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PR ER/ FREEREE W NaGdF 4:3%Nd3 T
AR FURL AT LT I & S HF ™
LXE RAE By EEe

(LB, RS H6ME B E M E AL =, Ol RF B TFHAB AN, L5 100044)
(201741 A 16 HUEHI; 2017 4 3 A 13 HIZRIESH )

KR AL H & T RN T 5 nm /N 77 A NaGdF4:3%Nd3 T 9K Bk, 94 K Uk 2 1 Bk [ 2> 18
R R 7 AR TR I AR K, hF L 3 THT L 7 I 2 VR I A 2 0T DU S s> ROV K, PR RORPERE. X
NaGdF4:3%Nd>* 4% 0 44 K kL 2 51l 32 47 ) 5 A0 S o 4, 78 O FL i ok o 45 A5 bl 4 7 R A 3% 2 R 1Y
NaGdF4:3%Nd*t @NaGdF4 M NaGdF4:3%Nd3 T @QNaYFy 9K Bk, W5 T A F 75 2 5 18 0% 0 91K B
LR I FE MR, I3 P AN 5] 4% 52 45 M 90 oK UKL [0 & 6 R Readk 47 7 % LK. 7E 808 nm I 4L AR R,
NaGdF4:3%Nd3t gk ks k& 5 H A7 T 21 866, 893, 1060 nm HIVTLLAM & 5. 5% gy K BUki AR b, % 7545
FAT BRI K UL (1) 5 Ol o JBE 38 i, ¢ e A A 3G K O HLBE G 52 R 038 0, 5% 0 5 5 B0 5 398 560 5 ek 55 L 26
Famiz K. 5 E 4T F S E K NaGdF4:3%Nd* T QNaGdF 4 99K Bk 4 e, 5570 78 1)

NaGdF4:3%Nd*t QNaYF 4 G9KB0RE I 5 0 30 B 0, 5 A i K.

KR ILZLANROG, RIBZ TS, A% 5E 45K, NaGdF,:Nd*+

PACS: 78.55.-m, 78.67.Bf, 76.30.Kg, 42.70.Hj

15 =

Wi LB Z K RO RL R T H R 61 AR E
AR A AR E T SRR A, BB O — b
B EEARL, I N T AR IR R
FEOINT JEBN TR 9T S R AR 12 I e Ak
kR 2 A LA R AR R R A, b
ROt 20t Wi B e 2 AR 5 R KR KO b
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A B=01 18 A W e S AR ET N 7 TH BLUAR A A
WA RN R B s R TTIREL R, H2Z 3
AR LA TR I IR FEAR . BUAS T BA re S R A PR
fil. NA*T 8 4 R J6H R} e W USORT & 5 A T
700—1100 nm M £L40G, X — 63 B g Ak A
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H NaGdF 4 :3%Nd3* & 0y ik, I B Hkm
SrAEE T — 2 NaGdF, [F i 52 2 F1 NaYF, 57 i
72, T8I U AN [F] A% 58 BE R L AR ] 7 2 R
MK T RS 5 mth 42, BARD 4 T AA
()72 M RE L B 76 J2 B FE R 5 e PR R [ 2.

2.1 %10 4 K B KL NaGdF 4:3%Nd3t By
=954

K L UTIE #1451 mmol NaGdF4:3%Nd3+
gk kL B fE EIRGIRE T, #0.97 mmol
GdCls, 0.03 mmol NdCls, 4.0 mL &, 15.0 mL
T )UFERA I = FR T, R T iz
150 °C B 2 ¥ 53 B W TR A ;. 70 B5E A
Ja, IREVERIAEI 2 60 °C; ¥HiAA 4.0 mmol NH4F
A12.5 mmol NaOH ] 10.0 mL H 5 V4 W 2218 i A\
=R, PUEBERE 30 min; £ S SIE KRG,
FHilR % 280 °C, PUd B HE, K 40 min; 45
Ja, KR RGR R = =0, N 10.0 mL ZEE, #7H
DUVE, BS0Ja M 2% 5 38 O bt TR & W 05 e 4k
W A3 10.0 mL ¥R ke g 04,

