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a
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Ag-based electrocatalysts 66–68
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(A-QDs) 95
apparent quantum efficiency (AQE)

117, 144, 168, 241
apparent quantum yield (AQY) 9, 13–14,

96, 107, 161, 181
applied bias photon-to-current efficiency

(ABPE) 13
atomic probe tomography (APT) 201
attenuated-total-reflectance infrared

absorption spectroscopy
(ATR-IRAS) 204

Au-based electrocatalysts 62–65
Auger electron spectroscopy (AES) 218
azine-linked COFs 147, 154

b
Bi-based electrocatalysts 76–78
BIH, structure of 182
binary metal oxide 222
black phosphorus, composite

photocatalysts 238–239
BNAH 182, 183
BN, composite photocatalysts 237–238

c
Calvin–Bassham–Benson cycle 309
Calvin–Benson–Bassham cycle 309–310
carbene pathway 22, 25
carbonaceous materials 286–287

carbon-carbon composites 253
in EC CO2 conversion 261–262
in PC CO2 conversion 268–269

carbon-carbon double bond-linked COFs
145–147

carbon dioxide photoreduction 221
carbon monoxide (CO) 61, 66, 67, 184,

215
carbon nitride (C3N4)-supported

molecular catalysts 95–97
carbon-supported molecular catalysts

98–102
carbon thermal shock (CTS) 199
carbonyl intermediate (*COOH) 61
carbothermal shock synthesis 199
C–C coupling reactions 23, 123
C-coated In2O3 nanoparticles 79
chemical vapor transport (CVT) method

202
chronocurrent method 15
chronopotentiometry 15
citric acid cycle 309
CMPs, composite photocatalysts 240
C3N4

co-catalyst of 232–233
constructing heterojunction 233
doped elements and other structural

units 231–232
morphology and structure 230–231

CO2, as feedstock 302, 314
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CO2 Conversion and Utilization: Photocatalytic and Electrochemical Methods and Applications,
First Edition. Edited by Zhicheng Zhang.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.



340 Index

cobalt tetraphenylporphyrin (CoTPP)
104

Cocktail effect 190, 194–195, 204
CO2 conversion 255–256
CO2 electro-conversion 25, 27, 157,

169–171
electrochemical pathways of 26–32
thermodynamics of 25–26

composite polymer electrolyte (CPE)
290

concerted proton-electron transfer (CPET)
27, 335

concerted proton–electron transfer
(CPET) 27, 335

conduction band (CB) 9, 19, 94, 215,
264, 299, 301

*COOH intermediate 27, 239
CO2 photo-conversion 165–169

mechanism 18–25
parameters for 7–15

co-porphyrin ([{meso-tetra
(4-sulfonatophenyl)porphyrinato}
cobalt(III)] 95

copper-based catalysts 149
copper (Cu) catalysts 38
CO producing metals

Ag-based electrocatalysts 66–68
Au-based electrocatalysts 62–65
Pd-based electrocatalysts 68–70
Zn-based electrocatalysts 70–72

CO2 reduction system
in flow cell 5
gas phase reaction system 2–3
in H-cell 3–4
liquid phase reaction system 2
in MEA 5

CO2RR
catalyst configuration 335–336
evaluation parameters of 192–194
mechanism 336–337
reaction pathways of 191–192

covalent organic frameworks (COFs)
azine-linked and hydrazone-linked

147

carbon-carbon double bond-linked
145–147

composite photocatalysts 239
dioxin-linked 147
imine-linked 138–141
ketoenamine 141–145
for photocatalytic CO2 reduction

