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Figure 1 Crystal form of rare earth sesquisulfide [8].
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Figure 2 Crystal form of binary rare earth sulfide (color online).
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Figure 3 An overview of structural types in MRES,(M=Li, Na, K,
Rb, Cs, TI) structures at room temperature [18] (color online).
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Figure 4 Preparation methods of rare earth sulfide (color online).
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Comparison of preparation methods of rare earth sulfides
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Figure 5 A schematic illustration of the experimental setup for
preparing Sc,S; by CS, sulfuration [34] (color online).
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Figure 6 SEM photographs of samples after calcination and sulfurization (The sample number, size of precursors and preparing temperature are

labeled in each photograph) [36].
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Table 2 Particle size of starting material and minimum sulfurization temperature required for single Ln,S; phase (sulfurization time: 8 h) [38]"
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Eu,0, 3.5 800 EuS EuS,, EusS, 0.52 0.05
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Figure 8 Vapor deposition method. (a) Molecular structure of the
precursors [Nd(dpdmg);] and [Nd(dpamd);] and the photoluminescence
measurement of y-Nd,S; thin film [73]; (b) schematic of the
experimental setup for the synthesis of 0-Sm,S; nanowire films [74]
(color online).
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Figure 9 Preparation of precursor Ln(acda);(phen) (Ln=Nd, Sm, Eu,
Tb, Yb) [77] (color online).
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Figure 10 SEM of rare earth sulfide with different morphologies. (a)
Flake-like [48], (b) plate-like [52], (c) rectangular rod [58] and (d) wire
bundling [74] (color online).
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Figure 11 Synthesis of nanostructured EuS by precursor solid-state
thermolysis and solution phase thermolysis [77] (color online).
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Figure 12 Coating treatment of rare earth sulfide. (a) Experimental
process schematic of the preparation of silica coated y-Ce,S; pigments
[88]; (b) schematic diagram and advantage of a core-shell configuration
of Ce,S;@ZnO0 [104]; (c) schematic diagram of the synthesis process of
aluminum-based y-Ce,S; composite red pigments [115] (color online).
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Table 4 L*, a*, b* values, chromatic coordinates, purity and photos of samples with different SiO, shell thickness SO (uncoated), S2 (60 nm), S4

(35 nm) and samples after different heat treatment [88]” (color online)

Y5 L* a* b* (. ») iy

S0 36.49 46.85 36.77 (0.5739,03512) ==
$2 35.15 4437 36.97 (0.5538, 0.3574) -
sS4 35.88 45.06 36.47 (0.5597, 0.3545) -
S0-700HA 32.88 39.08 3571 (0.5379, 0.3636) ™
$2-700HA 32.92 36.89 33.14 (0.5263, 0.3609) 2 Al
S4-700HA 33.01 37.53 33.66 (0.5302, 0.3587) -

S0-700HA-450air 73.87 0.86 1158 (0.3403, 0.3565) ,
$2-700HA-450air 32.67 34.66 30.82 (0.5189, 0.3487) | S
S4-700HA-450air 30.92 32.09 30.00 (0.5047, 0.3521) -
$2-700HA-550air 29.59 27.53 27.66 (0.5144, 0.3429) -
S4-700HA-550air 15.10 13.96 11.00 (0.4533,0.3551) |- 2d]

a) 700HA T HTET700°C A ER

AARTES2FE M ET00 C EE IR A IR K2 h)5, FRE450C iRk

AR K2 hEES, 450 airfl1550 airdd & NTE450M1550°C 255, B KA, B4, S2-700HA-450%%

5 ZEAEY-Ce,S,@SiOMFERE . JLRSIH BRI
Table 5 Shell thickness, amount of element Si and microporosity of multicoated y-Ce,S;@SiO, MPs [114]

