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The surface plasmon resonance (SPR) of noble metals has been investigated for decades for applications in various catalysis
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reactions and optical research, but its development has been hampered by inefficient light absorption and high prices. In

comparison, the creation of less expensive semiconductors (metal oxides) with strong plasmonic absorption is an appealing

option, particularly defective molybdenum oxide (H«MoOs.) has received considerable attention and investigation as a

promising plasmonic material for a variety of catalytic reactions (photocatalysis, thermocatalysis, photothermal catalysis,

etc.). HxMoOs.’s SPR effect can be tuned throughout a broad spectrum range from visible to near-infrared (NIR) by altering

the doping amount by electrochemical control, chemical reduction, or photochemical control. Notably, defects (oxygen

vacancies) in H«MoOs, arise in conjunction with the SPR effect, resulting in the formation of unique and useful active sites

in arange of catalytic processes. In this review, we explore the formation mechanism of the HiMoOs.y with plasmonic feature

and discuss its applications in photocatalysis, thermocatalysis, and photothermal catalysis.

1. Introduction

Molybdenum oxide is one of the versatile transition-metal-
oxide semiconductors with a broad range of applications in
thermal materials, electronics, catalysis, sensors, biological
systems, and electrochromic systems. Due to their unique
properties, MoQOs is among the most flexible and functional
optical and electronic oxides. Importantly, it exists in a variety
of stoichiometries, ranging from the full stoichiometry MoO;
with a large bandgap (ca. 3.0 eV) to the more conductive
reduced oxides MoOs4 (0 < x < 1). The generation of oxygen
vacancies is accompanied by the conversion of Mo®* ions to
Mo3* or Mo**. The optical appearance of molybdenum oxide
changes with the degree of reduction, from white to blue and
eventually up to black.! This changing redox state holds
tremendous potential for photocatalysis and thermal catalysis
applications.24

For academic research and industrial applications, a variety
of synthetic methods (liquid and gas phase) have been
developed to synthesize molybdenum-based oxides. By varying
the technique, various nanostructures of
molybdenum oxide are achievable, including nanosheets,
nanorods, quantum dots, nanobelts, porous nanostructures,

fabrication

and other nano-morphologies.>® Typically, crystals of MoOs
present orthogonal, monoclinic, and hexagonal phases, which
are composed of MoOg octahedra with side and corner-
sharing.1® The modification of layered MoOs intercalation has
been widely reported, particularly, using the intercalation of H*
and alkali ions, which tunes the chemical, physical, and
structural properties for expanding the application in energy
storage, photochemical, and electrochemical systems.1!
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Recently, researchers focused on the optical properties of
molybdenum oxide, in which defect states were introduced by
intercalating H* ions into the layers, thereby affecting the
optical absorption and photocatalytic activity of Mo0;.12
Meanwhile, the generation of oxygen vacancies in molybdenum
oxide facilitates the adsorption of reaction substrates (H,0, CO,,
N», etc.), leading to a reduction in the reaction energy barrier
and an enhancement of the catalytic activity. 1315 Furthermore,
a novel localized surface plasmon resonance (LSPR) effect is
established on hydrogen-doped MoOs as a result of the
increased surface free electron concentration, exhibiting a
promising application
catalysis.’620 |mportantly, plasmonic semiconductors, unlike

in plasmonic-assisted photothermal

conventional plasmonic metals, can modulate the shape, size,
type of dopant, and dopant concentration of the semiconductor
using a combination of chemical, photochemical, and
electrochemical methods to alter the free carrier concentration,
scattering, near-field
enhancement within the nanocrystal to achieve a tunable LSPR

overall electron and surrounding
effect. Moreover, when a sufficient number of hydrogen atoms
are intercalated, defective H«Mo0Os., exhibits a broader
plasmonic absorption in the visible region.?!

Despite growing interest in molybdenum oxide and a large
body of research on the material, comprehensive studies of
This paper
focuses on the nanostructure, defect engineering, and optical
molybdenum summarizes its

applications by utilization of plasmonic effects, oxygen vacancy,

MoOs; for environmental catalysis remain rare.

characteristics of oxide,

and photothermal effects to alleviate environmental and
energy crises, and provides theoretical knowledge for future
understanding and exploitation of molybdenum oxide materials.

2. Fundamental properties
2.1 Crystal structures of MoO;

Molybdenum oxides and their hydrated compounds are quite
structurally diverse (Fig. 1), in which the orthorhombic phase
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and the sub-stable monoclinic phase are the two most
prevalent structural phases of MoOs; based on the MoOsg
octahedral structural block, each with unique physicochemical
properties. In addition, e-MoOs; and the relatively stable
hexagonal phase h-MoOs are also well-known.22-24 The unique
layered crystal structure of orthorhombic a-MoO; offers the
possibility of building two-dimensional (2D) morphologies that
have gained widespread attention in catalytic reactions. The
layers consist of a double layer of edge-sharing and distorted
MoOg octahedra with a thickness of 0.7 nm. The distance
between the two layers is 1.4 nm. In the [001] direction, planar
double-layer sheets of distorted MoOg octahedra create zigzag
rows; in the [100] direction, corner-sharing rows form.2> The
deformed MoOg octahedra are connected vertically [010] by
weak van der Waals (vdW) forces, resulting in stratification,
while their interior interactions are governed by strong covalent
and ionic bonds (Fig. 2a).262 The electronic energy band
structure of DFT-HSEOQ6 in Fig. 2b reveals that the valence and
conduction bands of a-MoOs are composed of O 2p states and

2| J. Name., 2012, 00, 1-3

Fig. 1 The atomic structure of molybdenum oxide in various crystalline phases. (a) a-
Mo0O;, (b) 8-M00;3, (c) h-Mo0Os3, (d) MoO,. The red sphere represents the oxygen atom.
Reproduced with permission from ref. 23. Copyright © 2009 American Chemical Society.

