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Abstract

The reduction of fossil fuel usage and the simultaneous increase in
the utilization of renewable fuels contribute to mitigating environmental
pollution and reducing the Earth's atmospheric temperature. Today,
the escalating global population poses a challenge of increased energy
consumption, necessitating the adoption of simple and cost-effective
methods for energy generation. Water splitting using solar light and
photocatalysts for hydrogen production is one such approach. Recent
years have witnessed significant advancements in the field of
photocatalytic water splitting, with progress extending from fundamental
scientific research to practical and scalable applications. This review
begins by examining the influential factors in the design of
a photocatalyst, including sacrificial agents, nanoparticle effects, solar
spectrum, and the introduction of photocatalysts operating in the UV
region. Subsequently, recent advancements in two-dimensional materials
and heterogeneous structures for water splitting applications are
summarized from a theoretical perspective. Specifically, various
two-dimensional materials and heterogeneous structures employed for
water splitting are discussed. Finally, the focus shifts to recent progress
in the development of new materials for light absorption in the visible
region, insights, and strategies in the field. The discussion concludes with
an emphasis on recent advancements in the development of new
materials, absorption of light in the visible region, insights, and strategies
for further exploration and development.
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Figure 1. Global power generation from renewable and non-renewable sources [5].
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Figure 2. Gibbs free energy change for (a) the total water
splitting and (b) the reaction between H2 and O [7].
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1. Overall Water Splitting
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Figure 3. Processes related to photocatalytic water splitting on a semiconductor particle [9].
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Table 1. H, production activity of metal oxide catalysts d’ and d*° under UV light irradiation [12].

semiconductor Co-Catalyst Baz}c\i/g);ap i;iﬁ:;};ﬁy AQY (%)
La,Ti.07:Ba NiOx 3.26 5000 50
SrTiOs:Al Rh2yCryOs 3.2 550 30 at 300 nm
SrTiOs:Al (200-500 nm) Rh2.yCryOs 3.2 1372 56 at 365 nm
SrTiOz:Al MoOy/RhCrOx 3.2 1800 69 at 365 nm
NaTaO3 NiO 4 3390 20 at 270 nm
NaTaOs:La NiO 41 19800 56 at 270 nm
Gaz03:Zn NiO 4.4 4100 20
Ga203:Zn Rhos5Cr1503 4.4 32000 71 at 254 nm
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Figure 7. Water splitting on SrTiO;:Al loaded with different co-catalysts (a) with (0.1 wt% Rh, 0.1 wt% Cr,05)
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Figure 8. Electron-hole pair separation in typical heterogeneous structures upon light irradiation:
(a) Type I, (b) Type II and (c) Type III [38].
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Figure 9. Band edge position of the CdS/C;N heterogeneous structure with respect to water redox levels [38].
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Figure 10. Optical absorption coefficient of CdS monolayer, C;N monolayer and CdS/C;N heterogeneous structure [38].
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Figure 11. Load carrier transfer scheme for Z-design
heterogeneous joints [46].
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Figure 12. Optical carrier transport path pattern for
MoSe2/Ti,CO; heterojunction [38].
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Figure 13. Alignment of band edges of independent MoSe, and Ti,CO, monolayers as well as
heterogeneous MoSe,/Ti,CO; junctions [38].
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Firgure 14. (a) Calculation of the optical absorption spectra of free MoSe, and Ti,CO, monolayers as well as the
MoSe,/Ti,CO; heterogeneous junction. (b) The AM 1.5G solar power density and the theoretical solar efficiency
to hydrogen are predicted at 100% quantum efficiency [53].
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Firgure 15. (a) S pattern before illumination and (b) S pattern under illumination [53].
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Table 2. Optical activities of CdS-based photocatalysts [54].

Photocatalysts Cocatalysts Heterojunction
CdS/MoS: _ Type-II
CdS/NiSe2 _ Type-II

TiO2/Au/CdS _ Type-Il
TiO2/CdS Pt Type-II

CdS/Au/N-TiO2 _ Z-scheme
CdS/CoSx _ Z-scheme

CdS/Bi2MoOs Pt Z-scheme

CdS/CuMOF _ S-scheme

CdS/MoOs— _ S-scheme

CdS/W180a9 _ S-scheme
0D CdS/2D CdS _ Type-I
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Figure 16. Calculation of optical absorption coefficients of As/ZrS,(HfS,) [58].

