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Index

a
AgCl/δ-Bi2O3 p-n junction 122
Ag2CrO4/g-C3N4/graphene 471
AgInS2/Ti3C2 direct Z-scheme

junction 122
Ag quantum dots (QDs) 142
amino-functionalized Ti-based MOF

(Ti-MOF-NH2) 347
anthropogenic pollution 125
apparent quantum efficiency (AQE)

11, 243, 261, 304, 390, 477
atomic force microscopy (AFM)

169, 182–183
Aza–Henry reactions 334, 374

b
band structure

charge carriers 80–81
light absorption ability 77–78
reduction and oxidation ability

78–80
bimetallic CuPd nanoclusters 341
binary metal sulfide-based

nanocomposite 303
4,7-bis(4-formylphenyl)-2,1,3-

benzothiadiazole (M-BT) 420
bismuth-based inorganic compounds

341
BiVO4/CeO2 composite 131
BiVO4/g-C3N4 127
BODIPY 374, 376

Brunauer-Emmett-Teller (BET) 178,
181, 381

c
cadmium sulfide (CdS) 254, 256,

350
carbazolic conjugated microporous

polymer (C-CMP) 377
carbon-based materials 162, 182,

183, 304
carbon quantum dots (CQDs) 167,

208, 287
carboxylate-based MOFs 350
CdS-based photocatalyst

construction of
CdS-based S-scheme

heterojunctions 270–272
CdS-based type-II

heterojunctions 264–266
CdS-based Z-scheme

heterojunctions 266–269
CdS-cocatalyst heterojunctions

262–264
crystal structures and morphology

one-dimensional structure
257–259

three dimensional structure
259–261

two-dimensional structure 259,
260
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CdS-based photocatalyst (contd.)
zero-dimensional structure

256–257
zinc blende and wurtzite 255

CdS/Cu3P p-n junction 97, 99
CdS-decorated MIL-68(Fe)

nanocomposites (CdS-M68
NCs) 345

CdS/graphene 202, 203
CdS-loaded graphene nanosheets

181
CdS-TiO2 photocatalysts 254
CdS/UiO-bpy/Co composites 364
cellulose acetate membrane (CAM)

212
charge carrier migration mechanism

metal loading 85–87
reactive oxygen species trapping

87–89
in situ irradiated XPS 89

charge carriers 80
charge carrier separation efficiency

electrochemical test 82–83
optical spectroscopy 83–84

chemical bath deposition 248–249
chemical exfoliation 171–174
chemical vapor deposition (CVD)

173–175
CMPBDP 376
cobalt phthalocyanine catalyst

(CoPPc) 393
COF-JLU22 405, 406, 408
conjugated microporous polymers

(CMPs) 383
conjugated porous polymers (CPPs)

372
COP-NT 372
CO2 reduction of 430

description of 400
organic transformation 405–413
photocatalytic H2 production from

water
CTFs 426

CTF-T1 424
FS-COF 419, 420
g-CxNy-COF 420
MoS2 QDs 425
NH2-UiO-66/TpPa-1-COF 422
Nx-COF 418, 419
TFPT-COF 416
TpPa-2 and CdS-COF hybrid

415
TTR-COF 430

pollutants degradation 402
structural diversity 399
synthesis of 399–402

CO2 reduction reaction (CRR) 14
CoSx nanoparticles 463
covalent organic frameworks (COFs)

10, 325
covalent triazine-based frameworks

(CTFs) 381, 422
CsPbBr3 QDs/UiO-66(NH2)

nanocomposites 364
Cu2O/TiO2 p-n junction

photocatalyst 112
Cu2S-based photocatalysts

construction of
Cu2S/metal oxide composite

photocatalysts 296
Cu2S/metal photocatalysts

299–300
Cu2S/metal sulfide

photocatalysts 296–298
ZnIn2S4 300

morphology of
one-dimensional structure

292–293
three-dimensional structure

294–296
two-dimensional structure

293–294
zero-dimensional structure 291,

292
cylindrical free-standing 3D

g-C3N4/GO aerogel (CNGA)
214
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d
Davar’s group 243
2D COF materials 399
2D/2D MnO2/g-C3N4 heterojunctions

