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Study on Cu;P as a Cocatalyst to Improve the Photo-
catalytic Hydrogen Evolution Performance of CdS

LI Teng, ZHANG Lijun, LI Xiaohong, WANG Xuanpu, JIN Zhiliang

(School of Chemistry Engineering, North Minzu University, Yinchuan 750021, China)

Abstract The loading of cocatalysts is one of the effective strategies to improve the separation efficiency of
photogenerated carriers in catalysts. In this work, CdS nanorods were successfully synthesized through a
hydrothermal method, and then Cu; P nanoparticles of different masses were successfully coupled with CdS
nanorods by a solvothermal method based on morphology regulation strategy. The composite of the two
materials greatly reduced the degree of Cu; P agglomeration. A series of experiments showed that the intro-
duction of Cu,P particles significantly improved the light capture ability of CdS, which provided the condi-
tions for stimulating CdS to generate more photocarriers. A possible mechanism for the photocatalytic
splitting of water for hydrogen evolution was proposed based on the experimental results. The effective
loading of Cu; P provides surface reactivity for CdS and further inhibits the recombination of CdS photoge-
nerated carriers, which accelerates the process of photocatalytic hydrogen evolution. This work provides a
reasonable means and strategy for improving the photocatalytic hydrogen evolution activity of CdS.

Key words Cu;P; CdS; cocatalysts; photocatalytic hydrogen evolution

:2022-03-11
(22062001)

’ ’ s ’ s H ’Efmail: Zl*jin@ nun.edu.cno



26 ( )

1
(CdS) ;
’ 2 o
. , CdS S )
, [4.5] 3
H, . .
=5
. NiP, .CoP, ,CoNiP,  FeP', (CuyP)
, s o ,Cu, P
H* . .
ol s , s Cu; P
CdS . Cu, P . CdS ;
Cds . Cu,P CdS . CdS -
; CdS . .
Cu,P Cds 3
CusP CdS . 15%-CPCS  5h
(1 934.02 pmol) CdS(265.62 pmol)  7.28 . 15 %-CPCS
. Cds .
2
2.1
. (CH,N,S) ( ) ; (CuCl, »
2H, ) ; (NaH,PO,) ;
(Na,S) ; (C,H;OH) ;
(Cd(NO;),+4H, ) ; (C,HyN,)
2.2 CdS
CdS . 3.68 g Cd(NO;),*4H,0O 50 mL ,
1h . , 2.85 g . 1 h,
100 mL . 160 C 24 h,
) . 60 °C 12 h,
Cds.
2.3 CuP
0.50 g CuCl,*2H,O 2.50 g , o
( ) . 2T/ 300 C 2 h,
R 50 mL/min., R ,
60 C 12 h, Cu,P .
2.4 x %-CPCS

1.00 g CdS 0.15 g Cus P 30 mL 2 h,



2 ,  :CusP Cds 27

30 min, 80 C , 6 h
15 %-CPCS, . CdS . 5%-CPCS,10%-CPCS
20 %-CPCS,
2.5
(SEM, JSM-6701F) (TEM, JEM-1200EX JEOL)
Cu;P.CdS  15%-CPCS . X (XRD, HORIBA Scientific, France)
, 40kV 30 mA . 10°~80°, X
(XPS,ESCALAB 250Xi) . X
. UV-2550(Shimadzu) -

(UV-vis DRS) . BaSO, . 77K Brunauer-Emmett-Teller(BET)
(ASAP2020M) , - . Cu,P.CdS  15%-
CPCS . . FTO

