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Index

a
AxByCzOq mixed oxide structures 542
ab initio molecular dynamics

419–437, 454
absorption energies, of reactants 170
absorption-CT imaging 265–266
accelerated degradation test (ADT)

271
acetylene cyclotrimerization 104, 108
acetylenic chains 63
acid leaching 71, 136–137
acid liquid electrolyte water electrolyser

(ACIWE) 535
activated carbon (AC) 57, 58, 60, 68,

74, 82, 89, 109, 120, 551, 605,
625, 671, 677, 686

activated carbon fibers (ACF) 686
activation losses 583, 584, 588
active carbon-supported

nickel–tungsten carbide 605
active HER electrocatalysts 547
active sites 105–106, 152–156,

363–373
active species 92, 217, 295, 302, 357,

363–373, 691
profile of 365

activity volcano curve 507
adsorbate–adsorbate interactions for

CO methanation 516
adsorbate interactions 233, 507,

516–518
adsorbed CO species, classification of

322, 325

adsorption on metal oxides
CO adsorption, on TiO2(110)

237–239
HCOOH adsorption, TiO2 239–243

adsorption process 230, 231, 234, 463,
507

adsorption, on solid surfaces
kinetically restricted adsorbate

structures 229–231
supported nanoparticle catalysts

reactions 244–245
thermodynamically driven reactions

234, 237
advanced NMR 123, 136, 153, 220,

289, 295, 307, 358, 691
advanced oxidation processes (AOPs)

681
aerosol particles formation 183, 184
aerosol syntheses 183
AgAu bimetallic alloy NPs 167
agglomeration 50, 67, 128, 172,

184–186, 273, 575, 585,
661

Ag1H2PW 600
air-borne particles (or aerosols) 183
alcohol dehydration catalyst 189
alcohols synthesis 509–511
algae feedstocks 595
algebraic reconstruction technique

(ART) 268
aligned nanotube 45
alkali metal hydroxide solution
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alkaline liquid electrolyte water
electrolyser (ALKWE)
535–537, 539–541, 552

alkoxysilanols 9
alkynes 13, 85
Al2O3 600
Al2O3 supported Ni and Ni-Cu catalysts

608
aluminate (AlO4

5−) 9, 172, 194, 273
aluminium chloride 8, 131
aluminophosphate 9, 131, 134
aluminosilicates 8, 119, 600, 619, 686
Amberlyst-15 599, 600, 603–605, 609
Amberlyst-131 601
amine organocatalysis 156
amino functionalized material

151–152, 155
aminoterephthalates 151
ammonia synthesis 5, 6, 533, 633, 636,

641
amorphous or crystalline structure 46
amphiphilic organosilanes 130
anion exchange membrane water

electrolyzer (AEMWE) 539
anion-doped TiO2 560
anion-ordered A2B2X6X′

0.5-type
pyrochlore structure 564

anionic silicate oligomers 130
anisotropic adsorption 27–28
anisotropic nanostructures 40, 42–44
anisotropic NPs, encapsulation of 165
anisotropic photocatalysts 11
anisotropic properties, of crystal facets

22, 27
anisotropic surface energy 22
anisotropic surface properties 32
anisotropy

of crystal lattice 27, 28
of hexagonal CdS nanorods 165

anodic electrophoretic deposition 48,
49

anodization 11, 15, 40–46, 50–52
catalytic applications 44
formation of, anodic oxide layer 42
growth mechanism, anodized metal

foil 43
pulse/step anodization 45–46

antibiotics 530
anti-bonding orbital

of H2 71, 80, 81, 321, 566
of N atom 71

apparent diffusion coefficient 169
aqueous polyalcohols 13
arabinose 617
arene (C6R6) ligands 85
arithmetic mean velocity 226
aromatic cyclopentadienyl (C5R5

–) 85
aromatic polymer lignin 595
array nanostructures, of nanotubes 42
ascorbic acid 62
“as-deposited” cluster-based catalysts

90, 94
atom motion 217
atomic and molecular sorption 217
atomic force microscopy 166, 253, 291
atomic layer deposition (ALD) 72–73,

111
atomic orbital (AO) 29, 71, 80, 296
atomic probe tomography (APT)

272–273
atomically-thick CoSe2 nanosheets

545
ATR-IR spectroscopy 315–317,

327–328, 331
alcohol oxidation 331

Au10-cluster-based catalyst 79–96
AuNi alloys 167
AuNi Janus spindle nanostructures

165
AuSiO2 Janus NPs 161, 167–169
automobile three-way catalyst 190
automotive catalysts 354
Avantium 599, 624
Avantium employed EMF 599
average electron transfer number 580
Avogadro’s constant 227

b
π back-donation 71, 321
background spectrum 312, 318, 319
“ball-and-stick” representations 86, 87
bamboo-type nanotubes 45
band engineering, of semiconductors

cocatalysts, loading of 212
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impregnation method 212
photodeposition method 212

photocatalyst materials 203–204
band structures design 206–210
main constituent metal elements

205–206
variety of 204–205

synthesis methods, of semiconductor
photocatalysts 210–211

flux method 211
hydrothermal reaction 211
polymerized (polymerizable)

complex method 211
precipitation method 212
solid-state reaction method 211

band-engineered photocatalysts 557
bandgap 11, 29, 32, 33, 67, 189,

203–210, 472, 673–677
barrier oxide layer 42
BASF 4, 6, 148, 633
Ba0.5Sr0.5Co0.8Fe0.2O3–𝛿 543
B-doped MWCNTs 551
Beer–Lambert law 264, 378
benzene oxidation 107
benzenedicarboxylate 148–150, 155
1,4-benzenedicarboxylic acid (BDC)

linker 11
benzenetricarboxylate organic linkers

148
benzyl alcohol oxidation 92
BEP relation and the activation barrier

503–507
bidentate formate 241, 243, 331
bimetal interface 167
bimetallic Janus NP synthesis 168
bimetallic nanoparticles 70, 347, 608
bio-inspired hydrogen-producing

catalyst 413, 415
biobutanol 594–596
biochemical methods 618, 650
biodiesel 595, 602, 639
bioethanol 594–596
biohydrogen 595, 596
biomass conversion 9, 11, 57, 528, 593,

610, 619, 640
biomass conversion/biomass upgrading

528

biorefinery concept 593
biphenyldicarboxylate linkers 151
1,4-biphenyldicarboxylic acid (BPDC)

11
bis(dicarbonylcyclopentadienyliron,

Fe2O4C14H10 67
bismuth subcarbonate 171
bismuth tungstate (Bi2WO6) thin film

52
BiVO4 single crystal 31, 198, 209
Blyholder model 231
B3LYP functional 410
Bohr excitonic radius 13
Bohr magneton 296
bond-counting contribution factor

(BCCF) 516, 517
Born–Oppenheimer (BO)

approximation 406, 409, 420,
483

bottom-up fabrication 162, 174
Brønsted acid 136
Brønsted acid catalysts 600
Brønsted–Evans–Polanyi (BEP) relation

497, 498, 502–507, 511, 513, 516,
517, 519, 520

Brillouin zone 32
brown solids 130
Brownian collision 184
Bruker EMXPlus cw-EPR spectrometer

299
BSCF electrode 356
bulk MOFs 546
bulk MoS2 549
bulky molecules 121, 123, 140
1,3-butadiene 105
butadiyne linkages 63
n-butane 33, 128
1-butene 105
t-butyl hydroperoxid 170

c
calcine 125
capillary plug-flow reactors 352
capped Ag NPs monolayers 167
capping agents 25, 26, 35, 61, 70,

86
carbocatalyst 57, 59
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carbohydrates 9, 57, 594–596,
602–605, 609, 610, 617–630

carbohydrate-containing biomass
596

carbonaceous materials 125, 662
carbon allotrope, sp3 hybridization 58,

63
carbon-based catalysts 57, 75, 686
carbon-based fuel 593
carbon-based semiconductor material

74
carbon capture and storage (CCS)

technology 529, 649, 650
carbon capture and utilization (CCU)

650
carbon corrosion 266, 575, 585
carbon dioxide (CO2) emission 529
carbon emissions 527
carbon feedstock 528
carbon nano-onions 63
carbon nanotubes (CNTs) 58, 127,

497, 548, 551, 575, 587, 603, 662,
677

carbon nitride 11, 14, 64, 67–68, 74,
387, 551, 662, 676

carbon nitride (C3N4) catalyst
387–389, 551

carbon steel reactor 6
carbon-supported copper-ruthenium

catalyst (CuRu/C) 604
carbon-supported CuRu bimetallic

catalyst 626
carbon-supported platinum

nanoparticle catalyst 625
carboxylate ligand 148
carboxylic acids 13, 602, 628
carboxylic acid function 169
catalyst deactivation 217, 268
catalyst development 619–622, 630
catalyst fabrication methods 79
catalyst on graphene

graphene, as starting material 60, 61
graphene derivatives 62–64, 75
graphene oxide, as precursor 61–62

catalyst precursor, deposition of 58

catalysts preparation, new carbon
materials

catalyst on GO 59, 60
catalyst on graphene

graphene derivatives 62–64
graphene oxide, as precursor

61–62
graphene, as starting material

60–61
catalyst on nanodiamonds 63, 66
catalyst on onion like carbon 63
CVD, techniques 72–73
dry mechanical methods 73
electrodeposition 73
from hydrothermal carbonisation

68–69
photodeposition 74
SACs, on carbon nitrides 67, 68
simultaneous metallic catalyst 73
techniques 69–74

wet-chemistry synthesis,
optimization of 70, 71

catalyst structure in flow reactors 353
catalytic benchmarking 167
catalytic CO-PrOx reaction 192
catalytic cracking 8–11, 171, 273, 291
catalytic deNOx 9
catalytic Janus nanostructures 165
catalytic Janus NPs 168
catalytic lignite-to-gasoline process 8
catalytic materials 5, 10, 39, 48, 52, 53,

