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In semiconductor nanocrystals (NCs), a new regime has been opened in plasmonic field since the discovery of localized
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surface plasmon resonances (LSPRs). LSPRs that lead to near-field enhancement, scattering, and resonant absorption around

the NC can be tuned in the range from visible to near-infrared (NIR) region across a wide optical spectral by synthetically

varying doping level, and post synthetically via electrochemical control, photochemical control, and chemical oxidation and

reduction. In this review, we will focus on the three widely explored and interrelated examples and their manipulation

methods of LSPR of (1) hydrogen molybdenum bronzes (H,Mo00;.,) NCs, (2) hydrogen tungsten bronzes (H,W0,,) NCs, and

(3) oxygen vacancy doped molybdenum tungsten oxide (Mo,W;,03.,) NCs. Finally, a brief outlook toward applications of

these plasmonic NCs are presented.

1. Introduction

The glass of the colored glazed cup, preserved in Nara national
museum in Japan from the eighth century, has different colors
of transmission and reflection, which is a very classic early
example of a dichroic material. The dichroic properties of this
artifact derive from plasmonic metal nanoparticles (NPs)
embedded in the glass, which shows what we now know as
plasmonic effect. Prior to that, our knowledge of localized
surface plasmon resonance of metal NPs, especially silver (Ag)
and gold (Au), has been preliminarily established, which most
often lie in the visible spectra range.' As a frontier in material,
what remains now are questions about how LSPRs are different
in nanocrystals (NCs) of the semiconductor.*® With a better
understanding of free carrier properties in semiconductors and
the advances in colloidal synthesis, the properties of metal-like
LSPRs in a variety of NCs material classes have been actively
explored, including silicon, metal nitrides, metal chalcogenides,
and metal oxides.®1? For example, Zhao and co-workers firstly
reported that Cu,,S NCs exhibit strong LSPR in the near infrared
(NIR) region in 2009.8 Soon after, Luther et al. demonstrated
that appreciable free carrier concentration in semiconductor
NCs is a prerequisite for sustaining LSPRs, which can be reached
from the visible through the terahertz region by relying on the
doping level and the size of the nanostructure.* Due to
plasmonic absorption, all the above NCs show strong
resonances in the NIR region. For metal NPs (such as Ag and Au),
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the natural resonance frequencies for LSPRs induced by the high
charge concentration (around 1022 cm3) usually appear in the
visible region. Complex morphologies and large size of NPs
cause the plasmonic absorption to lie in the NIR or mid-infrared
(MIR) region.1320 On the contrary, the carrier concentration
(10°-102 cm3) of semiconductor NCs can be tuned via
electrochemical reactions, photochemical, chemical doping,
and postsynthetic chemical reactions.21-30 A modification of the
copper to sulfide stoichiometry indeed impacts the LSPRs peak
position as shown by Zhao et al.. Analogously, charge carriers
that result in plasmonic response in NIR can be generated by
nonstoichiometric composition in WOs, and in Cus,P
nanocrystals. Even some samples with simple shapes and sizes
less than 50 nm, variation of their carrier concentration still
allows for a controlled LSPR tuning in a wide optical range.

The origin of LSPRs in semiconductors NCs is the key point
of this review. The dielectric function or material’s complex
polarizability determines the response of a conductive medium
to the incident light.#> The dielectric function involves the
movement of free carriers, excitation of vibrational modes, and
the contribution from transitions between electronic bands,
which mainly describes the bulk properties of a material.3%32
Among them, the concentration of the free carriers and
characteristics (such as crystal structure and band structure)
contribute to the dielectric function.3235> These encompass the
intrinsic properties of the material. The nature of light-matter
interactions should be considered from the geometrical
features of NCs and the dielectric properties of the surrounding
medium standpoint. For example, in thin films, the frequency
and angle of the incident light have a significant influence on
the oscillation of electronic charge, which usually results in
strong LSPRs at the air-metal interface.

The plasmonic properties of semiconductor NCs rely largely
on dopant concentration, dopant type, and shape and size of
NCs.3637 The effective design of plasmonic semiconductor NCs
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usually has three powerful ways: (1) control the size and shape
of the NCs in conjunction, (2) select reasonable dopant types,
(3) increase the concentration of the free carrier by increasing
activated dopant concentration. Of course, so far a few
important breakthroughs for making LSPR assignments have
been made by preciously controlling the intrinsic dopant and
geometric properties of NCs during colloidal synthesis.

(1) Size and Shape Dependence: The control of nucleation and
growth is an essential prerequisite of nanocrystals synthesis,
which determines the final composition, uniformity, and size
and shape of the NCs. Establishment of macroscopic
thermodynamic (such as concentration and temperature) can
realize the above control, which of course also involves
microscopic chemical considerations such as ionic size, valence
of metal precursors, ligand binding strengths, and precursor
reactivities.3840 Swiart et al. prepared high-quality plasmonic
Cu,.,Se NCs with controlled size ranging from 7.2 to 16.5 nm by
using OAm-Se and OA-Se precursors, where nucleation is
initiated at suitable temperature.’’ Subsequently, the
optimization of growth of Cu,.,Se NCs is conducted by aging the
colloidal dispersion for a time. Colloidal Cu,.,Te nanoplates,
nanocubes, nanorods, and nanospheres were also synthesized
by regulating the concentrations of Cu and Te precursors and
the reaction temperature.*? 43 Diffusion-limited growth occurs
after nucleation stage, which only lasts for a short time in the
early stages of crystallization. Hutchison et al. reported that the
size and structure of indium oxide NCs can be governed at a
subnanometer scale by slow addition of indium carboxylate
precursor into hot oleyl alcohol. During the above NCs synthesis
process, the growth of existing cores is impeded and new
nucleation occurs.*34> In addition, the surfactants in colloidal
synthesis acts as capping ligands (such as halogens and organic
ligands) to balance surface charges and passivate dangling
bonds at NC surface by shape control, which allows NCs to show
LSPR at the shorter wavelengths in the NIR region.*®*7 Shape
control is not limited to the considerations of thermodynamic
and kinetic, but also can be achieved in more complicated case
of doped NCs.*34° Depending on the bonding strength and steric
effect of ligand (oleic acid), dot-shaped CdTe NCs with relatively
broad size distribution can be prepared. Based on the principles
of nucleation and growth, the synthesis of NCs can be controlled
by selecting appropriate synthetic methods such as
solvothermal, colloidal, nonthermal plasma methods and so
forth. Introducing defects (impurities or vacancies) can make
plasmonic among of host materials (e.g., metal oxides and
metal chalcogenides).>%-3 Knoll et al. prepared tetrapod-shaped
ZnO NCs with the ultrasmall size (~10 nm) by high-temperature
alcoholysis esterification, which can be tuned by varying the
relative ratio of oleyl alcohol/oleic acid.>3 High-quality Al-doped
ZnO NCs synthesized by Milliron et al. show tunable LSPR in NIR
region,”> which were prepared by a rational alcoholysis
strategy. Metal chalcogenide NCs can be synthesized mainly
through variation of metal-chalcogen ratios.>*>” For example,
Xu et al. synthesized Cu,.,S NCs by a one-pot strategy with CuzN
NPs as copper precursors. Their size can be controlled by the
ratio of Cu/S, which affects subsequent plasmonic resonance
absorption. For silicon or metal nitride NCs, which are difficult

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

to synthesize by typical conditions of colloidal synthesis due to
their high melting points, nonthermal plasma synthesis is often
adopted that can circumvent the prerequisite of accurate
reactivity balance between dopant precursors and host. 345860
For instance, Kortshagen et al. demonstrated phosphorus-
doped silicon NCs with tunable LSPRs in MIR region were
synthesized via a nonthermal plasma technique.>%>°