. 0.2 mol/L  Na,SO, , 420 nm 300 W .
2.6
. CdS . 30 mL
10% (65 mL) , 10 mg CdS , 20 min
, 300 W . lh 0.5 mL
(Tianmei GC7900,TCD,13 Xcolumn,N, ) CdS o
5h . . .
) 4
3
3.1
Cu,P.CdS  15%-CPCS XRD.SEM TEM ,
1(a) . Cu,P  CdS Cu, P(PDF #71-2261)  CdS(PDF # 65-3414) .
Cu,P  CdS . Cu,P  XRD .20 35.99°.39.08°,41.56°,45.09°,46.14°,
47.32°  66.52° CusP - (102).(202),(211),(300),(113),(212)  (214) . . CdS
XRD . 24.90°.26.45°,28.18°.36.61°,43.79°,47.76°,51.04°,51.91°,52.90°  66.77°
CdS  (100),(002),(101),(102),(110),(103),(200),(112),(201) (203) .
Cu,P  CdS . 15%-CPCS  XRD 1(b) ;
15%-CPCS  XRD Cu;P CdS . Cu;P - CdS .
. 15%-CPCS  XRD Cu;P  XRD . Cu,P
CdS 1(e) .CdS ( 3pm), 1D
Cus P , ,Cuy P ( 400 nm) , o
15 %-CPCS 1(e,D . .Cu, P CdS
, Cu;P CdS . Cu,P . TEM
TEM(HRTEM) 1(g.h) . 1(g) Cu, P Cds ,
Cu,P  CdS . 15 %-CPCS 1(h) ,

Cu; P CdS , o ;



, 0.358 nm  0.227 nm, CdS (100) Cu; P (210)
CdS Cu, P s CdS Cu, P , XRD
(a) _
g2 S
cds %‘ 8 1985 3
(CdS PDF
= #65-3414 =
g ne-T2, g
= |CuP Al & 5 =
Cu,P Cu,P L N N
PDF#71-2261
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80  [lum EiT-1500kv SienclA-SEL - Dote2s i 2021 o
WD=6.74 mm Mag=18.37 KX Time:9:37:03

20/(°) 20/(°)

-

300 um ET=15.00 kY SignelA=SE1  Date:28 Jul 2021 [

Lum EHT=15.00kV SignelA=SEIl  Date:28 Jul 2021 :
— i WD=6.79 mm__Mag=46.72 KX _Time:10:05:11

400 um EHT=15,00 kV SignelA=SE1  Date:28 Jul 2021 T
WD=6.87 mm _Mag=14.92 KX _Time:10:08:52 —

WD=6.80 mm__Mag=50.78 KX Time:10:02:03

;\\\;

Cu;P (210)
d=0.227 nm

1 (a) Cu;P, CdS (b)15%-CPCS  XRD 1(c)CdS.(d)Cu3P  (e,f)
15%-CPCS SEM ;15%-CPCS  (g)TEM  (h)HRTEM

3.2
15 %-CPCS XPS . 2(a)  15%-CPCS
XPS . 15%-CPCS Cd.S.Cu,P C . CdS  Cu,P
. 2(b 15%-CPCS  Cd 3d  XPS ,Cd 3d 411.34
404.59 eV . Cd 3d;, Cd3ds;,", 15%-CPCS S2p XPS 2(c)
. 162.15  160.95 eV S* S2pi» S2pis Hol2(d)
15%-CPCS  Cu2p XPS .Cu 2p . 952.19  931.87 eV
Cu,P Cu 2p,.  Cu 2ps,t, 954.55(Cu*" 2py,)  934.51 eV(Cu
2ps2) (ID™, 15%-CPCS P 2p XPS
2(e) P 2p 133.12,130.19  128.49 eV ,
(P 2ps. P 2pie) (P,O; PO mo . 2(D 15%-CPCS  C1s

