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Mowadays, the growing demand for fossil fuels is aceelerating
theit depletion, while greenhouse gas emissions are constantly
increasing ' This situation has made the world more eager to
find clean and sustainable energy sources. Molecular hydrogen,
due to its high weight energy density and comparibility with
various conversion technologies, is widely regarded as a prom-
ising carbon-free fuel. Yet, industrial hydrogen production still
relies predominantly on fossil-fuelbased processes such as
steam methane reforming, which are energy intensive and emit
large quantities of CO,. To fully realize the environmental
benefits of & “hydrogen economy”, it is essential to develop
technologies that can generate hydrogen directly from renew-
able primary energy sources, particularly solar energy.!
Photoelectrochemical [PEC) water splitting,'® first demon-
strated on a Ti0, photoclectrode in 1972,* offers an clegant
approach to solar hydrogen production by integrating light

e of Thin Filn P

EDGE ARTICLE
i 45 5 $B797504 5 c
aelf—f= Q| «Q «™* * % . . . .
/3 P £ M) checkforupdates Band-bending engineering in Cu,ZnSnS,
~ 1 * S ? eveoo wssesaes  PhOtocathodes using a composite (Zn, Ti)O electron
H S 3 oot LTANSPOTt layer for solar water splitting
—'5‘ %I :IZS S B v neon pator by o Ry 5oty
—_— N 9 ——— ﬁ E J liE 34 oy Siyuan Ren, Muhammad Abbas,* Zhibin Xie, Zilin Lu, Jasim Yousa,
£ Muhammad Ishag, & Zhuanghac Zheng, © Jun Zhao, Shuo Chen ®*
g 5 and Guangxing Liang 3+
gi I\ £ . —FRidr T SEm ; 3 The development of eficient and stable phOtOCAthodes oM earth-aDundant materals is a Critical
z challenge for phatoelectrachemical [PEC) hydragen production. Whie CuxZnSnSa ICZTS] is a promising
S 5 o o i absorber due to s ideal bandgap and non-tosic constituents, s perormance (s plagued by severe
52 7{:& . ‘,5}; i}]l k 52 2 intertacial recombination. This work addresses this on through the precise engineesing of a 2ine-
* LA A FHARE £ S litanium oxide [ZnTIO electron transport fayer [ETL) In Mo/CZTS/CAS/ZNTIORL photocathodes. We
3 53 systematical investigate the influence of alomic-tayer-deposied [EnTHO an the hetercjunction's
~L i 3 3£ {E _%. % 3z g% _?‘ jl—i{ g4 microstructure, band alignment, and charge transfer Kinetics. A sulte of charactesization studies reveals
i . n b ~ 2 GIN H HE: 518000 I ZRAS EEHIT R L B e i i 3688 S 5§ that a suitable. ETL thickness foms a dense, conformal coaling and establishes an optimal spike-Uke
g8 ST conduction band offset at the CAS/iZnTO Interface, which minimizes bulk and interfacial charge-
? eceived 24 Jarnry 20
v x, . = _ - B P transfer resistance. Consequently, the optimized photocathode achieves a remarkable photocurrent
I BEH. KK B A TR T SR R 1 rst i Bttt i o b i ot e
R ORISRt Tris sy demonsuates that fine control of composite ETLS & & powerful sirategy to Lniack the
SREH. &4 Tty 5 W B mawsiimas BHAEE: cx s L QEee— ol 2% s L o e S st o BB S
2 % . 3 5 ‘% g :
705 =+ ‘H AL X 70 :
P " X - ) 1. Introduction harvesting, charge separation, and interfacial redox reactions
% H e A 2025812010 FAAER: 2026503 H24H 3 . within a single device.” Compared with photavoltaic electrolysis

or granular photoeatalysts,* integrated PEC cells ean reduce the
complesity of the system, decrease resistanee losses, and
potentially achicve a compact modular architecture. In PEC
devices, the photocathode is generally composed of a paype
semiconductor absorption layer and an n-type clectron trans-
port layer, which play a core tole in driving the hydrogen
evolution reaction.® The light absorption properties of the
photacathode, the position of the band edge, the nature of
carrier transport and the condition of interface defects, these
factors together determine the achievable photocurrent density,
initial potential and the efficiency of solar hydrogen production.
However, the development of photoeleetrode materials that
simultancously possess high cfficiency, high current density,
and simple preparation methods is a central challenge for their
practical, commercialscale application.”