hybridized states of Mo 4d and O 2p, respectively. In part of the
electron density, the contribution of Mo atoms is very limited except
for the conduction band, whereas oxygen orbitals can be found near
both band edges simultaneously. Remarkably, oxygen atoms with
common corners and edges contribute significantly more to the 2p
orbitals than oxygen atoms near the vertical vdW layer.25:2°

2.2, H*-doping in a-MoO3;

Owing to the layered structure, a-MoOs3 as a host is suitable to
accommodate a large number of guestions (e. g. Li*, H*) without
the crystal structure being affected.3031 Mai et al. revealed that
lithiated MoOs; nanobelts have significantly increased
conductivity and electroactivity as compared to unlithiated
MoOs nanobelts.32 As the smallest ion in nature, H* is an ideal
dopant because of its capacity to migrate rapidly into the
interstitial locations of inorganic compounds with van der Waals
gaps, with theoretical H*/MoOs ratios as high as 2:1.33 The
intercalated H* ion layers are typically connected to the
terminal oxygen atoms of the distorted MoOg octahedra, which
are located at the van der Waals gaps between the double
layers of the a-MoOs crystal structure or at the intralayer
locations of the zigzagging chains that run along the
channels.3* As shown in Fig. 3a, H«MoOs exhibits three
thermodynamically stable phases, depending on the
intercalated H* concentration.3> In type 1, the intercalated H* is
topological and maintains the orthorhombic crystalline phase.
However, as the amount of H* in the intercalated layers
increases, type 2 and type 3 HiMoOs undergo a phase transition
from orthorhombic to monoclinic crystals.3® The H*-doping
affects the electronic structure of a-MoOs, causing the high-
valence Mo®* species to be reduced to Mo%* and Mo** species,
and ultimately the formation of quasi-metals due to the partial

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) Atomic and crystal structure of the various MoO3 polymorphs a-MoOs, (b) DFT-
HSEO6 electronic band structures of a-MoO;. Reproduced with permission from ref. 25.
Copyright © 2017 American Physical Society.

filling of the Mo 4d orbital.37-3° The formation of HyMoOs3 is
accompanied by the injection of a large number of delocalized
electrons, thus producing surface plasmon resonances in the
visible light region.2%41 Significantly, the H«MoOs surface
behaves with highly reversible redox properties, which means
that it has high-performance catalytic activity for chemicals with
the appropriate redox potential.*? Fujishima et al. reported the
synthesis of visible-light-sensitive reversible photochromic films
of MoQOs, revealing a reversible redox event in the Mo atom by
controlling the storage and release of free electrons. Firstly, the
a-MoOs film produces a strong colour enhancement (deep blue)
when irradiated with visible light in the air, displaying a distinct
visible absorption peak in the UV-vis NIR spectrum (Fig. 3b).
Photochromism can be eliminated using subsequent anodic
polarization, and the process of coloration and decoloration can
be repeated for at least five cycles (Fig. 3c).** Apart from
photochemical processes, electrochemical reactions can drive
color changes in a-MoOs by injecting a certain number of
positive ions (M*) and an equal number of electrons (e°)
(Reaction: MoO3 + xM* + xe- > M,Mo003),* which can be
attributed to the formation of local Mo>* defect states and the
transfer of valence charges between Mo>*/Mo®* leads to strong
absorption of HyMoOs3 in the visible light range. Notably, as
evidenced by the formation of water during hydrogen
intercalation, the molybdenum bronze HyMoOs3 eventually loses
oxygen atoms along with H ions to form defective HyM00s3.,.4>46
2.3 Plasmonic effect of non-stoichiometric HyM00Os.y

Plasmonic effects in heavily doped transition metal oxides with
unique optoelectronic properties have garnered substantial

This journal is © The Royal Society of Chemistry 20xx
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interest in the past decade. By altering the doping level and
electrochemical potential in semiconductors, SPRs can be made
inherently adjustable, conferring plasmonic absorption at
visible, near-infrared (NIR), and mid-infrared wavelengths (Fig.
4a), enabling extremely active catalytic performance in these
spectral regions.*” In noble metals, collective oscillations
originating from free electrons or holes result in improved
optical absorption and scattering, as well as a significant near-
field amplification at the nanoparticles' surfaces.*34° In order to
exhibit the optical properties of metals, doped semiconductors
should possess a negative real part of their dielectric function.
This requirement is fulfiled when the critical free carrier
concentration is exceeded, which is determined by the
material's electrical structure, including the effect of defect
states. Numerous oxide semiconductors with a wide bandgap
can exceed the threshold for metal optical behavior by
introducing oxygen defects. Because of the considerable
concentration of free electrons in non-stoichiometric HyMoOs.y,
its absorption in the visible light range has been attributed to
the SPR effect.5952, Benefiting from its small diameter and
ambivalent character, hydrogen atoms can be intercalated into
a-MoOs and stored as electron donors or acceptors either in the
conduction band or in the defect, serving as the source of
plasmonic and electronic effects. The model of hydrogen-doped
a-MoOs in Fig. 4b depicts the electronic structure of HyMo0Os.y.
The unchanging MoOs octahedron determines the general
electronic structure in this model, but the doping of H atoms
results in the introduction of new bandgap states.>3 The pristine
a-MoOjs consists of Mo® forming the conduction band and 0%
forming the valence band with a bandgap of 3.2 eV. H atoms
contribute their electrons to the conduction band, creating

Type 1 H,MoO, (0.23<x<0.4)

Type 2 HMoO, (0.85<x<1.04)

Type 3 H,MoO, (1.55<x<1.72)
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Fig. 3 (a) Three crystal structures doped with different H* concentrations: H,MoO3; with
OH groups (type 1); H,MoO3; with OH and OH; groups (type 2); H,MoO3; with OH and OH,
groups (type 3). Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b)
UV-vis-NIR spectra of the MoOs: (curve A) original sample; (curve B) after polarization at
-0.1V versus Ag/AgCl; (curve C) using visible light to irradiate the sample of curve B for
10 mins. (c) The absorbance change of MoOs at 800 nm during visible light irradiation
and oxidation reaction. Reproduced with permission from ref. 35, 43. Copyright © 1992
Nature Publishing Group.

