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EXPERIMENTAL METHODS
Reagents. Barium nitride (Ba3N2; 99.7%), strontium nitride (Sr3N2; 99.5%), Barium 

chloride (BaCl2; 99.0%), Strontium chloride (SrCl2; 99.0%) and europium nitride (EuN; 
99.9%) were obtained from Materion. Phosphorus red (Pred, 98.9%) was purchased 
from Acros organics.

Synthesis of Sr2.91−xBaxP5N10Cl:0.09Eu2+. All experiments were conducted in an 
inert gas-filled glovebox (O2 < 1 ppm, H2O < 1 ppm) due to the moisture sensitivity of 
the starting materials. The starting materials were mixed in an agate mortar and 
placed in tungsten crucibles in a hot isostatic press (HIP; AIP6-30H, American Isostatic 
Presses, Inc., Columbus, OH, USA). The samples were heated to 1000 °C at a rate of 20 
°C/min under 150 MPa pressure, and the conditions were maintained for 10 h. The 
samples were cooled to room temperature (RT), and Sr2.91−xBaxP5N10Cl:0.09Eu2+ 
phosphors were obtained.

Characterization.  The as-prepared powder samples were examined by X-ray 
diffraction (XRD) analysis using a D2 PHASER diffractometer (Bruker) with CuKα 
radiation source (λ = 1.5418 Å). Synchrotron powder X-ray diffraction patterns of 
Sr2.91−xBaxP5N10Cl:0.09Eu2+ were acquired using 15keV X-ray ( = 0.82657Å) from the 
National Synchrotron Radiation Research Center (Taiwan) BL01C2 beamline at room 
temperature (RT) by using a Debye–Scherrer camera. The pattern was used for 
Rietveld analysis using Total Pattern Analysis Solutions software (TOPAS 4.2). Data on 
particle size were collected using the Multisizer 3 (Beckman Coulter) particle size 
analyzer. The morphologies of the as-prepared samples were observed using scanning 
electron microscopy (SEM, JSM-6510, JEOL) at Advanced Research Center for Green 
Materials Science and Technology (ARC-GMST), National Taiwan University, Taipei 
City, Taiwan. RT photoluminescence (PL) and photoluminescence excitation (PLE) 
spectra were measured with a FluoroMax-4P spectrofluorometer (Horiba) equipped 
with a 150 W xenon lamp as an excitation source and an R928 Hamamatsu 
photomultiplier as a detector to record the PL and PLE spectra within the spectral 
range of 250–850 nm. The internal quantum efficiency (IQE) was measured with a 
Hamamatsu absolute PL quantum yield spectrometer C11347. PL spectra were 
obtained with an Andor SR-750-D1 spectrometer equipped with a CCD camera 
(DU420A-OE). A Kimmon Koha He-Cd laser (442 nm) was used as an excitation source. 
Decay profiles were obtained using time-resolved spectroscopy apparatus equipped 
with a PG 401/SH optical parametric generator pumped by a PL2251A pulsed YAG:Nd 
laser (EKSPLA). The detection part consisted of a 2501S grating spectrometer (Bruker 
Optics) combined with a C4334-01 streak camera (Hamamatsu). Data were recorded 
in the form of streak images on a 640 × 480 pixel CCD array. Photon-counting 
algorithm–based software was used to transform the result into a 2D matrix of photon 



S3

counts versus wavelength and time (streak image). X-ray absorption spectroscopy was 
measured at the BL17C1 beamline of the National Taiwan Synchrotron Radiation 
Research Center (NSRRC), Hsinchu City, Taiwan. Data analysis was conducted using 
Athena software

Figure S1. (a) Crystal structure of Sr2.91−xBaxP5N10Cl:0.09Eu2+ (x = 0, 1, 2, and 2.91). 
Green atoms represent Cl− ions, magenta atoms represent Sr2+ ions, and blue 
tetrahedra represent P5+ ions surrounded by four N3− ions. (b) Coordinated 
environment of Sr1, Sr2, Sr3, Sr4, and Sr5 sites.

Figure S2. Rietveld refinement patterns of the crystal structure of 
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Sr2.91−xBaxP5N10Cl:0.09Eu2+. (a) x = 0, (b) x = 1, (c) x = 2, and (d) x = 2.91.
Table S1. Atomic positions derived from the Rietveld refinement of 
Sr2.91−xBaxP5N10Cl:0.09Eu2+ (x = 0).

Table S2. Atomic positions derived from the Rietveld refinement of 
Sr2.91−xBaxP5N10Cl:0.09Eu2+ (x = 1).



S5

Table S3. Atomic positions derived from the Rietveld refinement of 
Sr2.91−xBaxP5N10Cl:0.09Eu2+ (x = 2).
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Table S4. Atomic positions derived from the Rietveld refinement of 
Sr2.91−xBaxP5N10Cl:0.09Eu2+ (x = 2.91).

Table S5. Lattice parameters derived from the Rietveld refinement of 
Sr2.91−xBaxP5N10Cl:0.09Eu2+ (x = 0, 1, 2, and 2.91).
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Figure S3. Particle size distribution of Sr2.91−xBaxP5N10Cl:0.09Eu2+. (a) x = 0, (b) x = 1, and 
(c) x = 2.91.

Table S6. Particle size from the Coulter analyzer of Sr2.91−xBaxP5N10Cl:0.09Eu2+ (x = 0, 1, 
2, and 2.91).

d10: 10% of the particle size smaller than this value. 
d50: 50% of the particle size smaller and larger this value, also known as the median 
particle size. 
d90: 90% of the particle size smaller than this value.
Equation of (d90 − d10)/d50 could be used to identify the particle size distribution.

Table S7. Internal quantum efficiency excited by 420 nm for Sr2.91−xBaxP5N10Cl:0.09Eu2+ 
(x = 0, 1, 2, and 2.91).
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Figure S4. SEM Images of Sr2.91−xBaxP5N10Cl:0.09Eu2+. (a) x = 0, (b) x = 1, and (c) x =2.91.
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Figure S5. Eu3+ ratio from curve fitting for Sr2.91−xBaxP5N10Cl:0.09Eu2+ (x = 0, 1, 2, and 
2.91).

Table S8. Eu2+ and Eu3+ ratio from curve fitting for Sr2.91−xBaxP5N10Cl:0.09Eu2+ (x = 0, 1, 
2, and 2.91).
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Figure S6. Temperature-dependent PL upon excitation at 325 nm and temperature 
range 100–550 K of Sr2.91−xBaxP5N10Cl:0.09Eu2+. (a) x = 0, (b) x = 1, and (c) x = 2.91.

Table S9. Activation energy parameters EA and probability of nonradiative transition 
pnr for Eu2 emission for Sr2.91−xBaxP5N10Cl:0.09Eu2+(x = 0, 1, 2, and 2.91).

Table S10. Huang–Rhys factor S, effective phonon energy ћω, and energy of electron 
lattice relaxation Sћω parameters calculated from equation (2).
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Figure S7. Temperature-dependent PL upon excitation at 442 nm and temperature 
range 100–550 K of Sr2.91−xBaxP5N10Cl:0.09Eu2+. (a) x = 0, (b) x = 1, (c) x = 2, and (d) x = 
2.91.

Figure S8. Temperature-dependent decay profiles for Eu2 of 
Sr2.91−xBaxP5N10Cl:0.09Eu2+. (a) x = 0, (b) x = 1, and (c) x = 2.91.
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Figure S9. Temperature-dependent decay profiles for Eu1 of 
Sr2.91−xBaxP5N10Cl:0.09Eu2+. (a) x = 0, (b) x = 1, and (c) x = 2.91.


