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Controllable Synthesis of Monodispersed Middle and Heavy Rare
Earth Oxysulfide Nanoplates Based on the Principles of HSAB Theory
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Abstract Based on the theory of hard and soft acids and bases, trivalent ions of middle and heavy rare earths belong to very
hard acids, which possess weak affinity towards S*~ ions but strong affinity to O ions. So it is difficult to synthesize middle
and heavy rare earth oxysulfide nano-materials through the thermolysis method in high-boiling-point organic solvent. In this
article, monodispersed oxysulfide nanoplates of Y, Eu, Gd, Er and Yb were synthesized through this thermolysis method we
developed. Both sodium-doped and undoped rare earth oxysulfide nanoplates could be prepared, and the doping of sodium
ions could promote the crystallization of the nanoplates. Rare earth acetylacetonates were used as metal precursors and H,S
gas as the sulfurizing reagent. The reactions were conducted in oleylamine at 280 ‘C for 1 hour. The thermogravimetric
analysis of the precursor showed that the initial decomposition temperature of the rare earth acetylacetonates is about 200 C,
which is much lower than that of rare earth oleates. The transmission electron microscopy observation and energy dispersive
X-ray analyses of the intermediate products during the synthesis of the nanoplates showed that rare earth oxide nanoplates
formed firstly at about 220 °C, and these nanoplates transformed to oxysulfide nanoplates gradually during the temperature
ramping period. Density functional theory calculation was used to compare the total free energy of the oxide and oxysulfide
of different rare earth elements. According to this thermodynamical comparison, we concluded that, from light rare earths to
heavy rare earths, higher chemical potential of sulfur is needed to obtain the oxysulfide rather than oxide. On one hand, H,S
gas has higher sulphurizing power than sulfur. On the other hand, a comparatively low reaction temperature favors the dis-
solving of H,S in oleylamine. As a result, the chemical potential of sulfur in synthetic system could be effectively increased
by using rare earth acetylacetonates as the precursors instead of rare earth oleates, and using H,S gas as sulphurizing agent
instead of sulfur, which made it possible to prepare middle and heavy rare earth oxysulfide nanoplates in oleylamine. Fluo-
rescent measurements showed that as-synthesized Y,0,S:Eu nanoplates could emit red light under 251 nm ultraviolet light
excitation. For Y,0,S:Eu nanoplates, the fluorescence life time was shorter and quantum yield was lower in comparison with
the corresponding bulk counterpart, possibly due to its much higher portion of surface atoms as well as lower crystallinity.
Keywords rare earth oxysulfide; nanomaterial; liquid synthesis; density functional theory calculation; fluorescence
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Figure 1 TEM images of RE,O,S and Y,0,S:Na nanoplates
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Figure 2 XRD patterns of RE,O,S and Y,0,S:Na nanoplates
The XRD patterns are compared with the standard diffraction peaks of corre-

sponding RE,O,S crystals without Na dopant. The corresponding JCPDS card
numbers are also listed.
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The solid line stands for the weight of the sample and the dashed line stands
for the derivative of the weight with respect to the temperature
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Figure 4 TEM images of the as-obtained nanoparticles at different
temperatures during the heating process in the synthesis of Y,0,S:Na
nanoplates.

(a) 220 C; (b) 240 C; (c) 260 °C; (d) 270 C; (e) 280 C; (f) final product
keptat 280 ‘C for 1 h
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Figure 5 S Y ! Na mole ratio of the nanoplates taken out at different

temperatures during the heating up period and the final product obtained
from EDS analysis
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Table 1 The value of [A{Gn(RE20,S)—AiGn(RE;05)] for La, Y and Lu
obtained through DFT calculations

AGn(RE;O28)  AfGn(RE203) - AlGn(REZ0,8) — AiGn(REO3)

RE /eV /eV /eV
La“ —16.1 —174 1.3
La:Na“’ 1.1
Y —15.9 —17.8 1.9
Lu —15.7 —17.8 2.1

“ These data are extracted from ref”. ® La:Na stands for sodium doped
La,0,S and La,Os. The data mean the lower limit of (us—uo) to thermody-
namically stabilized La,0,S:Nais 1.1 eV.
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Figure 6 Fluorescence spectra of the as-synthesized Y,0,S:Eu nano-
plates and the corresponding bulk counterpart

The left part is the excitation spectrum and the right part is the emission spec-
trum. The solid lines stand for the spectrum of the nanoplates and the dashed
lines stand for that of the bulk counterpart. Both of the excitation spectra of
these two samples were obtained at the emission wavelength of 625 nm. The
emission spectrum of Y,0,S:Eu nanoplates was obtained at the excitation
wavelength of 251 nm and that of the bulky sample was obtained at the excita-
tion wavelength of 350 nm
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T AR S T R AR A D).

3 4

A TTAE I i Pt SR R R B A, LARR
RN, ARG 2 T BRA ARSI
i LB AR, B Y,0,8:Na 4R ], 75K
PRIRFE I BT S JO A P TP 0 (R 6 36 20 4 SRR W,
Wi+ BRI R 7R 220 C &R AMR, 58RI
TEACI AR, AEBAC SR s, B
JFETE i, AR BRTCER (1 ELZ A T, £E 280 C4%
PFMER 1 b o] DS BIGRAEAIIA0RB.  Z ph Hie
TR, WEM LRI ER L, SRR R R
SETEB AR, TERE D IE S E AT 3R, A S
B ITIEAT AR T RONVAR R TR C S AL S, AT
SCBL T P E A ORI A . BT
Y,0,8:Eu QKM AT LA —FHEL IO 90K MR L
WAIRPEIAA L, LTGRO MRS B =2 K R R
(KI5 AR B AR S AT T AR A, FL9 e 75 dr e A
PR, 7 S RMIG. PIOUIE I A R
Y,0,S:Eu ZHRAR A i MR J5E oI o 71 5 4% e 4 4 mT LA
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PRI N SO s i oA o 0 M NI RS Rt
RIS RHR 9 T, I E R iR
AU EAT N .