472
density functional theory (DFT) 31,

111
3,6-dicarbaldehyde-N-ethylcarbazole

(M-CBZ) 420
5-diethoxyphosphoryl-5-methyl-1-

pyrroline-N-oxide (DEPMPO)
87

5,5-dimethyl-1-pyrroline N-oxide
(DMPO) 87

direct Z-scheme photocatalysts 75,
105

doped UiO-67 334, 336
dual photocorrosion 22

e
electrochemical impedance (EIS)

spectra 370
electrochemical test 82–83
electron spin resonance (ESR)

measurements 347
energy band structure 13
enhancing photostability 178–179
ethylenediamine (EN) 360

f
facile preparation 145
Fe-doped TiO2 nanoparticles

(Fe-TiO2) 402
Fermi level equilibrium 73
formaldehyde and methanol

(CH3OH) 3
formic acid (HCOOH) 3

g
g-C3N4/graphene 212
g-C3N4/NaNbO3 heterojunction

107, 108
g-C3N4/SnS2 direct Z-scheme

photocatalyst 114

g-C3N4/ZnMoCdS type-II
heterojunction 121

g-C3N4/ZnO heterojunction 471
graphene 182, 184
graphene-based photocatalysts

advantages of
conductor behavior 176
enhancing photostability

178–179
nanoparticle dispersion

179–180
photothermal effect 176–177
specific surface area 177–178

characterization methods
AFM technique 182–183
Raman spectroscopy 182–184
TEM technique 180–182
XPS 183–186

chemical exfoliation 171–174
chemical vapor deposition (CVD)

173–175
definition 224

graphene oxide (GO) 163
graphene quantum dot (GQD) 167

metal-organic-frameworks (MOFs)
219–224

metal oxide 186–201
metal sulfide

CdS/graphene 202, 203, 205
CdS/NG composite 203
CdS QDs/graphene 203
MoS2/CdS/graphene (MCG)

211
MoS2/graphene/CdS 210
MoS2/N-doped graphene 209
MoS2/rGO 208
ZnIn2S4 208

non-metal semiconductor
212–219

reduced graphene oxide 165–167
graphitic carbon nitride (g-C3N4)

challenges 475, 477, 478
cocatalyst loading 462–467
element doping 458, 460–462
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graphitic carbon nitride (g-C3N4)
(contd.)

heterojunction 467
2D layered composites 472
type-II structures 467
VB of WO3 474
Z-scheme charge transfer 468

morphology design of 455–457
photocatalytic CO2 reduction for

hydrocarbon fuel production
454–455

photocatalytic H2O splitting for H2
generation 453–454

photocatalytic N2 fixation for
ammonia production 455

pure g-C3N4 448–452
self-assembly method 452
single-atom deposition 474–476
structure of 448
surface modification 457–458
thermal polymerization method

452

h
Haber-Bosch process 119
Hall effect measurement 80
heterogeneous photocatalysts 3–9
heterojunction photocatalysts

activity enhancement 145
applications

photocatalytic CO2 reduction
107–119

photocatalytic disinfection
136–143

Photocatalytic environmental
remediation 1257–136

photocatalytic N2 fixation
119–125

photocatalytic water splitting
89–107

band structure
charge carriers 80–81
light absorption ability 77–78

reduction and oxidation ability
78–80

charge carrier migration
mechanism

metal loading 85–87
reactive oxygen species trapping

87–89
in situ irradiated XPS 89

charge carrier separation efficiency
electrochemical test 82–83
optical spectroscopy 83–85

classification of
direct Z-scheme photocatalysts

75
p-n junction photocatalysts 73
S-scheme photocatalysts 75–77
surface junction photocatalysts

73–75
type-II 72–73

facile preparation 145
material simulation 146
mechanism investigation 145

H2 evolution reaction (HER) 350
hexamethylenetetramine (HMTA)

92
highest occupied molecular orbital

(HOMO) 12, 370
high-resolution transmisstion

electron microscopy (HRTEM)
181, 350

hot metal-free material 217
Hummer’s method 186
hydrofluoric acid (HF) 110
hydrogen evolution reactions (HER)

