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TR BRI B TSR HL R S BB TR T3 A B — A A B I TR S BRBA R In,S; 2R T
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B ORI T AR TR R AT IE" . iesh, o
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[ SIRINVS RIS v U Bl W e o= o e R v IDEE L
MISEHLRITS A AL H AR5 v 1 B A R .
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BB T In,S; Z3 K il TG M A R 5T i L 7D,
JEH. S BB £ HE AR 2RI 1% 5 AR 4 A DG HL
il 1 N B A

FA T AL PR BT IR AR K E B T B
S5 M ARG In,Sy(P-In,S;) A & S BFE Y In,S,
(Vs-In,S;). FEASAEL A FHYGAR B 4B Hoe Ak o i
KA ERE R B, AHEL T P-In,S; (24.71 pmol-g h ),
V-In,S; R H 3T — 40 G4 THiY R g (221.18
umol-g -h ). FE— A i 1 W B K B SR X528
HLFRETE (SI-XPS). 25T ULIE K IO (UV-
Vis DRS), &tttk (PL) 45454 Fi far 2 B 25 43 FIE
BHBE (Eaps) FHOCHRISTT RS : S Bl FE 1Y 7= AR A Y
AEA ZUH T InyS; MGIE WG Bl T HL AT I 2 B A1
A BRI E AR, HE AN S S E T IE S
KA A In 585 M $& W ATE £ H,0 431
Ay, HEITSEIE T 2800 Ak o3 oK i S0 2. [
B, A ST TAE TR Ak A7 UL 256 HE 3 & T T
B HLO 0 F Bt AT &0 R AR Ak, 308 S b fi
b H,0 43 fift S W i AR SE S AT ) 1) S B0 UE 4.

1 SKEGHERSY

1.1 EZEiLH

ST KSR 18.25 MQ 25 85 77K ; k45
Fi FHAO AR 2 (In(NO,),+4.5H,0, 7374t BiAt 2 Bt
Jli (C,HsNS, 43 #r4k)., Je/K 2% (CH,CH,OH, 43 #r
afi), SHEARR (H,PtCl,, 28 Hr4l). BilkEh (Na,SO,, 43
Mrék), Pld (CH;COCH,, 73 Hr4k). 5w A (C5H;0,
99.5%). #HR (HCI, 37%) FIHEER (HNO;, 68%) I [
[ 2548 AL 22 R A PR R — S BERE (CaH, 5N Os,
AIHTAE) W R T SR T AT BRA AL
1.2 FENE

Z AR X 81 AT 411 (XRD, Smartlab-SE;
H A Bk U ot B 57), X 4Ot 1 REIE (Y (XPS,
ESCALAB 250Xi; 88k WA R, &GS ST
%% (TEM, TECNAI G2 TF20; 2 & FEI /A 7)), 4
Ah-A] UL 18 R SO (UV-Vis DRS, UV-2550;
HA B HEA D, SAHOTE(Y (GC, Agilent 7890A; %
eRHEA R ], TR EAfK N 25t (Labsolar 6A;
EIATFESRRHAT R A A, Ak TAFs, (CHI 660D;
A ABR A, TGN (MICROSOLAR300;
b A IESERNB A BR A F]), Molecular % #8 4l 7K AL
(1810C; it JBE Rl 2= AU g8 A7 PR WD), o i 25000
(TG16-WS; W ra WA LR A BRZA ), $2fh £

MY (OCA20; 78 [ 75 KA\ F).
1.3 ELFIFHE

P-In,S;: FRHX 764 mg In(NO;),-4.5H,0 #1451 mg
C,HNS B AL, FHIIA 60 mL 255 /K )5 i+
1 h, 36 R IR GRS 2 100 mL RN 22,
FE 90 °C RS Y 12 hy FR R 28 HARAE)
RGO ROV R, dE— 2D B0 S,
LB FKMTCK CWES HIGERE 3~5 K, JFAE 60 C
LS T 12 h 5 A5 20 A B 60 65 10 40 R R A
P-In,S;.

