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Abstract: As a typical photocatalytic material, titanium dioxide (TiO,) has been widely applied in environmental
remediation and energy conversion due to its excellent chemical stability, non-toxicity and low cost. However, its wide
bandgap structure restricts light absorption to ultraviolet wavelengths, and severe recombination of photogenerated
electron-hole pairs in bulk materials limits quantum efficiency. Here, a hydrothermal method was used to construct a
novel 2D/2D coupled Znln,S, (ZIS)@TiO, composite material. This heterojunction consists of ultrathin TiO,

nanocages composited with ZIS nanosheets, exhibiting a unique hollow core-shell morphology. ZIS-T20 catalyst with
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composite 20 mg TiO, nanocages demonstrates significantly enhanced light absorption across a broad wavelength

range of 400-720 nm. Under influence of the built-in electric field, photo-generated electrons cannot migrate from

conduction band (CB) of ZIS to that of TiO,, whereas the transfer of holes from valence band (VB) of ZIS to that of

TiO, proceeds unimpededly. This spatial separation effect preserves electrons with high reduction potential in ZIS,

overcoming inherent drawback of reduced redox capability in conventional type-I heterojunctions. In photocatalytic

CO, reduction (PCR) reaction, ZIS@TiO, exhibits improved performance, achieving CO and CH, production rates of

58.87 and 12.03 pmol-g "-h™', respectively, with CO selectivity as high as 83.03%. Compared to individual

components, the CO yield is 6.15 and 1.96 times higher than that of pristine ZIS and TiO,, respectively. This work not

only provides a new strategy for designing efficient 2D/2D heterojunction photocatalysts, but also offers valuable

insights into understanding interfacial charge transfer mechanisms.
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Fig. 1 Morphologies and microstructures of materials

(a) SEM and (b) TEM images of 125-Tyr; (c) SEM and (d) TEM images of ZIS; (¢) SEM, (f) TEM and
(g) HRTEM images of ZIS-T20; (h) Line scan of ZIS-T20; (i-m) Distributions of elements for ZIS-T20.
Colorful figures are available on website
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Fig. 2 (a) XRD patterns and (b) FT-IR spectra of materials
Inset in (b) indicates the local magnification of ZIS. Colorful figures are available on website
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Fig. 3 Physical and chemical properties of materials

(a) N, adsorption-desorption curves with inset showing the corresponding pore size distributions; (b) CO, adsorption curves;
(c) CO,-TPD profiles; (d) UV-Vis diffuse reflectance spectra with inset showing (ahv)” versus hv plots;
(e, ) Mott-Schottky spectra of (e) ZIS and (f) 125-Tyr. Colorful figures are available on website
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Fig. 4 Quasi-in situ XPS spectra
(a) Total spectra; (b) Zn2p, (c) In3d, (d) S2p, (e) Ti2p, and (f) Ols XPS spectra of ZIS-T20 before and under light irradiation
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Fig. 5 Photoelectric performance tests of materials
(a) Steady-state PL spectra; (b) TRPL spectra; (c) Transient photocurrents; (d) EIS plots. Colorful figures are available on website
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Fig. 6 Photocatalytic performance tests of materials
(a) Photocatalytic CO, reduction rates of different samples; (b) Photocatalytic products of ZIS-T20 for 8 h;
(c) Photocatalytic cycle tests of ZIS-T20; (d) Isotope trace of photocatalytic products
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Tablel Reported catalystsand their photocatalytic effects
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Xe-lamp CH, 0.026
3D-ZnlIn,S4/TiO, 300 W CH, 1.135 [43]
Xe-lamp
2D/2D Z1S-T20 300 W CO 58.87 This
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Fig. 7 In situ DRIFTS spectra of ZIS-T20 during PCR reaction
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184 /1 A = =