(2) Dopant types: The major dopant types are aliovalent
substitutional doping, vacancy doping, and interstitial doping.
The definition of aliovalent doping is that the elemental
impurities are inserted into the host lattice by an interstitial or
substitutional doping mechanism, which can donate a free
electron or hole to the conduction or valence band,
respectively. Balancing reactivity between host and dopants
during NCs growth is requirement of interstitial or
substitutional doping in NCs.21.2861-63 Hutchison et al. reported
the synthesis of In,03 NCs substitutionally doped with Zn, Cu,
Co, Fe, and Mn via slowly adding metal oleates into hot, long-
chain alcohol.®! Banin et al. found that replacement of In3* in
InAs with Ag* by substitutional doping enables control of the
band gap and Fermi energy.®® Hard-soft acid-base (HSAB)
theory by Pearson and others is of great importance for
strategically incorporating dopants into NCs during their
growth, where affinity between Lewis bases (organic ligand)
and Lewis acids (metal ion) should be considered.®* In addition,
the ionic radius of substitutional dopant ions also has an
important implication for lattice strain of NCs. Similar ionic
radius between host metals and dopant permits to directly tune
the carrier concentration without disruption of the
crystallographic phase and then influences plasmonic property.
For this trend, an example was offered by comparing the radius
of Zn?* (60 pm) with that of trivalent dopants.®> Compared to
other cations, the more efficient lattice substitution should
occur on In3* cation because its radius (62 pm) has a better
match with that of Zn?* rather than Ga3* (47 pm) and AI3* (39
pm), which leads to a LSPR blue-shift. In vacancy-doped or self-
doped NCs, the control of the free charge carrier density
depends on the tuning of the stoichiometry (for example,
oxygen vacancies (Oy) in Sn-doped In,03, Cu vacancies in Cu,_,S).
Even without extrinsic dopant ions, vacancies can still introduce
either free electrons or free holes. In metal chalcogenide NCs,
free holes induced by cation vacancies determine the LSPR
characteristics. Frenkel et al. studied the influence of vacancy
doping of Cu,S NCs on the LSPR energy in NIR region, which is
induced by copper vacancy and related free holes with the
variation of | (iodine)/Cu ratios.®®

(3) Activated dopant concentration: To understand how
dopants perturb the host lattice and change free carrier
concentration, we must study the material’s electronic
structure and the defect chemistry of the crystals after
discussing the reaction kinetic for achieving dopant
incorporation.”. 8 For instance, Mason et al. reported that the
content of Sn in Sn-doped In,03 NCs controls the concentration
of Oy and activated Snj, substitutional defects. And the
concentration of free carriers and related LSPR response of the
NCs depend on the concentrations of activated dopant sites and
Oy. In addition, Radovanovic et al. reported that controlling the

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 23



Page 3 of 23

competition between doping concentration and electron
trapping allowed them to generate LSPR in Ti-doped In,03 NCs
synthesized by colloidal method deep in the MIR region, and
tuned the absorption spectra from 650 cm™ to 8000 cm™.%°
Recently, they also demonstrated a robust electron polarization
in degenerately doped In,03 NCs, enabled by non-resonant
coupling of cyclotron magneto-plasmonic modes with the
exciton at Fermi level, which is one of the most interesting and
novel results.”%’! Dopants also impact the scattering of free
charge carrier within the NCs as well as determining the free
carrier concentration.*®4%7276  Granqvist et al. in 1984
demonstrated that ionized impurity scattering is the
dominating damping mechanism of the free electrons by the
experimental and theoretical calculation. For example, Sn/In,03
NCs have a lower near-field enhancement (NFE) around LSPR-
active NCs than that of Ce:In,0; NCs owing to its stronger
scattering of the charge carrier. Generally, Ce dopant orbitals
hybridize far more weakly than Sn orbitals, which is close to the
conduction band (CB) minimum in the In,O; host lattice.
Construction of heterostructures or codoping with dopant
endows semiconductor NCs multifunctional properties.
Heterostructures, typically exhibiting synergistic multilevel
coupling effect by integrating different component with diverse
properties, have been used as tandem electronic systems in
which the functional properties of the metals can be enhanced
by excitation in the LSPR-active semiconductor.*®7>77, For
example, in Au-Cu,,S core-shell-type hybrid nanocrystals, hot
electrons in the efficient interface that are transferred from the
plasmonic Cu,,S NCs to Au can efficiently improve the catalytic
activity of Au for photocatalytic reactions.”””8 Similar case also
happens in Pd/Cu,,S heterostructures where hot electrons
induced by LSPR of Cu,,S NCs promote the photooxidation of
benzyl alcohol.”® In addition, codoping is another promising
strategy for effectively tuning the dopant population by
introduction of multifunctionality, such as plasmonic property
together with magnetic property. For example, Mn-Sn codoped
In,O3 NCs synthesized by Nag et al. enhance magnetization as
well as shifts the LSPR band toward longer wavelengths.”°-82
Such enhanced property of NCs also appears in Fe, Sn-codoped
In,O3 NCs. Considering the semiconducting nature of the host
material, postsynthetic method is a useful dynamic knob to
modulate LSPR characteristic by tuning carrier concentration.83
Postsynthetic tuning can be performed according to three main
approaches: chemical redox reactions, photochemical charging,
and electrochemical charging and discharging.8*°* Cu,.,Se and
Cuy,Te NCs have demonstrated that oxidation/reduction of
reducing/oxidizing agents is a typical way to realize the
reversibility of postsynthetic tuning of the LSPRs, which involves
electron transfer from or to NCs.®3 Photochemical charging
allows protons to add the NCs in a stoichiometric fashion, which
can stabilize free electrons of conduction band by a hole
scavenger.84-8¢ For example, Mayer et al. found that the redox
chemistry of dodecylamine-capped ZnO NCs is strongly
influenced by the addition of few protons in toluene/THF
solutions.®® Electrochemical charging or discharging of the
samples in the form of films has an important impact on the
concentration of valence band (VB) holes or conduction band

This journal is © The Royal Society of Chemistry 20xx
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(CB) electrons. Postsynthetic electrochemical modulation of the
electron concentration can dynamically and reversibly tune
LSPR of Sn-doped In,03 NCs film, which induces a shift (> 1200
nm) in the plasmon wavelength. Based on the potential of NFE
characteristics and scattering in addition to resonant
absorption, applications of plasmonic semiconductor NCs have
been explored in many fields, e.g., the photothermal effect of
plasmonic NCs, which refers to heat generated by absorption of
light, has been introduced for biomedical therapy, imaging and
so on. The possibility to tune the LSPR of NCs in NIR has been
applied for IR enhancing spectroscopies.

In this review, we will focus on the three widely explored
and interrelated examples including (1) hydrogen molybdenum
bronzes (HMoOs,) NCs, (2) hydrogen tungsten bronzes
(H\WO3.,) NCs, and (3) oxygen vacancy doped molybdenum
tungsten oxide (Mo,W;40s3.,) NCs. Each section contains the
introduction of their own hybrids. In previous reviews, owing to
generally very similar properties of the first two types of NCs,
they are simply discussed together. Instead, here we designed
to provide a separate description of the important plasmonic
property in NCs and their manipulation methods of LSPR.
Finally, we will give a brief outlook toward applications of these
plasmonic NCs.