V-In,S5: FRHX 764 mg In(NO,),-4.5H,0 Fl 150 mg
C,H NS B AR, J 2L it 2 5 45 P-In,S;
AT — 3K, 5 80 E & S BLBE AR B A aiil
B AFES V-In,S;.
1.4 EAFIRAE

BT T WAMEE (TEM) RAERESIES ., S
MICER A, TAEHLE K 200 kV; £84h-1] U187 5
WEIEAY (UV-Vis DRS) HRE & 861 W liok:
P, B Kubelka-Munk 2> 2056358 A6 12 51 1% 5%
e R IBOEE; OEEIEYL (PL) MR G 2 GRE
PE, BRI 355 nm; X-56F 26 22 ok R AT SR
(XRD) 23 HrE S B AR A TR S5 H, T AR FL N 40
kV, B4R Cu Ka, FH5E A 10°~60°; 2 fill i
DU (S T A S K, SRS T AT,
AT P 2B K, RBUR 10 pL; XSOt fFRE
TEAL (XPS) 43 T AL T Z G A= 4 25 A AR
1k, Mg Ka 154 X SR SHIR, BT A TR 4G he
DL C 15(284.8 eV) A REAEFEATHRIE . XPS BRI AT
VE A & SR AEATAH S JEA G BRI XPS SEB6G K.
W B 7K 4 S5 XPS S50 v, B SE X AR i 54T H,0
VRS, G ) R oA J iR T 22 K 43 2B,
FEAHERR P PRI B P05 R BT XPS B2
FEAR, TR0 W e qe ) 2544 T HEA AR 2.
1.5 EAFIHERENK

AT Z G PR SRR EESE A R A
P2 AE L K ]2 B 2245 (Labsolar 6A, B & A FH
100 mL (1) A HDEHE A R N 48 ) ST R T S
TEVEPEANY. 1 JEFREL 50 mg AL TR AEE S (P-In,S,
5 Vg-In,S;) T 50 mL = L BEE KA W (R AR %k
H 10%) F#E A 43 10 min, B S ¥ 0.39 mL #e
7 19.3 mmol-L ™ % H,PtCl, /KW A_F R fi k)
Sy EOR, IT%6 3 RN g AT A Ak 43 A K i U
FIFH IR K R G il RN 7 °C, 4@ BB IE
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300 W iRk, % E S EE R 30 min B 1 REEEAT
AR TR LT SR N AT 1 h o 1 IKAE
W, 75 1 RIS 5, R 28 RGehh T RNk
RIS, BT 1 AMEA G BRSOk
il S0, RRAEER 4 YOEMEAL R AR k. A
ST RGBSR AT GCT890, LA 4l <
YEREA, B A ES (TCD) AT & E it
G3HT.

S Ak R REI: A i R A Ak 2 TAE
¥l (CHI 660D) #4756 R Ak 2=, Fer AL R4 it
HLH . 4 Jm AR A A Ag/AgCl HLAR 23 A TAE
R . G R R 2 L LB LR A 0.2 mol L
Na,SO, /K% W (pH=6.8), & R A 300 W iR AT .
PR FIRE S LA 45 K 2 mg AL FRIRE SR 1
mL FREEKIEE T (EFRECH 25%) A 20 L
251, 22 30 min #8575 40 RS 15 2L 2R
B 50 pL R BIPRS00 B (FTO)
FEI (AR AN 1 om®), TR BRG]
H AR R JE AT B AL AR

1.6 ZEZERERITE

K FH Materials Studio £+ CASTEP ##iH, Jt
T BB (GGA-PBE) 280 CHEIZ BN In,S,
PR R AT Hob o T BT RE R A 450 eV,
Monkhorst-Pack P 4% & 2x2x1, H &5 W SUK & N
2.0x10" eV (atom ), e KAE I 1 U SR ME N 0.5
eVenm . [, S TR D S PR A% = T B A
HAER, AE Z 551 EAEE T 2 nm S AR,
W RE TS A T

EAbs - Elnzsg—HzO - ElnzS3 - EHZO

EImS;—HZOXEé?E‘ H2O [ﬁ WT:E Inzs3 E"fz': /z% IHZS3-
H,O REHL, Ei,s, 246 In,S; HUBER, Eunostdd H,O

A fE.
2 HREIE

2.1 RAESH
Kl 1(a) Tl & Ve-In,S; #F i 1325 5 HL - 1
{5 (transmission electron microscopy, TEM) &

&, FTLLVE A 4590k B SR (5 P-In,S,;
2% ~ g{oggf T TR

- d=0.32 nm
In, S5

@

+ (440)

Intensity (a.u.)