81, 199, 253, 265–267, 271, 275,
286, 287, 317, 333, 342, 404,
497–520, 651, 656–658, 661, 663,
666, 685

catalytic oxidation 14, 63, 105, 168,
170, 290, 674

catalytic oxide films 42
catalytic pyrolysis, of biomass 124
catalytic reaction 5–8, 46, 363,

639–641
catalytic supercritical water gasification

(CSCWG) 640
catalytic thin films 39–53
catalytic transformations 169, 290
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catalytically active sites (CASs) 103,
105–106, 283, 673, 688

identification 103, 105–106, 283,
673, 688

CatApp 502, 509
cathodic electrodeposition 41, 46–48,

52
pulse electrodeposition 47–48

cathodic electrolytic deposition 40
cathodic electrophoretic deposition

48, 49
cathodic pulse 47, 48
cationic metals 148
CATMAP 506, 511
C5 carbohydrates 617
CCD (charged-coupled device) cameras

257, 259, 284–285
CDFT 412
cell holder 582, 583
cellulose 595, 600, 602, 603, 609, 610,

617, 618, 620, 623
cerium-rich quaternary systems 543
cetyl trimethyl ammonium bromide

(CTAB) 10, 13, 131, 132,
139

chalcogen-based ligands 85
charcoal-supported catalyst 68
charge, of an electron 28, 456
CHA-type silicoaluminophosphate

691–692
CHA-type SSZ-13

Cu–SAPO-34 catalysts 691
CHA-type zeolite catalysts 689
chemical compounds, purification of

86
chemical dissolution, of oxide layer

43
chemical equilibrium 503, 634,

637–639, 643–645
chemical etching 162, 165
chemical imaging techniques 265, 275
chemical methods, SAC

bottom-up synthetic methods
adsorption method 109–111
co-precipitation method 109, 110

galvanic-replacement method
112

top-down synthetic methods
112–113

chemical reaction 103, 155, 203, 217,
220, 225, 256–257, 259, 284, 286,
288, 331, 369, 378, 380, 385–386,
402–403, 412, 419, 423–424, 439,
455, 463, 472, 484, 518, 520, 571,
623, 635, 653

chemical transformation 220, 353,
363, 596

chemical vapor deposition (CVD) 11
12, 22, 69, 72, 172, 184, 190

chemically synthesised metal clusters
85–95

catalysis using
homogeneous catalysts 89, 90,

92
chemiluminescent transformation 168
18 C-hexagonal pores 63
chloroplatinic acid method 576
chrome aluminophosphate 134
classical molecular dynamics (CMD)

simulations 402
clusters 3–16, 71–72, 79–96
CO adsorption 231, 233, 237, 238,

321–324, 468
CO adsorption metal surfaces 231

Au nanoparticles, CeO2 233
CO adsorption, on Pt(111) 231–232

CO adsorption, on TiO2(110) 237–238
coalescence 12, 71, 184–186, 190, 194
coarse-grain approach 402
cobalt aluminophosphate 134
cobalt catalysts 7
cobalt-time-yield (CTY) 194
cocatalyst 31, 204, 212, 564, 565, 567,

665
cocatalysts function 212
co-electrolytic SOEWE 541
CO2 electroreduction process 655, 658
co-embedded N-doped carbon

nanotubes 548
CoFe@N-rGO 549
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coherent diffraction imaging (CDI)
273

CO hydrogenation catalysts 192
CO2 hydrogenation 84, 165, 194, 331,

638
coke formation 124, 305, 611, 640
collapsed bifunctional sites 95
colloid nanoparticle dispersions 162
colloidal silica particles 128
colloidal stability 49, 50
colloidal TiO2 particles, interfacial

electron/hole-transfer reaction
of 380

combinatory methods 40–42, 50–52
Combined electrophoretic

deposition–anodization
(CEPDA) approach 51–52

combined XAS-DRIFTS 367–368
combustion, of metal precursors

185
CO methanation reaction 196
commercial SiN membranes 258
CO Moiré structure 232
complementary

metal–oxide–semiconductor
(CMOS) 284

complex metal oxide catalysts 197
composite catalysts 46, 59
composite metal oxide catalysts

192–197
compositional homogeneity 211
comprise mesoporosity 122
computed tomography (CT) 264,

267–268, 270, 274
computer simulations 401–403
conduction band (CB) 29, 32, 190, 203,

205–210, 377, 378, 382, 384, 388,
389, 391, 392, 472, 557, 659, 673

conduction band minimum (CBM) 32,
203, 557

confocal laser scanning microscopy
(CLSM) 284, 285, 287, 289, 291

conformal coating 48
Congo Red reduction 167
CoNi@NC 549

constrained density-functional theory
(CDFT) 412, 416

contact process 3, 4
conventional absorption-CT 265–267
conventional direct current method 48
conventional heating 62
conventional microporous zeolites

123, 126
coordination number approximation

244–245
coordination polymer 147, 148
coordinative unsaturated metal sites

(CUS) 71, 73, 153, 157
CO oxidation 14, 81, 83–85, 92,

105–107, 168, 234–238, 245, 259,
325, 354, 355, 357, 516–517

on multi-component alloy surfaces
516

on Pt(110) 234–236
CO (photo-)oxidation reaction 41,

193, 234, 236, 238, 392, 538, 559,
561, 624, 664

copper based zeolite catalyst
(Cu–SSZ-13) 354

copper–zinc catalyst 7
coprecipitation technique 13
CO2 reduction 27, 45

electrochemical reduction
electrochemical cell 655
GDEs 656
high Faradaic efficiency 657
improved/novel electrolytes 657,

658
in gas phase 657
low overpotential for 657
Sabatier principle 655

figures of merit 652–653
heterogeneous catalysts 653–654
photochemical reduction

efficient photocatalytic reactors
662

electron-hole pairs 659
factors 660–661
innovative photoactive materials

661–662
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photocatalyst surface 659
photoelectro-chemical reduction

efficiency of 663
electrode configurations for 664
GaP semiconductor 662–663
inorganic binary compounds 663
photoactive materials 665–666
photoanode–dark cathode 665
photocatalytic reactors 666
photocathode–dark anode

664–665
photocathode–photoanode 665

redox potentials for 650
redox processes 651–652
reservoir and EOR 650
thermodynamically stable molecule

650–651
utilization of 650

core-to-core XES 348
CoSe2 nanosheets/GCE 545
counter electrode 11, 41, 42, 51, 225,

576, 577, 584
covalent organic frameworks (COFs)

11
covalent triazine frameworks (CTF)

64, 67–68
Cr-doped rutile TiO2 560
critical coupling 300
critical process 217, 640
crystal facet engineering 21
crystal morphology 26
crystalline materials 153, 171, 269
crystalline microporous 8, 133
crystalline microporous

aluminophosphates (AlPO4) 8,
133–134

crystalline nanoparticles 63, 186
crystalline porous catalysts 171
crystalline silicate-based catalysts 619
crystalline V2O5 194
crystalline wall structure 128
crystalline zeolites 9
crystallization 7, 9, 22, 46, 52, 86, 124,

126, 128, 131, 132, 136, 153, 196,
197, 546, 625

crystallization process 9, 46, 52, 124,
126, 128, 131, 135, 153

Cs-exchanged silicotungstic acid 600
C6 sugars 617
cubic topology 148, 151
Cu2O crystals 26
cuprous oxide 48
current efficiency 46–47, 652
Cu–SZZ-13 catalyst 345, 354
Cu-zeolite catalysts, in situ EPR study

of 301
Cu-zeolite systems 303–305
cyclic voltammetry 440, 462, 552,

577–578, 581
cyclohexanedimethanol (CHDM)

94
cylindrical internal reflection (CIR)

327
CyreneTM 623

d
data mining and machine learning in

catalyst design 509
Davy lamp 3
3D continuous macroporous structure

265
dealumination 124, 136–137, 139, 140,

289, 290, 687
acid leaching 136–137
calcination process 136
mesopores, formation 137
steaming process 136
zeolite modification 136

debris, of nanotubes 46
delay time of probe pulse 378
3D electron density maps 92
deNOx reaction system 530, 609, 610,

622, 636, 680–681, 694
deNOx technology 685
density functional theory (DFT) 106,

165, 235, 307, 403, 405, 497, 658
basis sets 409
Born–Oppenheimer approximation

406
calculations 565
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density functional theory (DFT) (contd.)
Hohenberg–Kohn theorem

406–409
Kohn–Sham equation 407, 408

density, of layer 46
deposited metal (Met) 46
deposited space 46–47
design for energy efficiency 633
desilication 124, 138–140

ammonium surfactants 139–140
high-silica zeolites 138
modified procedure 139
pore-growth moderator 139

3D graphene aerogel materials 679
dhbdc linkers 150
didactical approach 157
dielectric constant 32, 50, 639
diesel engine emissions 685
differential pumping effect 256, 258
differential pumping–type system 254,

256–259
diffraction anomalous fine structure-CT

(DAFS-CT) 274
diffraction/scattering techniques 264
diffractive techniques 150
diffuse reflectance Fourier transform

infrared spectroscopy (DRIFTS)
230, 316–317, 325, 329–331, 368,
370, 433, 691

cells 325, 327
of CO adsorbed on various Pd/Al2O3

samples 323
isotopic transient kinetic analysis

331
on Pd/Al2O3 331
of V2O5–WO3–TiO2 319

diffusion coefficient 45, 169, 230, 287,
579

diffusion length 45, 124, 244, 377
dihydrolevoglucosenone 620, 623
2,5-dihydroxymethylfuran 605
diluted surfactant solution 130
3-dimensional ordered macroporous

