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Abstract: The accelerated industrialization has intensified global concerns over energy consumption and carbon
emissions. Hydrogen energy, characterized by water—only combustion products, abundant availability, and high
calorific value, constitutes a pivotal element in future energy systems. Photocatalytic water splitting represents a
promising strategy for clean hydrogen production; however, its efficiency and practicality are limited by the
constrained utilization of visible light and rapid recombination of photogenerated charges photocatalytic water
splitting for hydrogen production is a highly promising hydrogen energy production technology, but its efficiency and
practicality are limited by factors such as low visible light utilization and rapid recombination of photogenerated
charge carriers. Sulfide—based catalysts leverage the advantages of sulfur doping to modify band structures,
broadening the light response range, enhancing stability, and suppressing charge recombination. This review

synthesizes recent advances in sulfide-based photocatalysts for hydrogen evolution, focusing on characteristic
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properties and modification approaches for representative systems including CdS, In,S,, ZnS, Znln,S,, and CdZnS.
Performance enhancements are achieved through morphology engineering, elemental doping, and cocatalyst
integration. Through the design of sulfur vacancies, the cyclic regeneration of sulfide—based materials is achieved,
reducing reliance on precious metals, which aligns with the sustainability requirements for renewable materials.
Collectively, this work establishes fundamental principles for developing efficient, stable photocatalytic systems,

paving the way toward sustainable energy infrastructure transformation.

Keywords: photocatalytic hydrogen production; sulfur—based photocatalyst; catalyst optimization; heterojunctions;

co—catalyst
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Fig.1 The basic steps involved in a photocatalytic reaction
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(a) Diagram illustrating charge separation and photocatalytic mechanism; (b) Schematic of CdS nanorods loaded with PANI and NCPP™
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(a) Schematic of the synthetic process; (b) Comparison of the H, evolution rate with other photocatalysts in recent works'

29]



- 2342 - i T

o
¥

Ejte 577 %:

Zhang Z5E5 11 6 TURR 0K = 40 0 PdS 40K J0t
AR R AL Bl AR 0 £ 20T R In, S, 40 K 81T
il £ 2o B2 40 K] 4(a) 7R, B Pd—S—1In 44 1 %
1 0D-2D S T 45 5, A B In,S, 5 PdS B T R
BE T R In S, 48 17 PAS i N @i sy, ikt
FEUNE 4b)Fi7R , In,S, 7= A (1 6 A 25 /Gl i i
Yy w2 PdS, w52 A Wik
B CAE T T AR N . BT A 0 3% & Ay
HOPAS/In,S, & & A BHE 7T UL 56 T B & R Gk
142.27 mmol-h™, M 4li In,S, (1) 149.8 f35 , Pt A& i i £
B 13.3 £5 (& 4(c) (D)o % TAELUE 5t 42 )@ PdS iy 2
T ARAIL ) 28 W A% S0 B F AR B, AR T A
PdS AR P, 35 B FE AR R BOR i H i T PdS 1Y
B U T MR R e R — e R R
In,S, G JE i, (5 A8 AL FIE 2R 4 S AR HF 95%
FIIE P 4(e)], B 0 FAE SR 4L In,S, o

Zhang 25 58 1+ 7 B A0 SRR G T T2 Al
TR 23 B BB I CoS,@V ~In,S, #% —5¢ 5 i 45t
AL, HL I 300 25 40 40 ] S(a)~(c) T 7R o CoS, ¥ 5
In,S,5¢ i B %5 LI M i s v 15 S B 45 EE A
R T 7Ol AE e A B AR R T SN T
CoS,@V ~In,S, f b FIFE T WG T 7= A K 35 4.136

mmol g +h™', J& 4l In,S, (Y 8.23 f5 [ &l 5(d). (e)], H. &
150 h % 25 [ 0 15 P O 47 3288 90% [ 181 5(F)]. B & i
PE B HETHIA B F CoS, % 1) 22 L4520 &5 46 38 i S 1L
S5 AEFRCRE, In,S, 70 2 1 T AR R 4tk i 2%
TG A A5, B2 L 1 51 A EE A In,S, 3% 11 FELF 4544
i In i BRSO & 0y, P 8 CoS /In S,
T A R 3 1] S RS 8] 5(g)], B 2 6 A R v 7 e B
FER T F7fiw , o1 D\ 448 ps 2T % 946 ps, [F]
I R Ho* I Ff 7 22

Guo 55" T 45 B A XUl Bl 22 i IE A Ak 42
A BF I HAE In,S, 400K B 3R A 2 - TE i (C-A)
ST 6(a)], 3% it i —FF &b S TR A BN 1.7 eV [
IKZE 1.5 eV, AT ZUMH 20 T 1953 B, il t A
650 nm £ 2 800 nm[E 6(b).(c)]. [FIET, 18 i 55 5
TR X ok R R HES T BN 2 45 i VR )Z
A A 0 0 AR A 5 XU B AR B In,S, (P—In,S, ) 2544
[P 6(c)~(F)], 122 45 ¥4 3 32 /N 0 A C A7 FR B0 AL i 7
oy A S TR FAE R IEE R L EE R T, P-InS,
1 380 nm 4k AQY ik 26.2%, YAk 80 T F) I R 15
) W ERT . ENT R, P-In,S, 5 In,S, 3
il £ 75 B 2 8 A AL (FTO) B B LS | T8 38
BIA AT IR S5k IR LA I 5 TR A 4 1k 77