i %415

FEMEAG SRR b, BE o oo i Ak 2 % B AR
Fl. 454 XPS ¥, 125-Tyr fE 2 & R ab kL1
gldsArestm, 2HIENW, M ZIS R4 ik
RBENEF 5L A RRK, 2RAM. Fik, Sma
125-Tyr — PR 2% 2 i geais ) B2, ZIS PHAS
FIH-FHREN M N, (HaE 125-Tyr feAr M L5
MESRHEFERSH ZIS HEE 125-Tyr, fl
125-Tyr P =& LT, X5 XPS £ a1z, Frbd
fEAE— NN EEMEERR T RS . Wk 8
Fiwn, fENEBEZTERT, SR p-Tio, BEH
6] T 25, ZIS g U e B2 P, A e A A ZIS
(A2 R R 5 R 2 TiO, i) VB &b, HH:
VB RS MAEBRFEELR/EMES . H— I,
ZIS [MJetE W R R gy 25 i py A 22 BH b, A DA
] TiO, (1) CB &b #, WA T4 . XFE, ZIS
A B R R R A REIE IR ) CB
MR RE CO, 38 5. TIO, (1) VB A HLF 5 ZIS
BRROGAETRES, FRTFRERRIK, 466
WK, ZIS BRI ET A, HERT/EIRNME
HRRKBD, BFEERN, 456/ %. XRE
T mEHEA S XPS 74T Ti2zp M1 S2p 45& el
HEaHEW A . pn 1 B R AL T e 2 XA 1
A Ry 8, e m 7 aEeE.

3 4ig

KWL T —Fh 2D/2D FhE 7T S5 4% 7
%, HIRER T H GBS, 7531 £
BEERITR

(1) RHAKBIERI & T T PCR MR
JRETEHEAT, A B R T 5 0 456 k) & R
e, Hod ZIS-T20 BA & m AL .

(2) ZIS-T20 i &5 ik im i i ok CO A ik
# Jy 5887 umol-g-h', CH, 4 B & % N
12.03 umol-g "-h™'; 5 H A ZIS A1 125-Tyr ML, 3L
CO Al 53 3 E 1 6.15 F5H1 1.96 1%

(3) 2D/2D FEE R U 7 5t 45 AT A R kA
TR R E, FIRHE ZIS i i 7 B 72 58 il
JEEALF, TR T 1AL 450 R R BB A

S % HK:

[1] GHOSH S, MODAK A, SAMANTA A, et al. Recent progress in
materials development for CO, conversion: issues and challenges.
Materials Advances, 2021, 2(10): 3161.

[2] LIU W, LI H Q, OU P F, et al. Isolated Cu-Sn diatomic sites for
enhanced electroreduction of CO, to CO. Nano Research, 2023,

[3]

(4]

[3]

(6]

(7

(8]

9]

[10]

(1]

[12]

[13]

[15]

[16]

[17]

[18]

[19]

16(7): 8729.

GAO W, LI S, HE H C, et al. Vacancy-defect modulated pathway
of photoreduction of CO, on single atomically thin AgInP,Ss sheets
into olefiant gas. Nature Communications, 2021, 12: 4747.

JJA X M, SUN H Y, LIN H L, ef al. In-depth insight into the
mechanism on photocatalytic selective CO, reduction coupled with
tetracycline oxidation over BiO_Br/g-CsNs. Applied Surface
Science, 2023, 614: 156017.

SAGARA N, KAMIMURA S, TSUBOTA T, et al. Photoele-
ctrochemical CO, reduction by a p-type boron-doped g-C;Ny4
electrode under visible light. Applied Catalysis B: Environmental,
2016, 192: 193.

FU Y J, XU Y R, MAO Y J, Multi-functional
Ag/Ag;PO/AgPMo with S-scheme heterojunction for boosted
photocatalytic ~ performance.
Technology, 2023, 317: 123922.
WANG G R, QUAN Y K, HAO X Q, et al. Strong redox-capable
graphdiyne-based double S-scheme heterojunction 10%GC/Mo for
enhanced photocatalytic hydrogen evolution. Journal of
Environmental Chemical Engineering, 2023, 11(1): 109119.

ALI S, NASIR J A, DARA R N, et al. Modification strategies of
metal oxide photocatalysts for clean energy and environmental

et al

Separation  and  Purification

applications: a review. Inorganic Chemistry Communications,
2022, 145: 110011.

MOURYA A K, SINGH R P, KUMAR T, et al. Tuning the
morphologies of ZnO for enhanced photocatalytic activity.
Inorganic Chemistry Communications, 2023, 154: 110850.