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




ChemGomm

Metal NCs: ITONCs:  ICO NCs: AZO NCs:

WO, NCs:
T T
— Ag

— Au
wo,,,

— Cs WO,

— IO (16.8% Sn)
1TO (4.4% Sn)
1C0(16.2%In)
KO(15%In) =

— AZO(55%AI)

AZO (35%A) 4

~
Normalized extinction (A.U.) \m/

Wavelength (nm)

(b) (€)

e S le e s
o\ e ® g [ =
- o - 2 Modd-
o mgo em o o0 900 o\' ° bands
I il
| -
o megme © %) % @ & =
oot Moo HE R
MoOz+H H,Mo,5*Mo,,8*O, 2p bands
30* 30 30% 20*
O 0 ob,
HMo,5*M0,.,8+0; +0,
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Copyright © 2018 American Chemical Society. (b) Crystal structure of MoO; and HyM0Os.
,- (c) Electronic-band-structure regulation of MoOj3 by H* intercalation. Reproduced with
permission from ref. 47, 55. Copyright © 2017 Springer Nature.

protons and the "valence band-like Mo>* state" (Fig. 4c:
green/grey state in the bandgap). The colour of the
hydrogenated a-MoOs film transforms from white to blue by
spaced charge transfer between adjacent Mo>*/Mo®* under
photoexcitation. Mo** ions are formed when the doping level of
hydrogen in the HiMo0Os., exceeds x = 1 (Fig. 4c: width of the
electronic states), resulting in the formation of water and
hydrogen-free MoO,, consisting of Mo** and O? states. Each
absent oxygen atom is balanced by two electrons in the Mo 4d
band.5455 Yamashita et al. developed a plasmonic Pd/HxMo0O3.,
hybrid based on the H-spillover process.5¢ In addition, by
controlling the H, reduction temperature, the stoichiometric
compositions of MoOs can be adjusted, realizing tunable
plasmonic absorption. As shown in Fig. 6a, the hydrogen-doped
MoOQOs is obtained via the facile H-spillover process, in which the
hydrogen molecules adsorbed on Pd are transformed into
activated hydrogen atoms after dissociation, and subsequently,
migrate to the surface of molybdenum oxide and intercalate
into the bulk, causing the reduction of MoQOs. Compared with
the unreduced Pd/MoOs, Pd/HMo0Os3.,(RT) displays a distinct
absorption peak in the visible light region (Fig. 6b). The first
principles DFT calculation system was performed to investigate
the electronic structures of the hydrogen bronzes. The total
density of states (TDOS) and projected density of states (PDOS)
of pristine MoOjs (Fig. 6¢) show that there is no defect in the

pristine MoOs, and the bandgap between them is around 1.9 eV.

In contrast, the heavily doped hydrogen-molybdenum bronze
(H1.6sM003) exhibits metallic properties in which the valence
band (VB) continuously crosses the fermi energy level into the
conduction band (CB) (Fig. 6d).

The change in the electronic structure of the hydrogen-
molybdenum bronzer is caused by the insertion of hydrogen
atoms into the MoOs matrix. The layered structure of the
orthorhombic a-MoOs; allows the insertion of a substantial
number of H atoms in interlayer positions, which are intensely
coordinated with the terminal oxygen atoms, resulting in the

4| J. Name., 2012, 00, 1-3

deformation of the MoOs octahedra in the HigMoOs3
framework (Fig. 6e). The H atoms become protons upon
adsorption on the terminal oxygen atoms, and electrons are
transferred from H 1s orbitals to O 2p orbitals.>” Subsequently,
the charge transfer from the terminal oxygen atom to the
coordinating Mo atom leads to a partial reduction of the Mo ion.
The electron charge density distribution of H1¢sMoO3 (Fig. 6f)
shows that the introduced electron charges are uniformly
distributed on the Mo atoms, indicating the delocalization
properties of Mo 4d electrons. The preceding results indicate
that the intercalation of hydrogen ions into MoOs allows a
significant number of free electrons to be stored in the Mo 4d
orbital, enabling an SPR effect in the visible region.>8

3. Application of a-MoO3
3.1 The Mechanism of Plasmonic Photocatalysis

Localized surface plasmon resonance (LSPR) originates
from the coherent oscillation of conduction band electrons in a
catalyst (e.g., metal or semiconductor) when the frequency of
the incident light coincides with the frequency of the surface
electrons. Excitation by LSPR provides a powerful local
electromagnetic field that increases the photon absorption rate
of the catalyst (Figure 5a).5° Subsequently, plasmon-mediated
excitation of the high-energy charge carrier is involved in the
reaction of the adsorbed reactants on the catalyst surface,
driving photochemical and solar energy conversion. (Figure 5b).
Furthermore, in plasmonic metal/semiconductor hybrids, the
plasmonic effect improves the yield of hot electrons with high
potential energy on the plasmonic metal, thereby aiding the
transit of hot electrons to the semiconductor. The Schottky
barrier (SB) at the metal/semiconductor interface prevents
transported hot electrons from returning to the noble metal to
recombine with the hot hole. This design enhances the lifetime
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Fig. 5 (a) Schematic illustration of LSPR effect in plasmonic materials. (b) Hot carrier
generation and the corresponding absorption spectrum of plasmonic metals. (c)
Plasmonic metal/semiconductor compound structures that transfer and utilize LSPR-
induced hot electrons to facilitate surface reduction reactions. Copyright © 2018
American Chemical Society. (d) NIR spectra of prepared Cu,.,S NCs: CuS (x = 1), CuygS (x
=0.2), and Cu; 7S (x = 0.03). Copyright © 2009 American Chemical Society. Reproduced
with permission from ref. 108, 67.
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heavily H-doped HMo00s3.,. (e) lllustration of the structure of H,Mo00Os, in the (010) projection. Blue balls are Mo atoms, red for O, and green for H atoms. (f) Three-dimensional