» a p ~ b)
f In’ s : ,
I,’ (a) : Pr;z o gé \\IVac ___________________________ Internal ie)cmc field Internal ie)cmc field
1 2 0 R £ el
: 7 y ’ oS J t;c% ECB CB i e © ©l
 C,H,,CO0 o J ] CB + CB +
Ve & - A o | S & < @
. TAA By 0P B R E = E, peiecil------F,
| 4 ey } 4 = o i 2 = o
"¢ © 160°C15h PNESAE _ " o g ): = 3
| () ! + — + -
| oo ’ - VE e VB e
3+ ! H :
! In In,S, nanosheets PdS/In,S, ! InfSAN | PdS In,S, PdS InS i | PdS
N /! Before contact After contact Under illumination
c) d) e
( 160 ( 500 PRSI : ¢ )400 7
~ mm 5 PdS/In S, ——5 PdS/In S, ' 4th
= 1401 o 3 pgs/in s < 400 [ °3 PdS/InS, 3 !
= S/In,S, 5 400 ek i 8 3 |
S 120 =] PdS/In S, = —o—1 PdS/In,S, £ 300 ! |
g 100 L ™=3 PVIn,S, = 300 723 PVIn,S, < ! [
§ = Inzs.‘ . E +Inzs3 E ! I
2 wl- : = = 200 ! !
g e} s 2001 5 : !
15 40} £ 100 g 100 ] !
a 20t a—oa—o—2 I |
o 0 ns o —— ) 0 L ! 1 L L
0 0 30 60 90 120 150 180 0 120 240 360 480 600
Irradiation time/min Time/min

A B C D E

P4 PAS/In,S, (A7 ) ) 2 VLR s 28 P () T S LS T JS0/S T 1 (b) 5 57 280N ) Bl A 700 RIS [+) 7 e 114 77 S0 3 % LL R ()
=G MEREIRI(d); (e) 3PAS/In,S, = S Ra SE PR
Fig4 Schematic illustration of the fabrication for PdS/In,S, catalyst (a) and the internal electric field formation between PdS and In,S, (b);

Comparison of the hydrogen evolution rate (c) and amount of H, generation (d) for the as—prepared samples; (e) Stability test of H,

generation for the 3PdS/In,S, composite

1351



553 www.hgxb.com.cn . 2343 -

(a) (b)
(A 24 (e)
—.— 300 F j
m— CoS, g P
~ ~®— (oS @In,S, S| 250} -
X 2 P> s S Na,SO,and Na,S )
2 16| —»— Cos@Vns, k3 2753 e
g ~v— InS / £ 200
£ 22 ) g
g £ 150
5 5
— 8 L -
° e 100 +
= » T 50k
/ ¥ ’
0leE—a——n " . op”
1 1 1 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 0 30 60 90 120 150
Time/h Time/h
® 40
> >

W EEVENEEEN

H, evolution/(mmol-g 1)

"~

i

i %
"~
e
™
e
™~
Ty

0 6 12 18 24 30 36 42 48 54 60 66
Time/h

(@) —cpemeeeaa-a Vac Internal Internal '
| “' electric field elelctric field [
I | I

| |
| : |
I | I I
| |
L V-InS, CoS
V-In,S, CoS, V-InS, CoS, 5 ¢ o
Before contact After contact Under light illumination
5 (a)CoS,.(b)CoS @In,S, Fl(c)CoS @V ~In,S, (K13 5 FiL B2 (TEM) R 5 (A)GAE AL 7= A M BE IR 5 CoS @V ~In S, K% 58 G AL 71 1)
T g PEM R (e) HEFR 7 S MR F 7 U AL 7R B (g)
Fig.5 Transmission electron microscope (TEM) images of CoS, (a), CoS,@In,S,(b), and CoS @V ~In,S,(c); (d) Photocatalytic hydrogen—
evolution rate of CoS_, In,S,, CoS @In,S,, and CoS @V ~In,S, catalysts; Stability test (e), cyclic hydrogen production test (f), and

schematic diagram of the hydrogen evolution reaction mechanism (g) of the CoS,@V ~In,S; core—shell photocatalyst™



