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Table 1 Main refinement parameters of 1Eu, 1Eu-1NaCl,
and 1Eu-1NaF

Compound Sp. Gr. alA c/A V/A® Z

1Eu P6/mcc 9.750 5 9.3423 769.206 2
1Eu-1NaCl P6/mcc 9.7511 9.343 1 769.362 2
1Eu-1NaF P6/mcc 9.750 7 9.343 8 769.354 2
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Fig. 4 EPR spectra, g-factor value and Infrared spectrum of 1Eu. 1Eu-xNaCl and 1Eu-xNaF

XF 6 1% 34T Gauss 4 U L& HE — B I IE
0-Mg,AL,SisO g 45 Ff Bu® (547, I 5a w40, *f
1Eu (SIS A 2 5, 55 2 A Bu” R EH 5
SIALT 486 nm A1 586 nm. 486 nm i H5 g Eu® i 4
MG ALY B Bull, S5 MR ST, T 586 nm i
72 B b4l Mg® TR UK Buly, S48 (0 K5 i -

HE 5b AT I, 1Eu-1NaCl #2405 Y6 H e i
TERAE TSR] 2 N R S ) A& 488 nm Al 571 nm
b, Horh 488 nm & Bu® 438 A7 K 10 Eu?,, 45

vac

R RS, M 571 nm N Eu™" ¥ Me® R R
Euyr ZiMIR ST, BE% CIMIBIN, HEH Eu®
o Y A R SR R, H Bu®T 4R Mg
KLY R4 R A W A% (586 nm—571 nm), XA REH
NaCl 5] NPT 5 80 d A KA % i Se T i,
1Eu-1NaF 15 2% 158 ek b i 1 7 e A 2 5 159 21
3 AR, HIALT 429, 483 nm Al 551 nm;

Horbr, 429 nm B & S Bu® 4 Na™f7 K & Bul
CERII R AT, 483 nm VAT Bu®* o5 458 8 7



HS3ESE 2 X

: CU/F BR300 Na™fr % Eu® 7 a- %754 T AR .

273

Eull, S5 R, A& 551 nm Abf Bu®' 59
Mg (I 1 Buyy, G54 1R s« 5 CRA HAUIE
%, B FHI5IN, Bu® A AL & 5 g se 7.

BhAk, X} 1Eu-2NaF 524456kt AT 743 0&,
B 5d AT, Eu®* 59 Na ™7 i % 5 i o, X2
NBE NaF 52496 5 (138N S 8CF £ Eu® L4 Na'
&R . B Se NANIF] NaCl/NaF 524Kk B R 1)

2 2 2
Eu.’ . Euj, 2511 Eull 1F £ a-Mg,ALSisOys S5 F i H
——1Eu
I Fit peak |
Y, [ Fitpeak2
255eV - Cumulative fit peak
486 nm ¥ 1100 C-1h

Intensity

1 L 1

%EH:O b NaCl B4R IR, Eull 5L

BETHE R, Bull MG EEH 33.32%(1%Eu $BE)
P2 % 64.89% (1Eu-5NaCl 5 2%i). il CI 5
NEFIF Bo® BB . R, Bu® #4
LLBE NaF 45 x 88K, H Euy, 500 8.45%
(1%NaF B 2:00)$E 3] 18.63%(3%NaF 15 /&),
Y FRIBINART Eu® %@ A G4 & Na©
AL 4 .

—— 1Eu-1NaCl

I Fit peak 1

[JFit peak 2
2.54eV + Cumulative fit peak
488 nm 1100 C-1h

Intensity

3.1 2.1 1.6 3.1 2.1 1.6
Energy/eV Energy/eV
(a) Gaussian peak fitting plot of PL of 1Eu (b) Gaussian peak fitting plot of PL of 1Eu- 1NaCl
1Eu-1NaF 1Eu-2NaF =
Il Fit peak | Il Fit peak 1 .
[_]Fit peak 2 [_JFit peak 2 &

Fit peak 3 [ Fit peak 3 @

» Cumulative fit peak Cumulative fit peak] ™3

2 1100 C-1h = 1100 C-1h 1
@ @ m
=1 = | 292¢eV —
%) 8| 24nm S
g = =
= | 289¢v, 5
429 nm 5