14
hydrothermal method 243–245

i
inorganic semiconductor

photocatalysis 11
In2S3-based photocatalysts

construction of
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direct Z-scheme heterojunction
282

indirect Z-scheme heterojunction
282–284

type-II heterojunction 280–282
crystal structure and electronic

properties 272–273
morphology of

description of 274
one-dimensional structure 276,

277
three-dimensional structure

278–280
two-dimensional structure

276–278
zero-dimensional structure

274–276
in situ irradiated XPS (ISI-XPS) 89,

102, 272
interfacial charge transfer (IFCT)

12, 13
internal electric field 469
ion exchange method 251–253

l
Latimer-Frost diagram 38
light absorption ability 77–78
linker to a metal cluster charge

transition (LCCT) 327
lowest unoccupied molecular orbital

(LUMO) 12

m
Materials Institut Lavoisiers-68

(MIL-68) 219
mesoporous carbon nitride

(mpg-CNx) 393
metal-free B-BO3 (poly

(benzoxadiazole) network
polymer) 381

metal-insulator-semiconductor (MIS)
422

metal loading 85–87

metallophthalocyanine (MPc) based
conjugated microporous
polymers (MPc-CMPs) 372

metal-organic frameworks (MOFs)
90

graphene 219–224
photocatalytic degradation of

organic pollutants 329–334
photocatalytic H2 production from

water 347–352
photocatalytic reduction of CO2

352, 355
CdS/MIL-101(Cr) 360, 364
CdS/UiO-bpy/Co composites

364
CsPbBr3 QDs/UiO-66(NH2)

nanocomposites 364
MOF-253 360
NH2-MIL-125(Ti) 355
PCN-222 355
ZIF-8 and g-C3N4 360
Zn-MOF nanosheets 357

structure of 326
synthesis of 326, 327

metal oxide
AgI/BiOBr/rGO 198
Bi2WO6 195–197
Cu2O 198, 200
MoS2/graphene/TiO2 190
P25/CNTs 187
TiO2/graphene/Au composite

192
TiO2/graphene composite 187
TiO2 nanoflower 187
ZnO/GO composite 195
ZnO/graphene 195

metal sulfide
CdS/graphene 202, 203, 205
CdS/NG composite 203
CdS QDs/graphene 203
MoS2/CdS/graphene (MCG) 211
MoS2/graphene/CdS 210
MoS2/N-doped graphene 209
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metal sulfide (contd.)
MoS2/rGO 208
ZnIn2S4 208

metal sulfide-based semiconductors
99

metal sulfide semiconductor
photocatalysts

CdS-based photocatalyst 254
chemical bath deposition 248–249
energy and environmental

applications
photocatalytic H2 production

301–303, 305
environmental and energy

applications
photocatalytic reduction of CO2

305–306
photocatalytic removal of

environmental contamination
306–307

ion exchange method 251–253
solution-based methods

hydrothermal method 243–245
solvothermal method 244,

246–248
strategy 241–242
template method 249–251

MIL-125 221
MoS2/CdS/graphene (MCG) 211
MoS2/CdS p-n junction 99
MoS2/graphene 210
MoS2/graphene/CdS (MGC) 211
MoS2/rGO 208
MoS2/UiO-66/CdS 351
Mott-Schottky electrochemical test

80, 81

n
nanoparticle dispersion 179–180
N-doped CQDs (N-CQDs) 287
N-doped graphene 175
N-doped graphene (NG) 203
N-GQDs/g-C3N4 (N-CNU) 212