- 2344 -

(a) Indium Thjoacetamide
chloride =

—~

Sk F171%
b) a0 (©)
15 - anls"s
J30 — P-In
é e = o
3 % 3 p
= Z
<<

R Err I
1.0 1.5 20 25 30 35
Eg/eV

200 400 500 600 700 300 900 1000
Wavelength/um

—~
=

g )
=3 o -3 1200—+f.1§233
=] —— b
5 g 5 E LTIy,
25 ! 1000
GRS S5 800
gw’g’ 4 23 600 |-
g a3 g a 400
g 8 200l
2% 2% 200 /‘f,f’;f‘f
O 1 1 1 1 1 1 0 1 o 1 1
0 20 40 60 80 100 120 0 200 400 600 800

Time/min Time/min

TEM Kl(e) HRTEM [ZI(f) (5 77 (9 41> F5HEX I /s 1 (8 BLIH AR ) s (o) AN R i 19 R S0 5 (h)P—Tn, S, B 7 YOLAE L™ S 3R
54l In,S, 1 4 RAFFRXT LEE!
Fig.6 (a)The schematic of the fabrication process of the sample P=In,S,;(b) The light absorption spectra and AQY ; (c) The bandgap
calculation based on the light absorption spectra; The SEM image (d), TEM image (e), high-resolution SEM(HRTEM) image (f) of the

P-In,S, sample (the Fourier transforms of the image involving the four box areas are displayed);(g) Accumulated amount of hydrogen

production of different samples ; (h) Seven photocatalytic hydrogen production cycles of the P=In,S, vs. four cycles of the bare In,S,”"

HEAT BT &R B AL o e P-In,S, B AT Sl Ry
457.35 pwmol-em?-h™', &40 In,S, /4 2.7 £i5[ I 6(g)], 7£
Z WG, P-In,S, 19 7= A AT FE 24 8%, 1M 46
In,S, 7E 4 RAG F4 J5 36 Ul 22k 509%[ &l 6(h)], ik B] C-A
J2 38 3 25 4 T R T RO T X AT 5
TR TR R AR S I 4 A G A L E B L — e
1) 1T A b A T3 ok P 5 4 T A S B RR ER T
ANBIHT R BT R AN Bt 4 0 ' e A ) o
RET 48 0 B, R Tl A B TR AE T8 1

Kaur 250850 13 Ak 27 SO TR 5 K #4ik IR 07 B
A S B WO 94 K B 7E In,S, 22 1 19 17 A4E K, 1 2
% B A 2D-1D K i 4, B A In,S, 5 WO, [
Type— Il BEHFHESY , #1145 1 2D-1D In,S,-WO, Type— Il
RS REERED LA, Tl 0 In,S,- WO, 55 2%
FERLPL R BHYC IR T G % 5 5.7 mA-em™,
&l In, S, 9K A 19 6 4% 46 WO, 4K Fe Y 8 1%, 7= &
PEREM Bl T, R THELIER SR W0, 5
In,S, A4 G 4 5 T 45 , — J5 T 3l 28 Type— I GE 45 HE
A1) 55 Py 7 v S IR R KCH e L D — D T B
WO, [ -5 IR D Tn,S, 868 bl &l 2 45 44
FRRE M, by il A AR | i e 1) i 4 £ 7 4
P T

2.3 ®isE(ZnS)

ZnS 1Y 58717 B HL A P S i RE A 454, S T
5 A AR S 2 S8 A R A DT AR HE L
AL far o S BETHEAL AR . TR, L A AR S R AR
SE , 2 1 5 I BT 25 67 S BB e 8 ik A 5
TE AL I S AT s 2 H .

Bao 45 FH B B ¥ 28 4 1 il £ ZnO/ZnS 5 5t
25 ) A K A2 B4 51 (HNRAs) [18] 7(a)~(c)], n—p 5 i 4%
fdi ZnS i CB A2 T kb ZnO HE G (YL AL, VB HE ZnO B
i, TEYCRET , ZnS 52 2 1 CB /= 4= 1Y HL 7 5% 75 %)
ZnO #% VB, 1l ZnO 4% VB ;=4 1) 25 7 % 21 ZnS 11
FEEE (). T ZS IVER A R s 2k 7
() 7= SN A, BEAR T HLF 545000 E & I B 3
BEOME AL PERE , 0.05 g i Zn0O/ZnS HNRAs 7E 45
L BH G BRSFF 9 e K™ S 26 R 19.2 mmol b
VB T8A— Zn0 NRAs F1 ZnS NRAs By 7= & %

Zhang ZF*R HI#R 1L 45 B ZnIn,S, CNTs/ZnS
SILSH RN K E S IR(ZCZ-3) , ZnSFE 5 ZnIn,S,
FICNTs f S 2 A ad A rp , BERS IR s H B B 25
A 2A M RS e o 8 2 YR S R A B4, ZCZ-
3R T EHE ST LT AA T FEE 8(a)], 8 32 [ N Hif
J&7 XRD X Lk I 8(b) s AT LA Y, ZnS 1Y fb AR 45
PR % A B AR Ak 3 3R W AT B A 40 43 fif
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K7 ZnO/ZnS SEIRASHAANKE 451 (4755 70 B SEM (15 (a)
HRTEM E{8(b);(c) ZnO B (GRE) F ZnSCK ()52 1 B85 T
B AR N % 5 (d) LA B A (1 A=0.1 nm)
Fig.7 (a)HRTEM images of ZnO/ZnS HNAs (inset: the
crystallographic character of the single crystal ZnO core and the
polycrystalline ZnS shell); (b) HRTEM images of a single ZnO/
ZnS HNR; (c) Scheme of the anion—exchange growing reaction
for ZnS (grey) shell on ZnO core (black); (d) The charge—transfer
process in Zn0/ZnS HNRAs™