&

)

g -

3.1 2.1 1.6 3.1 2.1 1.6
Energy/eV Energy/eV

(c) Gaussian peak fitting plot of PL of 1Eu-1NaF (d) Gaussian peak fitting plot of PL of 1Eu-2NaF

Valence band

1Eu-1NaCl doping

mechanism of Eu?* in 1Eu-1NaCl

5 KRR PL S T2 LE &L Bull o Eug, A Eug)
RN R R

(f) Schematic diagram of the transition and crystal field splitting

Sample

(e) Percentage content of EuZ;
at NaCl/NaF concentration

Eul, and Euf,

Euf,  Eu]

(g) Schematic diagram of the transition and crystal field splitting
mechanism of Eu?** in 1Eu-1NaF

I 2 EE B M 1Eu-1NaCl Al 1Eu-1NaF ' Eu? I BRE A1k

Fig. 5 Gaussian peak fitting plot of PL, the percentage content of EuZ’ . Eu2+ and Eu?! of sample and schematic diagram of the

vac

transition and crystal field splitting mechanism of Eu*" in 1Eu-1NaCl 1 lEu-lNaF



. 274 . CRERR Sh2230)

J Chin Ceram Soc, 2025, 53(2): 267-279

2025 4F

M2, M F/CUEUY OF 453838 /S T ER 8 2
T, EEM AT IR E LI Bu™, XMRE S
iR 5l N NaCl/NaF B JE ) Eull 253 % .
OF M i tEd T Cl1y H CIARE O al LALE &
B Gl NE Z 3, Bl Eu”'—CIE Eu®'—0*
AT W 9 (007 & VR AR AL R Y BH B e b
B, [ BH BT A A R B AR B, EutT—
O™ Lt Eu”'—CI [, 35| A CIi} Eu® EA
558 Na'fi. H CIIIE 7R 25 O I 1242
2K, S8 B —ClU N s, it
FIN CI'I Eu™ A 545 Na™fz. B4, Eu' 5 A&
— 5, Bull G5 %, AR RN Bul, SR
MAE N BECARRE, #EE Mg*™—0*, 3| A\ Na™—F A
F (ML OB 7242/ B Ak K B A BN
R BE AN R I AR BE 77, Eu® 226 4 AR A
LI Na™f7. F 59 Mg® 7. BESI A NaF &[4
I, B Buy, 4544 56 210 Buy, 45 54 DU AR S 0k
Do BIN Na™fi. CI/F B OF 848 T Eu” ) 547,
JERR U« Bul AEW 3 Bl RrgE ), SeEl i
R B 5d FEHASFIREE I SR 3750 24, Bull
Eul;, A1 Euy, (RG22 BI6L T W6, 756 M B4
X P, R, SRR, EutTIY 5d gL
SSHREEM A, B St~E Sg A 1Eu-1NaCl Al
1Eu-1NaF 71 Bu® fOBKIE A 5 1 37 2 2L B R 7
ALAE H Mg* B Bu®'sd B2k, RN
Ge KT, Na™fif) Eu’'sd Be R s, RILN
W ARG BbAhE I 15 Gauss 2 WA & BT & THI
PR BIA [/ €0 R 5 s (KA 0RO SO S~
5g), % W] 1Eu-1NaCl 1 1Eu-1NaF th Eu*" 35y
FERGEIE R
24 EREHARYEED

— kUi, ButAETFRREM R L KRR
17 F) 35 P RO D, e — 2B I8AIE 51N Na™fiz
CI/F HUR OF F 80 Eu BE 4 1 o5 AL 451 (Euyy,
Eu®* Fil Bu2 )t . B 6~ 6¢c .,
1Eu-xNaCl 7E 30~150 °C {1 & 5 6 il (B & i K
dex=345 nm). BHE EEMT S5k R AE T R
K, RIGBE TR, 24 B HiE oo BHEATH
Mg> {7 I Euy,, KB 6a~K 6¢c P2tz 2L
i, HABIFMHRFEeH. B%E NaCl E
AR FEIIER, Bugy, MR E VI SR (Nt R 2