BE K SFFERIEEE (nm) SITREE (Wi%) AL (FL42<2 nm) (cm’ g7)
—K 70 2.53 0.0069
BHIR 100 3.36 0.0038
= 140 493 0.0023
fH 25 S10,(c-Si0,) L8 St 45 4L I 41 thy-Ce, S BRH AT HRER I N 7 7).
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Table 6 Treatment methods and properties of rare earth sulfide pigments in recent years
G JEAL S USLISRPR A IR EE PR LA S0k
1 Li,CO,/Ce0, Li'h4 900°C 450°C [96]
2 K,CO,/Ce0, K544 840°C 420°C [90]
3 Ca(NO,),"4H,0/R(NO;);-6H,0 Ca™' B2k 900°C - [97]
4 Ce0,/CaCO, Ca B2 900°C 490°C [92]
5 CeCl;-7H,0/CaCl,-2H,0 Ca’' B2k 900°C - [93]
6 Ce(NO;);6H,0/St(NO;), S Bk 900°C - [94]
7 Ce(NO;);-6H,0/Sr(NO;), S Bk 900°C 400°C [89]
8 Ce(NO3);-6H,0/Ba(NO;), Ba” 152k 900°C 440°C [95]
9 Ce(NO);-6H,0/Ba(NO), Ba’{5 J<NH,FAL B 900°C NH%_FF%EE rg% [91]
10 La,05/Ce0, LaiBt - rﬁﬁégﬂﬁrfjﬁ + [45]
11 CeCl;-7H,0/Pr 0y, PriB 900°C 470°C [100]
12 CeCl;-7H,0/Eu,0; Euis 900°C - [99]
13 Ce(NO;);-6H,0/Sr(NO3);/Dy(NO;);-5H,0 St /Dy’ HtiB 2K 730°C 410°C [101]
14 Ce(NO,);-6H,0/Ba(NO;),/Sm(NO3);-6H,0 Ba®"/Sm 345 2% 850°C 440°C [103]
15 Ce(NO5);-6H,0/Ba(NO;),/Y(NO;);-6H,0 Ba®' /Y 35 24 850°C 440°C [102]
16 TEOS/Ce,S; Sio, U7 - 450°C [106]
17 TEOS/Ce,S; SiO, H.75% - 450°C [105]
18 TEOS/Ce,S; Sio, .7 - 550°C [108]
19 TEOS/Ce,S; Sio, & - 550°C [88]
20 TEOS/Ce,S; Sio, fu.7 - 570°C [114]
21 TEOS/CeO, Si0, . 800°C - [116]
22 Z1(S0,),-4H,0/Ce,S; ZrO, 7 - 380°C [107]
23 Zn(Ac),-2H,0/Ce,S; ZnOW7E - BR8P H,SFEE [104]
24 Zn(Ac),/Ce;,S; ZnOtH - 3 80;({3 2/ fgﬁ)&/" [112]
25 (K,Na,_,)Ca(AlSi,)Oy/Ce,S; TCEWE - 500°C [113]
26 mica/Ce(NO;);-6H,0 =R - 550°C [122]
27 mica/Ce(NO;);-6H,0/Y(NO;);-6H,0 Y2, £ aE 850°C 500°C [121]
28 mica/ Ce(NI\?ézilgil)zféﬁgos)s‘6HzO/ Y}g%@ig *, 800~900°C 380~400°C [119]
29 mica/Ce(NO,);-6H,0/La(NO;);-6H,0 La 2%, =8 850°C 550°C [123]
31 TEOS/Sr(NO;),/Ce(NO3);-6H,0 SETB A, Sio, A - FULIRLH 479°C [117]

A 883°C

WrES mV s HEFEE N AG256 F g 1 A
75 Wh kg™ (s e L, 100016 R J5 FasE 1A
85%. XK1 B M Na, SO, MKOHIE RN, B KL

B4 358 FI1T0 F g~', FLE/K M AR h ifICV
ML 14 R, b, PatilZP B FHCBDHI& T
La,S,# I, R T AP IB KA La, S, L. R
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B 13 FEEAYRIR. (a) BRCHIIE; (b) BZE; () ABS
R (d) BERRARL

Figure 13  Application of rare earth sulfide pigment. (a) Plastic track;
(b) colored pencils; (c) acrylonitrile butadiene styrene plastic; (d) silica
gel materials (color online).

TS AN MRS A REI. 100 mV s~ I HE T,
1B KT JE I La, S5 HLAR Y 1) 5 K LG LS 43 0l 244 0
294 F g7', 1000 1E ¥ J5 25 B A7 55 43 1 9 85%
89%. I ILIR K FT 3RS B i Bl FL 2, B AR 1

F T A RHR LB AR P B FUR I e A S R LAY

La,S; MR I AE S0, IREI T B T8, fEiRKJE,
La,S; MR AR N 4%, 47 3% 1 1 LR AE F% 08
fFESFBE B R, M4 = La,Ss bk i AL 2
PERE. [FIR, PatilZ ] % 7 3£ La,S,/LiCl10,-PVA/La,S,
(PVARTR ZIG R E B Ion 25 280, L 2s-25 i A
£ W], La,Sy/LiClO,-PVA/La,S,A 2 Fi 75 4% 2 A1F-7E
ST R A RS LR BUAF RO AL AR, 785 mV s~
R R, LA N33 F g, 1000765 & 145
HIRFFENT3%.