, XPS (284.80 eV) o



2 , CuwP CdS 29
3.3
o 3(a) .,  CdS
53.12 pmol/h, Cu; P ,15%-CPCS 386.80 pmol/h, CdS
7.28 ° 15 %_CPCS 0 CU';P ° CU3P
° CU3 P s 3 ( b) ’ CU3 P ’
) CU3 P 15 % ’
° CU3 P . . CU3 P CdS
[12]
(2) 15%-CPCS (b) ‘ Cd3ad (c) S2p
Cd3d
404‘.59 eV 160.95 eV
B 41134 eV F 9
1. 2 2 - 162.15eV
E u-p £ 2 x 1
S 2p
Cls, "|p2
1000 800 600 400 200 402 404 406 410 412 414 159 160 161 162 163 164
Binding Energy/eV Binding Energy/eV Binding Energy/eV
(d) Cu2p (e) P2p () Cls
931.87 eV 284.80 &V
> > = 286.10 eV
g g g
E E E
288.55 eV
925 930 935 940 945 950 955 960 126 128 130 132 134 136 138 282 284 286 288 290 292
Binding Energy/eV Binding Energy/eV Binding Energy/eV
2 (a) 15%-CPCS  XPS ; 15%-CPCS  (b) Cd 3d; (c) S2p; (d) Cu2p; (e) P2p (f)C1ls XPS
2 500 ( 2)
-
B, Hi
s NI
Wil S
m. M iR HEEN
T W W
A =, NNHEN NuW WAWN o W
-~ ol M NN W
U T T T — = === ===
(d) P2p
|
: L
i w— LA 15%-CPCS after
‘g ! | ! !? 5442 Thc?:/dcgrcza * g o g
s after L, /1L . Sl 12840ev it i 5
S '“““"“"‘"‘I '!WMIWV"WWW g & 13019¢ ,A\ k=
n Iy 1 T ——
L befor ML Ll 15%-CPCS before]
TV VY s et WY 1 Manasnannes e Vi . L L L L
10 20 30 40 50 60 70 80 126 128 130 132 134 136 138 925 930 935 950 955 960
20/(°) Binding Energy/eV Binding Energy/eV
3 (a) CdS  15%-CPCS ; (b) Cus P ; (c)15%-CPCS
; (d)15%-CPCS XRD ,(e)P2p  (f)Cu 2p XPS



30

( )
; 15%-CPCS . 3(e)
15%-CPCS 82% , 15 %-CPCS
. 15%-CPCS
; 15 %-CPCS XRD . 3(d) .15 %-CPCS
XRD . Cu,P .
Cu, P CdS , 15 %-CPCS
. Cu,P . 15 %-CPCS
XPS . 3(e) . P2p XPS . 3D
Cu2p XPS . 15%-CPCS
Cu 2p . 15 %-CPCS .
3.4
CdS Cu,P . 4(a) .CdS
600 nm . 520 nm o CuyP . Cu;P
15 %-CPCS CdS , 515 nm
4(b) .CdS 15%-CPCS Kubelka-Munk 2.37 eV,
Cu,P Cds .
e 4(e) CusP  .15%-CPCS Cds
, Cu,P CdS . Cu,P
, (TRPL) R
, @)) e
I(1) =Aexp(—t/ 7)) +Aexp(—1t/ ;) +Asexp(—1t/z35) s (D
t @) NI TR 2 ALLA, A, .
(2
<t >=A D FA A DA A A ) (2)
Tave JlyNly Ly ALLA, A, o
Cu;P CdS 1.44  1.95 ns, 1, CdS
.15 %-CPCS Cu,P CdS ,
, 15 %-CPCS S
1 CdS  15%-CPCS
/s Rel( %) < Tave /N8 x?
6.16 1010 35.72
CdS 3.86 X107 43.01 1.44 1.95
5.42X10°8 21.27
4,96 X107 35.04
15 %-CPCS 1.33X10°7 26.73 1.95 1.74
8.71 X101 38.23
3.5 BET
N, Cu;PCdS  15%-CPCS 77 K BET
. 5(a) . IUPAC Cu;P.CdS  15%-CPCS N, - 1Y