FHEMEALLEH). 1Eu-xNaCl £ 30~150 °C

RutosmEmE 6d~E 6f Fiax, 5 30 CHiLL,
1Eu-1NaCl. 1Eu-2NaCl #1 1Eu-3NaCl %Y H;7F
150 C B R G E 53 3 N 39.29% 41.91%FH
39.75%, UtEB NaCl 151 A JLF-AS B8 25 Sk i1
A . AN, NaCl 5] NS T 9868 Kok
T 1 2 W 42 B (FWHM), BT 4 3 11 98 59 A
M- FAEAE A G5, —M& FWHM 2B iR
FETEmmi AR 50, ARIMTBE S NaCl (5l N, %
FEHn KT 1) U A TE RN AU IR, X A
T Eugy, M Buy,, B A AN [F] B2 SR 22 7 0 )
(). B 7a~I& 7f y 1Eu-xNaF 7E 30~150 “C {1 & 56
Pl 206 55 (FWHM) . PL F 16 58 AN [H] AR AL
B, ME—BIUE T Buy, . Eull, Fl Euy, SH3547.
MR LT LU 1, 24 Bu®™ 548 o- #5500 P i
TE A7 B R Eull, I B RS i #a KRR e (B Ta~
Bl 7c MLtk ). B NaF 15N, 4R
11 P 7 PR 1 ) P Rk /N R B 2 B . B A B3R
BB & Bull , ROGIREE N ISR, XK NaF
5 NBGE T Bull MASFKIERE. B NaF [
FRBE IR, Ot AR e R, X TR
Euys AR1E 2 bU3s KA 6.

TR I FAIRE K T BRI T AR SR S BRIE 1 e )
g AE, N T T BRIk IR O . AR
## Arrhenius 2 7%

|0 e _E
ln[—T IJ_lnA T (1)
SEo 103 30 CH RE R 0 ROLIRIE s 1 e T
RS0 R T A MR AE MRESI S
k 4 Boltzmann 7 $7(8.626x107° eV). & 8a~[| 8b
ﬁmGL@ﬂu%m%@%ﬁ,ﬂ¢ﬂ$%%

T

FEAERE R IR T B IR R H 22 AE, AE fH
B, Rk B IR e R L . B NaCl 4%
WREIG R, AT H RO B R G 3 22 73 il
AE;=0.316 eV, AE,=0.320eV Fl AE5=0.319¢eV.
bEE NaF 521K, tHHE AR H R OUm K 5E R
P24y AE=0.324 eV, AE,=0.342 eV
AE;=0.369 ¢V. Bfi# NaF (15 N, 76k HI6EL%
P fp YR K, 1 — B Ui WIBE R NaF /5] A%
Sk B T ) RARE M & B R RE
2 AE ¥ KT 0.316 eV, Ui HiZ 5 e g e
PEELLT .



o5 53 &5 2 3 SO % CU/F BUR BN Na Sy Eu™ 78 o- 7 A1 b RO < 275 -

T
—70C
—90 C
— it
)
g Z ) 150 °C
z 5 g 1Eu-3NaCl
2 k= E
300 400 500 600 700 800 300 400 500 600 700 800 300 400 500 600 700 800
Wavelength/nm Wavelength/nm Wavelength/nm
(a) PL spectra of 1Eu-1NaCl at 30-150 'C (b) PL spectra of 1Eu-2NaCl at 30-150 'C (¢) PL spectra of 1Eu-3NaCl at 30-150 'C
110F —o Relative intensity 177 110 Relative intensity 174 110 [—oRelative intensity 140.0
< 100f o FWNM 173.79 174 ¢ 100 FWNM 17048 17 s 100 FWNM,, - 139.55 139.5
B ° 171 g ES 90 | g > 90 139.0 E
'z o 168 £ 2 68E 2 g0 1385 £
£ 80 S £ 80 1652 5 1380 2
E 70] » 1655 2 501 £ET0 1375 &
2 60} ° 2z o ‘ 1628 2 60 137.0 &
E 5ol o 159~ &% 159 € 50 136.5
Ej 156 2 07 S 40 136.0
&~ 4318 ,155'3,8 o 39‘,29%"0 153 40 155.57 4191%—0 | 156 & o 13574 30550, 135.5
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Temperature/C Temperature/C Temperature/C
(d) FWHM of 1Eu-1NaCl (e) FWHM of 1Eu-2NaCl (f) FWHM of 1Eu-3NaCl