4 FKHERS
41 HIWMENIAKRIRE K
4.1.1 #it TEEABR A,

it (Y, Eu, Gd, Er F1 Yb) Z B A B £5 115 il 775 i
225 SCHR[33] 0 I A T VA s k. BB R 10
mmol i+ 4L HI(RE,O05) 5 40 mL L3 1 /KIRE, #id:
FINAEER R, 98 LAWY 8.01 g LWEANETL 40 mL
EETRES, B FMEKEARNDH. BORRS
JEINE K S pH A3 6~7 ZIa), 15U, WUk E,
VUVE LB T OKIEB PR, 60 C T, 1EhE R
INAIUENEEEN
4.1.2 i L ARBACH 4 KA A B,

0.5 mmol #i - L E L 10.78 g Wiz,
100 ‘C FELZF 47K 20 min. [ iV TR TP RFEE SN 20%
AL A S 80% A MR Ak, AR EN 60
mLemin~". BFIMERARLL 20 ‘Cemin™" 1) T35 5 n 4
F280 C, PR HARELER/E 280 °C 1 h, AR5 ARA
PSIERET

R 25, A 50 mL 40, #R
ErBGE AL FEZ )4, PL 7800 r/min [ 250 10 min,
Fr2 BIEW. DU IR b - SRR G FITES, B
Iy L FIEW, DU DR G BT, 19 30 1+
iR &Y/ ENPIS T8Il N2 i N 73 G 2 Ny o AL LB
A,

SOV JEURFR NN 0.302 g SR, KA &
BT, 1T LA A B8 2 R L A 4 K AR

L 0.48 mmol ZEEAEIELFN 0.02 mmol ZFk A Ei%H
VER R L Rr ok gk, RAM R A 5k, wf LA ks
Y,0,S:Eu KAR.
4.2 BIRKEARFIE LA KRS RERRIE

JITA FEGH ) TEM R AEAE JEM-2100F 5437 K 5 43
HEE T BABE(JEOL, H A EREAT, s v i Ay
200 kV, JFAC % 7 EDS FALAfF. XRD AL
D/max-2000 ! X 5 2 ¥y RATHHMN (Rigaku, HA) FiEAT,
fEFT X 46K Cu-Ka 28, ¥4 40 kV, EHHM 100
mA, FAHHEE A 4 ()emin™', FRAETEE A 1/2. LEEA
ORI V2.60 TA #EE 220 H7 4% (Universal,
EH) LT, FEMAERSTLL 5 Comin™ (IS NE
AR S 1200 °C, FTHZ YA a-ALO;. Y,0,S:Eu 4
KR FR e 2 O % AR AR M )1 2% 5 6 1% R AE AR
F-4500 %56 (Hitachi, H %) FHEAT, Sl AR
1T, I A 150 W, w584 0.2 nm, 7E%= i FIEK, %
KRR B B 88 58 FE I 2.5 nm. 9% FF iy £ AL AE
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FLS920 Y[t & F8 7 %¢ 61 {X (Edinburgh Instruments
Ltd., SE[E) Eognk, Wi o8 F . PLQY & 7E
Nanolog FL3-2iHR A £ 4} % )t £ 4 Ml ik 5 4t (Horiba
Jobin Yvon, 7A[E) 58k,
43 BHIMENMREUIERNEER DFT HE
FOTNEE Rt S8 A ) B S8 A 1) A PR )% B2 R
PR T 5AE Vienna Ab-initio Simulation Package (VASP,
version 5.2)PY B HEAT. SR OB I A (generalized
gradient approximation, GGA), A ¥t ¢ iz #& >k H
Perdew-Burke-Ernzerhof (PBE)Z i1, %2 o 44 5%
25 I 7 v 4k ¥ (projected augmented wave, PAW)P).
JIT R IR T RE 4 (P A BT e 4 500 eV, THEEFE N B
SEHHT B AR, Ui RS EU R T AR R, KRG
XA G 45 AT F R T . St & S5kt
BB I PR AE R 2R T 107 eV, HFHEH
W Ia SIS AP K e 25T 107 eV, HLk
RE VTSI %5 . A Ve S ia S I S A o P IR e &
ZEART 107 eV, X T Y 0,8 Rl Luy0,8, T A 2/
J7tiL, SRR P-3ml (Y,0,S: JCPDS 24-1424, a=
3.784 A, c/la=1.741, Z=1; Lu,0,S: JCPDS 26-1445, a=
3.707 A, c/la=1.751, Z=1), A L X H 11 k SR
5X5X3 [#] Monkhorst-Pack PI#%. X+ Y,05; Fl Lu,Os,
PR BT R, 2 IABEA Ta-3 (Y,05: JCPDS
25-1200, a=10.604 A, Z=16; Lu,05: JCPDS 12-0728,
a=1039 A, Zz=16), WX PH £ SHIEKH
3X3X3 [f] Monkhorst-Pack FI#%. HAb, 4. 5. 5
T B BT I FR R RE AT H e AT 1ok, &5 R 1t
R e/ e R e /[ S A= (EPEs N iy e 4 R = R
R TE LA [ 1 oo & i A AL ) A A A P i A e
BV 2%, DRITAS S0 LA 5 S = AR s .
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