NH2-mediated zirconium MOF 329
NH2-MIL-125(Ti) 355
NH2-MIL-125(Ti)/TTB-TTA

composite 404
NiO/TiO2 p-n junction photocatalyst

133
NiS/CdS p-n junction 99
NiS/Zn0.5Cd0.5S/RGO composite

photocatalyst 243
nitrogen-containing π-conjugated

microporous polymers
(N-CMPs) 376

non-metal semiconductor
Ag2CrO4/g-C3N4/rGO 216–218
CNGA 214
g-C3N4/GO/BiOI 215
g-C3N4/graphene 212
g-C3N4/rGO 212
g-C3N4/ZnO heterojunction 215
N-GQDs 213
siloxene 218

o
optical spectroscopy 83–84
organic photovoltaic (OPV) polymers

386
organic polymers photocatalysts, CO2

reduction 391–396
organic semiconductor photocatalysis

11
organic transformation 372, 374,

376, 377, 381, 382
photocatalytic degradation of

pollutants 369–372
photocatalytic H2 production from

water
CMPs 383, 385
conjugated materials 383
CTP-2 polymer 391
DBTD-CMP1 386
PCPs 386
PrCMP-3 384
TEPB and TEB 389

synthesis of 367–369
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oxidative photocorrosion 22
oxygen evolution reaction (OER) 14
oxygen reduction reaction (ORR) 14

p
P25/carbon nanotube composite

(P25/CNTs) 187
PCN-222 355

B-BO3 381
MIL-100(Fe) 339
NH2-Uio-66(Zr) 339, 341

perylene-containing CMPs (PrCMPs)
384

photocatalysts organic transformation
COF formations, 406

photocatalytic CO2 reduction 37–41
CdS/TiO2 composite 119
CdS/WO3 113
Cu2O/TiO2 p-n junction

photocatalyst 112
g-C3N4/NaNbO3 heterojunction

107, 108
g-C3N4/SnS2 direct Z-scheme

photocatalyst 114
hydrofluoric acid (HF) 110
TiO2/CdS film 115, 117
type-I Ag/AgCl/g-C3N4 108
type-II Ag/AgBr/g-C3N4 108
ZnO/g-C3N4 118

photocatalytic degradation 41–44,
329–335

photocatalytic disinfection
Ag quantum dots (QDs) 142
Fe3O4/CdS 136
Na2WO4.2H2O 139
PCN, CeO2/PCN composite 143
TEOA, K2Cr2O7 and BQ 143
TiO2 nanocrystals 139

photocatalytic environmental
remediation

AgNO3 130
BiOI surface junction 133
BiVO4/CeO2 composite, 131

BiVO4/g-C3N4 127
g-C3N4/TiO2 direct Z-scheme

photocatalyst 136
H2PtCl6 135
NiO/TiO2 p-n junction

photocatalyst 133
SnO2/TiO2 composite 128

photocatalytic H2 production
301–303, 305

binary metal sulfide-based
nanocomposite 303

ternary metal sulfide-based
nanocomposite 303–305

unary metal sulfide 302–303
photocatalytic N2 fixation

AgCl/δ-Bi2O3 p-n junction 122
AgInS2/Ti3C2 composite 122
C3N4/ZnMoCdS composite 121
Fe2O3/g-C3N4 125

photocatalytic organic transformation
334

CdS-M68 NCs 345
COF-JLU22 405, 406, 408
doped UiO-67 334, 336
MIL-100(Fe) 339
NH2-Uio-66(Zr) 339, 341
TpTt 411
UiO-66-NH2 334, 337
UiO-68Se 343, 345

photocatalytic quantum efficiency
14

photocatalytic reduction of CO2
305–306

photocatalytic removal of
environmental contamination

photocatalytic dye degradation
307–308

photocatalytic reduction of
hexavalent chromium
308–309

photocatalytic water splitting 32–37,
90, 92

BiVO4 97
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photocatalytic water splitting (contd.)
CdS/Cu3P p-n junction 97, 99
CdS/ZnO nanofiber composite 90
metal-organic frameworks 90
MoS2/CdS p-n junction 99
NiS/CdS p-n junction 99

photoelectrochemical (PEC) 19
photoelectrochemistry 2
photogenerated electron-hole pairs

99
step-scheme (S-scheme)

photocatalyst 105
TiO2 nanocrystals 92, 94
TiO2/NiS core-shell nanofibers

direct Z-scheme photocatalyst
102, 104

TiO2/WO3 Z-scheme 102
WO3 direct Z-scheme junction

photocatalyst 99
WO3/g-C3N4 S-scheme

photocatalyst 107
X-ray diffraction 90

photoinduced interfacial charge
transfer mechanism 11

photoluminescence (PL) effect 83
photothermal effect 176–177
platinum (Pt) deposition 347
p-n junction photocatalysts 73
polymethyl methacrylate (PMMA)