K6 1Eu-xNaCl £ 30~150 C ffl] PL i (1,=365 nm) [z 3= /& 5 o & A1 2 0 4 55 (FWHM)
Fig. 6 PL and the emission intensity and full width at half maximum (FWHM) of 1Eu-xNaCl(Z=365 nm) at 30-150 C

z z z
= = =
300 400 500 600 700 800 300 400 500 600 700 800 300 400 500 600 700 800
Wavelength/nm Wavelength/nm Wavelength/nm
(a) PL spectra of 1Eu-1NaF at 30-150 C (b) PL spectra of 1Eu-2NaF at 30—150 'C (c) PL spectra of 1Eu-3NaF at 30-150 C
1(1)8 _Q_FRelative intensity {170 110 lg\e)&llzll\tlwl\/le intensif}//l 6223 : 12‘21 110 7ﬁ711§elative intensity 1140
& e—2 1168 K100 X A 1130
N P4 < < M33.30 F
g 90 5/168_23 1166 g %‘ 90 : 1?(8) gg 100 ﬁ'\g 1120 g
g 80 o 5} 157.49 5 90 E
Z {164 2 & : | & {110
= e § = 80 156 2 E \ﬁ 1002
£ 60 Ve 11622 2 70 15155 154 &2 2 80 X“g &
k= . J60  E ] g 4 %0
é 50 / 2 60 1152 E 70 180
40 37158'1.7 . L ALSA% T 158 50 50.77% 150 60 65.18% 0
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Temperature/C Temperature/C Temperature/C
(d) FWHM of 1Eu-1NaF (e) FWHM of 1Eu-2NaF (f) FWHM of 1Eu-3NaF

B 7 1Eu-xNaCl 7£ 30~150 ‘C ] PL ##(1,=365 nm) % 3= /& 5 51 & F1 22 064 4= 55 (FWHM)
Fig. 7 PL and the emission intensity and full width at half maximum (FWHM) of 1Eu-xNaCl(4.,=365 nm) at 30-150 ‘C

2.5 ROEMBEBENHA i) A R B, FOEK CIE B Akbr#ls T35 2 Hh.

Kl 9a Jy 1Eu-xNaCl. 1Eu-xNaF L XBEFEIRZR  BEIRE T, 1Bu-1NaCl 26K i AR B 4500
THEI(30~150 'C), 7E 365nm UK F 1Eu-1NaCl %06 & B6#3l, B R ek il S B A — &
W EAhR. B 9a v, BEE NaCl BAGKER BN HETI. BB 9b i, 7E 365 nm 4K
R, FOK BGRB8, B, BEEIRERITE, “An Hui” B RIZHTAZ R E .
% NaF BARERIGR, 2O br i EaiE A S/ “An Hu?BEIZ A, HEIME



. 276 CRERR Sh2230)

J Chin Ceram Soc, 2025, 53(2): 267-279

2025 4F

BRI “An Hui” B SNE G, BB GEZER,
Rl s ek AL B Dy U A — s N T . 25 B

0.5+ = I1Eu-INaCl
® 1Eu-2NaCl
00L 4 1Eu-3NaCl
' Fitted 1 R=0.993 2
Fitted 2 R2=0.986 2
~—05F Fitted 3 R™=0.986 4
I
k.
= -1.0
g AE=0316 eV
-1.5} AE=0.320 eV
AE=0319 eV
20+
25 &
-36 -34 -32 =30 -28 =26

—VkT
(a) ln(§—0—1 ) and —1/&T diagrams of 1Eu-3NaCl
B

BT, Bl g 1) &R 51 2R AR Rl R RO A I AT B
DhAUSAT 3 T2 IR N P RS

1

®  |Eu-1NaF
e 1Eu-2NaF
O} A 1Eu-3NaF
Fitted 1 R?=0.996 5
Fitted 2 R=0.983 4
Fitted 3 R?=0.936 4

oL
AE=0324 ¢V
AE=0.342 eV
S AE=0369 eV
-4+ a
36 34 32 30 28 26

—kT
(b) ln(%—l ) and —1/kT diagrams of 1Eu-3NaF
.,

I
8 1Eu-xNaCl I 1Eu-xNaF fE 30~150 ‘CHJ 1n[°—1j Fn -% &

Iy

|
Fig. 8 ln[lo— 1) and —% diagrams of 1Eu-xNaCl and 1Eu-xNaF (/=365 nm) at 30-150 C