depiction of Fermi level electronic charge density distribution for HqM00s.,.5

of the hot electrons transferred to the CB of the semiconductor.
Consequently, various surface chemical processes can be
enhanced (Fig. 5c), including H,O splitting, CO, reduction, and
organic matter conversion.®® Linic et al. have long been
dedicated to research on the promotion of plasmonic metals in
photocatalytic water splitting (hydrogen and oxygen evolution),
demonstrating the transfer mechanism of plasmon-induced hot
electrons, in which hot electrons migrate into the
semiconductor to improve charge separation efficiency and
thus photocatalytic activity.61-63 Similar catalytic behavior is also
found in plasmonic non-metallic catalysts (e.g., BiOsx, WOs.,
and In303.).84% Cu,.S as a plasmonic semiconductor catalyst,
where the collective oscillations of free charge carriers on the
valence band drive the LSPR, the plentiful free electrons are
attributed to the Cu vacancy production during the synthesis
process.®’ In addition, the Cu,«S nanomaterials exhibit LSPR
effects in the NIR and mid-IR areas compared to noble metals
(Fig. 5d) due to the lower order of magnitude of free electrons
in them. And then the generated hot electrons will transfer to
nearby structures at the level of unoccupied acceptor molecules
and induce chemical transformations.68

3.1.1 Applications of HxMoOs.,. The plasmonic non-
metallic catalysts absorb photons from solar, inspire
photogenerated charges (e- and h*) and transport them to the
surface of the catalytic reaction active sites for efficient
photocatalytic reactions. Yamashita's group has achieved some
significant results in relevant fields. They synthesized blue
HxMoOs., nanosheets by a simple solvothermal method in the

absence of surfactant, exhibiting SPR absorption in the visible
region.’® The obtained blue H,Mo00Os., nanosheets have very
stable chemical properties, which maintain the color in the air
for several months. The X-ray diffraction pattern shows that the
as-prepared molybdenum oxide is assigned as an orthorhombic
phase, which has a layered structure composed of MoOs
octahedra. Ethanol as a solvent has strong reducibility during
the synthesis process, which produced H-doped molybdenum
oxide, causing sufficient free carriers to sustain the SPR effect.
XPS results display that a new peak assigned to Mo>* species
appears in the HMo0Os, nanosheets, demonstrating the
intercalation of H atoms. The as-prepared HyMoOs., exhibits a
strong plasmonic absorption peak in the visible range, and the
plasmonic absorption region is tunable from the visible to the
near-infrared range by changing alcohols used in the
solvothermal synthesis (Fig 7a). By virtue of its strong plasmonic
effect, HMoOs., exhibits high hydrogen production activity in
photocatalyticammonia-borane (NH3BH3) hydrogen production
reactions. The initial H, production on HMoOs., was 3.7 times
faster than that of MoQs (Fig 7c). Even in dark conditions, the
HxMoOs., still presents the highest activity rates (Fig 7b). Such
positive results are attributed to the significant number of free
electrons on the surface of the HMoOs.,, which play a crucial
role in hydrogen production.’? However, the preferential
production of 2D MoOs nanosheets during the synthesis
resulted in a limited surface area and relatively low catalytic
activity, restricting the use of surface free electrons. Therefore,
a high surface area MoO3 was prepared by adding a surfactant
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Fig. 7 (a) UV/Vis—NIR diffuse reflectance spectra of the H,M00Os3., samples prepared at 160 °C (1) and 140 °C (2) for 12 h, and commercial MoO; (3). H, production test from aqueous
NH3BH3 solutions at room temperature. (b) in the dark and (c) under visible light irradiation (A > 420 nm).%° (d) Illustration of the possible formation process of crystal defects in
Mo,W1.,0s.,. (€) H; evolution from NH3;BH3 at room temperature of different materials. (f) Wavelength-dependent initial H, yield rate enhancement of Mo,W,_,05, samples upon

irradiation by LED light.”®

to the solvent using an evaporation-induced self-assembly
(EISA) process.” By injecting heterovalent atoms into
semiconductor crystals, doped semiconductors such as
aluminum, germanium, indium-doped zinc oxide, and indium-
doped tin oxide (ITO) can be synthesized rapidly and efficiently,
changing the light absorption intensity and range of their SPR
effect.7274 We synthesized a plasmonic MoyW1.403., material

and NaBHj reduction conditions (Fig. 8c). Furthermore, the
hybrid of Pd/HMo0Os., exhibits significant plasmon-enhanced
catalysis in NH3BH3 hydrolysis and Suzuki-Miyaura coupling

(@ S Pl i

Pd/H,M00;,,

with intense SPRs in the visible light range by a facile non- (b) — (C)
aqueous solvothermal method (Fig 7d). Comprehensive analysis
revealed that the molybdenum and tungsten ion inter-doping 3 3
vacancies, as well as the oxygen vacancies formed during crystal g Pd/H,M0O;, 8
growth, are the primary causes responsible for the catalyst's g §
strong plasmonic absorption. Under visible light irradiation (A > V\ MoO,
420 nm), the obtained plasmonic MoyW1x0s, acted as an e e e e ——,
effective catalyst, greatly increasing the dehydrogenation (d) i (e) Wavelength /nm
activity of ammonia borane, with the best performance under e pieennsy WO O e OO
the light irradiation at A = 650 nm (Fig 7e, f).7> Ik = PdIMMoOs, x| Eosomo

3.1.2 Applications of metal-HyMo0Os., hybrids. Single- E: I?:.'fs‘?&“ g B Vi g raciaton
component materials frequently fail to satisfy the catalytic s —— Blank ;""
requirements in heterogeneous photocatalysis due to their 5“, > l
intrinsic constraints of limited light absorption and low catalytic o’

efficiency.’677 Hybrid materials, as composite materials
possessing synergistic multiple coupling effects, offer greater
potential in catalytic applications. Chen et al. developed a
plasmonic Pd/H«Mo0s., hybrid via a solution-processed route
(NaBHj4 reduction) (Fig. 8a), which displays a strong SPR peak in
the visible light region (Fig. 8b). The SPR of the Pd/HMo0Os3.,
hybrid material exhibits reversible tunability under O, oxidation