PDF#32-0456
[T A N FTTE| |||||J|||I||| |

(e)

—— V¢-In,S;
—— P-In,S,

Intensity (a.u.)

10 20 30 40 50 60
20/°)

BT In, Sy SGHEALRIIIIES . SRS . WAHFKRIE: V-In,S; (Y TEM (a) il HRTEM (b) EI&; V-In,S; ITCER TS 14 (c);
P-In,S; Fl Vs-In,S; [ XRD 15 (d) Al EPR %14 (e)
Fig.1 Morphology, elemental mapping and phase characterization of Vg-In,S; catalyst: TEM (a) and HRTEM (b) images of V-In,S;;

329 332 335 338 341 344
Magnetic field/mT

(c) elemental mapping of V¢-In,S;; XRD patterns (d) and EPR spectra (e) for P-In,S; and V¢-In,S; samples
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BE DR R AR AT AT SURRAE), E— 2 i & 1(b)
41 W% BT L F W 3B% (high-resolution transmission
electron microscopy, HRTEM) [& 1% 7] 1 & 1 ] B
4 0.32 nm, 3X 5 57 5 AH SRR BRACAR (311) &b
[RIREAH—ELCY, 2500 1(c) HPR R4 V-In,S; BEGHE)
TGRS0 43 BT IESE In 1S T 2 A7E 58 AR DX 35k
Sy AES). MAh, AT X-GEE L R K AT 4T (XRD)
558 (Bl 1(d)) AT AT i 45 P-In,S; A V-In,S; B A
AH TR i A &5 4, Horp 47.9° 27.5°F0 33.4°43 3] X
I8 ST 5 MR ALAR (PDF#32-0456) (1) (440). (311) Al
(400) i 17 . HE— 2 ] 1(e) H R T R I AR S
(EPR) 5 S vl 1 ¢ IR F 7 2.004 2 S 25 {3 B FFAIE
AL E, YL T4 Ve-In,Sy FES & A K EAY S it
B LA B3 4G SR AT ARl T B
TYEGOK R TESUERAE RIS A SRR B B AL AR
HEAEF] P-In,S; 1 V¢-In,Ss.
2.2 REATSERR NGO
FERLIUA PG I8, X Tl 45 P-In,S; Al V-
In, S, A it I A b o3 i K i 208 PE AT PP .

& 2(a) 7R, Ve-In,S; FE 5L EILH H P-In, S, A4 ik
FRTHCAALT E M GE, 45 300 min YL
J&i, Ve-In,S; BIHT A B 250 1 105.91 pmol-g ', T &5
TAHFENER ST P-In,S; FE S H, P2 (~123.57
umol-g ). A& 2(b) T LAY 2 Hb 7 5 V-In,S, 14
S BT S % H~221.18 pmol-g “h ', Al T P-
In,S; M7 & 4 % (~24.71 pmol-g “h ) 42T+ T 18—
AFCEG. IEAN, It 4 RIGF ARG R SR
HH T 4] 2 B T SR~ A A R 0 S A AR AT SRR
& 2(c) AT P-In,S; 52 BH L 22 W P A AR BT 005 12k,
M Va-In,Sy FES 2 AEFMR I 5 FEA R F— B
AL Ar A RE. i LA SRR AT L
YLIA: 76 In,Sy H A8 S Befif Tt 25 42 - HOb fig 1k
Iy FE AT AR IE T, OF HE A S G H In,S; e
e EA BB e v,