(3DOM) structures 162, 164,
165, 170, 172, 174

dimer (M2) yields, formation of 80
dimer methods 424
2,5-dimethylfuran (DMF) 594,

604–606
dimethyl hexahydroterephtalate

(DMHT) 94
dimethyl terephthalate (DMT) 94, 95,

623
dimethylformamide (DMF) 605, 623,

656
diquaternary ammonium surfactants

131
direct current (DC) 47, 48, 82
direct inclusion methods 172
discrete nanoflowers, of bismuth 170
dispersed niobia particles 69
dispersed technical catalyst 227
dispersing and stabilizing

nanodiamonds 63
dispersive forces 59
dispersive polychromators 353
dissociative adsorption 28, 168, 234

of water 28
dissociative hydrogen adsorption 234
3D macrostructures 62
2D nanolace sheets, of alumina 45
2D NiFe-based bimetallic organic

framework 546
3D NiFe hydroxide thin nanosheets

542
doped photocatalysts 206–208
doped rutile TiO2 photocatalyst

559–564, 567
doubled water electrolysis (DWE)

538
Dowex–type resins 603
downstream mass spectrometer 81,

108
drive cycle testing 266
dual-target magnetron sputtering

system 84
dual-templating approach 131, 161,

170
dye-sensitized heterogenous

photocatalyst 384–386
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dynamically limited adsorption
processes 234

e
electrocatalysis 11, 21, 33, 39, 57, 68,

105, 110, 165, 225, 292, 440, 660,
665

electrocatalyst inks 582
electrocatalysts 167, 439–441,

541–551, 571–588
electrocatalytic oxygen reduction 167
electrocatalytic reactions 11, 39, 57
electrochemical anodization 11, 15
electrochemical configuration 46
electrochemical method, fabricating

thin film
cathodic electrodeposition 46–48

pulse electrodeposition 47–48
combinatory methods,

electrochemical process 50–52
electrophoretic deposition 48–50
anodization 42–45

catalytic applications 44
formation of, anodic oxide layer

42
growth mechanism, anodized

metal foil 43
pulse/step anodization 45–46

electrochemical processes 40, 441
electrochemical reactor

(electrocatalysis) 225, 439, 651,
654, 655, 658

electrochemical reduction
definition 651

electrochemical surface area (ECSA)
545, 550, 574, 577–581

electrochemical water splitting 39,
533, 534, 551, 552

fundamentals of 533–535
hydrogen evolution reaction

electrocatalysts 547–549
liquid electrolyte water electrolysis

535–537
oxygen evolution reaction

electrocatalysts 541–545

polymer electrolyte membrane water
electrolysis 539–540

solid oxide electrolyte water
electrolysis 540

electrodeposition 41, 46–49, 52, 73,
548

electro-oxidative polymerization 40
electron cloud 32
electron configuration 205, 206, 303
electron energy loss spectroscopy

(EELS) 71, 217, 255, 256, 259,
260, 607

electronic interactions 13, 333
electronic transfer 168
electronic wavefunctions 403, 406,

407, 409, 410
electron magnetic resonance (EMR)

295
electron nuclear double resonance

(ENDOR) 299, 307
electron paramagnetic resonance

(EPR) 193, 219, 295–307, 658,
689

-active species 302
magnetic field intensity 298
principles of 296–298
spectra of Cu-CHA samples 305

electron scattering 255, 256, 346
electron spin echo envelop modulation

(ESEEM) 299, 307
electron spin resonance (ESR) 295
electron transfer 60, 157, 217, 303,

306, 348, 380, 382, 383, 385, 386,
388, 389, 391, 392, 402, 412, 416,
478, 529, 541, 546, 579–581, 651,
653, 676, 677

electron transfer number 579–581
electrophoretic deposition 40, 41,

48–52
electroplating 39, 41
electroreduction 33, 46, 68, 504,

655–659
electroreduction, of metal cations 46
electrostatic repulsion 50
electroxidation 33, 68
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elementary reactions and materials
selection 498–502

Eley–Rideal (ER) mechanism 504
enantioselective hydrogenation 191
end plates 583
energetic efficiency 653
energetic photons (photocatalysis) 225
energy consumption 535, 536, 593
energy functionals, development of

410–412
energy levels

Zeeman splitting 297
energy-dispersive von Hamos type

spectrometer 353
enhanced oil recovery (EOR) 650
epifluorescence microscope 281, 282
equilibrium adsorption 57
ethanol/dimethyl sulfoxide mixture

601
ethanol/tetrahydrofuran mixture 601
ethene photodecomposition 170
5-ethoxymethylfurfural (EMF)

594–602, 609, 611, 624
ethyl levulinate (EL) 594, 602–604
European Synchrotron Radiation

Facility (ESRF) 274
exchange-correlation density

functionals 410
exchange-correlation functional 408,

410, 411, 414
excited electrons (e–) 33, 203, 384, 472
exo-and endo-thermicity 220
exothermic metal precursors 186
explicit kinetic simulations based on

DFT calculations 507
exsolution method 172
extended X-ray absorption fine

structure (EXAFS) spectroscopy
109, 274, 345–347

extended X-ray absorption fine
structure-CT (EXAFS-CT)
109, 274, 345

Extremely Brilliant Source (EBS) 274

f
fabrication, of model catalysts 83
fabrication procedures 162

face-centered cubic (fcc) 22, 88, 413
crystal structure 27

facet engineering, on catalysts
anisotropic adsorption 27–28
anisotropic properties, of crystal

facets 27–31
effects of 32–34

optical properties 32–33
activity & selectivity 33–34

mechanisms 22–27
solid-phase methods 22
solution-phase methods 22
vapour-phase methods 22

surface electric field 29–31
surface electronic structure 28–29

faceted nanocrystals 22
faceted semiconductor 29, 33
faradaic efficiency 567, 652–653
Faraday constant 47, 579, 651, 653
Faraday law for electrolysis 46
fcc-structured metal crystal 22–23
Fe-family-based OER catalysts 543
Fe3O4

clusters 62
α-Fe2O3 nanotubes 11, 44
SiO2 601
SiO2–HPW 601
SiO2–SH–Im–SO4H 601
SiO2–SO3H 601

FeOx surfaces 104
Fermi level 28, 81, 351, 456, 457, 465,

546, 676, 677, 690
Fick’s law 636
film thickness 46–47
filter-press elecotrochemical cell

657
first generation biofuels 595, 596
Fischer–Tropsch catalyst 69, 271
Fischer–Tropsch synthesis (FTS) 7, 8,

13, 69, 194, 196, 641
flame aerosol reactors 186
flame aerosol synthesis and reactors

185–189
flame-assisted spray pyrolysis (FASP)

185, 186, 189
flame spray pyrolysis 186
flame synthesis
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flame aerosol synthesis and reactors
185–189

multielemental oxide-based catalysts
complex metal oxide catalysts 197
composite metal oxide catalysts

192–197
solid solution metal oxide catalysts

192
from natural aerosols formation

183–184
simple metal oxide-based catalysts

189–192
flash photolysis time-resolved

microwave conductivity
experimental layout 390

flat thin films 39, 40
flow-field plates 583
flow reactors 352, 353, 664
fluidized catalytic cracking (FCC)

process 8, 27, 171, 321, 322,
413

fluorescence
basics of 280–282
CLSM 284, 285
contrast mechanism 283
strategies, resolve catalytic processes

283
super-resolution fluorescence

microscopy 285–286
WFM 284, 285

fluorescence-detected XAS 343
fluorescence microscopy 279–288,

290–292
fluorescence spectromicroscopy 220
fluorescent oligomers 289
fluorogenic aminophenyl fluorescein

290
fluorogenic molecules 283, 288
focused ion beam (FIB) milling 45,

253, 260
forbidden gaps 81
formation of, carboxylate dicopper 148
formic acid 33, 111, 239–242, 246,

499, 605, 636, 637, 655, 657,
665

fossil fuels 528, 533, 593, 596, 611, 649,
685

foundry resin 622
Fourier transform infrared (FTIR)

spectroscopy 229, 230, 327,
658

fourth generation biofuels 595
fragmentation 83, 86, 90, 162, 628
free electron laser (FEL) 274, 353
free energy calculations

metadynamics 430–432
reaction coordinate, defining 425
sampling points, selection of 428
thermodynamic integration

constrained MD simulations 425
ergodicity assumption 425
Lagrange formalism 426
Lagrange multipliers 427, 428
schematic illustration 425

umbrella sampling 428–430
free energy profile, for an elemental

reaction 424
free-standing particulate 678–679
Friedel–Crafts alkylation 639
fructose 596, 599–601, 603–605, 609,

617, 620, 622, 624–625,
627–628

fuel cell test station 583
fuel cell vehicles (FCVs) 572, 574–575,

581, 636
fuel crossover 584
furandicarboxylic acid (FDCA) 539,

622–626
furfural 5, 196, 596, 603–604,

606–607, 611, 622
furfuryl alcohol (FOL) 289, 603–607,

622
oligomerization 290

g
galactose 617
galvanic replacement, Au 167
galvanic-replacement method 109, 112
galvanostatic condition 48
galvanostatic method 46
γ-valerolactone (GLV) 594, 607, 622
GaN-ZnO 558–559
gas diffusion electrode (GDE)