B, Pd/H,M0O,, PdiH,MoO,,(PVP)
Fig. 8 (a) Schematic illustration of the Pd/H,Mo0s., hybrid presenting a redox process in
0, atmosphere and NaBH,; solution, respectively. (b) UV-vis-NIR spectra of the
Pd/HM00s3., hybrid and pure MoOs, (c) the evolution of the optical response of
Pd/H,M00s., hybrid exposed to air, (d) H, production rate from NH3BH; solution under
light irradiation (A > 420 nm), and (e) the catalytic activity of the Suzuki-Miyaura coupling

reaction in dark condition and under light irradiation (A > 420 nm).”
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light and dark conditions, respectively. (f) A possible reaction mechanism for the reduction of nitrobenzene derivatives over plasmonic Pd/H,Mo0;.,@ZIF-8.5%

reactions under visible light, being well beyond that of the
single-component HyMoOs., (Fig. 8 d, e).”? For the efficient
photocatalytic conversion of p-nitrophenol (PNP) to p-
aminophenol (PAP), a Ru/HxMo0Os., hybrid with a plasmonic
effect and abundant oxygen vacancies has been developed
based on the H-spillover process.& This hybrid is capable of
effectively trapping aromatic nitro compounds and weakening
the N-O bond, thereby providing an abundance of localized
electrons for the reduction reaction. Notably, by changing the
H, reduction temperature, the plasmonic absorption range of
hybrids can be adjusted (Fig. 9a, b). We also synthesized
RuPd/HxMo0Os3., hybrids to further improve the efficiency of
photocatalytic conversion of PNP, in which RuPd alloy
nanoparticles and plasmonic HMoOs.y serve as the active and
electron donor centers, respectively, resulting in a synergistic
effect in the reaction.8! However, because rapid recombination
of plasmon-excited charge carriers makes it difficult to boost
catalytic activity, it is critical to construct viable multiphase
complexes that produce heterojunctions or overcome Schottky
barriers for effective charge separation and transfer.82-84 Thus,
we presented an interesting approach to improve the utilization
of plasmon-induced electrons in photocatalytic nitroaromatic
hydrogenation by combining plasmonic HyMoOs3., with Pd/ZIF-
8.85 The complexes of Pd nanoparticles with plasmonic HiMoOs.
y@ZIF-8 contributed synergistically to the promotion of plasma-
induced hot-electron transfer, increasing the catalytic activity.
The photoelectrochemical tests and time-resolved transient PL
decay spectroscopy showed that the Pd/HMo0Os.,@ZIF-8
exhibits the strongest photocurrent density under intermittent
illumination and the longest lifetime of hot electrons compared
with other samples (Fig. 9¢c, d), demonstrating that the novel
structure of Pd/HyMo0Os.,@ZIF-8 effectively facilitates plasmon-
excited electron transfer and lifetime. Thus, complexes of
Pd/H«Mo00Os,@ZIF-8 displayed the best activity performance in

This journal is © The Royal Society of Chemistry 20xx

the nitrobenzene hydrogenation reaction under visible light
irradiation (Fig. 9e), and a possible reaction mechanism is
proposed based on the transfer pathway of plasmon-excited
electrons (Fig. 9f). Addiationally, the abundance of oxygen
vacancies on the surface of metal-H«Mo0Os., hybrids also plays a
crucial role in catalysis. Kuwahara et al. demonstrated for the
first time that defective Pt/HMo0Os., exhibits high catalytic
activity for the deoxygenation of sulfoxide at ambient
temperature under 1 atm H,, with significantly higher catalytic
activity when visible light is introduced compared to the dark
environment (Fig. 10a, c, d), and the plasmonic absorption of
the Pt/HxMo0Os., was controlled by adjusting the H, reduction
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Fig. 10 (a) Sulfoxide deoxidation reaction mechanism over Pt/H,Mo00Os3., hybrid
catalyst, (b) UV-vis-NIR diffuse reflectance spectra for the Pt/H,Mo00O;_, hybrids
with different H, reduction temperature, (c) time course in the sulfoxide
deoxygenation over Pt/H,Mo0s., in the dark and under visible light irradiation, (d)
the increased yield of activity as a function of the wavelength by LED irradiation.”®
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temperature (Fig. 10b). Related analyses indicate that the
oxygen vacancies formed by the H spillover process are the
reaction's primary active sites, while the Mo atoms' reversible
redox behavior and high plasmonic absorption make a
significant contribution to the reaction's activity.’®

3.1.3 Heterojunctions with HiMo00Os.,. The fabrication of
heterostructures has
tremendous potential for photocatalytic materials, where the

two-dimensional  semiconductor
heterojunction's electrical structure is tailored to enhance light
absorption and photogenerated carrier separation.8:87 After
analyzing 2D Mo0O34S5x/Mo0S; heterostructures using density
flooding theory (DFT) calculations of the HSE06 functional,
Bahers et al. discovered a type Il heterojunction in which the
bandgap and charge transfer between the MoOs; and MoS;
layers are constantly driven by the S concentration in the MoOs.
xSx single layer, providing an efficient direct Z-type system for
photocatalytic water splitting.88 Liu et al. grew 0D CdS
nanoparticles on two-dimensional plasmonic MoOs.« using a
simple co-precipitation approach. The CdS/Mo0Os.
heterojunction enhances light absorption from 600 nm to 1400
nm by utilizing the SPR effect of MoOsx and speeds up the
separation of photogenerated electrons and holes. As a result,
CdS/Mo0Os heterojunctions present a higher photocatalytic
hydrogen production rate than pure CdS when irradiated by
monochromatic light at 420, 450, 550, and 650 nm, as well as
improved photocorrosion properties.8® The hydrogen reduction
process can achieve tunable plasmonic absorption and energy
band structure in MoOs, allowing for better energy band
alignment with the composite semiconductor material and
thereby increasing photoinductive electron production in the
heterostructure.?%°1 |n view of this, Wei et al. produced stable
MoOs;@MoS; core-shell nanowires and optimized the energy
band structure by H; reduction to effectively reduce MoOs and
MoS; interfacial defects and improve electron transfer (Fig.
11a). The constructed plasmonic MoOs;@MoS; catalyst
exhibited both broadband light absorption and improved