2. Fundamental Properties
2.1 Stoichiometric MoO;

Two crystal phases of MoOs; are commonly found: the
thermodynamically stable orthorhombic a-phase and the
metastable monoclinic 8-phase, which are constructed in
different ways based on MoOg octahedron units (Fig. 1a).%5-%8
Orthorhombic a-MoO3 possesses a unique layered structure
along the b axis (Fig. 1b), which offers the possibility of forming
a two-dimensional (2D) morphology.®699-104 The dual layer
planar crystals in a-MoQOs, which are formed by atomically thin
sheets featuring a thickness of = 1.4 nm, consist of MoOg
octahedra by corner-sharing rows and edge-sharing zigzag rows
along the [100] and [001] directions, respectively.®> The
interactions between atoms of the distorted MoOg octahedra
are dominated by strong ionic bonds and covalent bonds, while
the octahedra are stacked up in the vertical [010] direction by
relatively weak van der Waals forces. Owing to different
coordination, three types of oxygen atoms exist in the crystal
structures (Fig. 2) (i.e., symmetrically bridging (Os), asymmetric
(0,), terminal (Oy)). The O bonds to three Mo atoms with one
vertical bond and two horizontal bonds and the bond lengths
are 2.33 and 1.95 A, respectively. The O, bonds with two Mo
atoms with length of 2.25 and 1.74 A, respectively. The O, bonds
to only one Mo atom and the mean length is 1.67 A. Unlike a-
Mo0Os;, 8-MoO;s; adopts a monoclinic 3D structure, where the
MoOg octahedra cannot crystalize in double layers and cannot
share in zigzag rows along the [001] plane (Fig. 1c). And the 3D
structure that originates from the corner-sharing of the MoOg
octahedra is not desirable for forming planar crystals.105108 |n
addition, it has been reported that 8-MoO;3 phase is generally
transformed into the a-Mo0O; on account of thermal treatments

J. Name., 2013, 00, 1-3 | 3
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at above 350 °C. For some specific applications, some studies
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2.2 Non-stoichiometric MoO;

demonstrate that 68-MoO;z; generally has better catalytic
properties than a-Mo03.19119% However, such properties are
generally attributed to the grain size effects rather than the
result of the crystal phases when samples have similar grain
morphologies and dimensions. Another two less known
metasftable polymorphs oxides also exist hexagonal e-MoO3;
and h-MoOs (Fig. 1d-f).

As an n-type semiconductor
significant

material, MoOs; has many
applications in catalysis, gas sensors, and
optoelectronics. However, the bandgap of ca. 3.2 eV means that
MoOs can only adsorb energy from the UV light spectrum,
which occupies less than 5% of the solar energy. Considering its
unique layered structure, molybdenum bronze (A;Mo,0,) as a
fantastic

(a) (b) (©)

o Mo Atom
© O Atom

(d)

b
i A,

Fig. 1. a) MoOg octahedra as found in the thermodynamically stable a-MoO3; composed of molybdenum and oxygen atoms. b) Thermodynamically stable orthorhombic a-MoO3 with
layered structure held together by van der Waals' forces. c) Metastable monoclinic 8-MoOs. d) e-Mo0s, also known as MoOs-I1. e) Metastable h-MoOs. f) Tunnel structure along the
c-axis of h-MoOj3 unit cell. Reproduced with permission from Ref. [103]. Copyright 2017 Wiley-VCH.

- e ’

LKL T

(b)

Fig. 2. a-c) Crystal structures of @-MoOj; bulk form (a), and perfect (b) and terminal defect (010) (c) surfaces. Reproduced with permission from Ref. [103]. Copyright 2017 Wiley-VCH.
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compound can be developed by intercalating cations into the
van der Waals gap and accompanied by the partial reduction of
Mo oxidation states, where A may be an alkali metal cation
(such as Li*, Na*, K*), hydrogen, and TI*.110111 These bronzes
structures drive their metallic character partially occupied 4d-
bands while MoOs; is an insulator with an unfilled 4d band. Since
hydrogen bronzes H,MoOs., were obtained in 1950 by Glemser
and Lutz by ambient-temperature reactions,!*? H,Mo00O3., has
been researched widely. The intercalated H* cations primarily
bind to terminal oxygen atoms and edge-shared oxygen leading
to the formation of intermediate OH, groups in the HMoOs.,
structure.113114 A more complete and specific research by
Dickens and Birtill showed that HMoOs., has four distinct
phases: stoichiometric phase | (H,Mo00s3, green colour), phase Il
(H1.55.1.72M003, red, monoclinic), phase Il (Hpgs.1.04M003, blue,
monoclinic), and phase \% (Ho.23-040M003, blue,
orthorhombic)®®*!> The properties of HMo00;, change
dramatically with the variation of hydrogen content while the
crystal structure of their parent MoOs; generally remains
constant.?® The semiconductor-metal transition happens at
specific temperature, which was demonstrated by the electric
conductivity measurements on HMo00;, powder.}® Many
previous important work has been concentrated on the
understanding of how to construct free carriers and the
semiconductor to metal transition process induced by free
carrier gas or Fermi surface nesting.117.118

2.2.1 Synthesis and Applications of H;Mo00;., NCs.

Reasonable design of the synthesis route of H:MoOs., can
realize the modification of free carriers concentration and
afterwards control plasmon tuning over a wide spectral range,
which makes this material very appealing for numerous
applications. In 1988, Greenblatt et al. reported a series of solid
phases H,MoO3., by electrochemical or chemical reduction of
Mo0Os; in acidic media, which was first put forward by Glemser
et al. and consummated by Dickens and Birtill in 1979.119 Similar
synthesis
researchers.115117 At ambient temperature, electrochemical
reduction in aqueous acidic media (MoOs + xH* + xe” = H,Mo00O3)
or chemical reduction using H*/metal couples (e.g., HCl/Zn)
results in the formation of hydrogen molybdenum bronzes.'18
By comparing their lattice parameters with those of MoOs;
(Table 1), minimal structure rearrangement occurs when
hydrogen is inserted into the MoOs; matrix.

methods were also adopted by many Ilater

ARTICLE

3a,b,c orthorhombic = b,a,c monoclinic
The presence of OH and OH, groups are evidenced by the
inelastic neutron scattering spectra of HyMoOs.,, in which H
atoms bond to the bridging oxygen atoms (O;) and the terminal
oxygen atoms (O,), respectively. Afterwards, hydrothermal and
solvothermal syntheses of plasmonic H{MoOs3., NCs have been
immensely developed by subsequently ameliorated
nonhydrolytic colloidal synthesis.1%>120 For example, Hu et al.
reported a hydrothermal method to synthesize MoOs nanobelts
from Mo powders and H,0,; solution, which can be reduced to
HxMo00Os3., nanobelts by using the reducing agent (N,HsH,0)
under an acidic condition. Hydrogen doping greatly improves
the conductance of H,Mo00O;, nanobelts. The exponential
correlation between temperature and resistances of HMoO3.,
nanobelts supports that the quasi-free electrons released from
Mo>* are the conducting carriers.%>

Table 1. Unit cell dimensions of H,MoO;., bronze phases. Reproduced with permission
from Ref. [118]. Copyright 1988 American Chemical Society.

a, A b, A

HMoO3,, color c, A 8, space
deg group
Ho32Mo00;3 blue 3.8 14.0 3.7 90.0 orthorhom
bic
Ho.03M00;3 blue 14.5 3.7 3.8 93.7 monoclinic
H; 6sM00O;3 red 13.9 3.7 4.0 93.9 monoclinic
H,,Mo00; green 13.5 3.8 4.0 94.6 monoclinic
Mo0O3? 3.9 13.8 3.6 90.0 orthorhom
bic

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. a) Mo 3d XPS spectra of the as-prepared H,Mo00s., and commercial MoO; samples.
b) Mo K-edge XANES spectra of H,MoO3., and reference materials (commercial MoO; and
Mo0,). c) UV/Vis-NIR diffuse reflectance spectra of the HMoO,., samples prepared at
160 °C (1) and 140 °C (2) for 12 h, and commercial MoO; (3). d) The LSPR wavelength of
the products prepared by different alcohols in the solvothermal synthesis. Time course
of H, evolution from NH3BH; aqueous solution at room temperature for different
samples: e) in the dark and f) under visible light irradiation (A > 420 nm). Reproduced
with permission from Ref. [98]. Copyright 2014 Wiley-VCH.