2.2 ZELEHMKFRAE K

A EE RN T ¢ 2 B NaGdF4:3%Nd?+ @Na-
GdF, (GQ2G) gk ki st 72 EERRET,
# 2.0 mmol GdCls, 12.0 mL &, 30.0 mL +/\ /%
REMAZ RS, ARSI T Ii# % 150 °C
B2 RGE W T MR GV TG B E, IRE
WA EI 22 80 °C; 43 HIAE 10.0 mL A e th i
1.0 mmol NaGdF4:3%Nd3+ 1% 0» 44 K ki 22 18
A, PRIE$EHE 30 min, FFH CRids KT, iR 2
60 °C, K% 8.0 mmol NH,F #15.0 mmol NaOH
)15 mL F BEVE 22 12 N\ = e, PRk
$ 30 min; 5 FEEFE KT, FHRE 290 °C, K
PR, SO by SN 45 PTG I R T P P 2 R
BN O, IIN10.0 mL 28, BAEU0E, B0
JE M 2B 5538 Cbi R & I OE v Bk, s
EEA K. KRR AL 4 (GQ4G) M
1:6 (GQ6G) [F 5t 78 99 K ks LA K A% 5 BE /R L
HN1:2,1:4, F11:6# NaGdF,:3%Nd3T@QNaYF,
(GQ2Y, GQ4Y F GQEY') 5 Jii £, 78 44 K 5Ok 1) il
FIEE BRI iEAE.

2.3 MEEEFRAE

X3t By RAT S AE K FH DRADVANCE
X AT (XRD) (£ [E Braker A ), 1X#%
MAZH: Cu-KadEs, N = 0.15418 nm, &
JE 40 KV, & H I 100 mA, FHGVEE 10°—65°. 44
KR T 3 R AE K ] JEM-2100 F 3% 5t HE 45 (H
A JEOL A 7], AR 24 s d % 80 kv,
FOOPHER 0.19 nm, 470 #F% 0.14 nm, WIR} A 25°,
K AL 020000, 35 4140 Ik 45 6 1 SR AE K A 507
P Omni-A\ 300 %¢ Y66 WA (b 5 32 6 R
AT, R EUE N 808 nm 2 SR O 3% HH
FER 5 UK /nm, $R4%EA 2 nm(FEHE) /2 nm (6 HLAE Y
). FEJR I 2 R ALK A FLS920 (9 E Edinburgh
Instruments 2 7)), BUK G 400 Wi B2 AT
Xe900, 6 HLfE I, 4N 2 nm, F N
100 ps £ 10 s, PHAJEH 190—1700 nm.

3 4R 5
3.1 ¥HESEH

K1 (a) N NaGdF4:3%Nd3+ ¥ 0> 44 K B ki
XRD K, £ 5 fiT i 16 5 75 75 NaGdFy iR A
(JCPDS 27-0699) M4 &, RA AU I, KYIPr
il 45 B RE S AN A NaGdF 584, BT Nd3t 5
Gt BT REMEAKR, BB IIRERDN, SR
N+ B Ga>t 6 A7 A B 2 52 i A 25 4. R
R AR D = kA/B cos 0 AT T HFE 5 KT $ kL 42
Z1°8 4.7 nm.

Kl 1 (b)—(f) N NaGdF4:3%Nd3+ 44 >k i ki 5
At S PR RBRLE S e (TEM) Bl f. B TEM
B A AT %0, NaGdF,:3%Nd3t 4% 0 44 K ks & 57
BCIRAS, ORI &), TESR N A IR A,
KURL 58— 8 A2 FE AL HEF. %L1 (b) 9K i
LT G0k, 15 A% O GR PR R A2 2925 4.5 nm,
iR A TS ML, 5t g K R 31
B0 gl K R — 2, B 78 4 PR 5T 2 I 9K Bk
FIRifR K, GQ2Y, GQ4Y, GAQEY Al GQ6G 44k
WORLRLAE 2 2N 8, 9, 10 8110 nm, 7% /2 5 JE 4
N 1.5, 2, 2.5 F12.5 nm. 1E N A 584 — 5
0T, 5 R B G K ORI AR L, 5 5T 6 78 1 4
RFFORL 2 TR T 300 58 Sy 350 5, 3% 3 BR 75 %5 4 K R 2
ITRIELE S, 5735570 2 45 W 58 A R 94 K BRI

=
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K1 (a) NaGdF4:3%Nd3* #% 0 49K Bk XRD K 5 /5 J5 #1 NaGdFy 45 £ A (JCPDS NO. 27-0699); (b)—(f)
NaGdF4:3%Nd3* #0490k B 5 Ga2y, Ga4Y, GQY, GQ6G 9Kk TEM K

Fig. 1. (a) XRD pattern of NaGdF4:3%Nd>3*core nanoparticles and standard data for hexagonal phase NaGdF4
(JCPDS NO. 27-0699); (b)—(f) TEM images of NaGdF4:3%Nd3* core nanoparticles and G@2 Y, GQ4 Y, GQ6 Y,

G@6 G nanoparticles.

