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a
acidic OER 143

performance of 1T-IrO2 149
spin-related catalysts for 89–90

acid proton-exchange membrane (PEM)
electrolysis 89

Ag@hcp Ni catalyst 198
AgxInxZn2–2xS2 nanoparticles, bandgap

vs. CB and VB 176–177
alkali-assisted mechanothermal

method 16, 119
alkaline-assisted mechanothermal

method 25
alkaline hydrogen evolution reaction

(HER) 148, 161
alkaline OER 88–89, 143
α-Fe2O3 75
ammonia (NH3) synthesis 191–192
amorphous 2D IrO2 nanosheet 153
amorphous metastable phase materials

2
anatase TiO2

crystallographic and physical
properties of 177

crystallographic information for 71
crystal structure of 4
stable phase and metastable phase

criterion 9
anion-assisted method 23
artificial nitrogen fixation process 191

b
ball-milling method 17, 25
bandgap 173–179, 182, 183

Derivative method to determine
bandgap 175

β-Bi2O3 179
β-Fe2O3 75
β-NiMoO4 197
Bragg’s equation 35
brookite TiO2

crystallographic and physical
properties of 177

crystallographic information for 71
crystal structure of 4
stable phase and metastable phase

criterion 9

c
carbon dioxide reduction reaction

(CO2RR) 141, 144, 145
catalytic reforming 192
CdS 78
Ce0.5Zr0.5O2 mixed oxides 195
ceria-sulfated zirconia 195
cerium oxide (CeO2), 2D

metastable-phase 126
chalcogenides
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Cu2SnSe3 78
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chalcogenides (contd.)
MoS2 76–78
ZnS 78

characterization techniques,
metastable-phase materials

EXAFS 38–40
neutron diffraction 41
synchrotron X-ray absorption 38
transmission electron microscopy

(TEM) 36–37
XANES 38
X-ray diffraction 33–36
X-ray magnetic circular dichroism

(XMCD) 41–43
X-ray photoelectron spectroscopy

(XPS) 40–41
chromium carbide 166
Co-doped MoO2 193
Co(oxy)hydroxides 88
CO oxidation 192, 195, 197, 199
cobalt (Co), stable phase 62
conduction band (CB) 173–179
CoNi-inf 21, 22, 148
coordination number (CN) 3, 102,

104–108
copper tin selenides (Cu2SnSe3) 78
Corundum-type rhombohedral In2O3

196
covalent bond behavior, in metastable-

phase 1T metal oxides 129–133

d
density functional theory (DFT) 61,

77, 78, 131
diamond 2, 5, 15, 18, 22, 25, 52, 62, 63,

78, 79
direct band gap 94, 175
distortion theorem 130–132

e
electrocatalysis

metastable-phase carbides 161–166

metastable-phase metals 145–148
metastable-phase oxides 148–157
metastable-phase phosphides

159–161
metastable-phase transition metal

chalcogenides 157–159
electrochemical reactions

carbon dioxide reduction reaction
144, 145

hydrogen evolution reaction
141–143

oxygen evolution reaction 143
oxygen reduction reaction 143–144

electron diffraction patterns 37, 44, 54
extended X-ray absorption fine

structure (EXAFS) 38, 40,
125

f
Fe3O4 75
FeAl alloy, crystal structure of 5, 6
ferromagnetic CoFe2O4 catalysts 88
Fischer–Tropsch process 193
5 layer crystal lattices 94, 95
4H-phase Ag nanowires 52

g
γ-Fe2O3 75
gold (Au), noble metals 51–52
Goodenough–Kanamori rule 43,

90
graphene 79, 93, 94, 100, 159, 207
graphite 4, 5, 78–79

h
hafnium oxide (HfO2), 2D metastable

phase 127
H2 annealed MMC (MMC-H2) 164
hcp Ir–Ni, electronic structure

characterization of 57
hcp RuNi, structural characterization of

148, 150
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heterojunction–phase-interface
electrocatalysts 158

hexagonal crystal system 97
crystal orientation 97
shape 97
2D group 99

hexagonal Pd7P3/CNT 160
hexagonal REFeO3 (h-REFeO3) 197
Heyrovsky step 142
HfP 79
high-angle annular dark-field

(HAADF) 33, 44
high-energy precursor coupling method

25
high-pressure synthesis 22
high-resolution electron microscopy

(HREM) 43, 44
high-resolution TEM imaging

(HRTEM) 44
hot injection method 22
hydrogen adsorption free energies, on

Rh-NA/RhO2 156
hydrogenation 20, 123, 124, 144, 191,

192, 194, 195, 198–200
hydrogen evolution reaction (HER)