LIU X B, ZHU C Y, LI M Y, et al. Confinement synthesis of
atomic copper-anchored polymeric carbon nitride in crystalline
UiO-66-NH, for high-performance CO,-to-CH;OH photocatalysis.
Angewandte Chemie International Edition, 2024, 63(45): €202412408.
WANG MM, MAY X, FO Y M, et al. Theoretical insights into the
origin of highly efficient photocatalyst NiO/NaTaO; for overall
water splitting. International Journal of Hydrogen Energy, 2020,
45(38): 19357.

PAN B, WU Y, RHIMI B, et al. Oxygen-doping of Znln,S,
nanosheets towards boosted photocatalytic CO, reduction. Journal
of Energy Chemistry, 2021, 57: 1.

WANG J, SUN S J, ZHOU R, et al. A review: synthesis,
modification and photocatalytic applications of ZnIn,S4. Journal of
Materials Science & Technology, 2021, 78: 1.

ANUCHA C B, ALTIN I, BACAKSIZ E, et al. Titanium dioxide
(TiO,)-based photocatalyst materials activity enhancement for
contaminants of emerging concern (CECs) degradation: in the light
of modification strategies. Chemical Engineering Journal
Advances, 2022, 10: 100262.

ALWARED A I, SULAIMAN F A, RAAD H, et al. Ability of
FeNi3/Si0,/TiO, nanocomposite to degrade amoxicillin in waste-
water samples in solar light-driven processes. South African
Journal of Botany, 2023, 153: 195.

WANG J, WANG G H, CHENG B, Sulfur-doped
g-C3N4/TiO, S-scheme heterojunction photocatalyst for Congo red
photodegradation. Chinese Journal of Catalysis, 2021, 42(1): 56.
WU X H, CHEN G Q, LI L T, et al. ZnIn,S;-based S-scheme
heterojunction photocatalyst. Journal of Materials Science &
Technology, 2023, 167: 184.

LIM Z, WANG L L, ZHANG X Y, et al. Recent status and future
perspectives of ZnIn,S, for energy conversion and environmental
remediation. Chinese Chemical Letters, 2023, 34(7): 107775.

SHI X W, DAI C, WANG X, et al. Protruding Pt single-sites on
hexagonal ZnIn,S, to accelerate photocatalytic hydrogen evolution.
Nature Communications, 2022, 13: 1287.

et al.



ER

AR, 55 2D/2D FEHIE ZnlngSy/TiO, 5751 45 Mo H I i e fiEALIE I CO, 1 RE

185

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

CHONG W K, NG B J, ER C C, et al. Insights from density
functional theory calculations on heteroatom P-doped ZnIn,S,
bilayer nanosheets with atomic-level charge steering for photo-
catalytic water splitting. Scientific Reports, 2022, 12: 1927.

LIU H, ZHANG J, AO D. Construction of heterostructured
ZnIn,S4@NH,-MIL-125(Ti) nanocomposites
driven H, production. Applied Catalysis B: Environmental, 2018,
221: 433.

GHALEHSEFID E S, JAHANI Z G, ALIABADI A, et al. TiO,
with
heterojunction for efficient photocatalytic H,O, production and

for visible-light-

nanotube/Znln,S; nanoflower composite step-scheme
organic dye degradation. Journal of Environmental Chemical
Engineering, 2023, 11(3): 110160.

HE Z L, ZHANG J, LI X, et al. 1D/2D heterostructured photo-
catalysts: from design and unique properties to their environmental
applications. Small, 2020, 16(46): 2005051.

LIU G, WANG G H, HU Z H, et al. Ag,0O nanoparticles decorated
TiO, nanofibers as a p-n heterojunction for enhanced photo-
catalytic decomposition of RhB under visible light irradiation.
Applied Surface Science, 2019, 465: 902.

DU H, LI N Y, YANG L X, et al. Plasmonic Ag modified
AgiVO,/AgPMo S-scheme heterojunction photocatalyst for boo-
sted Cr(VI) reduction under visible light: performance and mecha-
nism. Separation and Purification Technology, 2023, 304: 122204.
NING Y Q, LV D Q, TANG Q, et al. Novel 2D/2D/2D hetero-
junction of ZnlIn,S4/g-C;N4s/MoS, for enhanced photocatalytic
hydrogen evolution reaction. Ceramics International, 2024,
50(22): 48692.