T

520

»30-150 ‘C 1Eu-xNaF
®1Eu-xNaCl
@1Eu-xNaF

0.8

0.0 460

00 01 02 03 04 05 06 07 08

X
(a) Color coordinates of 1Eu-xNaCl, 1Eu-xNaF and
1Eu-1NaCl in the range 30-150 'C

Anticounterfeiting
A AHUT |

No exciting Excited:365 nm

k An hui An hui
365 nm

25 C —————> 150 T

Detecting
(b) “An Hui” pattern at 25 'C and 150 'C

K] 9 1Bu-xNaCl. 1Eu-xNaF & 1Eu-1NaCl 7 30~150 ‘C N I AR (A= 365 nm)5 “An Hui” KIZETE 25 ‘CHI 150 CHIR

(Aex= 365 nm)

Fig. 9 Color coordinates of 1Eu-xNaCl, 1Eu-xNaF and 1Eu-1NaCl in the range 30-150 ‘C (/.= 365 nm) and “An Hui” pattern at 25

and 150 C (L= 365 nm)
& 2 [ NaCUNaF #B3RER M 365 nm FA TH)
CIE & 4R
Table 2 CIE color coordinates of phosphor under 365 nm
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concentrations
Points Samples CIE (x,Y) CCT/K  Color purity/%
1 1Eu (0.3333,0.3896) 5473 91.76
2 1Eu-1INaCl ~ (0.2941,0.3869) 6942 84.46
3 1Eu-2NaCl ~ (0.2869,0.3718) 7401 86.48
4 1Eu-3NaCl ~ (0.2650,0.3656) 8600 80.53
5 1Eu-5NaCl ~ (0.2513,0.3483) 9872 75.14
6 1Eu-1NaF (0.2466,0.3198) 11477 72.39
7 1Eu-2NaF (0.2282,0.2839) 17360 72.92
8 1Eu-2.5NaF  (0.2191,0.2632) 24619 70.32
9 1Eu-3NaF (0.2194,0.2550) 28202 69.22
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Regulation of Eu** Occupancy Luminescence in a-cordierite by CI/F
Substitution and Na* Site Addition

DENG Wenjiao'?, ZHU Weihua® ZHANG Zhifeng'?, LIU Jian', CAO Fabin', SHEN Xingmei'
(1. Key Laboratory of Metallurgical Emission Reduction&Resources Recycling, Anhui University of Technology,
Minstry of Education, Maanshan 243002, Anhui, China; 2. Key Laboratory of Metallurgical Engineering and Comprehensive
Utilization of Resources, Anhui Industrial University, Maanshan 243002, Anhui, China)

Extended Abstract

With the development of technology and the increasing emphasis on patent protection, anti-counterfeiting technologies are
emerging one after another. Among numerous anti-counterfeiting technologies, photoluminescence anti-counterfeiting technology is
widely used in the field of anti-counterfeiting due to its excellent optical properties. However, traditional fluorescent powder
anti-counterfeiting only changes its color when the UV excitation light source is changed, lacking dynamic changes in the time
dimension. Therefore, it is necessary to develop an efficient anti-counterfeiting new luminescent material. Currently, the use of cation
substitution and multiple occupied sites has become a popular strategy for tunable emission. Due to the interaction between activators
and anions, the energy difference between the energy levels of the luminescent center ion can be altered. Therefore, anion substitution
can also be an effective strategy to adjust the photoluminescence performance. This article describes the preparation of
Mgz_xNaXAl48i5O18_XQX:l%Eu2+ (Q=Cl, F) by glass relaxation crystallization method, which introduces Na" sites and replaces 10*
with 2F/2CI to achieve the opening of the [Al/Si]¢O;s hexagonal ring structure, providing a rich field environment for the central ion
Eu®' to enter the 0-Mg,Al,SisO structure: Na' sites, Mg?* sites, and hexagonal ring channel sites. By regulating the Eu** occupation,
Eu’,

