ity

 (a
.u

.)

525 530 535

   O 1s
530.4 eV

Binding Energy (eV)

In
te

ns
ity

 (a
.u

.)

680 685 690 695

    F 1s
684.3 eV

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

0 100 200 300 400 500 600 700 800 900 1000 1100 1200

CNSOF:0.05Eu3+

C 1s

o 1s

Sb 3d

F 1s
Sb 3p Na 1s

Ca 3p
Sb 4d

Binding Energy (eV)

In
te

ns
ity

 (a
.u

.)

Eu 3d

(a)

(b) (c) (d)

(e) (f) (g)

1120 1130 1140 1150 1160 1170 1180

Eu 3d5/2

Eu 3d3/2
1134.28 eV

1164.07 eV

In
te

ns
ity

 (a
.u

.)

Binding Energy (eV)

Figure S15. (a) XPS and (b-g) HR XPS spectra of the representative CNSOF:0.05Eu3+ 

phosphor.
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Figure S16. The PersL spectra of CNSOF:0.05Eu3+, CNSOF:0.05Sm3+ and 

CNSOF:0.05Yb3+.
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Figure S17. The TL curves of CNSOF doped with Sm3+, Yb3+ and Eu3+.



S23

3460 3480 3500 3520 3540 3560
-0.8

-0.4

0.0

0.4

0.8

In
te

ns
ity

 (a
.u

.)

H (G)

 Before irradiation
 After irradiation

g = 2.0035

Figure S18 EPR spectra of CNSOF:Eu3+ measured before and after illumination by a 

365 nm UV lamp.
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