141–143, 148, 159, 161,
179

hydrothermal method 18, 19

i
indirect band gap 94, 175
in situ polymorphism interface

147
interface engineering strategy 147
iron (Fe) 4, 62

j
Jahn–Teller effect 130–132

l
laser-induced method 25
Le Chatelier’s Principle 191

LiCoVO4 88
light-irradiated charge carriers

173–174

m
magnetic analysis of Mn-RuO2 NFs

42
magnetic polaron mediated strategy

90
manganese (Mn) 62–63, 146
mechanical-energy-related methods

17, 18
mechano-thermal method 119, 120,

124, 154
mesoporous molybdenum carbides

161
metallene oxides

binary 111
formation of 110
single-layer distribution 118

metastable borides 80
metastable

CoxNiyMg100–x–y(OH)(OCH3)
composition 197

metastable hcp Ni 61, 146, 148,
149

metastable MCo2O4 197
metastable palladium carbide 200
metastable-phase 2D metal oxides

43–44, 100, 119–120
metastable-phase h-MoO3 193
metastable-phase cobalt carbides 200
metastable-phase diamond

crystallographic information 79
crystal structure 79

metastable-phase graphene
crystallographic information 79
crystal structure 79

metastable-phase materials
applications 8
categories of 2

chemical bonds 4–5
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metastable-phase materials (contd.)
connecting modes 3
coordination number 3–4
molecular thermal-motion-related

polymorphs 5–6
order and disorder polymorphs 5
packing orders 3
spin-related polymorphs 6

chalcogenides
CdS 78
copper tin selenides 78
MoS2 76–78
ZnS 78

criterion for 8–9
high pressure 22–23
influence on polymorphs

nano-size metastable-phase
catalyst stability 7–8

pressure effect 6–7
temperature effect 6

oxides
Fe2O3 73–75
TiO2 71–73
ZnO 75–76

soft chemical method 23
synthesis of

mechanical-energy-related
methods 17, 18

schematic representation 16
thermal-energy-related methods

18–22
metastable-phase metals

criterion to determine 64, 65
noble metals 51–60

metastable 3R-phase IrO2 (3R-IrO2)
150

methane dehydroaromatization 199,
200

microcrystalline metastable phase
materials 2

MnCoO catalysts 197

Mn-doped rutile-phase RuO2

nanoplates 90
Mn-Zr mixed oxides 195
Mo1.0V0.37Te0.17Nb0.12O3 mixed oxide

197
molecular thermal-motion-related

polymorphs 5–6
molybdenum disulfide (MoS2) 76–78
monoclinic α-Bi2O3 179
monoclinic crystal system

crystal orientation 97
shape 97
2D space group 98

monoclinic Pd6P/CNT catalyst 160,
165

n
nanocrystalline metastable-phase

materials 2
nanomaterials bandgap, CB and VB,

change of 176–177
neutron diffraction 6, 33, 41, 43
Ni7B3 79
Ni/metastable-phase ZrO2 194
nickel (Ni) 60–62, 198
N-MoS2/rGO nanosheets 159
noble metals

Ag 51–52
Au 51–52
crystal structures and cell parameters

of 52
gold 51
Ir 55–57
Os 57–60
Pd 52–55
Pt 55–57
Rh 52–55
Ru 57–60
silver 52

non-noble metals
Co 62
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crystal structure and cell
parameters of 60

Fe 62
Mn 62–63
Ni 60–62
Sn 63
W 64

o
OER performances, of metastable phase

2D iridium oxides 151
one-dimensional monoclinic IrO2 154
one-pot wet chemical synthesis 145
1T metal oxides

behavior against distortion theorem
of 131

chemical bonds, valences vs. bonds
for 129–130

distortion theorem 130–131
flexibility for 132–133
Jahn–Teller effect 130–131

1T-MoS2 nanosheet catalyst 158
1T-PdO2, anti-Jahn-Teller effect of

131
order and disorder polymorphs 5
orthorhombic crystal system

crystal orientation 97
shape 97
2D space group 98

OsB2 79–80
oxygen evolution reaction (OER)

85–86, 120, 141, 143,
179

oxygen reduction reaction (ORR)
86–87, 141, 143–144

oxyhydroxide 87–89, 143

p
Pd@Ru nanoplates 60
photocatalysis

advantages 182–183
disadvantages 182–183

experimental parameters of
174–175

mechanism of 173, 174
metastable phase catalysts

Ag2MoO4 181
Ag2WO4 182
(1–x)BiFeO3–xPbTiO3 182
Bi2O3 179
Bi2SiO5 181
Bi20TiO32 181
Bi2Zr2O7 181
FeVO4 181
K2LaTa2O6N 182
MnS 181
MoO3 178–179
MoS2 179
Sr0.5TaO3 181
TaON 178
TiO2 177–178
WO3 179
ZnMoO4 182
ZrSnO4 182