Methods Based on the composition of 2MgO-2A1,05-5Si0,, a series of Mgz_XNaXAlSiO]g,XQX:I%Eu2+ (Q=Cl, F) fluorescent
powders (abbreviated as 1Eu*, 1Eu*"-xNaCl and 1Eu**-xNaF) were prepared by introducing NaCl (A.R.), NaF (A.R.), and Eu,0;
(A.R.), and glass crystallization after quenching the reactants in ice water. Doping concentration: NaCl are 0, 1%, 2%, 3%, and 5%

Euf,;g and Eu}, structures are formed, achieving blue to yellow light emission.

molar fraction and NaF are 1%, 2.0%, 2.5%, and 3.0%. Weigh according to the set reactant stoichiometry, and grind the mixture
thoroughly in an agate mortar for 30 minutes to ensure even mixing. Transfer it to a graphite crucible, place it in a well furnace, heat it
up to 1550 °C at a heating rate of 5°/min, and keep it in an argon atmosphere for 30 minutes. Then, pour the molten reactants into ice
water for rapid cooling, dry and grind to obtain the precursor glass sample PG. Finally, the precursor glass sample PG will be kept in a
reducing atmosphere at 1100 ‘C for 1 hour, and then ground into a crystalline sample after cooling in the furnace.

Results and discussion When single doped with Eu**, Eu®* occupies the Mg”* and channel sites in the a- cordierite structure,
forming Euj; and Eul}, luminescent structural units. When NaF is introduced, Eu’ occupies the Na' site to form a new
luminescent structural unit Eu? . Introducing NaCl/NaF can enhance the occupation of channel sites by Eu®". When F/CI” replaces

0> and partially opens the hexagonal ring of the channel, the channel sites can accommodate more Eu®’, which makes it easier to

explain the increased EuZ’, structure formed when NaCl/NaF is introduced. When NaCl is introduced, Eu** hardly occupies the Na*
sites, while when NaF is introduced, as the amount of NaF introduced increases, Eu*" occupies more Na” sites. That is because the
stronger electronegativity of O*~ than CI", replacing O>~ with CI” can introduce more covalences in the lattice,that means Eu**- CI” has
stronger contradiction and polarization than Eu?>*—O*". Moreover, the ionic radius of CI~ differs significantly from that of O, making
the formation of Eu®>*~CI™ more difficult. Therefore, when CI” is introduced, Eu®* does not occupy the Na' sites. Similarly, when F~ is

introduced, Eu®" is more likely to occupy Na' sites. In addition, the amount of Eu®" introduced is constant, and when Na'—CI  is

2+
vac

introduced, Eu?"does not occupy the Na' sites. As the Eu?’ structure increases, the corresponding generated Eui{g structure will
decrease. As a ligand, compared to Mg*—0?", the introduction of Na'—F has a smaller steric hindrance and greater bonding ability

due to the smaller radius and greater electronegativity of F~ (compared to 0% ions. Eu?* will preferentially occupy Na' sites with
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similar radii and then occupy Mg”" sites. As the amount of NaF introduced increases, more Eul! structures are formed while the
corresponding Euf,fg structures decrease.

Conclusions The main conclusions of this paper are summarized as following. This article mainly studies the effect of introducing
Na' sites and CI/F~ substituted O*~ on the occupancy of Eu** in the a- cordierite structure. Exploring the mechanism of distinguishing
subgrain structure evolution for luminescent structural probes. By introducing Na' sites and anionic C1/F substituted 0>~ to regulate
the selective occupancy of Eu®*, temperature sensitive emission from blue white to yellow light is achieved. CI7/F substituted O*~
opens the hexagonal ring structure of the channel, which facilitates the occupation of channel sites by Eu®*. The proportion of the
formed structure increases from 33.32% to 64.89%. When introducing Na' sites, the presence of F~ increases the proportion of Eu"
occupying Na' sites to form structures to 18.63%. This series of fluorescent powders can significantly improve their thermal
quenching performance when NaF is introduced, and have superior thermal stability at 150 ‘C. This series of fluorescent powders can
be widely used in the fields of adjustable luminescence, detection, and anti-counterfeiting.
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