8 | J. Name., 2012, 00, 1-3

interfacial contact, thus increasing the activity performance in
water-splitting (Fig. 11b).°2 Dong et al. also developed a WOs3.
x/MoOs, heterojunction catalyst with numerous oxygen
vacancies, which not only enhances the optical response but
also significantly facilitates electron-hole pair separation (Fig.
11c). Simultaneously, the formation of surface oxygen
vacancies enhances CO; adsorption and activation. The results
indicate that the WOs3./MoOs4 heterojunction greatly improves
CO;, photoreduction activity, in which CO production was 40.2
umolL g1 hl, approximately 9.5 times that of pure MoOs
nanosheets (Fig. 11d).%3

To summarize, the metallic behavior of HyMo0Os., directly
contributes to the photocatalytic reduction process via
plasmon-induced excitation of hot electrons. On the other hand,
the hot electrons are transmitted to the composite
semiconductor's conduction band or to the loaded noble metal,
which then participates in the reaction, boosting the catalytic
activity further.
3.2. Thermal catalysis

3.2.1. CO; hydrogenation. Thermal catalytic CO; hydrogenation
is a well-established technology for the conversion of CO; into
value-added C; or C,: species. The engineering studies of
oxygen vacancy in metal oxides have been of significant
attention because of their critical effects on the thermal
catalytic activity of metal oxides, including facilitating the
adsorption and activation of CO,, and a specific mechanism for
providing the active species in the Mars-van Krevelen.®* As
previously stated, the orthorhombic structure of a-MoOs is
composed of a network of MoOg octahedral bilayers stacked
along the [010] crystal direction, with adjacent bilayers
connected through vdW forces. According to DFT calculations,
the oxygen atoms (O¢) bound to Mo in the [010] crystal direction
require the least energy to produce oxygen vacancies. Physical
characterization reveals that oxygen vacancies typically form in
the O position but may also form in the O, and Os positions with
a lower probability (Fig. 12a).2> Although the assisted activation
of CO, molecules by oxygen vacancies in metal oxides is
regarded as an attractive approach, how to maintain the
concentration of oxygen vacancies in the metal oxides during
is crucial to enabling the completion of a
continuous catalytic cycle.?®%7 We developed the oxygen-
defective Pt/HMoOs., catalyst to present excellent catalytic
activity performance under relatively mild reaction conditions
in the reaction of CO, hydrogenation to methanol (Fig. 12b).%8
In situ Mo K-edge XANES measurement investigates the average
valence state of Mo, which changes reversibly in the CO,/H, gas
atmosphere (Fig. 12c). Pt/Mo0Os is initially reduced via an H-
spillover process, producing oxygen vacancies. CO; is adsorbed
and activated on the oxygen vacancies between the under-
coordinated Mo (Mo5*/Mo**) sites, causing the formation of CO
and oxygen vacancy filling, accompanied by the oxidation of Mo
atoms. Then, the oxidized Mo atoms are reduced back to the
lower valence state for the regeneration of the oxygen
vacancies. As the reaction timescale is extended, CO, is
consumed continuously to create methanol, suggesting that
oxygen vacancies in Pt/HsMoOs., can be stabilized during the

the reaction

This journal is © The Royal Society of Chemistry 20xx
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reaction (Fig. 12d). Therefore, a possible mechanism of CO;
hydrogenation to methanol was proposed based on oxygen
vacancy regeneration (Fig. 12e). Firstly, oxygen vacancies are
produced in the HyMo0Os., during H, reduction (steps 1 and 2).
CO; is adsorbed onto the oxygen vacancy and activated by the
adjacent under-coordinated Mo5*/Mo** via high adsorption
energy electron donation, weakening the C=0 bond to produce
*CO (step 3). The *CO intermediate migrates to the Pt
nanoparticles surface (step 4) to react with the dissociated
activated H species on the Pt nanoparticles to form the *COH
species, which then undergoes multiple hydrogenation
reactions to eventually produce methanol (step 5). Very
recently, Bao et al. established a typical SMSI state Ru-based
CO; hydrogenation catalyst (Ru/HsMo0Os.,) that generates active
molybdenum oxide in the presence of Ru metal to boost
methane generation (Fig. 13a). When CO; hydrogenation gas at
250 °C induces the formation of a defective HyMo0Os., overlayer
and eventually the encapsulated structure Ru/HxMoOs.,
product selectivity changes from 100% CH, selectivity on the Ru
particle surface to more than 99.0% CO selectivity (Fig. 13b),
and the CO; hydrogenation selectivity can be flipped between
99.0% CO and 100% CHs by cyclic reactive oxidation
treatment.®® Shimizu et al. discovered that Pt nanoparticles
loaded on MoO,/TiO, can accelerate the creation of reduced
MoOy species, hence increasing the methanol yield in the CO,
hydrogenation reaction.'% Due to molybdenum oxide's flexible
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redox characteristics, it can function as an active center in
reverse water-gas shift (RWGS) reactions, enhancing the
industrial application potential of molybdenum-based
catalysts.101 55 The TisAlC; MAX phase possesses high thermal
stability, toughness, and ductility like ceramics, and is also a
good conductor of heat and electricity like metals. Shiju et al.
constructed MoOs/TisAIC; heterojunctions and demonstrated
that the existence of electron-rich TisAIC; increases the redox
characteristics of MoOs in the RWGS reaction, resulting in a
significantly reduced surface area with a high proportion of
oxygen vacancies.102