2 ’ H CU3 P CdS

, Cu,P.CdS 15%-CPCS Ll 2 Cu,P.CdS 15%-CPCS
R o 5(b) 2, o , CdS
15 %-CPCS s Cus P .
Cllg P ’ ’
12 12
] (a) (b) —o—CdS
Lo - " o —o—15%-CP
] \ S )
\ e Cy,P — A
0.8 \ 4 0.8 &
=] 1 1 “uo e =] i
£ 06 \ - £ 06 4
g | —1svcres@l g 7
© 4 1 L4 o a
< 1 ~-— < &£
0.4 0.4
J 520 nm \\ e —] dl;f
" N _—
0.21 N\ ' 0.2 F 23Tev
1 N i - g P IRT
AL i e 2.3/ €V
0.0 . A : 0.0 TR [ .
300 400 500 600 700 800 2.2 23 2.4 25 26
Wavelength/nm hvleV
(c) CdS (d) Cds
=@ 15%-CPCS a =a= 15%-CPCS
N
- oo oz N\
> > g
Z e 2 § R \
=) W TS =) a % N
I} T b N I} a u_ A
[=] [=]
o § S S i >~
o e ] » | W e e e e s . O
¢ e - W0 25 2o %5 2
i W i \
o A N . N
6o m - ST
I ‘_II L& e —————— |
480 520 560 600 640 15 2 2 28 32 3%
Wavelength/nm Time/ns
4 (a, b) CuyP,CdS 15%-CPCS ; (¢) CdS  15%-CPCS ;
(d) CdS  15%-CPCS
] (@) ) Cds
1 =0=(uy,P
% 80 Cds _ 0.124 —o—15%-CPCS
4 | =e=Cu,P 1 o
5 —o— 15%-CPCS g
S 607 j \g/ 0.094 |——> mesoporous <——
2 | 3 | |
2 40 E |
< 40 S ooe] 1 y
e ] v '
£ g |
§ 20- = :
& 0.03 I
‘—w 1 |
- - .. . P, —
oL, , . 0.00-—%' S
100

1.0 1 10
Pore Diameter/nm

00 02 04 06 08
Relative Pressure(P/P,)

5 (a) CuyP.CdS  15%-CPCS - (b)
2 )
/ (m* g™ 1) / Cem? eg™ 1) / nm
CuyP 4.7 0.01 8.5
Cds 26.9 0.13 20.3
15%-CPCS 27.3 0.10 13.4




32 ( )
3.6
Cu,P.CdS 15%-CPCS 6 o
- B s . 6(a) ’
15 %-CPCS Cu;P  CdS s Cu; P CdS
, . (LSV) 0
6(b) ,Cus P R H .
15%-CPCS , 6(a) .
(EIS) . ol 6(c) ,Cu, P
CdS , Cu;P CdS . Cu;,P  CdS
,15%-CPCS CdS , Cus P CdS ,Cuy P CdS
. ’ o CdS -
6(d ) CdS - , CdS n .
(SCE),CdS (Eg)  —0.90 eV, (NHE) , (CB)
SCE 0.24 eV, CdS CB —0.66 eV, E,=E,—EM™* CdS 1.71 eV,
15%-CPCS - 6Ce) , 15%-CPCS
—0.76 1.61 eV, CdS 15%-CPCS (Tafel) 6CD ,CdS  Tafel
540 mV «dec™!, Cu,P R 15%-CPCS  Tafel 236 mV edec™ !, Tafel
, 15 %-CPCS , .
~ |(a) — 15%-CPCS 0- 00T
& cds ~ °
S —Cu,P = ~32001
< S °
= <
2 = 24001 °
E 2 g °
S g N 16001 0’
5 = -1 0001 °
E 5 ~— 15%-CPCS _8004 @° 0 15%-CPCS
g E cds cds
£ ° —- CuP o Cu,P
r . . ; . ~1 500+ . : . 01 . . : -
50 100 150 200 250 300 350 -06 -05 -04  -03 -0.2 0 400 800 1200 1600 2000
Time/s E/V vs. SCE Z"IQ
0T cds 0T ~1swcecs| g T —-Cds
2 == 15%-CPCS
45 o £1.0001
: 5 601 2
crz 30 oz %’/ 900
15 £ 8007
-0.90 eV -1.00 eV S
0 —————————— 0 T : . 700 . .
Z1.0 -0.8 0.6 04 -02 0.0 02 04 12 -08 -04 0.0 0.4 0.9 12 1.5 1.8
Potential vs. SCE/eV Potential vs. SCE/eV log[]j(rA-cm™)[]
6 (a) Cus;P.CdS 15%-CPCS ; (b)LSV  (c¢)EIS ; (d) CdS  (e) 15%-CPCS
- ,(1)CdS  15%-CPCS  Tafel
3.7
XPS el 7(a) ,
15%-CPCS S 2p . 15%-CPCS  Cd 3d
7(b) , 404.82  411.56 eV ,
o s s CdS
o 15%-CPCS  P2p Cu?2p 7Cc,d) s P2p Cu