Among the various photocathode materials explored, Cu-
based chalcogenides have attracted particular interest due to
their suitable bandgaps, strong visible-light absorption coeffi-
clents, and flexibility. Culln,Galse, (CIGS), for

n SEAOS0, China. Fmatt: abbas capdio
;s e

eample, has reached 2 halfcell STH efficiency of 9.5%."
However, the sarcity and high cost of indium and gallium
fundamentally limit the scalability of CIGS-based PEC systems.
Similarly, antimony selenide [$b,Se, | exhibits advantages in low

toxicity and but suffers from




BRI 3. iz HESRTiHRIEEs
0202578, BRARINKEZEFTERHBED “WF” it EEZFREN B3N ET L z—.

RIS - BB Sz

Bh: M4|I'=8E
Bamy: KT
FELERR: BRENSENES
mELEe . ATERESHIEA

EhEX: FH
HEFERS :
BRAEEFS: 15

BRA=SSEE: B
mEE 7
BEE®: 35
FHgadE : 202209
=iFadie) : 202407

mEA: BE
GEARR: IS
BERRSAS: 10
RErIEae: B
FEERAR . EERRROERAS. BRIBLIVESASRAS
s : &8

33
D US“BhBEEBBBRRRRSO



I 3. gk SEiREEe

O02025F128, BRARINKEZEEREEAN STl c—, E %3],

i XY ZISSERAE AR  swwnssoen  cwmn

=8 & WRIRIE 0 WA & BLHIER < SHEER * BEEER o BHEEEH * BRBBE
4 MR Snist  owmger o + SHESE -
iy Y2 7 : , o W\ J\ 251 72 7 172 s W = e
HASH el : . - o L . W i L. AR HRK B ma SE BEMRA -
LERI U !
yuuupnan
222 e g

Q iaEing)
EEIRBIZHEE AR AR
DEAZ—, BEIYESESHS..

O B8 ENRESENEHE, B8 SEENEHES..

ERERRS 93 i PRSP LB B M ERRRIBERNE
BER, NRGLERREHND, (EIEHRITHRY...

( mArEE
(B ERGSEHES |
E—R ERRGSEDHEE 24
5 IMU

HELE 13

- TRIEI
o RE; Z
EEAEAR 15 ROSHIZAER - 22
REER
4 HiRgER ¢ BH#O . 3 G
& = BB o SR & Exigehig
s g
+ ABRE ”'”\ ‘—( W \7/
L = Nl
20 28 5;3“; MZ:G o e
BeH BEARSR
31 32 |
B B
4 AIIENA R
623 55 R — - . -
2] E=cE KRR wE
by AT R = fe &} a8 3
AR FIRR B S EENBAT AT | wems | sgpe OO
e o b/s
915 478 B TR s WIMAX  RR7SMb/s
"""""" zd TR ESRE WiFi 11~100Mb/s
BREE HHREER 100Kb/5~100
FEAEE  Qiom  EFUWE Mé 5/
s
B WRARSSRARS 7 HRUBRREESREEA - BHEERS 6 &

6.1 FAEMERA




Il 3. &g HE=EmEEaEeme

O02026F48, RRNAKFHE—HEFHRRBEHEZE “HEdl” ZFRFeERE.