582–583, 656–657
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gas diffusion layer (GDL) 266, 539,
574

gas physisorption 150
gas-to-particle formation 183–184,

186, 189
gaseous nitrous acid (HONO) 693
gaskets 539, 583
Gauss–Lorentzian deconvolution 235
gelled FeCoW oxyhydroxides 543
Gemini-type surfactant 132–133
generalized-gradient approximation

(GGA) 411–412
Gibbs energy 558
Gibbs–Wulff theorem 22
glucose 60, 68, 170, 196, 596, 600–601,

603, 605, 609, 617, 620
gold-thiolate clusters 85–86
gradual transformation of nanodiamond

66
grafting metallocene complexes 104
graphdiyne 62–64, 75
graphene 62, 73

derivatives 62–64, 75
liquid cell 258
nanoplatelets 584

graphene-like carbon foam 584–585
graphene oxide (GO)

catalyst on 59–60
pre-impregnated metal precursor

62
structure of 59

graphite intercalation compounds
(GICs) 61

graphite-like hexagonally-packed
layered structure 549

graphitic carbon materials 71
graphitic carbon nitride (g-C3N4) 11,

64, 67, 662, 676
graphitic/amorphous carbon 63
graphyne 62–64, 75
green chemistry principles 633, 634,

645
greenhouse gases 529, 593, 623, 637
Grove’s fuel cell 573
g-value 296, 298

h
Haber–Bosch process 4, 6
half-cell measurements 576, 583–584
half-reactions 41, 533–534, 572
half-wave potential 579, 586–587
hard and soft dual-templating 170
hard templates

carbon nanotubes and nanofibres
127–128

ordered mesoporous carbons
128–130

space-confined method 125–127
hard-templating methods 15,

124–125, 140
hard X-rays 272, 339, 348

penetration depth of 342
heat of adsorption 229–230
Hellmann–Feynman theorem

409–410, 483
hemicellulose 595, 606, 617–618, 622
n-heptane 33
heptazine 64, 67
heteroatoms 14, 59, 67, 71, 74–75, 545,

547, 550–551, 600, 620
heterogeneity, of catalyst materials

219–220
heterogeneous catalysis 21, 217, 401,

405, 597
biomass conversion/biomass

upgrading 528
carbon capture and storage

technology 529
carbon dioxide (CO2) emission 529
carbon emissions 527
chemical and energy industries 527
density functional theory in

405–416
DFT applications 412–414
forces on the ions, calculation of

409–410
hydrogen 527
MD technique 419
nitrogen oxides (NOx) 529
quantum mechanical techniques in

403–404
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SCR technology 529
wastewater treatment processes 529

heterogeneous catalysts 3–5, 83,
103–114, 147–158, 168, 170,
311–334, 619

CO2 conversion 653–654
heterogeneous catalytic conversions

in high-pressure reaction condition
633–636

heterogeneous photocatalysis 484,
567, 681

advantages of 671–672
heterogeneous photocatalysts

380–384, 391–392, 530, 557–558
heterogeneous reaction 15, 27, 70, 635,

640
heterogeneous (solid) photocatalyst

203
heterogenized Re-complex catalyst with

TiO2 nanoparticles 384
heterojunction interface 168
hexaethynylbenzene 63
1,6-hexanediol (1,6-HDO) 622, 623
1-hexanethiol 167
1,2,6-hexanetriol (1,2,6-HTO) 622
hexapod-shaped building blocks 162
hexoses 596, 617, 622, 627–628
hierarchical and anisotropic

nanostructured catalysts
Janus nanostructures 165, 167–169
hierarchical porous catalysts

169–171
nanostructured assemblies 162
porous/anisotropic substrates,

functionalisation of 170–174
shape anisotropy 162, 165
top-down vs. bottom-up approaches

162, 164
hierarchical macroporous–mesoporous

SBA-15 network 171, 173
hierarchical macroporous–mesoporous

silica 161
hierarchical mesoporous–macroporous

pore structure 170–171
hierarchical porous catalysts 169–170

hierarchical structure zeolites 122
hierarchical titania 170
hierarchical zeolites, synthesis strategies

122
advantages 123
changed product selectivity 124
decreased coke formation 124
increased intracrystalline diffusion

123
modern strategies for 124

dealumination 136–137
desilication 138–140
hard templates 124–130
soft templates 130–136

reduced steric limitation 123
high-angle annular dark-field scanning

transmission electron
microscopy (HAADF-STEM)
14, 92, 104, 110, 112, 114,
162–163, 175, 563

high-energy bottom-up ball-milling
synthesis 109

high-energy resolution fluorescence
detection 349–350

high-energy-resolution off-resonant
spectroscopy (HEROS)
350–351

high energy resolution (resonant) X-ray
emission spectroscopy
347–351

high-index facets 27
high-performance computing (HPC)

clusters 401, 493
high-pressure catalytic reactions 5–8
high-pressure hydrotreating processes

636
high-pressure methanol synthesis

process 633
high-pressure reaction condition

advantages 633
catalytic processes 634
chemical equilibrium 634
CO2 conversion

methanol synthesis 637
phase separation 638
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high-pressure reaction condition
(contd.)

green chemistry principles
634

industrial chemical 634
mass transfer and kinetics

molecular diffusion 635–636
multi-phase reaction 636

microchannel reactor 641–643
phase separation 634–635
process efficiency and economy

636
supercritical fluid properties for

639–641
supercritical state 635
water-gas shift reaction 643–645

high-pressure scanning tunneling
microscopy 235

high-pressure steel reactors 7
high-pressure studies, of catalysts

226–229
high-throughput (HT) computational

catalyst design
activity volcano curve 507
adsorbate-adsorbate interactions

for CO methanation
516–518

alcohols synthesis 509–511
BEP relation and the activation

barrier 503–507
CO oxidation on multi-component

alloy surfaces 516
data mining and machine learning

509
DFT calculations 498
elementary reactions and materials

selection 498–502
explicit kinetic simulations based

on DFT calculations
507–508

hydrogen evolution reactions (HER)
511–516

RhAu alloy nanoparticles for NO
decomposition by machine
learning 518–520

scaling relation and reaction energy
502–503

highest occupied molecular orbital
(HOMO) 80, 231, 280, 388,
485–486, 490–491

highly active NiFe oxides/hydroxides
542

hinder energy-dispersive X-ray
spectroscopy 255

2H-MoS2 polytype 549
Hohenberg–Kohn theorem 406–409,

472
hollandite-type manganese oxide

(HMO) 106–107, 113–114
HOMO 5σ CO molecular orbitals

231
homogeneous catalysts 39, 68, 75, 89,

157–158, 302, 619, 624
homogeneous or heterogeneous

catalysts 157
homogeneous Lewis–Brønsted acid

mixture 605
homogeneous (molecular) photocatalyst

203
Houdry process 8
HPW/k-10 clay 600
HPW/MCM-41 600
H-type cells 655
Hubbard U corrections 412
hybrid water electrolysis (HWE) 538
hydrochloric acid 27, 127, 136
hydrodeoxygenation (HDO) 596, 604,

606–607, 623
HydrofactionTM 640
hydrogen 527

bonds 59, 81, 595, 617
-filled zeppelin airship 571
mass production 533

hydrogenation 3, 5, 13, 57, 60, 63,
67–68, 84, 89, 94–95, 105, 121,
157, 165, 167, 191–192, 194,
272, 329, 331–333, 369, 505, 596,
604–609, 611, 619, 622–623,
625–626, 635, 637–638

of n-olefins 121
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hydrogen evolution reaction (HER) 39,
63, 511–516, 534–535, 538–542,
545, 547–552, 651

electrocatalysts 548
metal-free electrocatalysts 551
noble metal–free alloys 548
non-noble metals 547–549
non-precious metal composites

549–551
hydrogen oxidation reaction (HOR)

572–573, 577
hydrophilic mesopores 171
hydrophobic macropores 171
hydrophobic metal precursors 68
hydro/solvothermal synthesis 11
hydrothermal carbon material 69
hydrothermal conditions 57, 68, 128,

619
hydrothermal method 22, 26, 62
hydrothermal modifications 124
hydrothermal procedure 61
hydrothermal treatment 52, 60, 68,

125, 130, 135
5-hydroxymethyl furfural (HMF) 196,

539, 596, 599–600, 603–606, 611,
620, 622–624, 626–628

5-(hydroxymethyl)furoic acid (HMFA)
626

2-hydroxypropionic acid 622
γ-hydroxyvaleric acid 608
hyperfine sublevel correlation

(HYSCORE) 299

i
Imperial Chemical Industries (ICI)

7
impregnation method 111, 212
increased intracrystalline diffusion

123
industrial catalytic process 636
industrial catalytic reactions 5
industrial Ruhrchemie catalyst 266
infrared (IR) spectroscopy 311

attenuated total reflection mode
314–318

challenges 333
frequency ranges 312
of organic molecules, vibration types

312
theory on 311–313
transmission mode 314–315

infrared microspectroscopy 317–318,
334

inherent microporosity 122
initial oxide layer 43
inorganic cluster 152
inorganic monolithic aerogels 265
inorganic radicals and radical ions

303
in situ and operando methodologies

220, 363
in situ EPR 302–303

components 299
of Cu-zeolite catalysts 301–302
Cu-zeolite systems 303–305
experimental methods and setup for

298
microwave frequencies 299, 300
radicals and radical ions 305–306
sample cavity 300
setup issues 301
signal channel 300

in situ flame deposition 192
in-situ measurement 301, 304
in situ transmission electron microscopy

observation
applications 259–261
differential pumping–type system

256–257
in gas and liquid phases

window-type system 254–256
other systems 257–258

π–π interactions 59, 71
intercrystalline mesopores 122
interfacial spillover 168
International Energy Agency (IEA)

statistics 649
intracrystalline mesopores 122–123,

135–136
intracrystalline transport 123
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intrinsic Brownian (random) motion
169

intrinsic reaction mechanisms
106–107

invert enantioselectivity 158
ion-exchanged zeolites 14, 302
IR microspectroscopy 317–318, 334
IRMOF-3 152, 155, 157
iron carbonyl reaction 6
iron oxide nanocrystallites (Pt1/FeOx)