LA RE ST, ] AL AR R PR AT SE A IR B
AL IV RERS PT R FoE Mtk AT

Kang 5538 £ % 77 #4% fi #5 Cd-Cu 248 22
1) CdS/CuS/ZnS = JG 5 o &5 fm & G A Ak 1), SR Bt
% Y Cd: Cu=2: 5 1 C2C5 B i 77 & &K ik
6401.06 pmol-g™'-h™, S AR A% Cd BYHFE 5l (1 4 F5 LA
15425 nm WK AQY 3K 38.3%, i = T IRl 2 i Ak
PR T 5 06 BF 20 b J5 7 S0 1 TG B o e, AR
T A 700 9 FE T B ik B, AR M B 4l ZnS,

st 2nd 3rd 4th 5th
4 6 8 10 12 14

Time/h

(a)

H, evolution rate/(mmol-g™'"-h™")

Z A BN 5 |G AR R AT B LA ZnS R 3RS |
CdS Fl CuS ¥ 5] 43 B = JC fh AR &5 48 . ZnS &
Cd-Cu 4B 74 5 BRZE AL 2 1.73 eV, 1] WLOE IR I i
EROR IR, CASTE N LT gk b B R
THeA B R0 T 0l 57 A4 1, Rl B 28 g
i 2 CuS M, F 2 Na,S Fl Na, SO, HlidE 771 114 48 25
73, MR T A AN, ZnS g TR
B 2 or FVEE 2 S SR T (] BB R BA BIE , 10— 25 4 il 282
MTFE A ZHEATCHUR M 5t 4 8 Bk 7, i
ARV 53 L BAS HE R 45, AR T SRR R 22
fift T CdS . CuS MG JE it ] &1, S A = IR AR | i 3%
WAL A B BT B AL T R AR .

U4 ZinS O GAELL T A AFF 55 5 A2 T A 5 S 24
P 5 KR e R RR A Ak, T UL ZnS 7 PR i B PR
il L B N, L AR R 5 S 4 o sk, e i R
PE 5 REas JE s e Ak T e R B AR R B R
RUR 5  PE Ay Al 5 B R A 1 7] A 1T AN
7 FH 2 A — i ik 5 At A BT R S 5 2 i P
i) 18 555 14 S 3
24 #$A%¥(Znln,S,)

ZnIn,S /BN —Fl 2R =Jomitkd, RA I H R
AU 7 A R R T B B
S A SR RTE I PESRY . SERANKRE SRR &
Je , P A e A TR Al P e R T e A ol AR
R ERTE M S AT SR AR e
HZICF AR R A IR A

Su ZER AR G B 7R RK Bk il 25 1 B 4
¥4 22 S AL B PR Znln,S, #1843 51 M=Z1S F1 H-
ZIS, it AN 9 Fir 7 ) SEM Al AC-TEM [&] 7] 7 i
HWEEE ], H-Z1S B ZnIn,S, FLA F & B985 25 17 BB

(b)

Before

After

1 1 1 1 1 1
100 20 30 40 S0 60 70 80
20/(°)

K18 (a)2CZ~3 HINEER G E PEMEAI(b) G A A M S0 | 7Y XRD 35 (5]
Fig.8 (a)Cycle stability test of the ZCZ-3 and (b) XRD before and after photocatalytic hydrogen evolution reaction”!
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K9 M-ZIS i(a)SEM Fl(b)AC-TEM & ; H-ZIS i (c)SEM Fl
(d)AC-TEM [&["**

(a)SEM and (b)AC-TEM of M-ZIS; (¢)SEM and (d)AC-
TEM of H-ZIS*!