3.2.2. CO hydrogenation. Many researchers have proved
that a-MoOs is a novel sensing material with high sensitivity to
CO gas, and this intrinsic sensing performance is derived from
the presence of defects in the non-stoichiometric a-MoO3;
lattice.103.204 Dumesic et al. developed a variety of transition
metal-loaded molybdenum-based catalysts for use in the
conversion of mixed gases (H, + CO) to high-value Cs.
oxygenates based on the properties of molybdenum oxide for
CO (Fig. 13c). A series of characterizations, including H,-D»
exchange, temperature-programmed reaction (TPR), and
XANES, indicated that spillover of activated H atoms from the
noble metal to the MoOy surface, promoting the formation of
low-valent molybdenum ions and oxygen vacancies, plays a
significant reaction
mechanism suggests that the CHy generated at the low-valent

role in the enhanced activity. The
molybdenum sites reacts with the adsorbed CO to eventually
form C2?* oxygenates.19> Although combining transition metals
with MoOs3 can improve the yield of oxygenates, the structural
details of the catalysts and the role of a-MoOs in catalytic
performance are unknown. F. Bent et al. synthesized atomic-
level precise Rh/MoO3/SiO, catalysts using the ALD (atomic
layer deposition) technique and investigated in detail the
significance of the features of the catalyst structure in
increasing catalytic performance. a-MoOs plays two roles: first,
the existence of Mo-OH on the catalyst surface promotes CO
dissociation; second, hydrogen spills over from the Mo-OH site

J. Name., 2013, 00, 1-3 | 9
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Fig. 14 (a) Calculated band structure of HyM00s., and MoO;, (b) catalytic CO generation
over H,Mo00;, and MoO; under full-spectrum light irradiation. Reproduced with
permission from ref. 114. Copyright © 2019 Royal Society of Chemistry. (c) UV-vis-NIR
diffuse reflectance spectra, and (d) the CO production under visible light irradiation and
in the dark over the Pt/H,Mo00O3., with different morphologies.!** (e) Light wavelength
dependence of increased CO production on Pt/H,MoWO, under LED light irradiation, and
(f) valence changes of Mo and W species during in situ XAFS measurements.!16

to the adsorbed species on the Rh surface, increasing the rate
of hydrogenation of the reaction intermediate (Fig. 13d).1°¢ The
insights obtained from the above results indicate that a-MoOs;
is an ideal material to manipulate hydrogenation reactions
based on its layered structure, rich multivalent chemistry, high
thermal stability, and oxygen vacancy engineering.

3.3. Photothermal catalysis

Plasmonic photothermal catalysis significant
difference from typical photothermal catalysis, in which the co-

existence of hot electron-driven reactant activation and

presents a

photothermal effects in catalysts synergistically boost surface
chemistry reactions.197.108 The non-radiative decay of the
plasmon through transitions either within the CB band or
between the CB and d bands results in the generation of hot-
electrons.19? These hot electron-hole pairs are then transferred
from the bulk of the catalyst to reactant molecules adsorbed on
the surface. Furthermore, the excited hot electrons redistribute
their energy through electron-phonon conversion, which leads
to the heating of the catalyst surface. By intercalation of
hydrogen ions and the introduction of oxygen vacancies
between layers of MoOs3, the high valent Mo®* ions are reduced
to Mo* and Mo>* ions, thereby changing the free electron
concentration of the bulk and the bandgap, conferring the
HxMoOs., a plasmonic effect, which is applied to a variety of
photothermal catalysis.110, 111

10 | J. Name., 2012, 00, 1-3

3.3.1. CO, conversion. The benefits of plasmonic
photothermal catalytic CO, reduction are as follows: (1)
Activates specific bonds of surface reactants, modifies reaction
pathway, and improves selectivity;11? (2) Facilitates the
desorption process in surface catalysis to further increase
catalytic activity and stability;112 (3) Shifting the chemical
equilibrium to a higher yield of the final product. This
photothermal effect can almost entirely drive the CO;
conversion, or in combination with the hot electron injection
process, enhance the reaction collectively.113> Ye et al.
synthesized a plasmonic HyMoOs., by a solvothermal method,
which exhibits a great potential for harnessing a wide range of
visible-infrared light based on the SPR effect. The simulated
energy band structure of HyMo0Os., shows that the generation
of oxygen vacancies introduces defective energy levels, leading
to a narrowing of the energy gap that can absorb the full
spectrum (Fig. 14a). In addition, the oxygen vacancies in
HxMoOs., promote the adsorption of CO, molecules, lowering
the barrier to CO, hydrogenation and photogenerated electron-
hole recombination, achieving efficient thermochemical
conversion in photo-thermal synergistic catalytic CO, reduction
(Fig. 14b).'** The concentration of free electrons and the
number of surface oxygen vacancies in MoOs are critical factors
for the promotion of plasmonic photothermal CO, conversion
efficiency. We found that the hybrid of Pt/HMoOs., with a
nanosheet structure presents the best plasmonic absorption
and the largest number of oxygen vacancies compared with
analogues with different morphologies (bulk, rod, and belt),
which can be attributed to the MoOs nanosheet favoring the
intercalation of H*/e" during the H, reduction process (Fig. 14c).
Assisted by a combination of oxygen vacancies and plasmonic
absorption, Pt/HMoOs.,(sheet) displayed the best plasmonic
photothermal catalytic activity and light enhancement effects
(Fig. 14d). Notably, XPS measurements demonstrate the
presence of reversible redox processes involving Mo atoms
during the reaction, indicating that the oxygen vacancies are
regenerative.l’> To broaden the photo-
response spectrum range of plasmonic effects, we synthesized
near-infrared photoexcited plasmonic Pt/HMoWO, catalysts.
Pt/HiMoWO, has a higher concentration of surface free
electrons and oxygen vacancies than single Pt/HWO,, which
facilitates CO, adsorption, catalyst surface heating, and hot
electron transfer processes for efficient plasmon-induced
photothermal catalysis in RWGS reaction (Fig. 14e). In situ
characterization reveals that the multivalent element Mo serves
as the active center of the CO, conversion, with its valence
increasing and decreasing in response to the creation and
consumption of oxygen vacancies (Fig. 14f).116