138–147
phthalocyanine-based 151–152
porphyrin-based 148–151

Cu-Ag 42–43
Cu-Al 49
Cu-Au 40–42
Cu-Bi 46, 47
Cu free-based materials 62
Cu-In 46–48
Cu-Pd 43–44
current density 193
current-time (I-t) mode 4
Cu-Sn 44–46
Cu-Zn 49–50
cyclic voltammetry (CV) 4, 201
cysteamine 28

d
decoupled proton-electron transfer

(DPET) 27
decoupling biotic 298, 318–322
defect engineering 69, 70, 72, 265
dendritic zinc oxide (OD-Zn) 71
2,6-diaminoanthracene (DA) 144
2,6-diaminoanthraquinone (DQ) 144
diffuse-reflectance UV-vis spectroscopy

(DRS) 25
dimethylsulfoxide (DMSO) 4, 290
dioxin-linked COFs 147
direct electron transfer (DET) 298, 307
DMSPs 168
down-top method 198–199
dual-atomic-site catalysts (DASCs) 336
dual-atom photocatalysts 160–162

e
EC CO2 conversion

carbon-carbon composites in 261–264
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heteroatom-doped carbon in 257–259
metal-modified carbon materials in

259–262
electrocatalytic CO2 conversion 119
electrocatalytic CO2 reduction

apparent quantum yield (AQY) 13–14
COFs for 148
Cu-Ag 42–43
Cu-Al 49
Cu-Au 40–41
Cu-based trimetallic materials for 50,

52
Cu-Bi 46, 47
Cu-In 46–48
Cu materials for 39, 40
Cu-Pd 43–44
Cu-Sn 44–45
Cu-Zn 49–51
electrochemical active area (ECSA) 14
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Faraday efficiency 13
overpotential 12
partial photocurrent density 12
photocatalytic stability 14–15
solar energy conversion efficiency 13
Tafel slope 14
total photocurrent density 12

electrochemical active area (ECSA) 14,
263

electrochemical CO2 reduction
to C2+ products 30–32
to methane or methanol 29–30
technology 61

electrochemical CO2RR
carbon-supported molecular catalysts

98–102
TiO2-based hybrid materials 103–104

electrochemical energy storage systems
283

electrochemical impedance (EIS) 14
electrochemical reduction of CO2 69
electron backscatter diffraction (EBSD)

65
electron paramagnetic resonance (EPR)

spectroscopy 23

electron spin resonance (ESR) 22
electrospinning method 287
extracellular electron transfer (EET)

306–308

f
Faradaic efficiency 74
Faraday constant 10
Faraday efficiency 13, 192, 193
fast-moving bed pyrolysis 198
finite-difference time domain (FDTD)

25
Fischer-Tropsch synthesis 61, 263, 297
flame ionization detector (FID) 4
flow cell 5
fluorinated tin oxide (FTO) 270
foot-of-the-wave (FOWA) analysis 179
formate 62
formate dehydrogenase (FDH) 145
formyl radicals 23
fossil fuels 297
Fourier Transform Infrared Spectroscopy

(FTIR) 21

g
Ga2O3 222
gas chromatography (GC) 22
gas diffusion electrodes (GDEs)

100, 314
gas phase reaction system 2
gel polymer electrolyte (GPE) 290
germanate 223
glyceraldehyde-3-P (G3P) 310
Grain Boundary (GB) 65
graphdiyne/graphene (GDY/G)

heterostructure 102
graphene oxide, composite photocatalysts

236–237

h
H-cell 3, 4
HCOOH-producing metals

Bi-based electrocatalysts 76–78
in-based electrocatalysts 78–80
Sn-based electrocatalysts 72–76
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heteroatom-doped carbon 251–252
in EC CO2 conversion 257–259
in PC CO2 conversion 265–266

heteroatom-doping 162
high-entropy alloy (HEAs)

characteristics of 194–196
components for 190
configurational entropy for 191
configuration entropy of 190
for CO2RR 199–204
synthesis of 196–199

high-entropy alloy particles (HEAPs)
203

high-entropy effect 195
high entropy metallic glasses (HEMGs)

