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(a) Before contact

(b) After contact

(c) Transfer route of photogenerated carriers under light irradiation

OP is oxidized photocatalyst. Rp is reduced photocatalyst. CB is conduction band. VB is price band. IEF is built-in electric field.
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Fig. 1 Formation and charge transfer process in an S-scheme heterojunction
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Fig. 2 Charge-transfer processes in TiO,@Znln,S, S-Scheme heterojunction and analyses of XPS spectra
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(f) Normalized decay kinetic curves of GSB peaks of CdS and CPDB5

GSB is ground state bleaching. ICT is intramolecular charge transfer. LUMO is lowest unoccupied molecular orbital. CBM is conduction band minimum.

HOMO is highest occupied molecular orbital. VBM is valance band maximum.
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Fig. 3 Analyses of transient absorption (TA) spectra of CdS and CPDB composite

CBM 5 PDB [ HOMO 2 [A] (1] e 2= —3(1.75 eV,
W 3e), &AM F) 12 IHTh T CdS % PDB
() FL AT (RN ICT 159), N S BUHifiks
BRI T BB . I8 7E = SRR (LR

[25]

FRiC N LA)BHE T4 FI(EES IR, Fridh Coff
TEMITE L T HEAT SR80, DA @ 2R 8 74T GSB M
ICT {55 1mTmk. B 3f AT 0L, CdS-LA EEWIH
GSB E5 2 THMT CdS MBI, (HZ



+ 458 CRERR Sh2230)

J Chin Ceram Soc, 2024, 52(2): 454-462

2024 4F

CdS-Cr M5 T 5842 K, Frbh CdS 1 GSB 55+
i T 5k CPDB & A EHK GSB FE i %
Lt CdS Bk, UESE PDB nJ#2ICk B CdS HIeAEH
T, LA [AE/EXT CPDBS (¥ GSB BRI A
Ko T CPDB-Cr E5 Y1 GSB {5 57E 1 ps 5\
R, TP ICT (55 Magmkih 2, it —2rs
TICT 55 FRFrpobE T rIE R

2 AL S A Rt TS
HLEE

2.1 INEENE

e S Y5 i 45 %5 4 I D ek B E 2 3 e
W%, AL TFEEE(UPS). Kelvins #R%
BORANEE B2 R ERSH. E Th s BT LR
FASRASHPRI Fermi AE%%. 454 HARAE T Bl LA
PAFHLRE M S50, FEFEIGAUE S B 57 5 45 1 i i
FEHIE L o

AN TR (UPS) & — R ok il & —
TAUE D e BRI E MR R B SRR PO, &
SERIRIR UPS K78 T RRILI g-CaNy (H,sCN) A
In,O5 FI k%L, UPS &5 5388, H,sCN Fl InyOs5 [
TR AR A 17.99 eV AT 17.30 eV; Fermi
i Eve 251 1.57 eV 1 1.68 eV HRAEANSHET I
RAe(He', 21.20 eV), H;sCN 1 In,O5 F 3y 65 5053 71
N 4.78 eV Fi1 5.58 eV, H;sCN TR EHc /N, Hefiit
H; sCN P H AR fEH 2] IngOs. HysCN S FE
T, InpOs SRR, MIMTERL T M H; sCN
a1 IO N EEHLI . 7EJEIRT, BT R,
ey 25 M A 2 A BAE - A, 7E InyO5 CB E
AR TR E] H sCN VB FIF5H A4
Ho 45 ESR HIR, fEIT, HysCN HILEHE K
DMPO/+0, 15 %5, MIAE In,O5 15 H DMPO/O, HFIE
%, In,O; ) DMPO/*OH {5 i KT H,sCN [
DMPO/*OH 155, KIIE s iZ s et 5 S 7Y
SR MHLEEA TR &

Kelvins SR AAR I &2 S Th R 501 55— b
TR, KPS RIE o-CoN, (U-CN)ERTH 4
KTRZEW®PDA), WET S BR4, HH
Kelvins #REM A #E T PDA F1 U-CN [ Zh & 55y
WA 4.36 eV A1 4.51 eV, T U-CN ek B K,
FEfiy, PDA 2 H AL E] U-CN. [Hik,
P 37 M PDA fi 17 U-CN. 7EX6IE R, U-CN
CB "B A 23] PDA W b HE 5> 1l

1, HENEENEY NS PDA T RE A . [F
i, 7EfARAR 85 PDA 7 FHUE A BT B AR
ik R Be ) AR B Rk, U-CN 1) VB HEARK
SRR I AR R B R k. 455 ESR HOR,
EYEIRR, U-CN I R DMPO/+0O, 55, i
U-CN/PDA S BY5 545 il 1 3458 () DMPO/+O, 5
T, BULULE, XPREATE LS S Y R T 4 1)
HLEE—FL.