Lokhandeifft 120”453 51l FH CBDi: MISILAR i
il 1 49K AR Sm, Sy I AN 2 £1.Sm, S, i, CBDi%
il 2% A K FotR Sm, Sy A, K P38 58 A
60~80 nm, HAEKHILRT. 9K E )
EAHE b, FERCERIN, I b SRR 0 Ay H e o 8 1
708 R R RN B AL T T 22 B A6 A
J7 (8 . AR I BT () A A PR R, B S
(213 F g7'). AEE % (39.39 Wh kg™ ') Fl Ty % 2% i
(4.33 kW kg ™), H10007K 73 Ja 75 B AR 5 5 N81.47%.
SILARVE ] £ 1 Sm, Sy i IR 2K [ 2 04 55 IR 2 AL&5 1), fL
FR TR BPT g5 TR I A2 H H FIHL S S 3% A K,

Table 7 The comparative results of electrochemical properties of rare earth sulfide film electrode of recent yearsa)

g5 R il 7% HaL R bR (Fg™)  HAEE (Whikg™) HIiR kWke)  EHMERE S0
1 La,S; SILAR 1 M LiClO,-PC 256 75 12 85% [60]
2 La,S; CBD 1 M LiClO,-PC 244 72 6.5 85% [57]
3 La,S;  CBD-Z<JEK 1M LiClO,-PC 294 82 6.5 89% [57]
4 La,S; SILAR 1 M Na,SO, 358 35 126 78% (50 mVs™)  [61]
5 La,S, SILAR 1 M KOH 170 23 1.9 74% (50 mV s [61]
6 Sm,S, SILAR 1 M LiClO,-PC 294 50 72 89% [62]
7 Sm,S; SILAR 1 M LiClO,-PC 294 48.9 (0.5 mA cm™) - - [63]
8 Sm,S; CBD 1 M LiCIO,-PC 213 39.39* 4.33% 81.47% [59]
9 Sm,S; SILAR 1.5 M LiCIO,-PC 248 54.6% 15.6* 94% (1500th) [64]
10 Ce,S; CBD 1 MNa,SO, 726 2mVs™) 3664 (1mAcm™>) 1.038(ImAcm™>)  93% (2000th) [58]
11 CeS, 7K i 0.1MKOH 1030 (10mVs") 32(Ag) 250 (1A g™ - [127]
12 CeO,/CeS, K 0.1 MKOH 402 (10mVs 212(1Agh 303(1Ag" - [127]
13 GOMLasS, SILAR 1 M Na,SO, 312 - - 94% [65]
14 GO/Sm,S, SILAR 1 M Na,S0, 360 - - 88.14% (2000th)  [66]
15 La$, TR 1 M Na,SO, 121.42 - - - [48]
16 YDb,S; KA 1 M Na,SO, 270 - - 79.5% [49]

a) R AA RS, AR RIIES mV s~ R S,

mV s~ R AR 100003545,
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B 14 SILARMHIZIILa,S; % 765, 104 S0RI100 mV s~
FIF3HE R, 1 M Na,SO, (a)f11 M KOH (b)H R ICV i
2% (c) 165 mV s FIHE FHCVIIZ L, (d) LA s
A G L (R 2 AR )

Figure 14 La,S; electrode prepared by SILAR: CV curves recorded at
various scan rates of 5, 10, 50 and 100 mV s™' in 1 M Na,SO, (a) and
1 M KOH electrolytes (b). (c) The comparison of CVs at 5 mV s™' scan
rate, and (d) specific capacitance against scan rate [61] (color online).

TR S), FE1~3 ym 8], I FLAE A HEHE,
TR A 28 K, W A SR A 5 7 TR SR it T
JIE. 1 M LiClIO«-PCHLfRWE T, HmAKLLHEREN
294 F g™, 21000 G B R 52 P AR F7 7E89% LA
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248 F g™, 1500 I 25 B A 22 194 %.
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FN93%. HATHAHHR,=2.59 Q, LR Bk [HR =
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FHnE, SABCEMAE—, XAREECAMILEST RIF
PR PE REFN A5 MR BB I 5 B (R 2 —. SRm, JR A it
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Figure 15 Electrochemical properties of MoS,, Ce,S; and Ce,S;/
MoS, composite materials. (a) First discharge voltage curves; (b) rate
performances curves; (c) cycling performance curves; (d) electroche-
mical impedance spectra (EIS); (e-g) CV curves of MoS,, Ce,S; and the
C4M1. (C6M1, C5M1, C4M1 and C3M1 refer to the cation ratio of
Ce,S;/MoS, composite materials (Ce:Mo) to be 6:1, 5:1, 4:1 and 3:1
respectively) [46] (color online).
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Figure 16 Photocatalytic degradation profile for (a) CR, (c) RhB, (¢) MB; pseudo-first order kinetics plot for (b) CR degradation, (d) RhB
degradation, (f) MB degradation: (1) without catalyst in dark, (2) without catalyst in light, (3) TiO, (Digussa P25) in light, (4) EuS (1) in light. Inset:

the corresponding kinetic plots [77] (color online).
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Figure 17 Schematic illustration of type B band alignment and the
photogenerated charge transfer process in ZnO-ZnS, Ce,S; decorated
ZnO-ZnS and ZnO-ZnS-Ce,S; core-shell nanostructures [132] (color
online).

Hydrothermal

Na,WO, -2H,0

Carbon cloth WO; nanotube bundles

g,
N-WO,/Ce,S;

B 18 ZPECT44E FN-WO,/Ce,S;NBs i i ik 2 1133
(REITA))

Figure 18 Representation of the formation of N-WO,/Ce,S; NBs on
the fibers of a flexible CT [133] (color online).

4.4 i LARACH B A 5 L

i LAY BB S B TR R AR
Wk T REE, BT CABR DA BRI AE, OB R R
bSO SN o i N V1 (L K A e
PR RGBT TR R T2 (R 8L

P AR AT Seebeck MPeltier R B, 1 LUK K 4
AL N AR, TERERF . BRYR [T R A A
IEARS R R Bk L, TR AR R A VR AN LT T B A BRI
JE AR A R R B TR RS TR E R
MRk, HTHREMEERMEEAERENESE, B
TR 2B TR R E RG], M Los
HA 5 BB R A ROR &Y, e bt oh
ERE A FRER, TR R TR, &
Seebeck #%. ¥tk &, Mt EAHR SR



REFRE: b 2021 0 HS1E BT

ESEL A, R R F AL RL. BTLE4E, Ohta%F i
FEN Gl % T a-La,S,, B-La,SiMle-Lu,Ss, 8-YS, 40,55 Hi
TR, R T Tiv Ca. BaZsBioc sk, WML
SRR ZEFA), FEA 1t 5 R 2 X0 MR
HVEREM 2R, i & JEE AL T PrGdS;. NdGdS; &
SmEuGdS, %5 = e FVY o i AL A PR,
NdGdS; &I NInSeebeck R %, HFHFHA, 1M
SmEuGdS,RI ApfiSeebeck ZH, HFH XK 5.
NdGdS; I 5 27E0.8~1.2 WK™ 'm™' 2 [i], 7950 K
I 3RAT T e (AR AE (ZT=0.29).

ITAER, SokolovZE!"| MustafaevaZs!™®| Bako-
vets%mg]\ Kaminskii%[140’141]$ﬂHirai%[l42’143]XﬂL
Gd,S;+ SmS. EuSHICe,S;55H# LR ALY 1) HL T2 K
PSR TEBEAT T TS, WSokolova! & T
Gd,Ss-Dy,Ss[E AR, K I G5 B AL R 23
n S A SR B AN S AR G Dy 25 R B I, A
FeAC# T2, 7E80~400 Kif VT [l A, 400 KIF, Gd,,-
Dy, S, 45 IR R fi i, % 0.39x107 K
Mustafaevas! 51 T GdS, (x=1.475~2) ZEME iR X
(4.2~225 K)EMER THHSESEEMN X R,
GdS, 4sMGdS, 475 it I HL AR N AR H IR
BERCHS I, RO FEIX S i ip R AR T AR BE B R L S, T
GdS,« GdS) 4905+ GAS, 4gsFIGAS, 455ff1loga 5T B 2%
KR, HIRMMottEf, 208 FEIEBERHE S,
Ab, AN T GAS, AR N 1) REES S ORIk ER H
SHBEIEREEN R ML SH S =1.475~ )R FR, 4
REW, BEEGASFES BRI IR, Pk BE g
TR R A EREMNL10" eV em ™ 1 F5.3%10"
eV em™, T kR B 5 (0 B2 A 100 me VIR /N B
18 meV. Bakovets! 5 T FEERAIGA;_ Va.Ss
(0<x<0.33 K) M & [E 75 AR 1E 300~700 KL 3 Bl Y 4
BCy MY R MG S o, 5, RUIME £
Em ELSREE M IR, Bl (LR BEV go) AR (R 43 7]
EET R L3478k, B AARA S LR T AR O, SR
FEANp A FE IS, T s L B TR AR 2 A8 i s R 7 2
BT, TR A RN, AT (i, 0 35 %
EE(FMK10%). Ohta%s!"** ' IRiMiyazakiZs! w51 7
Ln,S;,NbS,+ (LaS),., TS, (T=Cr, Nb). [(LaS,)]; 1sNbS,
SR SRS R ECT AR RE I RS, IS AT
TAE T L, BI[YD,,S,,],NbS, 5 Seeback & 41
Sy00 kKT R s AR R, BEEXHID, Sy