GUO F, YANG M, LI R X, et al. Nanosheet-engineered
NH,-MIL-125 with highly active facets for enhanced solar CO,
reduction. ACS Catalysis, 2022, 12(15): 9486.

XIANG G L, LI T'Y, ZHUANG J, et al. Large-scale synthesis of
metastable TiO,(B) nanosheets with atomic thickness and their
photocatalytic properties. Chemical Communications, 2010,
46(36): 6801.

ALMAIJIDI Y Q, AL-DOLAIMY F, ALSAAB H O, et al. Build-in
internal electric field in vacancy engineered CdS@Znln,S, type-1I
heterostructure for boosting photocatalytic tetracycline degradation
and in situ H,O, generation. Materials Research Bulletin, 2024,
170: 112570.

JALALI E, MAGHSOUDI S, NOROOZIAN E. A novel method
for biosynthesis of different polymorphs of TiO, nanoparticles as a
protector for Bacillus thuringiensis from ultra violet. Scientific
Reports, 2020, 10: 426.

FIAZ M, KASHIF M, MAJEED D S, et al. Facile fabrication of

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

highly efficient photoelectrocatalysts M,O,@NH,-MIL-125(Ti) for
enhanced hydrogen evolution reaction. ChemistrySelect, 2019,
4(23): 6996.

CHENG X M, DAO X Y, WANG S Q, et al. Enhanced
photocatalytic CO, reduction activity over NH,-MIL-125(Ti) by
facet regulation. ACS Catalysis, 2020, 11(2): 650.

PRAVEEN P, VIRUTHAGIRI G, MUGUNDAN S, ef al. Structural,
optical and morphological analyses of pristine titanium di-oxide
nanoparticles—synthesized via Sol-Gel route. Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy, 2014, 117: 622.
GE Y, ZHANG C H, YU Z Z, et al. ZnIn,S4/TiO, photocatalyst for
CO, photoreduction: advancing sustainable energy conversion to
renewable solar fuels. Journal of Industrial and Engineering
Chemistry, 2024, 132: 335.

NGUYEN N H, WU H Y, BAI H. Photocatalytic reduction of NO,
and CO, using molybdenum-doped titania nanotubes. Chemical
Engineering Journal, 2015, 269: 60.

TANG Q J, SUN Z X, WANG P L, et al. Enhanced CO,
photocatalytic reduction performance on alkali and alkaline earth
metal ion-exchanged hydrogen titanate nanotubes. Applied Surface
Science, 2019, 463: 456.

WANG L B, CHENG B, ZHANG LY, et al. In situ irradiated XPS
investigation on S-scheme TiO,@Znln,S, photocatalyst for effi-
cient photocatalytic CO, reduction. Small, 2021, 17(41): 2103447.
JIAX F, LU Y, DU K R, et al. Interfacial mediation by Sn and S
vacancies of p-SnS/n-Znln,S, for enhancing photocatalytic
hydrogen evolution with new scheme of type-I heterojunction.
Advanced Functional Materials, 2023, 33(50): 2304072.

LI H, CHEN Z H, ZHAO L, et al. Synthesis of TiO,@ZnIn,S,
hollow nanospheres with enhanced photocatalytic hydrogen
evolution. Rare Metals, 2019, 38(5): 420.

DI T M, ZHANG J F, CHENG B, et al. Hierarchically nano-
structured porous TiOy(B) with superior photocatalytic CO,
reduction activity. Science China Chemistry, 2018, 61(3): 344.

LIU L J, ZHAO H L, ANDINO J M, et al. Photocatalytic CO,
reduction with H,O on TiO, nanocrystals: comparison of anatase,
rutile, and brookite polymorphs and exploration of surface
chemistry. ACS Catalysis, 2012, 2(8): 1817.

ZHOU F H, ZHANG Y L, WU J, et al. Utilizing Er-doped ZnIn,S,4
for efficient photocatalytic CO, conversion. Applied Catalysis B:
Environmental, 2024, 341: 123347.

YANG G, CHEN D M, DING H, et al. Well-designed 3D ZnIn,S,
nanosheets/TiO, nanobelts as direct Z-scheme photocatalysts for
CO, photoreduction into renewable hydrocarbon fuel with high
efficiency. Applied Catalysis B: Environmental, 2017, 219: 611.