3.2 IELISN& SN

&l 2 9 NaGdF 4:3%Nd3+ 44 K kL A1 A [F] 4%
F5 45 ) 40 K UKL 7E 808 nm T ZL AN B R R I A
6. B 7E 866, 893 A1 1060 nm Ab I & 5 14 43
TR REAF g /0 B 419 /9, 11 )9, “Tig/0 KIERIT M &k
Jeid R oL TR, 7E 808 nm GIEEUL T, BT
MIEZS 41 )5 BERMEWOR BRI B F5 0 B, J5TLHE
S TR EN AT, o B, AT )0 REER S R IEIRIE 2
g2, 41110 FESL, KA T 41866, 893, 1060 nm
IPlRAR, S

] 2 m] i, 1% 56 45 H 40 oK KL 5 NaGdF y:
3%NA3 gl K Joi A 4T 06 A7 B A R, oK o0
(g A7 Ar #, H R G5R BB B 3G s, X2 W T
NaGdF4:3%Nd3T 44 K FikL () R 42 50/, LU R T
FURR, 9N K JBURL 23 77 A2 i W% SR B, 3K 228 5 A%
WA 5 BN R G B B, 90 kA= v e R S TR
G, WK Toha S BRI N 2 55, AT ARG R 6 AR
7t )2 45 F B 05 A B Na3t & o 5 A L3R

52 B 26 T >k, V8 B 31 R B (R . AN TR A g
S8, M40 T T I AR e P, DT B AIG 3R T VAR K
LR AR 0L 38 B 2 v R ) A% 5% B 1
NaGdF4:3%Nd3+QNaYF , 44 K0k 1) 5 't 58 B %
e IR, Bl % 50 BE 7R LB B 38 n, R s 2 2
15 5 9 R . X R IIAE— R R RV
W, 2502 B BB e, 5 M5 25 N3t R
ORI ERIAE BB G 58, % thiA R0 1 2 48, I
782 B L1082 nm, K650 BE Bk, X Nd3+
PRI E R BT, 5% 2 )8 FE it — 2D 3 it
N+ o T B, R I R 52 2 X NG
FEATAE— BRI S FBUR, AT R RE R
DTt TR R E g KRR S T
YK FIRL 5 6o AR AR, BRI A R 25
H T GQ6G PR BURL 1) 7 1. GQ6G 44K i
FPI kAR S GQEY YK BURLAH A, H 2650 L
GQ6Y YRR H, IX 7% BH 7 0 A% 76 45 14 1 41 K i
WA R T4 N3 R JEPERE.
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Fig. 2. (color online) Emission spectra of NaGdFy:

3%Nd3t core nanoparticles and GQ2Y, GQ4Y,

G@6Y, GQ6G nanoparticles.

1.0

. 3+
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Fig. 3. (color online) Decay curves at 866 nm for core
NaGdF4:3%Nd3* nanoparticles and GQ2Y, GQ4Y,
G@6Y, GQ6G nanoparticles
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3.3 RNATRABIL

K34 H 7 NaGdF4:3%Nd3 #% 0 44 2K J5i ki
5458 G MG R N3 B8 7 1F 5 RE I 52
W 2R (A\ox = 808 nm, Ae = 866 nm). Nd>*
R IGH O AE AF 5 o B8 AL I 32 Bl A5 W] A3 9
oy U NN T2 AN 5 2 B R
H, oS FRARRT 218, A dArid N K
L2 TH P N3+ | - 2 1 SR B 1R 4 B 32 e i 72
FART R, N HF A it N . Ik 2 R A B
HRE T = 1o + (Ayexp(—t/71) + Az exp(—t/T2))
AT LA, KR TRARNEEE, A, A WLES
H, AR M BT BCE. N3 P2 5 Al iR 5
Tav = (A172 + As13) /(A1 + Agmo) AR HAE
FIL PLAERINAER L F. NaGdF:3%Nd>3t 44