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




Catalysis Science& Technology

HxMoOs_,-oleylamine composite with ultrathin blue nanosheets
is successfully synthesized by Huang et al. by hydrothermal
treatment at 180 °C, where a water/oil emulsion is prepared by
mixing cyclohexane, water and oleylamine together. The
presence of a certain amount of oleylamine and oxidant drives
the blue nanosheets to curve into white nanotubes. Electron
spin resonance (ESR) and the X-ray photoelectron spectroscopy
(XPS) results confirm that the color change is attributed to the
oxidation of MoV to MoV, which is induced by the variation of
Ov.195 |n this process, tunable LSPR is obviously observed as the
oxidation reaction undergoes gradually. The initial blue
nanosheets prominently present the photothermal effect under
the irradiation of an NIR laser owing to the strong LSPRs. In the
past five years, many research groups have made outstanding
achievements in this field, among which prof. Yamashita’s team
is a pioneer. They reported that well-defined H,Mo00Os,,
nanosheets were prepared by solvothermal method (non-
aqueous procedure) in the absence of surfactants, where the
solution-soluble precursor compound MoO,(OH)(OOH) was
prepared by using H,0, to dissolve pure Mo powder in the
ethanol solution. During the synthesis process, ethanol plays
two important roles: (1) it supplies a mild condition for abating
the violent reaction between H,0, and Mo powder, and (2) it
acts as a reductant to reduce MoOs into blue HMoO3_, at higher
solvothermal temperatures. XPS spectra and Mo K-edge XANES
spectra all demonstrate that valence of Mo species in H{M0O3.,
is located between MoOs; and MoO, (Fig. 3a-b). The obtained
HxMoOs., nanosheets show strong plasmonic absorption peak
in a wide range (Fig. 3c), which is tuned from the visible to the
NIR by using different alcohol in the solvothermal synthesis (Fig.
3d). Such plasmonic HyMo00Os3., NCs can dramatically enhance the
dehydrogenation performance of ammonia borane under
visible light irradiation relative to dark condition (Fig. 3e-f).%8102
However, the preferential formation of 2D MoOs; nanosheets
will be available due to the intrinsic anisotropic crystal growth,
which usually leads to very small surface area, accompanied by
relatively low catalytic activity. Given that this point, during
liquid-based synthesis processes, surfactant orientating and

Myt >—4 n—r»——*}—n—rf— —en—
| 4 P

- dissolve in THF *
el —y

~ /
Wi -
monoclinic
L. . < zsu °c

(5)

orthorhombic *&i 40"(

templating can be used for shaping MoOs. For example, relative
high-surface-area and well-crystallized MoOs; was hence
prepared by evaporation induced self-assembly (EISA) process.
Subsequently, plasmonic HyMoO;., NCs were synthesized by
hydrogen reduction method via a postsynthetic process. In this
synthetic process, F127 as a surfactant efficiently inhibits the
intrinsic growth process of tiny MoOs; nuclei to MoOs;
nanosheets, which causes much smaller nanosheet size and
then increases specific surface area. The prepared HMoOs.,
with high surface area shows temperature-dependent LSPR in
the visible region, which supports a relatively high NH3;BH;
dehydrogenation activity. Suib et al. developed a more effective
approach to synthesize mesoporous HyMoOs3., with nanosized
crystalline walls.1%8 In the synthesis process, tetrahydrofuran
(THF) as a solvent instead of ethanol is chosen to dissolve a soft
template (PEO-b-PS) without self-assembly aggregation, which
is key to form mesoporous structure in subsequent aging.'°? For
electrochemical hydrogen evolution reaction (HER), the as-
synthesized mesoporous HMo0;, NCs show very stable
(durability > 12 h) and active performance under alkaline and
acidic conditions (Scheme 1). Postsynthetic control provides a
dynamic adjustment of LSPR characteristics in semiconductor
NCs that far surpasses what is possible with metal NPs, which
contains several methods such as electrochemical reactions,
photochemical, or oxidation/reduction. Postsynthetic control
for tuning LSPR peak of HyMo0Os., was further verified by Li et al.
by using different reductants.’? For example, highly stable
MoO; nanodots have been designed and prepared by the
oxidation of bulk MoS, (MoS, + 9H,0, > MoO; + 7H,0 +
2H,S0,4). Subsequently, substoichiometric H{MoOs., nanodots
are obtained from MoO; with different reducing agents,
including ascorbic acid (AA) and NaBH,. Although NaBH, leads
to a different substoichiometric oxide and XPS analysis shows
substantial increase of valence state of Mo (V), it cannot have
LSPR peak tunability when reaction finishes. By controlling the
reducing concentration, the weaker reductant AA successfully
realizes a dynamic tunability of plasmonic energy resonance,
which can modulate LSPR features at around 700 - 1000 nm.

—
o N/ addMo T Mz
e it precursor I { 718
] 1
" selfassemble \”-, _;‘:.\’:'l;'f o 4
,.r/ ~ i/ (2) "f“:‘ 7 ["{‘\S "”‘;‘:M
solvent .
evaporation condensation
(3)
template (':j.' -'.:5 ¥ ,':
removal '3;-' Fes” L6
(@) A G A

\S/%hHeme 1. The proposed formation mechanism of inverse micelle-templated mesoporous H,Mo00s.,. Reproduced with permission from Ref. [108]. Copyright 2016 Wiley-
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From the above results, it indicates that the right choice of
reducing agents in postsynthetic process plays a crucial role in
controlling plasmon tuning over a wide spectra range. Zhang et
al.  synthesized plasmonic H;Mo0O;, nanosheets by
solvothermal procedure with methanol as a solvent and as a
reducing agent. Core-shell structured H,MoO;.,@Mo0;
nanosheets with various LSPR frequencies and intensities were
obtained after the calcination process. Such plasmonic NCs with
preserved free carrier concentration show extraordinary
sensitivity on surface-enhanced Raman scattering (SERS)
detection, which is ascribed to the shell-isolated
electromagnetic enhancement by H,Mo00s3., core.?! Of course,
the synthetic methods of plasmonic H,MoO;, are not only
limited to hydrothermal and solvothermal method or
templating and surfactant methods, but also can be extended
to other routes, such as exfoliation method, H, plasma etching.
For example, Kalantar-zadeh et al. successfully synthesized
yellow/blue H,Mo00s., nanosheets with oxygen deficiency by a
liquid phase exfoliation method, where high power
untrasonication was used to grind bulk MoO; with ethanol,
facilitating mechanical liquid phase exfoliation. The as-
synthesized 2D H,Mo003_, shows a considerable electrocatalytic
HER performance with a fast electron transfer and low
overpotential. Mai et al. also reported that oxygen-deficient a-
HxMoO;., was synthesized by H, plasma etching, which could
reduce bandgap and expand van der Waals gap.
Electrochemical test results indicate HMoOs., has high Li*
diffusion coefficient, the slight polarization and low charge
transfer resistance.'?? In conclusion, a variety of methods have
been used for synthesizing substoichiometric HMoO3, NCs
both in liquid- and gas-phase media. Such plasmonic HyMoOs.,
NCs have also found more and more applications in many fields,
such as photocatalysis, electrocatalysis, photothermal therapy
and so on.