photocatalysts 8, 71, 75, 76, 78,
173–176, 179, 181–183

photoluminescence (PL) spectra, of
nanocrystalline GaN 19

Pt core–shell nanobranches 57

q
quasicrystalline metastable phase

materials 2
quenching 18, 20, 25

r
rapid solidification 18, 20
reflux methods 20
RhMo NSs

morphology characterizations of 55
structural analysis of 56

rhombohedral AgBiO3 197
Rh-NA/RhO2, HER performance 156
rutile oxides, lengths of 131
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rutile TiO2
crystallographic and physical

properties of 177
crystallographic information for 71
crystal structure of 4
stable and metastable phase

criterion 9

s
salt-assisted chemical vapor deposition

method 22
salt-melting assisted hydrothermal

method 18
silver (Ag) 52
Si nanoparticles, bandgap vs. CB and

VB 176
soft chemical methods 23
sol–gel method 23
solid-state thermal shock (TS) strategy

145
solvothermal method 19, 20
spin-dependent metastable phase

materials
spin-related catalysis

oxygen evolution reaction
85–86

oxygen reduction reaction
86–87

spin-related catalysts
for acidic OER 89–90
for alkaline OER 88–89

spin-pinning effect 86–89
spin-related catalysis

oxygen evolution reaction 85–86
oxygen reduction reaction 86–87

spin-related catalysts
for acidic OER 89–90
for alkaline OER 88–90
oxyhydroxide 88–89
spinel oxides 88

spin-selective FM OER catalysts
88

spinel oxides 88
stable paramagnetic hydroxyl oxide

layer/ferromagnetic layer
interface 86

stable-phase graphite
crystallographic information 79
crystal structure 79

stable-phase materials, criterion for
8–9

stable-phase metals, criterion 64, 65
synchrotron X-ray absorption 33, 38,

40, 43
synthetic methodology 1, 15–25, 61,

119, 148

t
Tafel slope 88, 142, 148, 149, 154, 156,

159, 162, 164
tantalum oxynitride (TaON) 178
Tauc plot 175
tetragonal crystal system

crystal orientation 97
shape 97
2D space group 99

thermal energy related method
hydrothermal method 18–19
rapid solidification/quenching

20
reflux methods 20–22
solvothermal method 19–20

thermocatalysis
metastable phase catalysts for

Al2O3 195
borides 200–201
carbides 199–200
chalcogenides 199
corundum-type rhombohedral

In2O3 196
Cu4O3 195
CuO 195
Fe2O3 195–196
FeO 195–196
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metals and alloys 198–199
MoO3 and MoO2 193
ZrO2 194–195

thermocatalytic processes 191
thermocatalytic reactions

ammonia synthesis 191–192
catalytic reforming 192
CO oxidation 192
Fischer–Tropsch process 193
hydrogenation 192
water–gas shift reaction 192

tight-binding approximation 176
tin (Sn) 63
tin oxide (SnO2), 2D metastable-phase

127–129
transition metal carbides (TMCs) 100,

161
transition metal dichalcogenides

(TMDs) 76, 78, 94, 100
transmission electron microscopy

(TEM) 21, 33, 36, 37, 43, 44, 62,
150, 153

triclinic crystal system
crystal orientation 97
shape 97
2D space group 98

trifluoromethanesulfonic acid
195

trigonal crystal system
crystal orientation 97
shape 97
2D space group 99

tungsten (W) 64
2D Barvais lattices 98
2D materials

crystal lattice determination
97–98

novel phenomenas 94
spatial non-uniformity 94
symmetry, theoretical deduction of

96

2D crystal systems determination
97

2D point group determination 96
2D space group determination

98–100
2D metal oxides 100–101

crystal structure of 101–110
metallene oxides 110–118

2D metastable 1T-phase IrO2 123, 148
2D metastable-phase hexagonal

phase SnO2 nanoribbons 128,
154

2D metastable-phase iridium oxides
120

2D metastable-phase metal oxides,
preparation of 119

2D metastable-phase noble metal oxides
120–126

2D metastable-phase palladium oxides
124–126

2D metastable-phase platinum oxides
120–123

2D metastable-phase rhodium oxides
123–124

2D single-layer metallene oxides 109

v
valence band (VB) 173–177, 179
vapor transport method 23
Volmer pathway 142

w
water–gas shift reaction 192, 193, 196,

199
wurtzite ZnO 75, 76, 178

x
X-ray absorption fine structure

(EXAFS) 38, 40, 125
X-ray absorption near edge structure

(XANES) 38
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X-ray diffraction 6, 21, 33–36, 41, 43,
52, 62, 150

X-ray magnetic circular dichroism
(XMCD) 33, 41–43,
90

X-ray photoelectron spectroscopy (XPS)
33, 40, 41, 43

z
Z-contrast image 44
zincblende ZnO 75, 76
ZnS 3, 23, 78
ZrO2 catalyst 17, 20, 22, 23, 194–195
ZrP 79
ZrW2O8 197






