2 ,  :CusP Cds 33

Zp . . CU3 P
R , 15%-CPCS ,CdS Cu; P,
CU3 P °
(a) —20.01 eV S2p
20.03 eV
2 2z
Z ‘ 2
g : s
= 16120 eV - 15%-CPCS light = (40480 ev 15%-CPCS light
411.56 eV
15%-CPCS dark 15%-CPCS dark
1 1 1 L 1 L L 'l L 1 1
160 161 162 163 164 403 404 405 406 40 411 412 413 414
Binding energy/eV Binding energy/eV
Vyi
(¢) 006y P2p () <004ev 7 Cu2p
<-0.10eV i ]
<0.22 eV <70.04 eV
iy Y '
2 g . il B
z ¢ | . 15%-CPCS light g ; -
j5} ! 1 ' |5} ) .
£ ! : ; £ 15%-CPCS light
5 e 1952.22 eV
15%-CPCS dark
128 130 132 134 136 950 955
Binding energy/eV
7 (a) 15%-CPCS S 2p; (b) Cd 3d; (c) Cu2p (d) P2p XPS
3.8
Cu,P P ,Cus P H* o
P O e e e =~
/(B 1 () \
’ I, 1 1
1 H |
[24,25] R i ]
o 1 1 1
: : :
Cus P CdS I '
: :
’ : ]
I 1
I ]
° ’ 1 1
1 ]
1 1
XPS I i
1 1
15%-CPCS v !
S, 7
o b
15 %-CPCS § (a)CPCS (b)
o 8(a.b) ) CdS , (e )
CdS , CdS (h*), Cu; P
) ) CdS CU3 P ° .
CdS (LA) LA™,

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net



34 ( )

4

, 15%-CPCS, CusP CdS
Cus P CdS . Cu; P

. 15%-CPCS ,15%-
CPCS 5 h (1934.02 pmol)  CdS(265.62 pmol)  7.28 . 15 %-CPCS
s XRD  XPS 15 %-CPCS .
XPS , o
CdS CdS o

[1] FUJISHIMA A, HONDA K. Electrochemical photolysis of water at a semiconductor electrode[ J]. Nature, 1972, 238. 238, 37-38.

[2]

[3]

[4]

[5]

(6]

(7]

(8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

DONG Y, HU Q, LI B, et al. Aminated silicon dioxide enriching iron-containing polyoxometalate catalyst confined in CdS for efficient H,
evolution[ J]. Applied Catalysis B: Environmental, 2022, 304 120998.

JIN Z, LI T, ZHANG L, et al. Construction of a tandem S-scheme GDY/Cul/CdS-R heterostructure base on morphology-regulated
graphdiyne (g-C, H2,») for enhanced photocatalytic hydrogen evolution[J]. Journal of Materials Chemistry A, 2022, 10: 1976-1991.
SHEN R, XIE J, DING Y, et al. Carbon nanotube-supported Cus P as high-efficiency and low-cost cocatalysts for exceptional semiconduc-
tor-free photocatalytic Hy evolution[J]. ACS Sustainable Chemistry &. Engineering, 2019, 7. 3243-3250.