M 2(d) ot AL -t l T LA 1 Vs
In,S; B H L P-In,S; B Ry (G R 37 2 182, 146 3
R S Bl REAS A LR THE AR T A4S Y
O3B SRR PERESY. BL AN, XF BT 45 P-In,S, Fl V-

1200+ (@) 250 L () 250 | (©) —o— P-In,S,
~ = 221.18 ~ —o— V-In,S,
5 1000 F 200l Bl 0 200 |
E sm z g
r =
< E 150} g 150¢
S 6007 E 2
] —— P-In,S, £ 100 B 100 -
S 400 —@— VIn,S; = S
£ > £
) 50 = S0r
200 = 24.71
— 0
0 1 1 1 1 1 0 1 1 I I I I 1
0 60 120 180 240 300 V-In,S, P-In,S; 0 60 120 180 240
Time/min Time/min
o @ ——— P-In,S, (e —— P-In,S, ® ——— P-In,S,
E 4
S — V¢-In,S, — V¢In,S, — V¢-In,S,
<
s -
EN 3
= = &
2 L s P
c a2t 2 2
5 < 2
£ =
gy R\
=
= N
= ML . i e
0 100 200 300 400 500 600 380 460 540 620 700 500 530 560 590 620 650
Time/s Wavelength/nm Wavelength/nm

2 P-In,S; Hl V-In,S; 437K il U e ADG I -
(a) P-In,S; Fl Vg-In,S; Ff: 5 GHEALAT EERE I (b) P-In,S; Fl Ve-In,S; AR NTHE; () P-In,S; Hl V-In,S; TEH AL
HratEaeilia; (d) LI P-In,S; Fl Vi-In,S; A HLIE-IFH] (i-t) H1ZE; P-InyS; Fl Vi-In, S, (1458 5M T UL Sz St ot
(UV-Vis DRS) (e) FIZE 63 (PL) (f), Hirr (o) B4 IE g P-In,S, Fl V-In,S, G2 R F

Fig.2 Photocatalytic H, evolution performances and spectral properties of P-In,S; and V-In,S;:

(a) photocatalytic H, evolution tests of P-In,S; and V-In,S;; (b) Comparative presentation of the H, evolution rates; (c) Cycling
photocatalytic test of P-In,S; and Vg-In,S; under light irradiation; (d) i-t curves of P-In,S; and V¢-In,S; at 0.2 V (vs. Ag/AgCl) under
light irradiation; (e) UV-Vis DRS and (f) PL spectra of P-In,S; and V-In,S;
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Tn, S, B il A GTE R BE 1 A2 Y6 pEA T,
K 2(e) H UV-Vis Y3 45 5 al 1, A F T P-In,S,
(E=2.20 eV) it 560 nm FIWLICHT L, S BT V-
In,S5(580 nm, E,=2.13 eV) (G iE M s 1 &4 T
BB LT IS, ULHE AT S BRIGRES A 2h
B In,S; 21 T (AR L 1) S 3% I TS Rl [ 2
553.6 nm Ab AT XN T In,Sy MR DEEHRIEIE, V-
In,S; 7 i tb P-In,S; HIAR A28 G048 B, 561 S
B T 2 FRAR In, S, JEAE A G A fL A2 X
FARETN gy FROGHEAL . G AL R 23
Bres 5 n] IAS i i A BRA S B RE A% S0 B

In,S; S8 Ak 43 il 7K 3 1 9 K iR B2 2 7, O L V-
In, S, S k700 i 30 HE 4 B 14 D 13 IR AC i 1Bl 5 1
A BRI T o0 B AL I BE.
2.3 JE{L XPS 434

kT B 5T A AL A3 il K R A B S BB
XT In,Sy HEL 4544 i ELAR R P AL, FRAT@E S A &
F 2 1) JEL AL YEHR XPS XF P-In,S; Al Vg-In,Ss #E fit
LA R T WK RIS TR IA &
HEATRAE. WA 3(a)/(d) Fi7R, 454 BE7 E1E 453.75
1 446.15 eV 23 BIXEI In 3dy, A1 3ds,0"; WA 3(b)/
(e) /R, ZEARENL EAE 164.37 F1 163.21 eV 43l %}