109
iron porphyrin 67, 72
irreducible thorium oxide 7
irregular nanoporous morphology 45
IR spectroscopy 219, 327, 367

background spectrum 318–320
NH3 320
under operando conditions

325–328
using probe molecules 320–325

isomerization, of hydrocarbons 8–9
isoreticular linkers 157
isoreticular MOFs 151–152

j
Jablonski energy diagram 281, 377, 378
Jacob’s ladder of functional development

410, 411, 414
Janus arrangement 168
Janus AuPt systems 168
Janus nanomaterials 165, 168
Janus nanostructures 165–169

k
K-edge XANES 343–345, 354
kinetically controlled region 579
kinetically restricted adsorbate

structures 229–231
kinetic control, of zeolite seeds 131
kinetic gas theory 226
kinetic Monte Carlo simulations 245,

402
Knøvenagel condensation 157
Knudsen diffusion 123
Kohn–Sham approach 406–409

equation 407, 408, 471
wavefunctions 407–408, 413

Koutecky–Levich (KL) theory 579
Kubelka–Munk (K–M) function 317,

318
Kuhlmann reaction 4

l
lactic acid 622, 627–629
lactide 627–630
Lagrange formalism 426
Lagrange multipliers 426–428
Lambert–Beer law 317
laminated graphene layers 258
Langmuir–Hinshelwood (LH)

mechanism 504–505, 692
lanthanum strontium manganite (LSM)

540
La0.6Sr0.4MnO3 (LSMO) 162, 165, 166,

172, 174
lateral resolution 282, 285
lattice constant 23
layered (oxy)hydroxides 542
Le Chatelier’s principle 90, 634
Lenz’s law 32
Lerf–Klinowski model 59
Levich equation 579
levulinic acid 196–197, 602, 622
Lewis acid catalysis 148, 153, 157
light absorption, of semiconductors

32–33
lignin 120, 595, 617, 618
lignocellulose 9, 594, 610–611, 617

conversion 57
lignocellulosic biomass

biological and chemical pathways
594

composition and resources 595–596
cost of 593
DMF 604–606
ethoxymethylfurfural (EMF)

597–602
ethyl levulinate (EL) 602–604
γ-valerolactone (GVL) 607–610
2-methylfuran (MF) 606–607
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linear shrinkage 192
linear sweep voltammetry (LSV)

578–581, 587
liquid electrolyte water electrolysis

537
DWE 538
HWE 538–539
OWE 537–538
TWE 539

liquid metal precursors 185
liquid phase transformations 170
liquid precursor formulations 187
liquid water quantification method

266
lithium-ion batteries 21
load-cycling protocol 581
local density approximation (LDA)

410, 411, 474
localization-based super-resolution

microscopy 285, 289
localized Gaussian-type basis 409
localized SPR (LSPR) 15, 29, 169, 675
low energy electron microscopy (LEEM)

217
low-energy electron diffraction (LEED)

217–218, 233
low-index facets 22, 24, 27
lowest unoccupied molecular orbital

(LUMO) 80, 280–281, 388,
485–486, 490

m
mackinawite-type nanosheet arrays of

FeS 545
macrocycles 72
macrocyclic molecules 71
macroporosity 122, 125, 140, 161
macroporous 124, 161, 162, 170–171,

173, 174, 265
magnetic resonance imaging (MRI)

220, 295, 307
mass activity 439, 579–580, 584–586
mass transport limited current density

579
mass transport losses 584

mass transport-limited region 579
mass-select nanoclusters 81
material gap 218–219, 324
Materials Project 509
maximizing atom economy 633
Maxwell velocity distribution 226–227
mean jump distance 230
Meerwein–Ponndorf–Verley (MPV)

reaction 609
membrane-electrode assembly (MEA)

271, 539, 582–583
Mercury–Cadmium–Telluride (MCT)

detectors 229
meso/microporous MFI-Sn/Al zeolite

601
mesoporous 161

aluminosilicates 600
carbon 130
silica supported Keggin

heteropolyacid catalysts 602
mesoporous silica ([Si]MCM-41)

materials 110
mesostructured architecture 162
mesostructured frameworks 162
meta-GGA functional 411
metadynamics 420, 424, 430–432
metal aerosol particles 183
metal-based catalysts 79, 608
metal-carbon hybrid materials 547
metal carbonyl clusters 85, 88, 90
metal catalysts, miniaturization 12–14
metal cations 10–12, 46, 61, 109, 120,

205–207, 210, 212, 295, 620,
674

metal cation-doping 207
metal chalcogenides 545, 549
metal clusters 3–16, 21, 58, 61, 71–72,

79–96, 105, 108, 244
metal clusters-based catalysts

catalysts, deposition of clusters
81–85

chemically synthesised metal clusters
85–88

metal clusters/single metal atom
deposition
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metal clusters/single metal atom
deposition (contd.)

dopant elements, on carbon 71
metal clusters, immobilization of

71–72
metal crystal catalysts 22
metal deposition 674–677
metal-exchanged zeolite 686–687
metal-free carbon-based

electrocatalysts 551
metal-free catalyst 57, 59, 63
metal-free electrocatalysts 551
metal-ion doping 674–675
metal-organic chemical vapour

deposition 22
metal–organic frameworks (MOFs)

10, 73, 546–547, 655
-derived carbon (nano)materials

547
-derived functional electrocatalysts

547
-derived hybrid Co3O4-carbon

porous nanowire array 547
metal halide precursors 185
metallic cations 46, 48
metallic foil 42–43, 51

oxidation of 42
metallosilicates 9
metal oxides 61, 204, 542, 543, 545

catalysts 685
on graphene 61
interface 43
nanostructures 46
supports 584

metal (oxy)nitrides 204–205, 208
metal (oxy)sulfides 204–205, 208
metal precursor 12, 57–62, 67–68, 72,

74–75, 108–109, 185–186
metal precursor–O2 73
metal-to-metal charge transfer

(MMCT) 14
methanation of CO2 329–331
methanol 633, 637

synthesis 5–7, 15, 259, 633,
637–639, 641

to-hydrocarbon conversions 8
methanol-to-olefins (MTO) reaction

128, 268
5-methylfurfural 605
2-methylfuran (MF) 594, 596, 597,

605–607, 611
methyl tert-butyl ether (MTBE)

production 635
methylene blue decomposition 170
meticulous information 218
MFI zeolite membrane 644
micelle templating 170
micro-and/or mesoporosity affords

161
micro-channel plate (MCP) 387
micro-reactors 352, 642–643
microcanonical (NVE) ensemble 422
microelectromechanical system

(MEMS) 254–256, 258–260
microkinetic modelling 497, 499, 502,

503, 506, 507, 511, 516, 520
micropollutants 14, 16, 530, 671–682
microporous 161

aluminophosphates zeolite analogs
131

channels 123
crystalline AlPO structure 134

microwave-assisted heating 61
mixed-metal clusters 71, 86, 94
modified hierarchical zeolites 126
modular infrared spectrometers 334
modulation excitation (ME) technique

220, 325, 365–369, 371
molar enthalpy, of metal sublimation

22
molar weight, of materials 46
molecular active sites, tools

post-synthetic methodologies
155–156

PSE 156
PSM 155

pre-synthetic methodologies
153–155

molecular adsorption, of water 28
molecular diffusion 217, 635–636, 645
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molecular dynamics (MD) simulations
420

challenge 419
conservation of total energy

422–424
description 419
examples of 433–437
free energy calculations 425–432
in canonical ensemble 422
Neural Network 432–433
in NVT ensemble 422
TiO2/H2O model system 433, 435
velocity Verlet algorithm 421–422
Verlet algorithm 421
water-gas shift reaction 436, 437

molecular heterogeneous catalysis 58
molecular heterogeneous catalysts

isoreticular MOFs 151–152
MOF, catalysis

catalytic reactions, selectivity of
158

monodispersion, of active sites
158

standard heterogeneous catalysts
158

SBU 151–152
tools, molecular active sites

post-synthetic methodologies
155–156

pre-synthetic methodologies
153–155

molecular orbitals (MOs) 29, 80, 280,
388, 485

molecular sieves 120, 130, 134,
619–620, 627–628

molybdenum disulfide 11
monodispersion, of active sites 158
monolayer (ML) 83, 111, 167, 228,

461–468
monometallic Ni catalysts 167
monometallic systems 168
monosaccharides 601, 604, 617
MoO3 truncated rhombohedral 44
multidentate carboxylate linkers 148
multielemental oxide-based catalysts

complex metal oxide catalysts 197
composite metal oxide catalysts

192–197
solid solution metal oxide catalysts

192
multifunctional catalysts 611
multi-phase reaction 636
multivariate spectral analysis 220

in catalysis 371–372
multiwall carbon nanotubes (MWNTs)

127, 551

n
Nafion 271, 306, 539, 574, 577, 582,

655, 657
bound carbon layer 48

nano-carbon 547, 554
nanocrystalline metals 46
nanodiamond core/graphitic shells

(ND@G) 63
nanodiamonds 58, 63, 66, 74
nanodumbbells 168
Nanometer Accuracy by Stochastic

Chemical reActions (NASCA)
286

-type reactivity mapping 290
nanomotors 169
nano-onions 58, 63
nanoparticles (NPs) 81, 103

propulsion 169
shape anisotropy 165

nanoporous materials 161
nanorods 10–11, 27, 40, 42, 44–45, 48,

62, 112, 165, 191, 545, 546
nanoscale Mo2C 550
nano-sized zeolite crystals 122–123,