3L % Y bR PR S (DFT) o 5 71 L3R5 2h BR 3L
R0y A 25 B, HE T 48 78 FELAT S RS 421200, sl
KPR DFT 5, RGUWETR 7RSSR ER
(O~ P F1 S)#B7% g-C3N, Al SnS, AT AHEAEH
fas T BT ERALS] . g-CsNyw O-C3Ngy S-C3Ny.
P-C3Ny A1 SnS, FIZH R E - ATHE N 4.31 3.6. 3.7,
4.3 eV M1 6.0 eV, iXEKH O fl S BA4} g-CsNy ik
BAHWRMW, WP B EaYH. 5EEE
JLER (O~ P Al S)B L4411 g-C3N, HHEL, SnS, HATHK
Tk, —HF A RE AV, g-C3Ny H T
SRR SnS,, HILIEMLH g-C3Ny F5 A SnS, P
HHY) . ZorH A R MR g-CNy KHF-
SnS, fHHT. KRG, ENEEBEMT, AR
TM SnS, Wi B 2HEE B TR B AR g-CNy 1
#ritr. 181 DFT THE T DR E4 8 520 P
Sy B4 g-C3Ny LI SnS, M BU HE 51
For W, Rk, nPAHERT g-C3Ny/ SnS, E&
Vi S BSR4
2.2 BRI R

B IR ILR(EPR)BE AR R I0IE S B 57 i &5
H R A I 1) D . e R AR A
YE 0¥ IO, LGk A
R IE JF HLAL(—0.33 V vs. NHE)IF, 0, A LI
HAEHRTEESERF ISR SR EREBIHA
1L HLAL(2.4 V vs. NHE)H, «OH 1] DA HH e A 25 /UAE 2
SRR BT IEH EPR B X
B, K 5,5- - 1-E g &R N-48 /L 4)(DMPO)
YER+0, FOH HIHi3RTT, PAZE AT LUE IS EPR 2
FATRI ) DMPO-+0, Al DMPO-+OH.. % i% & [ fy &
PR RE T AT LUK S TS R 45 5 HAth S R 45 (X
G

o A] DL F 2K F R (TA)VE REREH 4 7Bt Y63
RIGPLGIERMOH H HEER 4. JERI6RET
73 F TA 50H H HHE e SE R 98 2-F2 2k H
RIRFZ(HTA), ATLUEE PL Y6k HTARPY,
PL MWl os B 42 X BteOH H AL AL . B EPR



farey
=T

52 5 2 W i

41

S B HEAL R ) F TSR HLELRT Fe ki

.+ 459 -

PL J7i%4b, i R] LLR B 2RI R S50 Rk ) B Ha A
FEREHLH] . 4 B IR KRG N RS LU
3OH H AL, HAEHZFIOLMAMERE. EPR 4
AR5 B HEFERLIH LSS ZHTiA S BRHR
ST K. B0, Wang 5P (G bt
JHRRSEER A EPR 40 #, B TR A g-C3Ny
(SCN)RI TiO, U 1 S B Sl . wok, AhAl153
% NayC,04, 5 IS (IPA) A1 H R (BQ) FHAE h'
*OH FleO, MIHERRT. TENIRL(CR)HI ML B g
R, XIS BRI R R N R G, AR
MELH] NayCyO4 X CR FEARA AR T2, TN
BQ Al TPA £/ 5 £k CR [IBF AR . 145 R 1
*OH Fl-O, WIF#E CR P fifId FE b 5 - B2 1)
YEF . DMPO HI{E+OH #+O, [ 3RF, LA
DMPO-+OH Al DMPO-+0, . fEJ:E5F T SCN/TIO,
(1] EPR J&iE HHL T «OH A0, A IHFE(S 5 - Hili
FRSZEGAT EPR AR HH, «OH Fl+0, HHZ/ZE CR
FEMEA B At R P ) S G VRS . B S B
Z5HLEE, SCN 1 CB H M ¥ EA T S 140,
[RIEELAL, 1T TiO, () VB H s RA R 0% 1) S8 AL L
A7k A-OH H . Flk, 7] BLIESE SCN AT TiO,
ZIAE I A S B 4 .
2.3 EEHARBRLANIEIEEITR