(a) |In3d i Light with H,O (b) [S2p , Light with H,O (© |O1s OH Light with H,0
In [ \ s [a\ \
| A
/ | /i S@H)-
/ InG=+ [ In@-o+ [ <
/ / / Y
NPT C -
Dark with H,O Dark with H,O Dark with H,O

- 0.87 eV ) -~ 1.24 eV -

z z . 3 H,0 OH

~ ~ / @ ~

i i i

2 2 / 2

1) ) b o 1)

= = .»/>( E e

Ll I 2, I

- V¢In,S, V¢In,S, V-In,S,
OH
InG* b InG+
457 454 451 448 445 442 167 165 163 161 159 537 535 533 531 529 527
Binding energy/eV Binding energy/eV Binding energy/eV
(@ [In 34 e Lightwith B0l © Is2p S Light with 1,0]  ® [o1s o Light with H,0
/\( #\\ A
i N : Dark with H,0 /i

_ 4ie035eV Darlf with H,O _ s i 0'41‘:\/ wi 5 _ . Dark with H,O

g P 3 L f 3 HO 3 h

< A < & ) X

e ' e g

= = =

Ll Ll L]

P-In,S, . P-In,S; P-In,S;
In** s
/( \ .
457 454 451 448 445 442 167 165 163 161 159 537 535 533 531 529 527
Binding energy/eV Binding energy/eV Binding energy/eV

Bl 3 R X8OG FREIG SIHT: Ve-In,S; ££6h In 3d (). S 2p (b) F1 O 1s (c) MREAIE;
P-In,S, #£5% In 3d (d). S 2p () A1 O Ls (f) BIAEH A
Fig.3 The analysis of in situ illumination X-ray photoelectron spectroscopy: Fine spectra of In 3d (a), S 2p (b) and
O 1s (c) for Vg-In,S;; Fine spectra of In 3d (d), S 2p (e) and O 1s (f) for P-In,S;
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IV S 2pip Gl 2P3/2[39]. AH s P-In,S;, Vs-In,S, FE i
W In 3d 7E 452.8 F1 445.2 eV [T 3 TARANZS In,
FRUUESE S B 1Y A7 A6 I 56 B In J 7 & 6l i 7
O35 A B B 254k, P-In,S, Fl V-In,S, W2 it /K I
(b3 4 Dark with H,0), MLI& 3(c)/(f) 1) O 1s K54 i
HE I B A H,0 IE1E 533.2 eV A7 E R, Ui
i HLO W FFEE P 4 L350 2 1 AH AR
BEZK B P-IngS; Hl Vig-In,Ss, W B KK 22l In* 1 87
B R gs A Be U7 10 & AR R B, X ] I R
FEI H0 43T W R A 750 2 1 J5 25 [l i)
AR B T (AR A VIn,S; P In 3d
S 2p LT KBNS I F0 8% Al
HF In,S; 1Y S BRFAREE L IE HO M+
(PR RE. RIS, FEASADIA FH G RE SR 25 R TR A
ff /K5 P-In,S; Al Vg-In,S; £ &4 1) In 3d. S 2p Al O
1s 45401 (b5M: Light with H,0). i85 & 3(a) 5 (d).
(b) 5 (e) 2 BIXF H AT %0, In 3d FIl' S 2p By 45 1iF 1
By AR A 25 A RE 0L B & AR o, UG REBR T
W BfHY H,O 43 1T 4 =i 85006 Ak A HL 5 P-In, S, #f
i, Vs-In,S; BEdfhH In 1 S TR S A REM B K,
XEMT S BIEES IS, R RS In 3

X H,0 TR AL AE 115 B 25 0 . F— 2 it
In 1 S STRAVE GG K, JEREUR TS
In® ™" (i W TR RRAT BT ARG, K2 ph TG IR AR 45 4%
T W B H,O #B23 1] In,S, f& ki L+, MG S
AR In 07 19 B 9% H 38 J5 H,0 dE47 B
SN LA O 1s A5 403 mT 0, JE A7 6 8 & 1
T P-In,S; Fll Vg-In,S; F i 1 H,O FRAIF I AT FH A f
R OH HRAF U 1 AR 0 25 4 T, X AT AR IESE T
H,O 73 F e BRA A T B BT+ #r &Y S b it 72 (]
I, (EAS T B2 V-In,S; 530 H 0 i &5 2% A% H,0
1 OH W h FRUAE Ak, Pk Ui i M S Bl fE T A
BT In,S; 21 SRR A Ak 3 i K i S0 1
2.4 HEigitE