128
nanostructured metal oxide 42
nanostructured MoS2 549–550
nanotomography 266
nanotubular substrate 48
National Institute of Standard and

Technology (NIST) 275
natural emissions, of aerosols 183
Nb2O5 nanorods 11, 44
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N-doped activated carbon 551
N-doped hexagonal carbon 551
N-doped TiO2 207, 560, 675
near edge X-ray absorption fine

structure (NEXAFS) 71, 343
NEDO cell holder 582–583
Nernst equation 577
Neural Network (NN) 420, 432
N/F-codoped rutile TiO2 (TiO2:N,F)

563
NH3 adsorption

on a metal oxide 320
on V2O5–WO3–TiO2 318

NH3 assisted SCR reaction 303
NH3-SCR process 689, 691, 692
Ni-and Mo-based HER catalysts 548
Ni-based composites 540
niche catalytic application 169
NiFe hydroxides 542, 545

based oxygen electrode 542
NiFe mixed oxides 543
NiMo ternary alloys 548
Ni3N nanosheets 546
Ni2P-based catalysts 607
Ni3S2 nanorods/Ni foam 545
4-nitrobenzaldehyde to 4-nitrobenzyl

alcohol 14
nitrobenzene 13, 147, 272
3-nitrobenzene 13
nitrogen (N2)

coordinated SACs 72
fixation 5
physisorption 148

nitrogen-doped carbon decorated with
iron atoms (Fe–N–C) 586

nitrogen-doped TiO2 560
nitrogen oxides (NOx) 302–303, 529

catalysts 272
emissions

NH3-SCR of 687
stationary and mobile sources 685
zeolites 694

inhalation 529
nitrophenol 167, 169

reduction, by NaBH4 167, 169

N-methylpyrrolidone (NMP) 623
NO, selective catalytic reduction of

197, 318, 328–329
noble metal nanoparticles 60–62, 73,

676
noble metal-doped titania 168
noble metal–free alloying 548
NOMAD 509
non-conventional liquid water

electrolysis 538
non-empirical functionals 410
non-equilibrium process 237
non-noble metals and noble metal-free

alloys 547–549
non-noble transition metals 547
non-polar solvent 61
non-precious metal composites

549–551
non-solubilizing solvent 94
non-toxic green solvents 619–620
Nosé–Hoover thermostat 422–423,

435–436
nuclear magnetic resonance (NMR)

123, 136, 153, 220, 289, 295, 307,
328, 358, 691

nudged elastic band (NEB) method
410, 413, 424, 504

numerical aperture (NA) 281–282,
285

o
octadecylamine 167
octahedral geometry 148
octahedrons 24–25, 29, 151
O2 dissociative adsorption 168
OH desorption 165
ohmic losses 536–537, 540–541,

573–575, 584
one-dimensional (1D) photocatalysts

11
one-pot synthesis 85, 603, 611, 620,

692
one-step photoexcitation 209
onion-line carbon (OLC) 63
onset potential 539, 546, 579



Index 719

on-the-fly XAS 353
open circuit voltage 493, 584
operando IR spectroscopies, case study

of 328–333
operando spectroscopy 219, 328, 352,

370
ordered mesoporous carbons 128–130
organic electrolyte 44, 51
organic/inorganic capping agents

25
organic linkers 10, 73, 148, 153,

155–157
organogold precursor 110
organometallic approach 61, 71–72
organometallic ligands 85
organometallic precursors 71
organosilane surfactants 131, 132
organosilanes 130
orifice 256–258
orthogonal catalysts 171
orthosilicic acid 9
O-, S-, N-, P-, and B-(dual) doped

graphene 551
Ostwald ripening 113, 575, 581
overall water electrolysis (OWE)

537–538
overarching synthesis methodology

86
overpotentials 203–204, 356, 534–535,

538, 542–547, 551, 584, 652–653,
655, 657, 665

over-reactive anodization 46
oxidation

of pyrite (100) surface 413
of cyclohexane to cyclohexanone

13–14
oxidation rate 43, 355
oxidation–reduction (redox) reactions

40
oxidative coupling of methane reaction

(OCM) 268, 303
oxide etching agent 42
oxide semiconductor 45, 259, 557
oxy-fuel combustion 185
oxygen adsorption 172, 234, 545

oxygen evolution reaction (OER)
electrocatalysts 39, 67, 533, 544

borides 546
carbides 546
metal chalcogenides 545
metal–organic frameworks (MOFs)

546–547
metal oxides 542–545
metal pnictides 546

oxygen reduction reaction (ORR) 14,
67, 72, 84, 105, 107, 507, 572,
576

oxynitrides (oxide-nitrides) 557, 559,
562, 564, 567

p
paddle-wheel geometry 148
pair distribution function (PDF)

technique 269
pair distribution function (PDF)-CT

269–270
palladium–titanium oxide catalyst

(Pd1/TiO2) 109
parallel macropore channels 170
partial oxidation, of o-xylene 194
particle detachment 575
particle–particle or particle–scaffold

interactions 162
Pauli exclusion principles 29
Pb2Ti2O5.4F1.2 565, 566
PdxAuy/C bimetallic catalysts 605
Pd-alloy membrane 644
Pd/Al2O3 catalysts 322
Pd nanoparticles 74, 161, 259, 333
penetration depth of hard X-rays 342
1,5-pentanediol 622
pentoses 596, 617, 622, 627
Perdew–Burke-Ernzerhof (PBE)

functional 410
perfluorosulfonic acid (PFSA) polymers

539
periodic macropore arrays 170
periodic nanostructures 45
periodic stimulation 365
permselectivity 643–645
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perovskite based Ba0.5Sr0.5Co0.8Fe0.2O3-𝛿
(BSCF) oxygen evolution catalyst
356

perovskite lattice 172–173, 197
perovskite oxides 542
persistent organic pollutants (POPs)

529–530
petroleum hydrotreating 641, 643
phase sensitive detection (PSD) 334,

357, 365–368
sensitivity enhancement by 366

phenanthroline or 2,2-bipyridine 72,
676

phosphines (PR3) 85
photo-Fenton process 74
photo/electrochemical CO2 reduction

39
photoanode 45, 209, 567, 664–666
photoanode–dark cathode 664–665
photocatalysis 11, 21, 39, 45, 67, 74,

165, 225, 237, 292, 306, 377–393,
471–472, 484, 530, 567, 658,
660, 663, 665, 671–672,
679–681

photocatalyst powder 212
photocatalyst surface 203–204, 659
photocatalytic abatement of

micropollutants, water and
wastewater

heterogeneous catalysis 672
non-exhaustive 672
oxidative degradation 673
photocatalysts components

optimization
carbon materials combination

677
metal deposition 676–677
semiconductor doping 674–676
semiconductors combination

677–678
surface sensitization 676

photocatalysts configuration
optimization

3D graphene aerogel materials
679–680

free-standing particulate
678–679

immobilization techniques
679

thin film nanocomposite materials
679

reaction system optimization
reaction conditions 680
solar reactors 680–681

photocatalytic H2 reduction 392
photocatalytic mechanism

mesoporous anatase 382, 384
mesoporous rutile with intelligent ink

383, 384
of Re-based photocatalyst

immobilized on TiO2 386
photocatalytic reaction 11, 27, 51, 205,

209, 377, 381–383, 386, 561, 660,
673, 676, 680

of mesoporous anatase 381
photocatalytic water splitting 306,

484, 558, 559
photocathode–dark anode 664–665
photocathode–photoanode 664–666
photocharge transport 45
photocharge, for surface reaction 45
photocorrosion 205, 209, 665
photocorrosive material 205, 209
photodegradation, of organic

pollutants 27
photodeposition method 212
photoelectrocatalytic reactions 11
photoelectrochemical catalysis 33
photoelectrode systems 209
photoelectrons, diffusion of 45
photoelectrons, fraction of 45
photoemission electron microscopy

(PEEM) 217
photoexcitation 45, 209, 385, 387, 390,

412, 559, 560
photogenerated electron-hole charge

generation 168
photogenerated electron-hole pairs

165, 663, 674
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photogenerated electrons 29, 203, 207,
212, 383, 564, 659, 663, 673–674,
677

photoholes 45, 94
photon based techniques 229, 246
phthalic anhydride 194
pillared Zn porphyrins 157
plane-wave basis set 409, 489
plant-derived biomass 596
plasmon frequency 32
platinum catalyst 4, 588
platinum dissolution 575, 581
platinum electrocatalyst 572, 574–576,

585
plug flow reactor 185, 352
Pluronic P123 triblock copolymer 10
Poisson distribution 227
polarization modulation-infrared

reflection-absorption
spectroscopy (PM-IRRAS) 324

poly(triazine imide) 67
poly(vinylpyrrolidone) (PVP) 13, 25,

26, 169
polybenzimidazole (PBI) 585
polyether sulfone (PES) 424, 432, 536
polyethylene 633–634
polyethylene oxide templated 170
polyethylene terephthalate (PET)

622–624
polyethyleneimine 135
polylactic acid (PLA) 174, 622, 627,

629
polymer electrolyte fuel cells (PEFCs)

cyclic voltammetry 577–578
durability measurement 581
electrochemical surface area (ECSA)

574
electron transfer number 580–581
future perspectives 587–588
Grove’s fuel cell 573
half-reactions 572
hydrogen oxidation reaction 572
linear sweep voltammetry (LSV)

578–580
MEA measurements 583–584

membrane-electrode assembly (MEA)
582–583

ohmic losses 573
operation principle 571
oxygen reduction reaction (ORR)