FUAE XS TP B fiAS 4548 o AEpEReI i, AR 8 i By

PR TR, A% B AT LB B 2 ) M-ZIS 726 AR

HM T BRI EIL . fE4 h L , M-ZIS ™~

A& M 32.9 wmol, i H-ZIS 7 4 & 13.2 pumol (¥

2.54% o XU T EBE A ST Y B N E A,

AR F 2 AT o & B A O PR

BA LN EG R LA &R 08 . R

Fig.9

1M, 2451 P Ry Bl A A, SRR A7 3 L 5 P
5L TR B AR R AR TS R A, B M
PEm TR SR PERE

Du S5 ) FH 7K #0538 2o i A8 35 00 6 il — Bt
JZ ZnIn,S, W)z (B=ZIS) FI*f: BLIT )2 Znln, S, HLJ2 (M-
ZIS) Vel A = S AL, T AE M-Z1S 1 ] £ i B v
MR AR L BENE (TAA) (2, L Zh 5 | AR 2 0 45
F| M-Z1S-S, 3 i 584 -1] WL (UV-vis) WO 1)
iR, M=ZI1S-S Wi & A= 21 % HE i ie A+
B-ZIS H & Ky 7+ (& 10) o #2572 1) 5] Af#
ZnIn,S, Y71 B 2.39 eV FEAKE 7 2.31 eV, T2
HEMURE T o WEAM B2 L A AE IR B T Znln,S,
APy B T, LT AR B 82.53 mPe g, L M-
ZIS 1 75.41 m*+ g Fll B-ZIS 1Y 61.66 m*-g™ B /& , A
M5 AT 2R ML $em TORIbrERE .

Chen 538 1o 7K #4445 Znln,S, 94 K ¥4 K},
28 A5 38 JE RS Ni 5 DO T Znln,S, 40K 46 I
[& 11(a)], 1 & A [A] Ni & /& 89 Ni/Znln,S, & & 41
Bl Hi, 2% (850 Ni/ZnIn, S, FE 5L [ 11(b)17E
AT ULOETF B 77 A R R G 22.2 mmol -+ h T, S 4l
ZnIn,S, 19 10.6 1% , £ 450 nm B4 {5 0% F £ AQY ik
56.14% , [Al i HAT R A RS e e AT B &2 P . Ni ]
WEAE R B AL TR AL T 35 S PR AL, i

(©)

1 4 i : 1 I
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—
(=]
T

=4
(=)}
T

Absorbance

=4
N
T

200 400 600 800
Amm

F10  B-ZIS (a)F M=ZIS (b)#) TEM K% ; B-ZIS \M-ZIS Fl M—ZIS—S HIHLE: 35 () UV-vis WG £l ()
Fig.10 The TEM images of B-ZIS (a) and M—ZIS (b); The Raman spectra (c¢) and UV—-vis DRS (d) of B-ZIS, M—ZIS and M-ZIS-S"*!
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Potential(vs RHE)/eV
—

Visible » ;
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</light 0 £
........................................... 123 eV(HZO/OZ)
TEOA" TEOA"

. §5DE 3 T (T ..... VB(2.06 eV)

2-I\Ii/Zl'lll‘lzs4 \ TEOA

BE 11 (a)Ni/ZnIn,S, &t BER 55 8 5 (b) 2%(Fi & 5340 Ni/ZnIn,S, (5 SEM 14 5 (¢) Znln,S, 1 2%( i & /3 BONi/Znln,S, B Hr &
S AILBRR 2R
Fig.11 (a) The schematic synthetic process of Ni/ZnIn,S,; (b) SEM images of 2%(mass)Ni/ZnIn,S,; (¢) The schemed mechanism of
Znln,S, and 2%(mass) Ni/ZnIn,S, for H, evolution™”

REA AUIME A -2y B 5k ® . 7]
YGRS R , ZnIn,S, A9 VB HL T8 & 2 CB, e
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H,, T 28 7 = C e (TEOA) THAE[ 1A 11(c)], H
L E T 7O SRR

Ullah Z“5R P 20 7K #4356 48 ZnIn,S /N-1GO S
U TR iR S o | I S A T G Rl B vy
2847 pdmol-g*l'hfl, 4y 9l 2 4l ZnlIn,S, M 9.7 fi5 .
ZnIn,S,/rGO Y 1.6 5 ; 420 nm I K F AQY ik
27.24% , & LG IR 20 h 5 G VEAR R R RS, I I
rn R ZE A T AR R, JE I B . AR DL
ZnIn,S, A A WG R K, N-rGO hy HL F 1% fi 5 1
PESEGR A 4y, —F I8 R % AR AE ], N-1GO 1Y &
B gl A B 7 o5, A AR T2 AR T &
73.6 m’-g ", [AlIAEARAT B AE WG RZ0RS R T O
WG RE 7 580 S A0 S T g ReA HES, P9 el L 37 5K 5
HL o] 22 [ 5% 7%, G IRT ZnIn S, S YA 15 N—-rGO
Mrafias A AR NGO S i e 5B T T
HI 5L, ZnIn,S, M 23 7 TEOA 15 M AE ,
FA IR T EA SR . %A K R RS
#5522 UA K N-rGO BREAE hy 5 i 25 4 43
Fa S U Hp fup A5 500 A%, MG I E B AR5 A B 3
K, 7] ok Znin,S, 800K T 5 4B Ok
WA PR AS 305 7 A R A 1 ) AL, kg AP B AR 15 R i

FEACAEATN BT TR T I R] e 1 5 L
2.5 Fis¥$R(CdZnS)