2.2.2 Synthesis and Applications of H,Mo00;., Hybrids

Single-component materials are normally confined by their
intrinsic properties in heterogeneous catalysis, such as weak
light absorption and low catalytic efficiency, and consequently
they are unable to fulfill the functional demands. On the
contrary, hybrid materials have received more and more
attention, because they show synergistic multilevel coupling
effect owing to different components with diverse
properties.1?3 Hence, despite the challenges, it is important and
intriguing to develop efficient synthetic methods to prepare
plasmonic HMo00O;3.,-based hybrids, which could further
improve optical properties and catalytic performances. For
example, deposition of active metal catalysts (e.g., Pd) on
plasmonic HMoOs., can have more extensive catalysis reaction
opportunities, such as Suzuki coupling reactions and p-
nitrophenol reduction. Yamashita et al. developed a solution-
processed impregnation-reduction method to plasmonic
Pd/HM00s., hybrid by coupling metal NPs and HMo00O5., NCs,
which is extended to Au/H,Mo005., and Pt/H,Mo00s5., hybrids as
well.224 The Pd/H,Mo005., hybrid was synthesized by introducing
reductant NaBH, into the suspension of PdCl;? ions and MoO3
support, which were reduced to Pd® NPs and HMoOs,

This journal is © The Royal Society of Chemistry 20xx

Catalysis Science:& Technology

simultaneously (Fig. 4a). Such a Pd/HMo00;., hybrid shows
strong LSPR absorption peak under visible light range, displaying
dramatic plasmon-improved catalysis in Suzuki-Miyaura
coupling and dehydrogenation of NH3BH3 under visible light
irradiation.12* One interesting property of the Pd/HMo00s3.,
hybrid is that their LSPRs exhibit reversible tunability upon
reduction by NaBH, in solution and oxidation by O, under air
(Fig. 4b). During the gradual oxidation by O, in air, phase
structures of Pd/HyMoO;, hybrid are found no obvious
changes, the plasmonic absorption peaks, however, change
from a symmetrical narrow band to an asymmetrical broader,
then shift to a broader band in NIR region and eventually
disappear. Through reduction by NaBH, in solution, the LSPRs
of the oxidized Pd/H,Mo00s3., hybrid can be restored (Fig. 4c),
which still shows an intense plasmonic resonance, approaching
the original one. In addition, Cheng et al. found that the
presence of a metal such as Pd drives MoOs to reduce at lower
temperature.

Through H, reduction process, massive activated H atoms are
inserted into the layered structure of orthorhombic MoO; host,
resulting in the distortion of MoOg octahedra (Fig. 5a), where H
atoms bond strongly with terminal oxygen atoms. Before H,
reduction, only a small absorption peak in UV region (shorter
than 400 nm) is found in Pd/MoO; hybrid. On the contrary,
Pd/HyMo0Os., hybrid shows strong absorption peak in the visible
light range (Fig. 5b). Prior to H, reduction, Mo species of
Pd/MoQ; hybrid only contain Mo®* ions as shown in the XPS
spectra of Mo 3d core level (Fig. 5¢). However, not only Mo®*
but also Mo®* and Mo** ions exist in the Pd/H,Mo003., after H,
reduction at RT. First-principles DFT calculations are also used
to study the electronic structure of the hydrogen bronzes. The
projected density of states (PDOS) and total density of states
(TDOS) of pristine MoO3 are presented in Fig. 5d,e. Apparently,
no vacancies states are present in pristine MoOs with the
bandgap of around 1.9 eV. In contrast, HiMoOs., hybrid shows
strong metallic feature with continuous VB across the Fermi
level into the CB (Fig. 5e). The intercalation of hydrogen atoms
into the MoO3; matrix results in the drastic changes in electronic
structures of H,MoOs3., hybrid.

(a) 0, o o
—_—
o o
NaBH,
Pd/H,Mo0,, PdIMoO,
(b) (c)

—— Original
—1h
—2h
—adh

6h
—12h
—48h

0O, oxidation — Original
—— Recovered

—— Oxidized (48 h)

Absorbance / a.u.
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1400 200 400 600 800 1000 1200 1400
Wavelength / nm
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Fig. 4. a) Schematic illustration of the Pd/H,Mo00s_, hybrid upon oxidation by O, in
air and reduction by NaBHj, in solution. b) The evolution of the optical response of
Pd/HMo00;_, hybrid exposed to air for different time periods. c) The optical
absorption for the original Pd/H,Mo00;_, hybrid, oxidized in air for 48 h, and the
recovered product by NaBH, reduction. Reproduced with permission from Ref.
[124]. Copyright 2015 Wiley-VCH.

J. Name., 2013, 00, 1-3 | 7



ance& Techno

P

ARTICLE Journal Name

—
2]
—
@
+

565 nm Mo 3d — Mo
—Pd/H,MoO,, (RT)
—Pd/MoO, T

S
H,M00;, -

/-/ ---------------- N,

4 Lo S ] v ;
! r \ i : z
: %Fu ' ; § | Pd/H,MoO,, (RT)
e s e .
slyaby=ty = :
\ \ - ' 600 800 1000 1200 1400 240 238 236 234 232 230 228
! ‘_g—c :. s : Wavelength / nm Binding energy / eV
(ERS s a0y |
(d) 30 T
HMoO0,,, : —Total

< | ! —H

(] g —

? : —Mo

L 20- '

S 1

‘.‘-n’ I

2o I

8 :

% i

w5 10 50 :

2

(7]

[

8

0

Fig. 5. a) Schematic diagram of the formation of hydrogen bronzes via H-spillover process. Optical and structural characterizations of hydrogen molybdenum bronze. b) UV-vis—NIR
diffuse reflectance spectra and c) Mo 3d XPS spectra of Pd/MoOj; products before and after H, reduction at room temperature. Density functional theory calculations. TDOS and
PDOS of d) pure MoO; and e) heavily hydrogen-doped H,Mo0s,,. f) Structure illustration for H,M0Os., in (010) projection. Blue balls represent Mo atoms, red for O, and green for H
atoms. g) Three-dimensional visualization of electronic charge density distribution around the Fermi level for H,MoOs.,. Reproduced with permission from Ref. [125]. Copyright 2016
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Massive H atoms are inserted into the interlayer positions of the  orbital and further shift to the coordinating Mo atoms, leading
layered structure of orthorhombic MoOjs (Fig. 5f), which results  to a partial reduction of Mo®*. Furthermore, the introduced
in the distortion of MoOg octahedra. Subsequently, the electronic charge is uniformly distributed on Mo atoms due to
electrons of activated hydrogen 1s orbital transfer to the O 2p  the delocalization nature of Mo 4d electrons, which is proved
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by the 3D visualization of electronic charge density distribution
for HyMoOs., (Fig. 58). The logical explanation is that a partially
filled t* is generated by the intermediary O 2p, orbitals with
Mo 4d orbitals of t,; symmetry overlap, which shifts their Fermi
level within the CB. Therefore, with such high degree of
delocalization in the visible light spectrum, free electrons
donated by hydrogen atoms are expected to support the LSPRs.
Under visible light irradiation, these electrons of plasmonic
HxMo0O3., support will quickly transfer to the adjacent Pd NPs.
That is, HyMoOs., supports are positively charged and the
surface of Pd NPs is negatively charged, which hence enhances
the catalytic performance of dehydrogenation of NH3;BH; and
the reduction activity of p-nitrophenol.124125> As we all know, for
the chemoselective hydrogenation of unsaturated aldehydes to
saturated aldehydes, Pd-based catalysts play a key role. It,
however, is still difficult to get high selectivity and conversion.
A lot of progress have been made by modulating electron
density of catalytic sites on Pd-based catalysts.’?> Imran et al.
integrated the advantages of 2D HMo00Os;., nanosheets and
active monodispersed Pd nanotetrahedrons to synthesize
hybrid nanocatalyst with high performance to convert a,B-
unsaturated aldehydes to the corresponding saturated