572
platinum electrocatalyst 574–576
research 584–586
solid polymer electrolyte 574
sulfuric acid 573
triple phase boundary 573
unoptimized electrode design 573
voltammetry 576–577

polymer electrolyte membrane (PEM)
fuel cells 12, 39, 192, 571–588

polymer electrolyte membrane water
electrolyser (PEMWE) 536,
539–540

polymer precursors 619, 622
polymeric carbohydrates 595
polymerized (polymerizable) complex

method 211
polyphenylene sulfide (PPS) 536
popping 62
pore dimensions 9, 122, 161
porosity dispersion 126, 140
porous/anisotropic substrates,

functionalisation of 17–0174
porous carbon support formation 73
porous catalysts 8–11, 169–171, 283,

287
porous materials 10, 83, 95, 148, 152,

161, 171–172, 287, 684
post-synthetic exchange (PSE)

154–157
post-synthetic modification (PSM)

154–157
potential energy, of electrons 28
potentiostat 40, 42, 46, 48, 467
potentiostatic condition 48
potentiostatic method 46
pre-edges 344
pre-impregnated metal precursors 60,

62
pre-synthesized nanoparticles 61
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precipitation method 212
pressure gap 219, 225, 231, 246, 324,

339
pressure gaps, in heterogeneous

catalysis
adsorption, on solid surfaces

kinetically restricted adsorbate
structures 229–231

supported nanoparticle catalysts
reactions 244–245

thermodynamically driven
reactions 234, 237

high-pressure studies, of catalysts
226–229

pristine carbon supports 72
propane dehydrogenation 13, 63
proton-exchange membrane fuel cells

(PEMFCs) 48, 265, 665, 666
protonic SOEWE 541
pseudo-ternary Ni0.2Co0.3Ce0.5Ox 543
Pt catalyst 72, 172, 237, 271, 272
Pt loaded ceria-based catalysts 354
Pt(acac) method 575–576
Pt/CeO2 244, 349, 351, 355, 357, 370
ptychographic X-ray CT 273, 274
pulse current (PC) 47–48, 257
pulse EPR 307
pulse reverse current (PRC) 47
pulse/step anodization 45–46
pump–probe spectroscopy 378

q
quantitative correlation 106, 354–355
quantum mechanics 402–403, 406,

483, 488, 497
quasi-in situ measurement 301
quenching process of triethanolamine

(TEOA) 385
quick XAS 353

r
radiofrequency (RF) potentials 82,

295
random walk motion 45
Raney catalyst 5

rate-determining steps (RDS) 123,
243, 355–356, 383, 502, 516, 625,
692–694

rational catalyst design 263, 373,
509–520

Rayleigh criterion 282
reactive ion 42, 162
reactive oxygen adatoms 165
reactive oxygen species (ROS) 67, 539,

673
red-hot metals 3
redox processes 368, 472, 577,

651–652, 674
redox reactions 11, 40–41, 52, 291,

306, 472, 576, 651, 660, 663,
676

reduced graphene oxide (RGO)
composite 51, 60–62, 549

reduced Ni/Al2O3 catalyst
absorbance spectrum of 312–313

reduced steric limitation 123
reduction-oxidation 651, 663
reference electrode 40–41, 457,

576–577
reference topology 152–154
refractive index 282, 291, 315
regioselectivity 158
residence time 186, 189, 196, 197, 199,

230, 244, 325, 369, 640, 643
resonant inelastic X-ray scattering

(RIXS) 349
resonant oscillation, of conduction

electrons 29
resonant XES (RXES) 340, 349–351,

353, 355, 357–358
retrofitting 185
retrosynthesis, of organic compounds
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reverse water-gas shift (RWGS) 331,

637
revised lone pair (RLP) model 566
Rh wet impregnation 172
RhAu alloy nanoparticles for NO

decomposition by machine
learning 518–520
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rhodium–platinum gauze 4
rhombohedral-shaped single

nanocrystal 190
ring electrode 580
ring-opening, of epoxides 157
rotating disk electrode (RDE) 578–579
rotating ring-disk electrode (RRDE)

578, 580
Ru nanoparticles 62
Ru5PtSn catalyst 94–95
RuO2/TiO2:Ta,N photocatalyst 561
ruthenium 5, 7, 535, 604, 676
rutile TiO2 photocatalysts 559–564

s
Sabatier principle 507, 655
sacrificial reagents 205–206, 208–209,

559
sacrificial stabilizing agent 61
“safer solvent or auxiliary,” 633
salicylic acid 650
scaling relation and reaction energy

502–503
scanning electron microscopy (SEM)

31, 44, 134, 166, 244, 268,
290–291, 547, 586, 678, 679

scanning probe microscopy 220
scanning tunneling microscopy (STM)

228–229, 231–232, 235–237,
242, 253, 440, 658

scanning-type atomic-scale imaging
techniques 253

Schrödinger equation 403, 405–407,
410, 419, 424, 432, 471–473,
477

second generation biofuels 595
secondary building units (SBUs)

151–152
selective catalytic reduction (SCR)

process 344, 529
carbon-based catalysts 686
CHA-type SSZ-13

cation location 689–691
copper status 691
shape selevctivity 688–689

deNOx methods 694
HONO 693
metal oxide catalysts 685–686
microporous zeolites 693
NH3 692–694
of NO 328
noble metal-supported alumina

685
reaction sequence and reaction rate

694
zeolite catalysts 686–688

selective enzyme (catalase) tethering
169

self-consistent field (SCF) calculations
408, 409, 479

self-interaction error (SIE) 410, 412
self-supporting wafer 314, 327
semiconductor doping 674–676
semiconductor photoanode 45
semiconductor photocatalyst 13, 34,

203, 204, 210, 559–560, 660,
671–672

synthesis methods
flux method 211
solid-state reaction method 211

semiconductor-based photocatalytic
processes 673

semi-empirical functionals 410
sequential and non-overlapping pulses

72
shape anisotropy 162–165
silanized zeolitic seeds 130
silanol-rich domains 136
silica-supported Wells–Dawson

heteropolyacid 602
silicate (SiO4

4-) 9
silicate polyanions 130
silicate polymerization 130
silicoaluminophosphate 134,

691–692
silylane cationic polymers 130
simple metal oxide-based catalysts

187, 189–192, 197
simultaneous metallic catalyst 73
Si nanopillar/nanocones 162
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single atoms (SAs) 3–16, 34, 58, , 62,
68, 69, 71–74, 80, 103–114, 548,
551

single crystal X-ray diffraction (XRD)
86, 150

single-site catalysts 71
single walled CNTs 60
single-atom catalysts (SACs) 14, 58,

71, 104
advantages

CAS, identification 105–106
intrinsic reaction mechanisms

106–107
maximum atom efficiency 105
unique catalytic properties 105,

106
chemical methods 108

bottom-up synthetic methods
109–112

top-down synthetic methods
112–113

concepts 104
physical methods 108
synthesis 107

SiO2 nanoparticles 94
SiO2-supported Ni and Ni–Fe bimetallic

catalysts 607
“site-isolated” catalysts 89
small angle X-ray scattering-CT

(SAXS-CT) 274–275
small Fe nanoparticles 61
smooth overlap atomic position

(SOAP) 519
Sn-BEA zeolite 601
Sn-containing molecular sieves 620,

628
Sn-zeolites 600
“soft-landing” conditions 83
SO3H-functionalized polymer catalysts

600
SO3H-silica catalysts 601
soft templates

silanization templating methods
135–136

templating, with surfactants
130–135

soft-templating methods 124
sol–gel method 22, 675
sol–gel silica particles 10
solar reactors 680–681
solar water photocatalytic reactors 681
solid alkaline water electrolyzer (SAWE)

539–540
solid materials 124, 148, 218
solid molecules 153, 155
solid oxide electrolyte water electrolysis

(SOEWE) 536, 540–541
solid polymer electrolyte 574, 657–658
solid solution metal oxide catalysts

192
solid-solution photocatalysts 209–210
solid-state heterogeneous catalysis 58
solid (semiconductor) photocatalyst

203
solution-phase synthesis 25
solvent assisted linker exchange (SALE)

155
solvent-free aerobic oxidation, of

cyclohexene 92
solvothermal 153
solvothermal method 22, 560
solvothermal reduction, in liquid phase

61
solvothermal synthesis method 62, 211
Sonoco–Vacuum Oil Company 8
space-confined method 58, 125–127

carbon nanotubes and nanofibres
127–128

space-filled cluster representation 86,
87, 89

spatial localisation 169
spatially resolved surface photovoltage

spectroscopy (SRSPS) 31
special matrix isolation technique 303
specific activity 165, 579–580, 585, 626
specific surface area (SSA) 60, 68, 120,

189, 196, 439, 551, 679
spectroscopic studies, issues in

363–364
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spectroscopic technique 229, 264, 271,
274, 279, 377–393

sp2-hybridized carbon atoms 59
spin-trapped OH radicals 306
spin trapping process 303
spin traps 303, 306
spin/dip/doctor-blade coating 39
spinel oxides 542
spray pyrolysis 11, 15, 185–186
sputtering 39, 84, 241
stabilization of suspension 50
standard Gibbs free energy change 505
start–stop protocol 581
steady-state isotope transient kinetic

analysis (SSITKA) 220, 325,
334, 369–371, 373

steam reformer 7, 636, 641–643
steam reforming of methane 636,

641–642
steric hinderance 123, 385
strong metal–support interaction

(SMSI) 63, 90, 104, 113, 172
structure-directing agents (SDAs) 9,

11, 131–135, 138–139, 607
sub-bandgap excitation 189, 676
subnanometer Au regions 168
sulfuric acid 3–4, 67, 573, 576
super-resolution fluorescence

microscopy 285–290
case studies 286, 287, 289, 290

superacid-like catalyst 238
superatoms 81, 88
supercritical fluids 327, 635, 639–641
supercritical water gasification (SCWG)