Bt L4 A i 3 54 X8 | ANELR
EARR ¥R oAR OmE DM
(T5#)
LS SR it
W 19 WK 7
SABR RAKE. Bk
\ REAE. FLAF. RIHRAT. AMAE.
ahilaka BEETAY. ERHEAY. BEER
AL B 100 A\/4F BRIEA %K 30-35 A /3t
‘ 7560 |
. . E R AR AT
REFHBA % Faaay | D0 ORRAT




Il 3. =g s

O SR ERPRAEIRE 4 10T

04FE FEANSREFRESHFNEIEITME RS

FE HEAR R H £ #

1 SR HFERE BB R X FRFFLRF O

2 ReReXLRE BINARF-BRTATEREELRE

3 | RPr#me iy I A - A L B A

1 | BEHEASSBRICEEN FIAZA B ERHBE LREAFEN

s | szasnszemp u%%ﬂ%ﬁ&%%;izggigii"ﬂ%&%kﬁ%

sxh |

Fr e B4

& EH R

HENGHEFR

HFMFFR

MEEARI RS

MEE R TEFR

025K REANERBERESHERETIEVMERE

REHAHE (ERHHAD

FeFHeZBHFEURAE

e e

TN A A B 58 R 1 F e

I\ 3

FIAFEHRBFE TRE W EE AT TR

BEMR

AXFER

MESHE TE¥R

HE R

FERINGRE AR

=
=

KTAM “2025FREARABFRTWHZHE

LI H HE R

93 | 2025A093 | GEK AT IEAl R T A IR 2R
94 | 2025A094 |52 RN SRR AR R RO ML RE JJEE BT H R BT 7T
95 | 2025A095 [P-SASERAUEANHI LA BUH AR E A2 5 itk

YK A0S
RitK A0S
JERBUEGRKSE | A0S




A 3 mlkm
BRI 3. @igekid: AA1Es:
O 2025 /@ el F 4 R/ BEZRBIES0%. AFEFRIAR]T7%, Ml BAPUTI Sl yE;
O 20255, EWSFHEILT 33 AR ERRALEFRZIREZR 30 &I, EPEZRLK 9 IN.

AT LAY i T2 " ey —= L 2 2 hge y e == '_'":J\_HTHQIEE\ é 3
BUILICY: AR SRR 2025 I SR A e il

FS EEEW L] HEWRERS
YRS TR 2025/9/1 17:56:00 1 "W T RRFERIMFARERRE =t
2 | REERRARENAR g
e 3| B TERAZEINMEARRESESE | A
v 4 | PEERAFEOAR &8
FHAY “BRBmEENEN" HEL T2 5%, MBS LB TRYREAEHH S| EEIRAFLEOIHAR &
H.OWTE. HIMBA. KBEF, NEETEL LA, BRI AF2025%5 % K HHH P SEATEARAIAR m—/a—
EHAE “BEDT 2, RKBEVHRCEREREREA IR R ANREELEE, B ! :iii;?;ﬁi% :;Z\_
% BA Bk S e T IE = *, H« 4o B AP ER M RE =N X5 =—BT
FAAEERABREEHENURRAFALERBR, H “ATFEHEA” FHAL WP TR e
2025 @B A EE K ASEit 10 | 2EAFERANTR SRS EE E_/E—
- = 1l | 2EARENERIIEE E=/a—
By A# L==lhve4 i A& 12 | 2ERFENBEIRTEE E=/&—
S| A 9 IR =it 1 13 | FENSBRARATEELSE E=E—
. RS 14 | FESRENBALEAR E=/a=
EEFRME A 3 FERFRAF 1 15 k?“-;%ﬁ%‘:ﬁﬁ% =
BBPNAZF 2 Sllipsss 1 16 | @EKRFENBERITEE &=
N - - w . — 17 | £ BEXRFEHNBRITER =
S N =4 1 s/\i ;t‘t\: 1z /,\ 3 - = x ——
BT RS AEIRAT IR e
BT A I HAREBAA B IR AE] 1 19 | FENEARATSMEAR &=
JesIE T AS ! I SURIERN B ARG EIRAE] ! 20 | SEAFERRIER LE
S 21 | SEAFEXBRITER &=
RS ! Hito 4 2 | REASEEESEER &=

37
D US“BhBEEBBBRRRRSO



SHENZHEN UNIVERSITY

B 31/30%

ytian@szu.edu.cn