Sl Cusdge 5 (agilh ¥+ 0902) ceslio (6,98 @iz ol pogdle
LS SOl ol g olsel 1) (g VT sga) calin colon
Sl Bl of 3l Bl 528 39,000 0 STy sl canslie
UYL 5L golal oy xaw ole> slyls 9-CaNa oS’ o
ools L)"‘ ] Yb LS)LMO-A-V) L.S)‘“bl" 9 we.u.ul.w :\:?)0 P 6[.9\)
iy aile 039, Sl T slaslogiar il &5 L
5 JrES 955 5 S 5o 0slei b o gl eomadle it (51>
S ot edaelbilbiw b aeblbawgo yudas 6,550 &gl olge pizpe
S ST 09d oo s gl 4255 B0+ 350> )3 Slio >
e 380 g, el odloaly lid (V) S jo e a8
9-CsNa oIl .cssloads sy calizes &YLio ;00-CaNg
ol b cax w5 glulas asle SIS slo awlS &5 5l
au;‘).al_u Oy 0 E_':) (SSAs) pj 53_15 C_Ia.u 9 P -E LS““"S‘B
Sl B o, Shae Gial3 8l (gl o loo Sigy, 8L

L3038 Tl pgo b 9-CaNa o Slge i JU1S 428
Sl g8 cJlad ali 8l g cgsgase (il el ol
L cogdy (gl ) pbas aloz 3l ool slo oM (g-CaNa
oo ploxl o,ue 5 ole gloog 5 Mol g l386 5 i3l
S aulyd e wloabools s (VA) JSb j0 a5 jsbylon
S oo Jldo |y ads o as U5 jsbay g-CaNa o JUlS 423
49- L 0-CaNa sl JUlS 433 j0 anl ol glayg mSII(Y)
D4 o AZSS '"/").3 20,8 4 L@QLJSJ‘ aJgi 6‘)—.’ oad sl
O] baway g-CaNa J 3o 51 o 51 —ob sla,l JLsssl (V)

L ‘) L)"jﬁ‘)) ‘_gL:auwSlﬁ 5)9_3 )l ‘;wl) Lgl—‘b)l) (\“) "'\'QOLSA é)

s5ban ASIZISa(HF) (58eals Jlidle S culpd (lulin]
Sl YSS G ol o 5l 58,5 g canl V- OEm™) Lawgie
ol o] mopdle sl (gand s canbs JS 5 AS 5 ZIS2
& yss by il 4 ASIZIS, (HES2) oy55anl (slo sl i
ASIZIS2 (55eals Jislo dagl ples jo o oS So3
Bogazs ;0 1) (558 @iz (s g Aol (p i SasS Jloa
Sl il el 4 wms o Lt 4l nl o)l Spe s
Jo-bd g5 (65, 5l aSilgs so ASIZIS2(HIS2) (eXenls
o el ysodle aS oalitasl CMS Loaalia o (6 5 e
551 Jaad 6 Gleas]) liinns Z 25k sl (slaailoles
5 ASIZISz (5500 slo s (STH) (55,00 4 (gds 55
Ol sla il g, 050 1wl 18 sgu> g0 0 AS/HIS,
053l ol S el 525 5y lyics el (S ASIZrSz(HIS2)

g 4z S s o clss gl
(509 =SIVIV (65,51 SLS) (6 yorhy soloaess S 9-CaNa
ALl siags Slys j1 5 K00 Sy a5 e (gl s Lo gl ls
iyl S 5000 Ly 0-CaNa o b sl ol dnsls (sl
8 ool 00,5 o VAYY Jlo @ T el Cennaay ' sloge 5
S i S 45 il i Sy Sy Y- L
59 ol SeSL bl g8 O calss 6l wilgs oo (@-C3Na)
g-CaNs ( Soss s golpa oy Lianlio;s 09 colainl Jye

1. Melon
2. Berzelius

Iranian Chemical Engineering Journal — Vol. 23 - No. 136 (2025)



Melamine

(CaHeNe) 500-580°C =
Cyanamlde 550°C s
(CHZNy) t

Dicyandiamide 550°C
(CHNy)

Urea o o
(CHN,0) 9",* -le

Thermal

>
Polymerization

Graphitic carbon nitride
(g-C3Ny)

[7+]8-CiNy yiiew slanissl 3 51 slo ylga sl NV Ui
Figure 17. Schematic of the synthesis processes of g-C;N, [60].
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Figure 18. Main steps of photocatalytic reactions on g-C3;N, semiconductor photocatalysts [61].
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Figure 19. X-ray diffraction patterns of powders of (a) one-step heat-treated graphitic carbon nitride, (b) two-step heat-treated graphitic
carbon nitride, and (c) two-step heat-treated graphitic carbon nitride coated with gold nanoparticles [62].
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Figure 20. UV-Vis spectra of samples produced under different conditions [62].
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Figure 21. The photocatalytic properties of different samples for hydrogen gas production under simulated sunlight [62].
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Table 3. Hydrogen production activity of photocatalysts under visible light irradiation [21].
Bandgap

H: activity

semiconductor Co-Catalyst
0-CsN4 CoOx
C3N4/C-dots -
GaN:Mg/InGaN Rh/Cr203
(Zno.18Gao.s2) (No.8200.18) Rhz-,CryO3

Bii—~ InxV1-xM0xO4 RuO2

TasNs/KTaOs Rh/Cr203

LaMgusTazs02N RhCrOx

(ev) (nmol/h) AQY(%)
2.8 8.5 0.3 at 405 nm
2.74 46 16 at 420 nm
2.22 38 12.3 at 400 nm
2.64 927 5.9 at 420 nm
25 17 3.2 at 420 nm
21 6*1073 0.25 at 400 nm
- 22 0.18 at 440 nm
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