640
superimposed alternating current (AC)

82
surface energy 12, 13, 22–24, 35, 259
surface energy order 24
surface grafting 14, 15
surface metal-oxygen bond 42
surface modification of metallic

nanoparticles (NPs) 391
surface plasmon resonance (SPR) effects

15, 29, 81, 168–169, 675–676

surface science approach 226
surface science studies 27, 322
surface sensitization 676
surfactant-silicate mesostructures

130
sustainable chemistry 527
Suzuki coupling 13
synthesis process 7, 22, 79, 85, 119, 633
synthetic zeolites 8

t
Tamman temperature 218
tandem water electrolysis (TWE)

538–539
Ta2O5 nanotubes 11, 557
temperature-programmed desorption

(TPD) 140, 235
terephthalic acid 153, 622–624,

626–627
terminated nanocubes 165
ternary NiMoTi alloy 548
ternary oxide films 52
tetradentate nitrile ligand 147, 148
tetraethyl orthosilicate (TEOS) 9
tetrahedral geometry, of ligand 147
tetrahydrofurandimethanol (THFDM)

622, 623
tetrahydrofurfuryl alcohol 622
tetrakis(acetonitrile)copper(I)

147–148
theoretical cell voltage 583
theory of relativity 403
thermal catalysis 21, 39, 225
thermal decomposition method 22
thermal stability 150, 156, 168, 192,

197, 689
thermal treatment, in H2 gas 58
thermal/chemical/physical/vapour

deposition 39
thermochemical methods 650
thermodynamic stability 113, 636
thermogravimetric analysis (TGA)

150, 327
thermophoretic deposition 185
thiol ligands 81
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thiolate-protected metal nanoclusters
86

third generation biofuels 595, 596
three-dimensional ordered

macroporous La0.6Sr0.4MnO3
(3DOM LSMO) 172

three-dimensional ordered porous
structures 162

three-electrode cell 576, 578,
580–582

three-electrode configuration 41
three-way catalysts (TWCs) 189–190,

192, 685
time-correlated single-photon counting

(TCSPC) unit 386
time-resolved Cu K-edge XANES study

344, 354
time-resolved microwave conductivity

(TRMC) 389
charge-carrier dynamics of Pd-Ni

bimetal nanoparticles modified
TiO2 391–393

experimental setup 390
time-resolved photoluminescence

(TRPL) 386
components 386
experimental setup for 386, 387
heterogenous dye sensitized-C3N4

catalysts 388
streak tube operating principle 387

TiO2 nano-crystalline 676
TiO2 nanorod 27
TiO2 nanotube (TNT) 11, 42, 44, 51,

290
tip-enhanced Raman 220
titanium diisopropoxide

bis(acetylacetonate) precursor
168

titanium dioxide (TiO2) 27, 44, 237,
660

nanotube arrays 42
1T-MoS2 polytype 549
tomographic data collection strategy

264
tomography, in catalysts design

conventional absorption-CT
265–267

imaging, with X-rays 264–265
PDF-CT 269–270
XRD-CT 267–268

top-down approach, of fabricating
clusters 82, 108, 162, 164

transesterification, of bulk triacyl
glycerides 170

transient absorption spectroscopy (TAS)
Beer–Lambert Law 378
history 378
schematic layout 379
uses 380

transition metal nanoparticles 61
transition state theory (TST) 420,

423–424, 497, 503, 505
transmission electron microscopy

(TEM) 71, 88, 92, 94, 107, 113,
127, 129, 134, 139, 191, 193, 219,
231, 233, 253–255, 258–260, 291,
352, 547, 584–586

transmission IR spectroscopy 314,
315, 332

of CO adsorbed on Pd(111), Pd(100)
and silica supported Pd catalyst
324

trickle-bed or slurry reactor 636
triethylamine (TEA) 306
trimethoxysilane (3-glycidoxypropyl)

135
triple phase boundary 573–575
tube-enclosed FSP configuration 190
tungsten disulfide 11
turbostratic structure 58
turnover frequencies (TOFs) 13, 92,

172, 245, 352, 519
σ-type donation 71
two half-reactions 41

u
ubiquitous formation 183
ultrafast spectroscopic techniques 377

time-resolved microwave
conductivity 389–393
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time-resolved photoluminescence
386–389

transient absorption spectroscopy
377–386

ultrafine nanoparticles 103
ultrahigh-vacuum (UHV) 82, 217,

226–227, 324, 333
ultrathin NiCo bimetal-organic

framework nanosheets 546
UMCM-1 topology 155, 157
under ultra-high vacuum (UHV)

81–86, 94, 95, 217–219, 226–232,
234, 237, 240–241, 257–258

unmodified Ag NPs 167
unoptimized electrode design 573
unprecedented narrow-gap oxyfluoride

564–566
uronic acids 617

v
vacuum-annealed rutile TiO2 108
valence band (VB) 28, 29, 32, 203–206,

208–210, 377–378, 472, 490, 557,
564, 659–660, 665, 673–675

valence band controlled photocatalysts
208–209

valence band maximum (VBM) 32, 33,
203, 204, 557, 561, 566

value-added chemicals synthesis from
carbohydrates

dihydrolevoglucosenone 623
furandicarboxylic acid (FDCA)

623–626
1,6-hexanediol (1,6-HDO) 623
lactic acid 627–628
lactide 628–630
terephthalic acid 626–627

van der Waals forces (polarization
forces) 50, 59, 228

vapor-fed flame synthesis (VFS) 185,
189

vaporization/sublimation, of droplet
186

vapour deposition methods 39
vectorial charge transport 11, 44, 45

velocity Verlet algorithm 421–422
Velocys methane steam reformer 642
Verlet algorithm 421–422, 427
vibrational spectroscopy 246, 301, 307,

311, 312
visible-light-driven overall water

splitting 559
visible-light-responsive narrow-gap

photocatalyst 557
visible-light-responsive photocatalysts

GaN-ZnO 558
oxynitrides (oxide-nitrides) 557
rutile TiO2 photocatalysts 559–564
unprecedented narrow-gap

oxyfluoride 564–566
visible-light-driven overall water

splitting 559
water splitting 558
ZnGeN2-ZnO 558

volatile organic compounds 183, 529
volatile organic molecules 184
voltammetry 440, 463, 468, 552,

576–581
voltammogram 576–578, 585–587
V-W-TiO2-sepiolite catalyst for selective

catalytic reduction (SCR) 328

w
wastewater treatment plants (WWTPs)

681
wastewater treatment processes 529,

671
water-gas shift (WGS) reaction 13–14,

105–106, 110, 325, 331, 369–370,
436, 637, 641, 643–644

water oxidation 204, 208–209, 533,
542, 558–565, 567, 635, 640,
659

water photoelectrolysis 45
water splitting 11, 14, 26, 27, 39, 49,

57, 84, 94, 165, 190, 192,
203–204, 206, 209, 306, 356, 484,
528, 533–552, 557–568

water splitting reaction 49, 190, 192,
528, 536
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water-stable NH2-MIL-88B(Fe2Ni)
MOF materials 547

wave-particle duality 403
well-defined metal clusters 15
wet-chemistry synthesis, optimization

of
colloidal nanoparticles, deposition

71
metal clusters/single metal atom

deposition 71
dopant elements, on carbon 71
metal clusters, immobilization of

71–72
wet impregnation method 12, 69, 71,

106, 109, 172, 190, 194
wet synthesis techniques 194
wide-field fluorescence microscopy

(WFM) 284–286, 291
window-type system 254–256, 258,

259
WO3 52, 94, 185, 189, 380, 557–558,

665, 674
nanoflowers 44
nanosheets 11

Wulff construction 22, 24, 260

x
X-ray absorption near edge structure

(XANES) 343, 345
energy resolution 357
sensitivity 357

X-ray absorption near edge
structure-CT (XANES-CT)
270–272

X-ray absorption spectroscopy (XAS)
219, 367, 368

fluorescence-detected 343
limitations 356–357
time-resolved 353–356
transmission signal 342

X-ray damage 357
X-ray diffraction (XRD) 113, 114,

133–135, 150, 198, 269, 275, 307,
325, 327, 346, 358, 367, 560, 689

X-ray diffraction computed tomography
(XRD-CT) 267–272

X-ray emission spectroscopy (XES)
347–351

high energy resolution (resonant)
348

limitations 356–357
sensitivity 357
time-resolved 354

X-ray fluorescence-CT (XRF-CT)
270–272

X-ray photoelectron spectroscopy
(XPS) 71, 94, 165, 217, 219,
235, 246, 358

X-ray spectroscopy 339
applications 341
fundamentals of 339–342
in situ and operando cells 351–353

xylose 596, 606, 617, 622

y
yttria stabilized zirconia (YSZ) 540

z
Zeeman effect 296
Zeeman splitting 297–298
zeolite 110, 119

catalysts 686, 688
deactivation 124
microporous framework of 121
rings 120
shape selectivity 121, 122
structure 120

zeolite-templated carbon (ZTC) 10
zeolitic channels 644
zeolitic materials 126, 130, 131, 139
zero-gap electrode cell 537
zeta potential 50
ZIF-67 547
zinc chromite (Cr2O3-ZnO) catalyst

6
zinc oxide 48, 170
zirconyl chloride 11
ZnGeN2-ZnO 558
ZrO2 600
Z-scheme system 209, 559–561, 564,

567, 665