CAZnSAE R A AOGAEA, T3 2L 35 Zn/Cd
Eb A7) ok 58 37 Y 4 2t B, A B AT D0 IR S R4
fRBEMT 454, e LR M K B — 9K i
GO AEA R LRI EER T IR EMES
R R VA G |10 % Y1 WD B 1T BTy O B 4
far o3 B, Al R PR T AT EROR  [RI i 2 S R
FEE A RO IR — B SRR AN CdS &) St ZnS AT
e e 7 555 S5 R, SHERL i ot 5 2 B

Xue 55°U5E 1 fb 27 AR WS, LUTCHL-A P2 ik
WAL ZnS(en), s AR , 26358 75 590 4 PH 25 738 4 LA I
IR 25 2 Z i (en) 73, LI il & B BT S T
L1 PR S5 R I 4 L Cd,Zn, S(en), 28K F,
HIE A B 12 78 o Cd,5Zn,S(en), 41K J )&
JEAL R 1.5 nm, fL#2 AL A 20.6 nm, L 3K TR
62.4 m’- g™, 7E 4l 7K G B i Ak R B, B AR R A
1395 wmol - g™ -h™"  JE I BRI T TP A e = (B .
SRR T S PEREIE T H A R TR AR
fep Bl R T AR R S A . Yt — 2 AR
NiCo,S, JE WU M FF 345 5 45 W J5 , B & M OBHTE
TEOA 1A & b & B R T 2 62.2 Mmol-gfl N
K HIE 2436 wmol - +h, 3 % B AL HL fer G S L
BH 75 21 i 5 B AIK, Okl T -2 U BIROR B 4R
o IABFFEEE H R % ALk R CdZnS FEAE AR Y
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K12 TEM K4 :(a)~(c)ZnS(en), s (d)~(F)Cd, Zn, ;S(en) I
(g)~(1)Cd, Zn, S HIK B!
Fig.12 TEM images of ZnS(en),, [(a}—(c)], Cd,sZn,S(en),
[(dy—(D)], and Cd,,Zn,.S [(g)—(i)] nanosheets""!

THEZE R BRI TR AL, 1 R (A SR
N B R T AR A T HHE RS .
2 A Y

Yu S o 50 Rk S

—

— Y KRR Cd, Zn, ,S(1D CZS NR) 44 K 41
BE, HIE A W& 13(a) (b)FR | SaAs A B R
e B FA (SF) I 13(c) ()] 7K AY Na,S/Na,S0,
B HE AR R, Cd,Zn,,S 9N K B B B S R A
59.3 mmol-g"'-h™", J2& 4l CdS 44 K ¥E 1Y 20 1% , 11 %%
1% Pt #E— 42 7+ 3 72.8 mmol-g ' -h'[[&] 13(e)], H.
E 25 h R PRI s P OR A R  90%[ 1] 13(6)],
FIHT S R EEIH T Cd, Zn, S 1 SF 45 F 1A 7R R
25T, A SR A AR AL e, R D' A B
524G, TRV 1D 24 KA 5 ) B 18 4 Pl o A2 0 B 72
LR TG A R RE , X R i — 4R S5 A 1
LSBT AR YR FHR T CdZnS e AL T S 1 B
1) SRS, Ay e A R T R B0 T S

Song ZEF] FH K #3k G Bl CdZnS [ AR, 45
B R P R A S 1 AR A A AL R (NiB) |, 1
NiB/CdZnS & & CHEAL I 14(a)~(c)lo BFFEN G144
3k i A5 NiB 51 A CdZnS B AR R 5 B L TC 8 B
SR 0% R 2 TR P AN A5 B e ) L T A AR BB )
PETF LA o B %, HAR M NiB 7R R R R
T R AN A7 S B e BB ST 1 s
IR RAEM rh R LT = Re ST . TENT &

A

L trace

H, production rale/(mmol-h™-g) &

ZnS Cds

5 10 15 20 25

CZS 1.0%PV/CZS Time/h

K13 CZSHKAERI SEM (a) . TEM (b)FI HRTEM [(c), (d)]E15 ; (e) CdS . ZnS .CZS Tl 1.0% (/3 4%) PyCZS B GHEAL T S R 5
() CZSHERT VLG HAGT T 25 h i ik fhAR e ™
Fig.13 SEM (a), TEM (b), and HRTEM [(c),(d)] images of CZS nanorods; (e) Photocatalytic hydrogen evolution rates of CdS, ZnS,
CZS, and 1.0% (mass) Pt/CZS; (f) Photocatalytic stability of CZS under visible light irradiation for 25 h"*
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2 h T i
® 6 = 40000 L] = 160000
- 0, Z: [ 4
g, wib 35000 b 15% NiB/ZnCdS %D 140000 -  15% NiB/ZnCdS .
ZnCdS % 30000 L £ 120000 -
g 4 _150/3 /N;]};éz;cgj S 25000 1stf ond| 3rdf 4 s/ | E 100000 -
| T N — ] ) s
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< 2 FT6% NiB/ZnC £ S 40000 [
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- = b
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K14 (a)~(c)15%(F it 53 %) NiB/ZnCdS ) TEM B ;1% (5 it 53450 NiB/ZnCdS it fYHT U (d) T 20H R (e) (AQY (DA
UV-vis W (g); 15%(5 4350 NiB/ZnCdS 28 5 YA FR 5 BIMT 28 (h) Rk s ()™
Fig.14 (a)—(c) TEM image of 15%(mass) NiB/ZnCdS; (d) The H, production amount of x%(mass) NiB/ZnCdS samples; (e) The H,
production rate of ZnCdS and NiB/ZnCdS; (f) The apparent quantum yields of ZnCdS samples with different contents of NiB;
(g) UV—vis absorption spectra of NiB/ZnCdS samples and pure ZnCdS; (h) The H, production amount of 15%(mass) NiB/ZnCdS
after 5 cycles; (i) The stability of 15%(mass) NiB/ZnCdS™