Fpsoo EIEHRAN, FERES T, 2x=0.95F, S*/pixkE,
E19~. HRIEWiedemann-Franz € 25, A Yb
BB IIRE S K, =0.41 WK™ ' m™', TifE1EYbEIGEH
B 85, =0.18 W K ™' m™', &z T-3RIE M 2 70H
(G AgoT1Tes) A, BIYb,, S, H ) S5 Bk b 7 e
B RS AT UK KRR S 2R RIRBR AL Sk 2
T %o L B R B R VE 2 S, FEIL AN TEAAGA .

LT AR S o K PH S HR S I 50%, T3 21 M4
RN BN, WA R AR R T AT
RSN TR, SR 3L £ A SO I R i 3k
FHEE, 8 6 e B T 4D K FH SO R TN L
2T 27 A K R K A=0.75~2.5 pm, IT 4TSN
S0t IS R 55 5 VG L N0.5~1.8 eV, T AR L ER AL Plo-
RE,S;. B-RE,S;Aly-RE,S; 1 B 2 B £
1.74~1.88 eV. 2.55~2.74 eV }¢2.54~2.86 eViL[H N, /&
BT L AN R RE.  2BF 7 RN Ak il B A e s i
Polede%, =i LR E & URE A E
T 4T A0 S S e R 56 A B0 B A URE. R R
el 121130 20 77— Fol 2 2T 40 S 5 s A S BR ALy -
Ce,Sy 078 = REERCHURL, JEWEAE T L™ Y RING 5
JHIEEM, La® . Y AN 135 44 1] BLECEy-Ce, S5 1

60t (a)
50 —~
«
40 E
g "
?1, 30 =
(%) o <
s S
20 @
La v
s - —
o 4
2.0 T(K)
b Yb
®) 64 T T T T 0
s (d) )
: 60 = o. @ s
—_ = - . o
3 La < g ®
S s6 K .
é L — B s e 16 §
£ g B0 S =
a 38 @ 14 3
® o <}
o B e i
44‘! 12
0 40 1 1 1 1 10
0 50 100 150 200 250 300 090 092 094 096 098 1.00
T (K) X

Bl 19 Zdh[Ln,S,],NbS, Ff i Seebeck 7 £ (a) 1 HL B % (b)
SR 2 () DI BRIES™ pEIELBE (A2 1k (d) JR T8
XF[Yb, S5, J,NbS, FE i i S300 kMpse kE fry ! (REI
)

Figure 19 Temperature dependence of the Seebeck coefficient (a) and
electrical resistivity (b) of the polycrystalline [Ln,S,],NbS, samples; (c)
temperature dependence of the power factor; (d) effect of atomic
deficiency in the rock-salt-type block on the S3y x and psg x values of
the [Yb,,S,,],NbS, samples [146] (color online).
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Abstract: Rare earth sulfides are a new type of functional materials with complex crystal structures, which show unique
optical, electrical and magnetic properties. They are widely used in many fields, such as non-toxic pigments and energy
storage, and have perspective application in photocatalytic, thermoelectric power generation, permanent magnet and
other fields. Based on our group’s work in these fields, this review systematically summarizes the research progress and
milestone on synthetic methodology, crystal structure modification and composite construction of rare earth sulfide in
recent years. The performance enhancement strategies of rare earth sulfide in inorganic pigment, energy storage and
photocatalysis are comprehensively sorted out. The structure-activity relationship of rare-earth sulfide is discussed and
their positive prospects are proposed. Finally, this review summarizes the existing problems in current research and puts
forward the prospects for its research direction.

Keywords: rare carth sulfides, preparation methods, crystal structure modification, properties, structure-activity
relationship, application
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