393
polyoxometalate-based metal-organic

frameworks (PMOFs) 334
porous conjugated polymer (PCP)

386
porous coordination polymers (PCPs)

326
porous organic polymers (POPs)

366, 367, 369
porphyrin-based MOFs 355
Por-sp2c-COF 406, 410
Pt-loaded Ti-MOF-NH2 347
pure g-C3N4 materials 448, 449, 451

r
Raman spectroscopy 182–184
reactive oxygen species trapping

87–89
Re(bpy)(CO) 3Cl 430
reduced graphene oxide (rGO)

165–168
reduction and oxidation ability

78–80
reductive photocorrosion 22
Rhodamine B (RhB)

photodegradation 334

s
semiconductor-based heterojunctions

27
semiconductor/cocatalyst composites

30
semiconductor photocatalysts

classifications of 25
design principles of 21–25
development approaches of 29–32
modification strategies of 25–29

siloxene 218
single-atom deposition 474–476
SNNU-110 332
SnS2-based photocatalysts

construction of
cocatalysts 287, 288
type-II heterojunction composites

287–288
Z-scheme heterojunction

composites 288–290
morphology of 284–286

SnS2 quantum dots 471
solar energy photocatalysis

design principles of 24, 25
dynamics requirements for 14–21
evaluation of 45–46
history of 1–11
IFCT 12
inorganic 11
organic 11
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processes of
photocatalytic CO2 reduction

37–41
photocatalytic degradation

41–44
photocatalytic water splitting

32–37
SPR 11
thermodynamic requirements for

13–14
solar energy semiconductor

photocatalysis 1
solar fuels 240
solar spectrum 240
solution-based methods 243–245
solvothermal method 244, 246–248
S-scheme photocatalysts 75–77
step-scheme (S-scheme)

photocatalyst 105
surface junction photocatalysts

73–75
surface plasmon resonance (SPR) 11

t
TAPT-BT-COF 404
Teflon-lined stainless steel autoclave

243
template method 249–251
5-tertbutoxycarbonyl-5-methyl-1-

pyrroline N-oxide (BMPO) 87
tetrathiafulvalene (TTF) 430
the dimethyl sulfoxide (DMSO) 172
the NH2-modified UiO-66

(UiO-66(NH2)) 221
thermal polymerization method 452
thioacetamide 243
three-coordination N atoms (N3C)

246
3D aromatic polymer (3DAP) 391
TiO2-based photocatalysts 10
TiO2-based photocatalytic materials

3

TiO2/CdS composite material 115,
117

TiO2 microspheres 10
TiO2 nanoflowers 187
TiO2/NiS core-shell nanofibers direct

Z-scheme photocatalyst 102,
104

TP-COP 371
transient absorption spectroscopy

(TAS) 19, 180–182
triazine 448
triazine-based polymers 393
triethanolamine (TEOA) 143, 347
1,3,5-triethynylbenzene (TEB) 388
tri-textit-triazine (heptazine) 448
1,3,5-tris-(4-ethynylphenyl)-benzene

(TEPB) 388
type-II g-C3N4-based heterojunction

systems 467
type-II heterojunction photocatalysts

72–73
type-III heterojunction system 73

u
UiO-66-NH2 334, 337
UiO-68Se 343, 345
unary metal sulfide 302–303
United Nations Educational,

Scientific and Cultural
Organization (UNESCO) 125

Universitetet i Oslo-66 (UiO-66)
222

w
WO3 direct Z-scheme junction

photocatalyst 99
WO3/g-C3N4 S-scheme photocatalyst

107

x
X-ray photoelectron spectroscopy

(XPS) 85, 183–186



496 Index

z
zeolitic imidazolate framework-8

(ZIF-8) 223
ZIF-67 MOFs 90
ZnIn2S4 (ZIS) 208

ZnIn2S4 nanocrystals 244
ZnO/ZnS heteronanostructures 352
ZnS/graphene 207
Z-scheme charge transfer mechanism

469