A P, 2 NiB 17 258 8 15%(J5 2 53 %50 BT, NiB/
CdZnS & G A AT S #238 8137 pmol - g +h™', /&
4l CAZnS 4 1745, AQY 3% 13.3%[ 18 14(d)~(N)], AR [F]
KAEReBIRR . i UV-vis WISOEEE 14(g)] AT
UL, B 2% Ni g, Wl B 208, Ui B NiB/CdZnS &
A MERERE A H B Z2 0] LY, S i B i LR TE . b
Ak, NiB/CdZnS & A AL F £ S G PRI , r A
TR R 3T 90%( & 14(h)], 7E 100 h K38 5 v vh
PERETC i & =014 14(1)], 1IE5E NiB 5 CdZnS Fii Y
s AH AR AT A 8Gm i 6 I sh A gs iR 4k

T A X AN [R5 35 ' A Ak 35 B B S e AT X
Fo & B (IR 1), CAS AR 7 AR AE 36 M de A1, 400

AT U R B T T In,S, . ZnS M ZnIn,S,, PEAT kP
J& et CAS AL FIAT AR 1T 34 170.3 mmol ¢+
In,S, FEA AL i 5 35 142.27 mmol - g™ -h™", G 3 A —
PSS . CdZnS 5 ZnIn,S, B Al AH TG P AR, {H 18
i Ay VR S B TR S T S B — R E R
Mrascegmiem, AR ERAEE, REMH
10, AE 5% 4 J8 v A& & (40 PdS/In,S, . Cd,sZn, S/
MoS,) AU AR T 5t 4@ 2k ik & |, i g id i 7
ATV FH A0 461 6 6 ok, 0 B 75 1 £ B3 SR 27 90% LA
e LSRR AR Tl AR e

i 5 A A0 R0 A M R R AL TR LA e 0 PR Ay
FEA S SR FH B ) o 50 W [] Ak DG i 3% T 1 4
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Table 1 Summary table of hydrogen evolution performance of typical sulfide—based photocatalysts
RIS Mra s/ AHXE T2t
E AR R . EEETE U 25 U R AQY 3k
ek AR 2 (mmol-g+h) SR TH % S T Q ik
Cds PANI/NCPP/CdS 170.3 426 SUELREBIHEIETI(NICOP/NICoP )+ Al LY Lz 49%  [30]
SRS, TR (A>420 nm) (420 nm)
Ni@NiS ~CdS 78.7 183 dEfMh-RAASEBIA +Cd—S—NigE  HILG 7L [29]
W , B EE T PRI 3 L i B
HiZs CdS RRA A Bh B S 73l 5, s ATk [31]
({101} &) SER RGBS EMN A R T
TR B
NiCoP-g—-C,N,/CdS 55.63 4.6 SEEESHA-UI ALY, QR FLAR 70%  [32]
AL B AR 22 5 (420 nm)
In,S, PdS/In,S, 142.27 149.8  0D-2D 54 +Pd—S—In 4, AU 035 mol L Na,S+ [35]
[3% (5 it 4340 PdS] PA A L 3 7 1) e 78 25 71 0.25 mol - L™
Na,S0,
CoS,@V ~In,S, 4.136 823  B-FeSmBESHMANL InJEFR WL 035mol- L7 NaS+ [36]
BT L 0.25 mol - L'
Na,SO,
P-In,S, 4.57 2.7 A=A I, S SR R AR LT, LU TEOA 26.2% (37
(E R NEERTIE ) PG (380 nm)
In,S,-WO, 5.1 5 2D-1D Type- Il 55145, WO AM 1.5%10*T 0.5 mol - L™ [38]
ST b AR H A EEIPNIEDE Na,S0,
ZnS Zn0/ZnS HNRAs 384 451.8  n-p PRGBS USSR, BUBURIOE  JeAAE) [39]
FER R F i
ZnIn,S /CNTs/ZnS XL OGRS IS HHRE A ENZIET [40]
(7C7-3) (MR E ) P AR I
CdS/CuS/ZnS(C,C;) 6.401 4 Cd-CudHBA+ =Jum i+ AM 15x10"T035 mol-L Na,St+ 38.3%  [41]
/R B B BERUKPHYE 025 mol-L™" (425 nm)
Na,SO,
ZnlngS, M-ZIS 0.0082 25 AR g AR BT T TEOA [45]
(A5 k) SIS RCRAR
H-ZIS 0.0033 AL E R AR O G AT TEOA [45]
(B 23 7 B ) AT
M-ZIS-S AW BT B, IR IAREET TG TEOA [46]
(BRZs (A& ) e T 8253 m?-g!
Ni/ZnIn,S, 222 10.6  NifRALTIEALA, I 7~ AL TEOA 56.14% [47]
[2% (42t 43450 Ni 7 2 5T (450 nm)
ZnlIn,S,/N-1GO 2.85 9.7 SHUFRE+NBIL GO, i QiS4 TEOA 27.24% 148]
FAEH 56k (420 nm)
CdZnS 4l CdZnS 1.395 i N N E o = e T A U T (&tiK) [44]
Cd,sZn, S(en). 1.395 REAE A 2%, S 1.5 nm, LS Jo(4liK) [51]
(4 L) FLA%20.6 nm, @ E AL,
CdyZn, S 59.3 20 MEFRERBE+BLA AL, BTG PTG 035 mol- L7 NaS+ [52]
(1D GKAE+BR A L) F T R AR 0.25 mol -L™!
Na,S0,
NiB/CdZnS 8.137 17 LA NIB gk, MmO il TEOA 13.3%  [53]
[15% (Bt 4340 NiB] AT A L (AQY)
Mo—Zn,,Cd, S@NiCo,S,  AMAH B A A, ST S AL [49]
(REE M) Foe A XU
CdZnS@Ti,C,T, MXene AW JERLLE KSR BT, MXene 138 AL TEOA [50]
G PR TH) L ALk