KITRLI Y75 6 Ty = 50 ps, FOCFHMESE, X
JE HI YRR IO 2 RSO BT 51 A2 ). (A% e 45 i gk
TR 7 i B R SR IAE PE ST 2 BRI A AR
1 NaGdF 4:3%Nd3+ R EkL, BRSSP KAEH,
PE A etERE. M T NaGdF.:3%Nd3t #Z 044
KIBURE, A% 52 45 1 4R K SR PR 2 9308 3 B o5 EL Al
A/, BT A 1 5 2 B AR R RORE 2 TR JE K ARG
Wb, B TR IR R, TR RN R e O R
VB FH R T 486 o R 5 ek ok BT o B A8 R R sk
P FE iy G K.

3.4 [REHH

SRR & 9K BURLAR L, i 7o 450
YRR K. XS B Rl 5
SR R BURL 1 R PR BEAR T [F) o A% 7 45 R 4 oK
UL I AR L. — 5 T & B2 AE A NaGdFy #%
O PR URL R AT B I, 5% J2 AR KO R 1 B
FLIR AL A K LER 16181 52 2 AT B AR 2 2 K
1% AR KR /IR, 5 T A0, 7 A A O K R I
TEF ALY, BT 7S NaGdF, Boe i w
e 1) R IR SELE Rk 2 %, s A K
BN — BIGeKRL, 5865 4 52 2 B SRR AN R
HMIEAE K AEAZ O gk b, AT R 43 5 2 A
A TE R BB PO, A 06 % o0 2909 2K L 36 T
# NaYF, 7=, HT /877 NaGdF, 5 NaYFy
SHMEAK (NaCdFy: a = 6.02 A, ¢ = 3.60 A;
NaYFy: a = 5.96 A, ¢ = 3.53 A) "), NaYF,5%
F A EK, NaYFy fae M NaGdF, ik, H
B T ## NaYFy 5% )2 50 9K 16 B B I &, Al
3 NaYF, G5 58 4= B3 7F NaGdF 4 1% O 40 K kL
P R A R R R A% S R AR
FH 2 T3 #:, NaYFy 52 )2 oy Y3+ 2 i@ 47 6
YERHEN NaGdF 4 0, BUR GA3F fg & Az, BT
Y3+ B AR L GA3T /N, A3 G R BURL R T £
B RD, AT S E R IR TR F- &1
) 9K UKL 2R THT 9 HIGE =, Ik 7 e B A P
PETE T GKIURLSh i B2, BRE AT b el b it 4 R
AR AR, RS OO e R E A, A B TR
AU R et RE. S — 7T, £F 808 nm Wi
KN, NA3F Z [AAAEAE SR ILE (*F 305 *1g/2)
— (*Tisj2; *isy2)), NaYFy 78 2 LALK S 16
7 22 Re D % 5 F T AL N3t 148 st B
% P31 b Na3T 7R 40 AN X ) &k, 3R Nd3 78
WA AN R HERCR.
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£ 1  NaGdF4:3%Nd3T 1% 0 g4 K Biki 5 % 75 45 1) 44 K ks
DO e
Table 1. Lifetimes at 866 nm for core NaGdF4:3%Nd3+

nanoparticles and core/shell structured nanoparticles.

T1
T1/us . T2/us . Tav/ps
proportion proportion

NaGdFy4:
89 32 33 68 50

3%Nd3+
G@2G 222 63 83 37 197
GQ@4G 255 70 93 30 233
GQ@6G 275 78 81 22 260
G@2Y 265 58 134 42 234
GQ2Y 295 71 158 29 279
G@2Y 320 78 155 22 300