198
high resolution scanning transmission

electron microscope (HR-STEM)
201

homogeneous catalytic CO2

electro-conversion
catalysts for 179–180
parameters of 178, 179
products 178
structure 177–178

homogeneous photocatalytic CO2

reduction
catalysts 182, 186
mechanism of 180
parameters 181
photosensitizer 181, 182
sacrificial electron donors 181–182

H2O, reducing agent 18
hybrid materials

for electrochemical CO2RR 98
photocatalytic CO2 reduction reaction

(CO2RR) 93
photoelectrochemical (PEC) CO2RR

104
hydrazone-linked COFs 147
hydride-transfer mechanisms 335
hydrochloric acid dealloying method 67
hydrogen evolution reaction (HER) 38,

61

i
imine-linked COFs 138, 142
in-based electrocatalysts 78, 80
industrial CO2RR 337
interband transitions (IBTs) 197

j
Janus nanocrystals (JNCs) 41

k
ketoenamine COFs 141, 145
Krebs cycle 309

l
lattice distortion effect 195
layered double hydroxides (LDHs) 226
Li-CO2 batteries

charge mechanisms of 285–286
discharge mechanisms of 284–285

linear scanning voltammetry (LSV) 4
liquid phase reaction system 2

m
mass spectrometry (MS) 22
mechanical alloying 196
mediated electron transfer (MET) 307
membrane-electrode assemblies (MEA)

3, 5
metal-based carbon composites 252–253
metal-based/carbon nanocomposites, PC

CO2 conversion 266–268
metal chalcogenides 227–228
metal-CO2 batteries

carbonaceous materials 286–287
noble metal-based materials 287, 289
transition metal-based materials 287,

289
metallic aerogel 203
metallophthalocyanine 151
metal-modified carbon materials, EC CO2

conversion 259–262
metal nitrides 228–229
metal–organic frameworks (MOFs)

with active sites at metal nodes
121–125
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with active sites at organic ligands
120–122

based hybrid system 125–127
derived composite photocatalysts

234–236
high porosity of 234
with photoactive metal nodes

116–117
with photoactive organic ligands

113–115
tunable frame structure 234

methane or methanol 29, 30
microbial electrosynthesis (MES) 299,

306
biocathode 312–313
culture 311–312
extracellular electron transfer (EET)

306–308
metabolic engineering 309–311
metabolic pathways 309
multicarbon products from

313–316
status quo 316–318

MOFs-based hybrid system 117–119
molecularly dispersed electrocatalysts

(MDEs) 100
Mott–Schottky analysis 269
multiwall carbon nanotubes (MWCNTs)

261

n
nanobipyramids (NBPs) 41
nanodroplet mediated electrodeposition

198
1,4-naphthalenedicarboxylic acid 235
N-doped graphene quantum dots

(NDGQDs) 260
N-doped porous carbon (NPC) 102, 124,

253, 261
N-doped Ta2O5 (N-Ta2O5) 93
nickel phthalocyanine (NiPc) 100
noble metal-based materials 287–289
noble metal catalysts 201
non-covalent interactions 96

normal hydrogen electrode (NHE) 62,
102, 177

NSCF 263
NSHCF 263

o
overpotential, electrochemical CO2RR

194
oxide perovskite 224

p
partial photocurrent density 10, 12, 13
PC CO2 conversion

carbon-carbon composites in
268–269

heteroatom-doped carbon in
265–266

metal-based/carbon nanocomposites in
266–268

Pd-based electrocatalysts 68–70
PEC CO2 reduction 269–270
p-GaP semiconductor/pyridine complex

104
phase structure, HEAs 196
phosphorus-doped carbon nitride (PCN)

160
photoactive metal nodes 116–117
photoactive organic ligands 113–115
photobiochemical synthesis (PBS)