& J8 B4 B E A A K RIORE IR TAR 2 1 58 S ol
SE A TR 6 A A S B R A R 56 E FE i
Mg AR AT 0 8%, HAuCLP™ HyPtCleR®
il AgNOSP Ry & @ i, Pb(NO;), " RuCL*Al
Co(NO: "R & JR BT AR . FESCTTRE FE A,
EATE B TR LIRS R &S TRl bR
T, & AT P Aghilt 56 AR B RN,
W5 R4 BYE Bk PbY. RO cotimit 575
TR Oy B RN & 8 E A PR IIURL 1% L2 TE B
(14 JB G oK UKL IR AL JURRAE - SR oh 7 & AR N IE

=

- 250

‘o0 2
3 =
g 200 - %
= RS
8 150 -
= Z
z 100 g
= E
S 50 5
) °
< =W
&

(a) Photocatalytic performance of H, evolution

JRALE, & E A KR A TR TE 2 s B I
Afbhr L.

AL A R - - 3 3 E S T B
(HAADF-STEM) #1 /5 4 #% 2 & o H 7 & 52
(HRTEM)$3 A ik — 25 Aar I < Ja A0 4 & | A P 40 K
SRR UAR AT Ao I 2 AT AR FE RN 23 TR 57 o
SEREE A4y LA BORIGUE S 7Y 5 J5 45 11 B i A B
4%, Hin, Luangwanta 25 23 5I7E FeVO,
A1 Bi4OsBr, K[ FOGIFE SV Ag Al PbO, 44K
¥, AR T FeVO./BiyOsBry YAk 71 () fL T 56 55 %
RIEAE S B R 45 ML .

24 RENRE

TE SRR AT S PO IE R B, B
B S AR RSP M R B T
TTAR R bR eI 3. E AR B 2 i8 Ji
PIEAE FL A W] DAL TR A S S, R
Uk, I SR AT DA PR AL

F1 OELRRBRE[RESENTER=MTE pH=0 i E( (5
NHE Xt tt)]
Table 1 Standard reduction potential (E, vs. NHE at pH=0
for the different photocatalytic reduction products)

Eo (vs. NHE, pH=0)/V

Reduction reactions

N,+2H +2¢” — N,H, ~1.320
N, +4H +4e” — N,H, ~0.360
CO,+2H"+2¢” — HCOOH ~0.199
CO,+2H"+2¢” — CO + H,0 ~0.117
CO,+4H" +4¢” — HCHO + H,0 ~0.070
CO,+6H"+6¢” — CH,0H + H,0 0.030
CO,+8H"+8¢” — CH, + H,0 0.169

2H'+2¢” - H, 0
2H,0+4h" — O, +4H" 1.230

He £ L@ 4G R T Hy 197742, I8 1 A
B ME R WOS/TIO, S SRR HITER. HE 4a
Al 0L, BT WOs FRIE JE HLAL(0.11 V, 5 NHE 4

(b) Charge transfer mechanism in WO3/TiO,/rGO

B4 FEGFE H, FeliAIEfE L WOL/TIOy/rGO 5t 45 Ffa i R AL 4]

Fig. 4 Photocatalytic performance of H, evolution and charge transfer mechanism in WO5/TiO,/rGO heterojunction photocatalyst!*”’
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Research Progress on Electron Transfer Mechanism of S-Scheme Photocatalyst

SUN Jian, BIE Chuanbiao, ZHANG Jianjun, ZHANG Liuyang, YU Jiaguo
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Extended Abstract

As the world grapples with a persistent issue of fossil fuel overconsumption, two prominent challenges have emerged on the

global stage, i.e., energy crises and environmental pollution. These hurdles cast a shadow over humanity’s pursuit of sustainable

development, underscoring an urgent need for renewable and clean energy sources. Among the array of technologies aiming to tackle
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these challenges, semiconductor-based photocatalysis technology shines as a promising avenue. This technology holds a key to
harnessing solar energy and converting it into chemical energy, offering a promising application potential. However, the widespread
adoption of this technology is hindered due to the inefficiency of single-component photocatalysts. This inefficiency is fundamentally
since photogenerated electron-hole pairs within these single-component photocatalysts recombine readily.