N M (@

H-spillover
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aldehydes. The as-synthesized Pd/HMo00;, hybrid is
synthesized via a simple one-pot wet-chemical synthetic
method, where DMF and toluene act as solvents and PVP and
CTAB are used to control the morphology of Pd NCs.123
Kuwahara et al. proved for the first time that plasmonic
Pt/HMo0Os;., hybrid exhibits a higher catalytic activity under
visible light irradiation relative to dark conditions in the reaction
of the deoxygenation of diphenyl sulfoxide (DPSO). The
preparation of plasmonic Pt/HMoOs., hybrid is obtained via a
facial H-spillover process (Fig. 6a). At controlled temperature
(RT, 100 °C, and 200 °C), Pt ions and a-MoOs are reduced
simultaneously in a flow of H,. By in situ formed Pt NPs in the
above process, a rapid dissociation of H, is occurred (H, - 2H*
+ 2e7) and subsequent free electrons and H* are injected into
MoO; matrices, where the reduction temperature can easily
modulate the vacancies densities and the H+ dopant levels. As
shown in Fig. 6b, Pt/H,Mo00s3., hybrid shows a strong LSPRs
absorption peak around 556 nm compared with Pt/MoOs hybrid
without H, reduction. With the reduction temperature raises,
the increased concentration of free carriers not only leads to an
intensification of the absorption peaks but also results in a blue
shift of the plasmonic wavelength.

2
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Fig. 6. a) Schematic illustration of the formation of hydrogen molybdenum bronzes (H,MoO;_,) via a H-spillover process. b) UV-vis-NIR diffuse reflectance spectra for the Pt/H,M00s,,
hybrids reduced at varied temperatures and for the unreduced Pt/MoOs. c) Mo 3d XPS spectra for the Pt/H,M00s., (200) and pristine MoOs. Time course in the deoxygenation of
diphenyl sulfoxide over d) various Pt-loaded oxide catalysts (reduction temperature = 200 °C). e) Time course of the yield of diphenyl sulfide over Pt/H,Mo00;., (200) catalyst with or
without H,. Reproduced with permission from Ref. [126]. Copyright 2018 American Chemical Society.

In Mo 3d XPS spectra (Fig. 6¢), Mo species of Pt/H,Mo03., (200)
hybrid are mainly occupied by Mo®* species in addition to lower
oxidation states. In the deoxygenation of diphenyl sulfoxide
(DPSO), plasmonic Pt/HMoO3, hybrid shows the highest
catalytic performance in 7h of reaction with > 99% vyield (Fig.
6d). Pt/Al,O3 and Pt/SiO, do not exhibit any catalytic activities,
which indicates that the main active sites in this reaction are not
Pt NPs. Furthermore, plasmonic Pt/H,Mo00s., hybrid still has a
certain yield even in the absence of H,, verifying the Ov sites are
the main active sites for deoxygenation reaction (Fig. 6e).
Comprehensive analyses by means of XPS, ESR, and Raman
spectroscopy indicate that the strong LSPRs and massive Ov
provide an effective catalytic system for the deoxygenation of

This journal is © The Royal Society of Chemistry 20xx

DPSO.12¢ Recently, an important and intriguing phenomenon
has been found by Yamashita et al. that activated hydrogen
species of H,Mo0O3., hybrid show excellent mobility on certain
metals (e.g., Ru). Ru/hydrogen molybdenum bronzes
(Ru/HyMo00s.,) are prepared via a facial H-spillover route.
Detailed characterization reveals that Ru/HMo0Os., exhibits
strong visible light absorption with a plasmonic peak (Fig. 7a),
which is tunable by varying the reduction temperature of H, gas.
Under visible light irradiation relative to dark condition,
Ru/HMoOs3., hybrid displays superior catalytic activity in the
photocatalytic reduction of p-nitrophenol (Fig. 7b), where Ru
NPs act as the active centres and H,Mo0Os., support serves as

electron-donation centres. Furthermore, both hydrogen

J. Name., 2013, 00, 1-3 | 9
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species in HyMoOs3., originating from H-spillover process and the
excited electrons transfer to Ru NPs surface under visible light
irradiation, thereby leading to the reduction of the -NO, group
to the -NH, group, which is fully demonstrated by catalytic
activity (Fig. 7c).1?” The mobility exploration of activated
hydrogen species in HyMoOs., is an interesting and valuable
research. Precious metals as the commonly co-catalyst with
large work function are used to capture the photoexcited
carriers and drive the reduction reaction of protons.
Nevertheless, the scarcity and high cost of noble metals cannot
realize the practical application, and thus developing earth-
abundant, efficient, and stable co-catalyst is still a formidable
challenge in many fields. Peng et al. reported that Mo-based
cocatalyst (MoS;-a-MoO3,, with oxygen-deficient) is grafted on
the surface of AglnsSg nanooctahedrons via an in situ growth
process, which creates more active sites and then shows an
effective enhancement of visible-light-driven H, evolution. a-
MoOs, NCs with mixed Mo°*/Mo®* oxidation states by partial
reduction play a central role in the reaction of H, evolution,
which enables facial charge transport owing to its high
conductivity and oxygen-deficient structure. Seo et al.
demonstrated that graphene (mRGO)-MoOs, nanohybrid
shows a superior reversible and flexible electrochromic (EC)
application.?® The synthesis of this nanohybrid was performed
by equipment-free Langmuir-Blodgett (LB) film deposition

Journal Name

method, in which mRGO-Mo0Os., hybrid has a strong possibility
to have a super dispersibility in a water-miscible solvent.
Subsequently, even without a need for a trough, the self-
assembly of the nanohybrid sheets into Langmuir film could also
be achieved. Electrons transfer among individual mMRGO-MoO;.
x sheets is attributed to the good contract among the hybrid
sheets, which leads to an excellent EC property with a high
coloration efficiency. The requirements of high stability,
catalytic activity, and solar photon-to-current conversion
cannot be satisfied only by the development of a single
material. Meeting the various requirements by utilizing multiple
materials is a new strategy. In order to address conductivity
limitation in MoS, with a high aspect ratio structure, Jaramillo
et al. prepared vertically oriented core-shell nanowires (NWs)
with MoS, shells and H,Mo00Os., cores, where MoO3 NWs were
obtained by a simple hot-wire chemical vapor deposition
method and MoS,; shell layer was synthesized by sulfidized of
the supported MoO3; NWs in a quartz tube furnace under a
mixture of H,S/H, gas.’?® The HMo0O;, core supplies facile
charge transport due to a high aspect ratio foundation, while
the MoS, shell supplies excellent electrocatalytic hydrogen
evolution and stability in strong acids. There are no doubts that
such studies will display many promising applications with
plasmonic hybrids in solar-energy harvesting, catalysis,
magneto-optics, and optoelectronics.
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Fig. 7. a) UV-vis-NIR diffuse reflectance spectra of the Ru/MoOs; samples upon H, reduction at different temperatures. b) Plots of relative concentration of p-nitrophenol over
Ru/H,Mo003., (100) catalyst and reference samples as a function of time. c) Proposed mechanism of p-nitrophenol hydrogenation on Ru/H,Mo00s., (100) without H, gas atmosphere.