PR, RS P AR RS AR, AR TS T
A RS A

55 IR N B e e R A A A — R A Bk AL,
TESAAC SR T ot A 23 7™, RIVRR 5 5 (S)
B AL o PR (S) B AR AR (SO37) , 3 B &5 H 1l

IR AR, S R A ) SR R 5 DA B R A
TR 5 Jo 45 22 e P 50 (A Na, SO, Na,S) JH #6t
Az 23 RGR B T2 A HAY , ok B S BLC
IR B 4 A KT IR 1, O, BR AT 52 B v
3 5 TR SEAEAL R SUZH -1 R B OV 3,
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P2 T RUAT BR, % B ) T35 PR 67 A0 il 24 i A B
A TR ALY T U AR IR TS AT AE 7]
M CdS HAY Cd o A7 R E 4 R, A5 A 79 it s T
AETE IR I M e f 5 PR A AR AL R

3 B LA AT AN R B M R

Oy it — 2 B TR R MR AL TR Y G A AL = S
E, WFFEENTIT & T 2 Pl Pk e, i L85 A JE
SR U B I M B AL A 55 2 07 AT
SHPEREDLAL o

500 nm

31 IR

PR A Rr VR T, B AR AL 790 7 DI e AL 40
Sl v 3 18 RO B B A 0, JCHORIE SR
XEHOEAEAPEREA 35 W E AR

Chen ZE3R FH 7K B35 il 95 44 B2 AR FeS, 250
BRI o I AR K ik e R i U A2 K ZinTn,S, 44
KA 15(a)], M — Pl A RS2 45 Y S T 57 Joi 4%
FeS,@Znln,S, AL o FeS, i) 25 0 BRIE 45 14 1h 44 K
UKL HE BT B[P 15(b)], AT DL 5 e H: A 22 3
SR BERTRE , DA T4 5% AT DL OGBS . BR5E 3

oA
/e

024 nm (210) —

—
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ZrS
0.32 nm (102)

10nm

15 ZIS (a) FS () FS@ZIS-30 ()i SEM {4 ; FS@ZIS-30 i TEM (d)FI HRTEM (e)PEl{% ; 7E AM 1.5x10°* T HASE T, Sl
B YEAEARAT S SEPR RN 3 72 T FS@ZIS—30 () ZIS ()R it 5 43 A3 P!
Fig.15 The SEM images of ZIS (a), FS (b) and FS@ZIS-30 (c); TEM (d) and HRTEM (e) images of FS@ZIS-30; The temperature
mapping images under AM 1.5%10™* T irradiation in the real reaction processes of photothermal-assisted photocatalytic H, evolution for

FS@Z1S-30 (f) and ZIS (g) samples™
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A R 22 FL, P A 35 T %) 2 1 3 M 67 A, AR ERUAAR
PO, W PR S A AR . ZnIn,S, DL HEAA K A
[ 15(c)~(e)JE I EJ 07 T FeS, 25 D BRFE T . X
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