SUN W, FU Z, SHI H, et al. CusP and Ni;P co-modified g-C3 N, nanosheet with excellent photocatalytic H, evolution activities[ ] ].
Journal of Chemical Technology and Biotechnology, 2020, 95: 3117-3125.

ZHOU H, CHEN R, HAN C, et al. Copper phosphide decorated g-C3N, catalysts for highly efficient photocatalytic H, evolution[ J].
Journal of Colloid and Interface Science, 2022, 610. 126-135.

ZHANG L, WANG G, HAO X, et al. MOFs-derived Cu3 P@ CoP p-n heterojunction for enhanced photocatalytic hydrogen evolution[ J].
Chemical Engineering Journal, 2020, 395. 125113.

SAYED M, YU J, LIU G, et al. Non-noble plasmonic metal-based photocatalysts[ J]. Chemical Reviews, 2022, 122 10484-10537.
YAN T, LIU H, JIN Z. Graphdiyne based ternary GD-Cul-NiTiO3 S-scheme heterjunction photocatalyst for hydrogen evolution[]J]. ACS
Applied Materials & Tnterfaces, 2021, 13: 24896-24906

GUAN S, FU X, ZHANG Y, et al. -NiS modified CdS nanowires for photocatalytic Hz evolution with exceptionally high efficiency[J].
Chemical Science, 2018, 9: 1574-1585.

WANG R, DONG X, DU J et al. MOF-derived bifunctional Cus P nanoparticles coated by a N, P-codoped carbon shell for hydrogen evolu-
tion and oxygen reduction[]J]. Advanced Materials, 2018, 30; 1703711.

LI T, JIN Z. Unique ternary Ni-MOF-74/Ni,P/MoS, composite for efficient photocatalytic hydrogen production: Role of Ni, P for accel-
erating separation of photogenerated carriers[J]. Journal of Colloid and Interface Science, 2022, 605;: 385-397.

WANG B, CHEN C, JIANG Y, et al. Rational designing 0D/1D Z-scheme heterojunction on CdS nanorods for efficient visible-light-driv-
en photocatalytic H, evolution[]J]. Chemical Engineering Journal, 2021, 412 128690.

ZOU J, ZHOU W, HUANG L, et al. Photocatalytic H; evolution integrated with selective amines oxidation promoted by NiS; decorated
CdS nanosheets[ J]. Journal of Catalysis, 2021, 400, 347-354.

TSAI K, HSU Y. Graphene quantum dots mediated charge transfer of CdSe nanocrystals for enhancing photoelectrochemical hydrogen
production[ J]. Applied Catalysis B: Environmental, 2015, 164 271-278.

BIAN Z, TACHIKAWA T, ZHANG P, et al. A nanocomposite superstructure of metal oxides with effective charge transfer interfaces
[J]. Nature Communications, 2014, 5; 3038.

YU H, YUAN R, GAO D, et al. Ethyl acetate-induced formation of amorphous MoS, nanoclusters for improved H;-evolution activity of

TiO; photocatalyst[ J]. Chemical Engineering Journal, 2019, 375; 121934.

( 42 )



42

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

LIU L, CHENG L, CHEN B, et al. Dependence of optical temperature sensing and photo-thermal conversion on particle size and excita-
tion wavelength in 3-NaYF,: Yb®" , Er*" nanoparticles [J]. Journal of Alloys and Compounds, 2018, 741 927-936.