Reproduced with permission from Ref. [127]. Copyright 2019 Royal Society of Chemistry.
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2.3 Stoichiometric WO;

WOs; are also constituted by edge- and corner-sharing of WOg
octahedra (Fig. 8).130 There are six phases by corner-sharing:
tetragonal (a-WOs3), orthorhombic (6-WQ3), monoclinic | (y-
WO3), triclinic (6-WO3), monoclinic Il (e-WOs3), and cubic WOs;.
However, cubic WO3 is not commonly observed experimentally.
Similarly, WO; crystal phase transitions can occur during cooling
and annealing. Phase transformation takes place in bulk form
by following sequences: monoclinic Il (e-WOs3, -43 °C) = triclinic
(6-WO0s3, -43 °C to 17 °C) = monoclinic | (y-WO0s, 17 °C to 330 °C)
—> orthorhombic (8-WOs3;, 330 °C to 740 °C) > tetragonal (a-
WO3; > 740 °C). Partially reversible of the above phase
transitions of WO3 has been reported. At subzero temperatures,
the monoclinic Il phase is only stable. Monoclinic | (y-WO3) is
the most stable phase at room temperature, where triclinic is
also stable. WO3 will transform to a-WO3; and 8-WO; at high
temperature, whereas these alternate phases cannot retain
when it is returned to room temperature.

2.4 Non-stoichiometric WO3

Bulk WOj3 (an n-type semiconductor) has a band gap around 2.7
eV and is stable under a wide range of conditions. WO3; NCs are
a particularly interesting system for the research of LSPR in NPs.
Tungsten oxide bronzes (TOBs) are solid electrolytes with mixed
(cation-electron) conductivity.’3134 In these substances, a
stable sub-lattice is formed by the octahedrons of WOg, while
cations of alkali metals (or hydrogen) are displaced into the
empty spaces between octahedrons. These spaces form
channels, along which the cations can move. This can withstand
a considerable amount of shallow deficiency in the oxide band
structure. Creation of one-dimensional channels from WOg
octahedra in the crystal structure of WO3 is ideal to incorporate
cations owning specific ionic radii, such as Cs*, Ce*, Rb*, and Na*.
135137 The chemist Friedrich Wéhler in 1823 prepared sodium
tungsten bronze (Na,WO3), which was the first alkali metal
bronze to be discovered 36. They owe some of their properties
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Fig. 8. Tilt patterns and stability temperature domains of the different polymorphs of
WO;. Reproduced with permission from Ref. [130]. Copyright 2019 Wiley-VCH.
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to the relative stability of the tungsten (V) cation that is formed,
leading to accumulation of delocalized free electrons in the
conduction band. Hydrogen tungsten bronzes are
nonstoichiometric materials with the formula of HWO;,,
where hydrogen atoms are incorporated into the structure of
WOs3. Glemser and Naumann for the first time in 1951 reported
that HyWOs_, was obtained by reduction of tungsten trioxide or
tungstates.!38 Dickens and Hurditch in 1967 have tried to figure
out the positions of hydrogen atoms in tetragonal H\WOs., by
neutron diffraction data. By comparing the relative intensities
of a deuterium bronze and a hydrogen, they found that the H
species in H,WOs., are bound to O as an OH.138 Fig. 9 clearly
illustrates the structural distortions of y-monoclinic WO;
induced by vacancies during the synthesis process. The W-W
distance of perfect structure is 4.18 A, which reduces to 3.72 A
due to the slight motion of W atoms to an Ov for the W
vacancies (V,y) case. Along the body and face diagonals of the
WOg unit cell, several locations are tested for possible
interstitial sites. Compared with the W-O bond of 1.93 A in
perfect structure, W interstitial atom with a W-O bond of 2.08
A is stable at the body centre (W;). The body center (O;-1) can
be formed by an O interstitial atom, which can also lead to the
formation of a W atom (O;-2). A single O atom can bond to a H
interstitial atom with a distance of 0.98 A (H-1). This interstitial
H atom that lies the face centre can bond to two O atoms with
O-H distances of 1.67 A and 1.01 A (H:-2). Eventually, another
HO interstitial vacancy ((HO);) can form with H-O distance of
1.05 A and 1.02 A, which behaves similar to H;-2. In the recent
years, many groups have achieved great success in studying
plasmonic H,WO3., on synthesis methods and applications.13°
2.4.1 Synthesis and Applications of H,WO;_, NCs.

Many methods for the synthesis of plasmonic H,WO3_, have
been performed by both liquid- and vapor-phase-based routes.

perfect Vw Vo

P
T

Fig. 9. Structures: Perfect, with vacancies, and with interstitial defects, refer to the text
for details. W, O, and H atoms are shown in black, red, and green color, respectively.
Reproduced with permission from ref. [35]. Copyright 2017 Springer Nature.
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Hydrogen tungsten bronzes were firstly synthesized by Glemser
et al. by passing suspensions of WO in hydrochloric acid, in
which the strength of the acid plays a vital role in controlling the
composition of the product.3813° Subsequently, Boudart et al.
reported that H,WOs3., was synthesized by hydrogen reduction
of mixture of WO3 and Pt black at 130 °C. In above study, nuclear
magnetic resonance was used to further understand the
kinetics of catalytic reduction of WO3, which indicates that the
penetration of reducing species is rate determining below the
surface of WO; particles. After that, hydrogen reduction
gradually becomes frequently-used method to synthesize
plasmonic HyWOs.,. Urretavizcaya et al. reported that H\WOs,,
was obtained through two steps. Cu/H,WOs3., was prepared by
reducing a mixture of CuWO, under H, atmosphere and then Cu
was washed away by concentrated HNO3.132 WO; as a
photoanode material for photoelectrochemical water splitting
has attracted a lot of interest owing to its favorable bandgap.

Journal Name

However, as the peroxo-species lead to photocorrosion of WO3
in water oxidation, photoelectrochemical instability is a primal
problem for the WO3 photoanode. By introduction of Ov, Li et
al. proved that photocatalytic performance and stability of WO;
after the reduction of hydrogen atmosphere at different
temperatures can be simultaneously improved for water
oxidation.'#% The increased stability of WO; is ascribed to the
formation of substoichiometirc HWO;,, which strongly
suppresses the re-oxidation and the formation of peroxo
species. Zou et al. reported that H,WOs., is an efficient and
versatile catalyst for the hydrogenation of aryl nitro group,
cyclic olefins, and linear olefins, which shows clear advantages
in the aspect of selectivity and activity compared with non-
noble Ni-catalyst.1#? First, they proved that H, can be easily
activated by the surface Ov of WO; in kinetics and
thermodynamics by using density functional theory (DFT)
calculations.