299
designing principles in 299–301
multicarbon compounds produced

from 301–304
photocatalytic CO2 reduction 94, 112

activity 8–10
basic device for 6–7
COFs for 138
other device for 7–8
reaction products 7
selectivity 10
stability 10

photocatalytic CO2 reduction reaction
(CO2RR)

carbon nitride (C3N4)-supported
molecular catalysts 95–97
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photocatalytic CO2 reduction reaction
(CO2RR) (contd.)

polyoxometalates (POMs)-based
catalysts 97–98

p-type semiconductor/molecule
catalysts 93–95

photocatalytic stability 14–15
photocorrosion of semiconductors 10, 15
photocurrent density 9–10, 12
photoelectrocatalysis (PEC) CO2

conversion 128
photoelectrochemical (PEC) CO2RR

104–106
photoluminescence (PL) spectra 23
photosensitizers 95, 181, 182
phthalocyanine-based COFs 151, 152
polyoxometalates (POMs) 97–98, 141
pore construction 254–255
pore engineering 262–264
porphyrin 114
porphyrin-based COFs 148, 151
postsynthetic exchange (PSE) 112
postsynthetic modification (PSM) 112
product sampling method 3
p-type semiconductor/molecule catalysts

93–95
pure Li-CO2 electrochemistry

nonaqueous aprotic liquid electrolytes
for 290

solid-state electrolytes for 290–291
purpurin, as photosensitiser 185
pyrolysis-induced vaporization strategy

160

r
rate determining step (RDS) 28, 165,

222, 239
reduced blue titania (RBT) nano-catalyst

23
Re–organic hybrid POMs 98
resonant inelastic X-ray scattering (RIXS)

336
reversible hydrogen electrode 42, 100,

257
RuBLRu’ 94

s
sacrificial electron donors 180–182
scanning electrochemical cell microscopy

(SECCM) 64
scanning transmission electron

microscopy (STEM) 31, 162
Schottky junction 25
sequential proton–electron transfer

(SPET) 52, 335
SiC, composite photocatalysts 237, 238
single-atom catalysts (SACs) 118, 336
single-atom electro-catalysts 162–164
single-atom photocatalysts 158–160
single/dual-atom catalysts 158
sluggish diffusion effect 194, 195, 204
Sn-based electrocatalysts 72–76
solar energy conversion efficiency 13
solar-to-fuel energy conversion efficiency

(STF) 8, 9
sol-gel method 104, 219
solvothermal method 224, 260, 287
Sonogashira-Hagihara coupling methods

240
surface doping 79
Suzuki–Miyaura coupling methods 240

t
Tafel slope 14, 28
ternary metal oxide 222–224
tetrathiafulvalene (TTF) 139, 149
thermal conductivity detector (TCD) 4
TiO2-based hybrid materials 103–104
TiO2 composites

catalyst 220–222
metal-modified 218–219
mixed phase 217
non-metallic modified 219
organic photosensitizer modified

219–220
top-down method 196, 198
total photocurrent density 12
transient absorption spectra (TAS) 23
transition metal-based materials 287,

289
transition metal hydroxides 224–225
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triangular Ag nanoplate (Tri-Ag-NP)
electrodes 66

tricarboxylic acid cycle 309, 312
tunable frame structure 234
turnover frequency (TOF) 9, 194
turnover number (TON) 194

u
ultrafast-cooling arc-discharged method

196–198
ultrasonication-assisted wet chemistry

method 198
ultraviolet photoelectron spectra (UPS)

25

v
valence band (VB) 9, 19, 223, 228, 233,

241, 264, 299

w
Wood–Ljungdahl pathway 311

x
X-Ray Absorption Fine Structure (XFAS)

50, 79, 162, 253
X-ray absorption spectroscopy

(XAFS) 31, 50, 100, 102, 165, 253,
336

X-ray photoelectron spectroscopy (XPS)
218, 252, 336

XRD patterns 201

z
zero-gap electrolytic cell 5
Zn-based catalysts 70, 72
Zn-based electrocatalysts 70–72
Zn-CO2 batteries 283, 284, 286




