T k25 B In,S, A EE S BRI AT 4 5
FAAE A K i UG R PR, FRATTR A% 2
PREETS (DFT) Xf P-In,S, Al Vg-In,S, W [ 7K J5 Hi frf
B B 2245 KoM L (R W B BEHEA T T AL AE. 8] 4(a)
FL(b) JBIR T In,S; A1 S Bl fE Y In,S, HL fif 22 43 %%
FEIE L, SRR A X R TSRk g
5, AT LIS HE U B K IS In A7 FLTRT ) EHT 20 A
RV RS, — 20 %o L% Sy AR e far A7 J3 45050 B ml 60,

(b)

Energy/eV
<
w

V P-In,S;

Pl 4 2257 H gy 25 B AR /K PR RERIFSE : P-In,Ss(a) Al V-In,Sy(b) FF &t W B 7K J5 14 25 43 v ip 2 B2 1], TH3501% P-In,S; I

Vs-In,S;

Lz HLO BIRERRT L (), P-InyS; Fl V-In,S; #E S £ (d)

Fig.4 Charge density difference and absorption properties of H,O: Charge density difference of sample P-In,S; (a) and Vs-In,S; (b),

(c) calculated adsorption energy of P-In,S; and V-In,S;, (d) the tested contact angle of P-In,S; and V¢-In,S;
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AH HEH A I BFF 7K G Tn, S, B S BB L In,S, #5511
BE KA In,S, B S BFE AL In,S, ¥ B MK A FEL T
JB, 1 B W BREAE 2R 1T 9 HL,O [1] P-In,S; Al Ve-In,S;
R L. WE 4(c) Prw, MR SRR In £ 1
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Sulfur-deficient In,S; Photocatalyst for High-efficiency Hydrogen
Evolution via Water Splitting

WANG Feng-j ia0"?, YAN Liang-lin3, GENG Lai-hong4, LIU Jian-hua',
BI Ying-pu', DONG Guo-junl*

(1. State Key Laboratory of Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences, Lanzhou 730000, China; 2. University of Chinese Academy of Sciences, Beijing
100049, China; 3. College of Earth and Environmental Sciences, Lanzhou University, Lanzhou 730000, China;

4. Gansu Research Institute of Chemical Industry Co., Ltd., Lanzhou 730000, China)

Abstract: Defect engineering is considered as one of the key strategies to enhance the photocatalyst performance
for water splitting hydrogen production. However, it is still unclear how defects induce changes in the electronic
structure of semiconductor materials and enhance the photogenerated carrier transfer. In this study, we
successfully synthesized In,S; photocatalyst with abundant sulfur defects (V¢-In,S;) by a simple one-step
hydrothermal method. It exhibits a photocatalytic hydrogen production performance of 221.18 pmol‘gfl'hfl, and
nearly one order magnitude higher than that of In,S; (P-In,S;). Furthermore, employing self-developed in situ X-
ray photoelectron spectroscopy (SI-XPS) combined with density functional theory (DFT) calculations confirmed

that sulfur defects induce the exposure of highly reducible low-valence state In I ™"

), thereby enhancing the
adsorption and activation capability of In sites towards H,O. Consequently, sulfur-defective In,S; exhibits
significantly enhanced photocatalytic hydrogen evolution activity. Additionally, the proton reduction of H,O
molecules to OH has been visualized during the water splitting hydrogen production process under illumination
conditions. This work provides new insights into defect-engineered photocatalyst design and the mechanism of
photocatalytic water splitting reaction processes.

Key words: photocatalysis; sulfur defects; In,S;; electronic structure; H, evolution
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