4 &% ®

AR BRI e ik & T kiR /N T 5 nm
#7575 M NaGdF4:3%Nd3t gk ik, 7 808 nm
HeBR T, KA H AL T 21866, 893, 1060 nm 4k [
ILLAMG. BN RO 3R TH S N3 T R
LG sz, A8 T — € JE R NaGdF, I NaYF,
Pk Fe 2. I A R B, B TR
TR N, % 5 45 R G OKRIURE () R e B e 1Y
RS IR IS, MR RN 2 nm B, RS
TEGR . (A B X NaGdF 4:3%Nd3t #2094
SR SBURL R AZ 72 225 K60 99 K JURE 2 98¢ 1 28 68 L 43 BT %
B, 96 FF A bEE 5T 2 R I R IE A K.
IR 1 72 2 10 AL e 5 AT A5 kb 9 9 oK kL
RIMBRBENT RO RIS, & m R JerERe. R,
TR AL NaYF 18 M 7 2 5 A BT 32 s 4 K Bk
MR JEPERE. 35 NA3T A% 70 45 W 40K B0 B 6 S IR
I LLAMBOR R L1 A0 K5, A8 AR B 2 5 0k mT fig
HAA T 1) R 5

SE

[1] Weissleder R 2001 Nat. Biotechnol. 19 316
[2] Wang F, Banerjee D, Liu Y S, Chen X Y, Liu X G 2010
Analyst 135 1839

(3]

(4]

(5]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

107801-5

Wang X, Xiao S, Bu'Y, Ding J W 2009 J. Alloy. Compd.
477 941

Zhan Q Q, Qian J, Liang H J, Somesfalean G, Wang D,
He S L, Zhang Z G, Andersson-Engels S 2011 ACS Nano
5 3744

Gao W, Dong J, Wang R B, Wang C J, Zheng H R 2016
Acta Phys. Sin. 65 084205 (in Chinese) [iff, ®%, =
Tild, TR, MR 2016 YH ¥R 65 084205)
Ntziachristos V, Ripoll J, Wang L H V, Weissleder R
2005 Nat. Biotech. 23 313

Chen G Y, Ohulchanskyy T Y, Liu S, Law W C, Wu F,
Swihart M T, Agren H, Prasad P N 2012 ACS Nano 6
2969

Smith A M, Mancini M C, Nie S M 2009 Nat. Nanotech-
nol. 4 710

Tallury P, Kar S, Snatra S, Bamrungsap S, Huang Y F,
Tan W 2009 Chem. Commun. 7 2347

Zhou C, Long M, Qin Y, Sun X, Zheng J 2011 Angew.
Chem. Int. Ed. Engl. 50 3172

Xie D N, Peng H S, Huang S H, You F T, Wang X H
2016 Acta Phys. Sin. 63 147801 (in Chinese) [#i# ], &
dhi, B DT H, EANT 2016 YA 63 147801]
Vetrone F, Naccache R, Mahalingam V, Morgan C G,
Capobianco J A 2009 Adv. Funct. Mater. 19 2924

Yu F D, Chen H, Zhao D, Qin G S, Qin W P 2014 Chin.
J. Lumin. 35 166 (in Chinese) [T/80&, Bk, B+, 2
ft, ZfEF 2014 K2R 35 166]

LiX K, You F T, Peng H S, Huang S H 2016 J. Nanosci.
Nanotechnol. 16 3940

Xie D N, Peng H S, Huang S H, You F T 2013 J. Nano-
mater. 2013 891515

Naduviledathu Raj A, Rinel T, Haase M 2014 Chem.
Mater. 26 5689

Wang J, Song H, Xu W, Dong B, Xu S, Chen B, Yu W,
Zhang S 2013 Nanoscal. 5 3412

Mai H X, Zhang Y W, Si R, Yan Z G, Sun L. D, You L
P, Yan C H 2006 J. Am. Chem. Soc. 128 6426

Wang F, Han Y, Lim C S, Lu Y, Wang J, Xu J, Chen
H, Zhang C, Hong M, Liu X 2010 Nature 463 1061

Lei L, Chen D, Huang P, Xu J, Zhang R, Wang Y 2013
Nanoscale 5 11305

Huang K, Jayakumar M K G, Zhang Y 2015 J. Mater.
Chem. C 3 10267

HuP, WuXF, HuSG,ChenZH, Yan HY, Xi Z F, Yu
Y, Dai G T, Liu Y X 2016 Photochem. Photobiol. Sci.
15 260