B s s . LuF;:Yb*", Er*' [Jl. , 2018, 34(3): 579-
588.
CHEN W, HU F, WEI R, et al. Optical thermometry based on up-conversion luminescence of Tm®" doped transparent Sr; YF; glass ce-
ramics [ J]. Journal of Luminescence, 2017, 192: 303-309.
KSHETRI Y, REGMI C, CHAUDHARY B, et al. BiVO, ceramics for high-sensitivity and high-temperature optical thermometry []J].
Journal of Luminescence, 2021, 230: 117739.
ZHENG K., SONG W, HE G, et al. Five-photon UV upconversion emissions of Er®" for temperature sensing [ J]. Optics Express, 2015,
23(6): 7653-7658.
MAHATA M, KUMAR K, RAI V. Er*"-Yb*" doped vanadate nanocrystals: A highly sensitive thermographic phosphor and its optical
nanoheater behavior [ ]J]. Sensors and Actuators B: Chemical, 2015, 209 775-780.
SONI A, KUMARI A, RAI V. Optical investigation in shuttle like BaMoQO,: Er**-Yb*" phosphor in display and temperature sensing
[J7]. Sensors & Actuators B Chemical, 2015, 216 64-71.
CHENG X, YANG K, WANG J, et al. Up-conversion luminescence and optical temperature sensing behaviour of Yb*" /Er®" codoped
CaWO, material [J]. Optical Materials, 2016, 58; 449-453.
YANG X, FU Z, YANG Y. et al. Optical temperature sensing behavior of high-efficiency upconversion: Er*"-Yb*" co-doped NaY
(MoO,)» phosphor [J]. Journal of the American Ceramic Society, 2015, 98(8);: 2595-2600.
GAVRILOVIC T, JOVANOVIC D, LOJPUR V. et al. Multifunctional Eu?" - and Er** /Yb?"~doped GdVO, nanoparticles synthesized
by reverse micelle method [J]. Scientific Reports, 2014, 4; 4209.
MIKALAUSKAITE I. PLECKAITYTE G, SKAPAS M, et al. Emission spectra tuning of upconverting NaGdF, : 20% Yb, 2% Er nan-
oparticles by Cr*" co-doping for optical temperature sensing [J]. Journal of Luminescence, 2019, 213; 210-217.
DU P, LUO L, HUANG X. et al. Ultrafast synthesis of bifunctional Er®" /Yb?"-codoped NaBiF, upconverting nanoparticles for nano-

thermometer and optical heater [J]. Journal of Colloid and Interface Science, 2018, 514, 172-181.

( 34 )

LI T, WANG X, JIN Z. MoC quantum dots modified by CeO; dispersed in ultra-thin carbon films for efficient photocatalytic hydrogen e-
volution[ J]. Molecular Catalysis, 2021, 513; 111829.

CHEN P, LIU F, DING H, et al. Porous double-shell CdS@ C; N, octahedron derived by in situ supramolecular self-assembly for en-
hanced photocatalytic activity[ J]. Applied Catalysis B; Environmental, 2019, 252 33-40.

JIANG J, XIONG Z, WANG H, et al. Sulfur-doped g-C3N,/g-C3 N, isotype step-scheme heterojunction for photocatalytic H; evolution
[J]. Journal of Materials Science & Technology, 2022, 108; 15-24.

HU X, SONG J, ZHENG S, et al. Insight into the defective sites of TiO,/sepiolite composite on formaldehyde removal and H; evolution
[J]. Materials Today Energy, 2022, 24; 100932.

Liuyang Zhang, Jianjun Zhang, Huogen Yu, et al. Emerging S-scheme photocatalyst[J]. Advanced Materials, 2022, 34 2107668.

LI T, ZHANG L, WANG X, et al. Design and synthesis of phosphating bimetallic CeCo-MOF for substantially improved photocatalytic
hydrogen evolution[J]. Journal of Materials Chemistry C, 2022,10: 8750-8761.

LIU P, RODRIGUEZ J A. Catalysts for hydrogen evolution from the [ NiFe]hydrogenase to the Ni;P(001) surface: the importance of
ensemble effect[ J]. Journal of the American Chemical Society, 2005, 127 14871-14878.

LI Q MENG H, YU J, et al. Enhanced photocatalytic hydrogen-production performance of graphene-Zn, Cd; ., S composites by using an

organic S source[ J]. Chemistry-A European Journal, 2014, 20; 1176-1185.