Some heterojunction photocatalysts are developed to address this limitation. Constructing such photocatalysts is considered as a
pivotal approach to preventing the recombination of photogenerated electron-hole pairs, thus enhancing the photocatalytic
performance. Recent emergence of S-scheme heterojunction photocatalysts, featuring reduction photocatalysts (RP) and oxidation
photocatalysts (OP), is an effective strategy for averting the recombination of these electron-hole pairs.

The conduction band (CB) and Fermi level (Ef) positions of RP surpass those of OP. When OP intimately contacts RP, electrons
from RP migrate to OP through the interface until equilibrium is reached. This leads to an upward bending of the energy band near the
RP interface due to electron depletion. Conversely, energy bands near the OP interface bend downward due to electron accumulation.
This creates a built-in electric field (IEF) at the interface, pointing from RP to OP. Furthermore, the Ef of RP gradually decreases from
RP's bulk to the interface, while the Ef of OP gradually increases from OP's bulk to their interface, until they meet at the same point.
Under irradiation, electrons in OP and RP are excited from their valence band (VB) to CB, respectively. The built-in electric field at
the interface propels the transfer of photogenerated electrons in the CB of OP to the VB of RP. Simultaneously, Coulombic repulsion,
band bending, and the built-in electric field inhibit the transfer of electrons from the CB of RP to the CB of OP (i.e., hole transfer from
VB of OP to VB of RP). In this scenario, the original high reduction ability of photogenerated electrons in RP remains, and the
original high oxidation ability of photogenerated holes in OP preserves. Consequently, this heterojunction ensures an efficient charge
separation and augments the redox capabilities of charge carriers, ultimately enhancing a photocatalytic performance. From a
macroscopic perspective, the electron transfer is akin to ascending a “staircase”. Accurately characterizing electron transfer at the
interface of S-scheme heterojunctions is vital for understanding photocatalytic mechanisms and for providing experimental and
theoretical guidance for the preparation of high-efficiency photocatalysts.

Recent methods are developed to investigate the charge transfer behavior in S-scheme heterojunctions. These strategies are
categorized into direct and indirect verification of S-scheme heterojunctions. Direct methods include in-situ irradiation X-ray
photoelectron spectroscopy (ISI-XPS), zeta potential measurements, and femtosecond transient absorption spectroscopy (fs-TAS).
ISI-XPS and surface potential measurements directly evaluate electron accumulation or depletion by assessing relative energy shifts
and electrostatic surface charge distribution. In contrast, fs-TAS tracks ultrafast electron transfer processes at the RP/OP interface.
Indirect methods encompass work function measurements, electron paramagnetic resonance techniques (EPR), selective deposition of
metal nanoparticles, and photocatalytic reactions. These indirect or complementary methods provide the validation of charge transfer
behavior within S-scheme heterojunctions.

Summary and prospects This review represented various methods used to explore the electron transfer mechanism within
S-scheme heterojunctions. Each method was introduced with a fundamental explanation of the mechanism, followed by practical
application examples. Some challenges persisted in elucidating the electron transfer mechanism within S-scheme heterojunctions.
Despite the progress in characterization techniques for electronic transfer mechanisms, understanding the S-type heterojunctions and
optimizing the photocatalytic systems need some techniques with atomic-scale resolution to analyze the dynamics of photogenerated
charge carriers from a microscopic perspective. Such techniques, like ISI-XPS, zeta potential measurements and fs-TAS, should be
complemented by advanced methods for in-situ characterization, providing research avenues for understanding the photocatalytic
mechanisms of S-scheme heterojunctions in solar energy conversion.

Keywords photocatalyst; S-scheme heterojunction photocatalyst; electron transfer mechanism