3.3.2. Water purification. Utilizing the SPR effect of MoO3
to boost photothermal conversion efficiency in order to acquire
clean water from seawater and wastewater is a viable solution
report that
hydrogenated MoOs, also known as HjgMoOs3, is a material
with a low-cost and excellent photothermal efficiency that
enables efficient photothermal water evaporation throughout
the solar energy spectrum (Fig. 15a). First-principles theoretical

active sites and

to the freshwater issue.l17.118 Jjang et al.
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that the transformation of the

semiconductor energy band structure to a quasi-metallic

calculations indicate
structure following hydrogenation results in an insulator-to-
metal phase transition, endowing HieMoOs with broad-
spectrum solar absorption and high photothermal conversion
efficiency (Fig. 15b). Under solar irradiation, the interfacial
evaporation system combined with the catalyst produces an
unexpectedly high evaporation rate of 1.37 kg m2 h-1.11° To
further
efficiency, Cui et al. used chemical vapor deposition (CVD) and

enhance the material's photothermal conversion
hydrothermal procedures to develop a novel catalyst composed
of graphene (G) and HMo0Os.,-coated porous nickel (Ni). The
defective HitM0Os., increases the material's light absorption and
photothermal conversion efficiency (Fig. 15c). Under solar
illumination, the prepared solar evaporators exhibit great light
absorption (96%), wettability, and conversion efficiency (95%)
(Fig. 15d).12° In addition, due to the growing problem of water
pollution, the development of adequate catalysts for water
disinfection technologies is critical for public health. Niu et al.
recently synthesized a composite material (HxMo0Os3.,/NCNs)
with near-infrared (NIR) light-triggered
properties capable of efficiently disinfecting water, including

thermosensitive

the elimination of Enterobacteriaceae and Staphylococcus
aureus, through the synergistic effect of photodynamic and
photothermal effects (Fig. 15e, f). Studies indicate that the
superior photothermal conversion efficiency (52.6%) induced
by the SPR effect in the HMo0Os.,/NCNs facilitates the
generation of localized high temperatures that destroy bacterial
cell structures.'?! Unquestionably, a-MoOs exhibits excellent
solar energy utilization in the Vis-NIR region and contributes

This journal is © The Royal Society of Chemistry 20xx
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significantly to the photothermal catalysis process through the
thermal effect introduced by plasmonic absorption.

4. Conclusions and future prospects

In conclusion, owing to defective molybdenum oxide's unusual
optical characteristics and variable multivalent state, a vast
number of studies have abundantly proved its potential for a
wide variety of catalytic applications, including photocatalysis,
thermocatalysis, and photothermal catalysis. This article
presents an overview of molybdenum oxide's crystal structure,
interfacial modification, plasmonic absorption properties, and
associated application advances. Taking advantage of the
distinctive crystal structure of a-MoQs, H* ion intercalation and
interfacial modifications are simple to achieve, resulting in
plasmonic absorption and substantial surface oxygen vacancies.
The defective molybdenum oxide mentioned in this paper
demonstrates that strong plasmonic absorption has gained
widespread interest and application in photocatalysis,
effectively enhancing photocatalytic efficiency through the
construction of hybrid materials and heterojunctions.
Additionally, the formation of surface oxygen vacancies and the
heating effect of hot electron decay extend the applicability of
HxMoOs3.y in thermocatalysis and photothermal catalysis, where
oxygen vacancies effectively adsorb and activate reactants, and
the heating effect enhances the catalytic rate. In the realm of
catalysis, molybdenum oxide has had remarkable success.
Although molybdenum oxide research has progressed
considerably over the past decades, the catalytic mechanism
still needs to be further investigated, which will allow us to
develop the potential of HMoOs., for catalytic applications in
the future and to obtain catalysts with higher activity.
Considering the interaction between HyMoOs., nano-structural
engineering and H-spillover, multi-dimensional a-MoOs3
materials are essential for plasmonic effects and interface
engineering, particularly for the synthesis of ultrathin 2-D
nanosheets and 3-D structures of a-MoOs, which are still
incredibly challenging, but understanding the relationship
between structure and photocatalytic performance is of
interest for our development of a-MoOs; plasmonic effects.
Various (e.g. doping
hybridization) have also been attempted to improve the
such as W-doped
HxMo0Os3.y, and therefore, the development of selective doping

functionalized modifications and

photocatalytic performance of MoOQOs;,

of MoOs with more heterovalent atoms to improve the catalytic
performance is a feasible strategy. Furthermore, the optical
variations and oxygen vacancy embedding brought about by the
doping of other metal oxides with Mo elements show
considerable promise for catalytic applications and must be
further studied. Also feasible is to apply MoOs., as a template to
fabricate MoOs.,/X (X=S, Se) or multi-component
heterostructures with enhanced plasmonic absorption, high
defect concentration, and hot electron transfer efficiency to
improve their catalytic performance in photocatalytic reactions.
Importantly, according to numerous studies, the concentration
of oxygen vacancies in defective molybdenum oxide plays a
crucial role in photocatalysis and photothermal catalysis. It can,
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to some extent, determine the electronic structure, which is

vital

for regulating the physicochemical properties of

molybdenum oxide. In particular, precise tuning of the carrier

concentrations and the corresponding changes

in band

structure within HxMoOs, should be achieved to make
explanations for their role in photothermal catalysis. Thus, an

in-depth

research is required to identify the inherent

relationship between the energy band structure of defective
HxMoOs., and better catalytic performance.

In brief, defective molybdenum oxide is an excellent

contender for a variety of catalytic applications and should be
investigated continually for its intriguing potential. We expect
that this article will contribute to a better knowledge of the

optical
mechanism,

characteristics, interface engineering,
and application prospects of

catalytic
defective

molybdenum oxide and will serve as a springboard for future
study.
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