Bednarkiewicz A, Wawrzynczyk D, Nyk M, Strek W
2011 App. Phys. B 103 84


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1038/86684
http://dx.doi.org/10.1039/c0an00144a
http://dx.doi.org/10.1039/c0an00144a
http://dx.doi.org/10.1016/j.jallcom.2008.11.012
http://dx.doi.org/10.1016/j.jallcom.2008.11.012
http://dx.doi.org/10.1021/nn200110j
http://dx.doi.org/10.1021/nn200110j
http://dx.doi.org/10.7498/aps.65.084205
http://dx.doi.org/10.7498/aps.65.084205
http://dx.doi.org/10.1038/nbt1074
http://dx.doi.org/10.1021/nn2042362
http://dx.doi.org/10.1021/nn2042362
http://dx.doi.org/10.1038/nnano.2009.326
http://dx.doi.org/10.1038/nnano.2009.326
http://dx.doi.org/10.1002/adfm.v19 :18
http://dx.doi.org/10.1166/jnn.2016.11818
http://dx.doi.org/10.1166/jnn.2016.11818
http://dx.doi.org/10.1021/cm502532r
http://dx.doi.org/10.1021/cm502532r
http://dx.doi.org/10.1039/c3nr34282d
http://dx.doi.org/10.1021/ja060212h
http://dx.doi.org/10.1038/nature08777
http://dx.doi.org/10.1039/c3nr03497f
http://dx.doi.org/10.1039/c3nr03497f
http://dx.doi.org/10.1039/C5PP00310E
http://dx.doi.org/10.1039/C5PP00310E

) I8 % 48 Acta Phys. Sin. Vol. 66, No. 10 (2017) 107801
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Abstract

In recent years, considerable researches have focused on the upconversion phosphor nanoparticles in the application
of biomedical imaging, which emit visible light. Nevertheless, these kinds of nanoparticles limit the light penetration
depth and imaging quality. The Nd** doped nanoparticles excited and emitted in a spectral range of 700-1100 nm can
overcome those shortcomings. Furthermore, considering the applications of rare earth nanoparticles in biomedical imag-
ing, smaller particle size is needed. However, the luminescence efficiencies of nano-structured materials are lower due to
the inherent drawback of high sensitivity of Nd** ions to the surface defects. So, it is of vital importance for introducing
a shell with low phonon energy to be overgrown on the surface of nanoparticles. According to the ratio of core material
to the shell, core/shell structured nanoparticles are separated into “homogeneous” and “heterogeneous” nanoparticles.
And the shell material may influence the luminescence performance. In few reports there have been made the compar-
isons of luminescence performance of Nd®T between heterogeneous and homogeneous core /shell nanoparticles. In the
present work, small-sized hexagonal NaGdF;:3%Nd** nanoparticles with an average size of sub-5 nm are synthesized by
a coprecipitation method. To overcome the nanosize-induced surface defects and improve the luminous performance, the
NaGdF4:3%Nd>" nanoparticles are coated with homogeneous and heterogeneous shells, respectively. Core/shell struc-
tured nanoparticles with different values of shell thickness are synthesized by using the core/shell ratios of 1 : 2, 1 : 4
and 1 : 6. The luminescence properties of the prepared nanoparticles are characterized by photoluminescence spectra
and fluorescence lifetimes. Under 808 nm excitation, the NaGdF4:3%Nd>" nanoparticles exhibit nearinfrared emissions
with sharp bands at ~866 nm, ~893 nm, ~1060 nm, which can be assigned to the transitions of 4F3/2 to 419/2, 4F2/3 to
44, /2, respectively. The locations of emission peaks of the core/shell nanoparticles are in accordance with the those of
cores while the fluorescence intensity increases significantly. In addition, the average lifetimes of Nd** ions at 866 nm of
core/shell nanoparticles are longer than those of the cores, which indicates that the undoped shell can minimize the occur-
rence of unwanted surface-related deactivations. Notably, comparing with the homogeneous NaGdF4:3%Nd3*@NaGdF,
nanoparticles, the fluorescence intensity of heterogeneous NaGdF4:3%Nd3>* @NaYF, nanoparticles is enhanced and their
lifetimes become longer. It is due to the low stability of hexagonal NaYF4, which suppresses the nucleation of the shell
precursor and makes the shell able to be fully coated on the core. The decrease of electron charge density on the surface
of core/shell nanoparticles is also beneficial to shell growth and crystallization. The high crystallinity of heterogeneous
core/shell structured nanoparticles can eliminate negative influence of surface effect more efficiently. In addition, the
phonon energy of NaYFy is lower than that of NaGdF4, which leads to low possibility of non-radiative cross-relaxation
a*t

between N ions, thereby improving the luminescence efficiency in the near in frared emission.
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