-0.017e” N= +0.419e° (9

3 5 P N= -0.030 " =
>
244 S
2 & 3
o 24 &
e -
2 o4 §
£ g
E-Z- - §
w T r r <
-8 7 6 -5 g
O chemical potential (eV) H; + WO, H, + WO;-Ov H, + HWO, 7,
(c) 1 30
7 25 — H, +WO,; Wavelength (nm)
) (@ R1-C-C-R2 R1-C=C-R2
| — H, + WO;-Ov Ar-NH, Ar-NO,
- H, + HWO

204 2 xWO7 75 T TR \ ﬁ

1.5 T e——— 157
o |
2 1.0+
o 1

0.5 -

] ——— 0.174
0.0
0.5
H-H: 1.392 A m 0.16- g_ P
1.0 : 1029 o008 -
IS TS FS ﬂ’
n'm T T T T T
© Hatom @ Bulk O atom © Ssurface O atom ° W atom ° Surface W-V,, atom 3.00 zs‘s“;::e o’:ﬁm:'m 27

Fig. 10. a) Formation energy of WO;-Ov surface under different O chemical potential (T = 0 K). (Inset: Top view of WOj3 surface with Ov. The dotted vertical lines indicate the allowed
range of O chemical potential.) b) Differential charge density of H, adsorption. (The yellow and blue colors represent charge depletion and accumulation, respectively, with iso-
surface value of 0.002 eA-3. Number of electrons (N) represents the electron transferred from H, to catalyst, and plus (+) represents electron transferring from surface to H, while
minus (—) represents the reverse). c) Free energies of the initial (IS), transition (TS), and final states (FS) for the dissociation of H,. d) Diffuse reflectance spectra of H;WO;., and WO;.
e) Diagram of nitrobenzene hydrogenation reaction. f) Linear correlation between initial reaction rate and oxygen vacancy concentration (surface O/W ratio). Reproduced with
permission from Ref. [141]. Copyright 2015 American Chemical Society.

Three different surfaces, HYWO, 5, surface with abundant
Ov, WOj3 surface with few Ov (W0O3-Ov), and stoichiometric WO;

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

surface, are prepared to investigate the adsorption, activation,
and dissociation of molecular H, (Fig. 10). Fig. 10a shows a

This journal is © The Royal Society of Chemistry 20xx
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modest propensity to form Ov under oxygen-poor conditions
depending on the formation energy of -0.44 eV (T = 0 K). From
Fig. 10b-c, it is observed that almost no H, can be activated (only
0.030 e shifted from H, to WO3) and H, cannot be adsorbed
(adsorption free energy of 0.436 eV). High barrier of 1.643 eV
implies that the breaking of H-H bond is unfeasible in kinetics.
On the contrary, a slight reduction occurs on both the energy
barrier of H-H bond cleavage and the H, adsorption free energy
(1.294 and 0.428 eV, respectively) for WO3-Ov, which is much
easier to activate H,. Furthermore, one dissociated H atom
bongs to a bridge atom and the other with a surface W atom,
indicating the presence of Ov also change the manner of H,
dissociation. Due to the adsorption free energy of -0.346 eV, the
adsorption of H, is very easy on the surface of HYWO, ;. In
addition, the H-H bond is elongated to 1.39 A. By transferring
0.419 e  to H,, HWO, 7, surface has a strong interaction with H,.
DFT calculations demonstrate that molecular H, is activated
easily from the aspects of thermodynamics and kinetic by the
Ov surface. In the UV-vis diffuse reflectance spectrum (Fig. 10d),
the strong absorption tail dramatically illustrates the presence
of Ov in HWOs.,. Even after hydrogenation reaction of 1-
hexene, the absorption intensity of H,WO;, remains
unchanged. As shown in Fig. 10e-f, a lower ratio of surface O/W
leads to the quicker reaction process. More importantly, a very
good correlation coefficient of 0.997 strongly indicates that the
initial reaction rate is linearly with the surface O/W ratio. The
above result obviously exhibits the unique Ov on the surface of
H,WO, ;3 governs the hydrogenation activity. In addition to
thermal treatment in hydrogen atmosphere, other efficient
synthesis methods of H\WOs_, were also adopted. For example,
Lin et al. reported that surface Ov in WO3; were prepared by an
economical vacuum deoxidation and simple method, in which
vacuum heat treatment temperature efficiently controls the
concentration of oxygen vacancy. Comparing to the bulk
defects, the surface Ov play a more crucial role in improving the
photocatalytic performance of water oxidation under visible
light irradiation.'#? A recent study by Ishihara et al. reported
that H,WOs_, nanotubes with large amounts of surface Ov sites
were synthesized by an oleate-assisted hydrothermal method,*
which show highly efficient CO, reduction to CH3COOH under
solar light. Murray et al. reported that colloidal H4WO3;., NWs
were synthesized by high temperature non-hydrolytic
(solvothermal) reaction,'#3 where WClg as precursor was added
into the mixture of 1-octadecenol and oleylamine. As-
synthesized H{WO;., NWs with Ov show a broad absorption
from visible to NIR region. As a result of the Burstein-Moss shift,
the optical band gap of H,WO5., NWs is improved compared to
that of pristine WO; powders. On account of this improvement,
HWOs3, NWs exhibit a direct and stable photocatalytic
hydrogen evolution in photoreforming reactions using alcohols
as electron donors. As we all know, H,WO3,, NCs have intense
visible and NIR absorption. However, the optical absorption
origin of HyWO3., NCs is not unclear. For example, on the basis
of photoluminescence and electrical transport studies, WO, 7,
NWs appear to be semiconducting and their blue color may
arise from polaron hopping. On the contrary, on the basis of
electrical transport measurements and XPS, WO, s NWs seem to

This journal is © The Royal Society of Chemistry 20xx
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be metallic, but their blue color has not been discussed.
Alivisatos et al. have made outstanding contribution in this field.
They demonstrated that metallic phases of HyWO;., NPs show a
strong and tunable LSPRs.2* H,WO;, nanorods were
synthesized under an inert atmosphere at 315 °C by hot
injection of tungsten (V) ethoxide into a solvent mixture of
trioctylamine acid and oleic acid.
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Fig. 11. a) UV—vis—NIR absorption spectra of H,WOs,, nanorods in N-methylpyrrolidone
upon heating at 175 °Ciin air for 0, 2, and 6 min. b) XRD patterns of H,WO3., hanorods in
N-methylpyrrolidone (top) before and (middle) after heating at 175 °C for 6 min in air
and (bottom) the reference pattern for HWO,.,. Reproduced with permission from Ref.
[24]. Copyright 2012 American Chemical Society.

The plasmon energy of such plasmonic H{WOs., could be tuned
by heating in air. It is observed a decrease in the intensity of the
plasmonic absorption and a red shift while the solution of
HWOs,, in N-methylpyrollidone is heated at 175 °C in an
oxidizing environment (Fig. 11a), which causes oxygen species
to incorporate into the lattice, resulting in a decrease of the
carrier concentration. Conversely, under an argon atmosphere,
the same effect cannot arise when the solution is heated,
indicating oxygen incorporation annihilates the charge carrier
and then affects the shift of band-gap absorption under heating.
The disordered structure of H,WOs_, after heating is observed
by XRD (Fig. 11b), which demonstrates that crystallinity is fully
retained when oxygen is inserted into the structure at a low
temperature.?* Sunlight-driven chemical transformation by
metal oxides hold a great promise for catalyst cost and a
substantial reduction in energy consumption. However, the
step of energy transfer from excitons to dioxygen species
remains a grand challenge to energy coupling. Xiong et al.
demonstrated that WO3; with abundant Ov can approach the
above challenge, which insures the chemisorption of molecular
oxygen to WOs surface. In addition, it is quite interesting that
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the Ov in tungsten oxide could be also introduced by air
treatment,'#? which was confirmed by XPS and ESR spectra. The
above production of Ov is attributed to two mechanisms, i.e.,
nanoscale inhomogeneous and critical phase transition, which
depends on the size of the building block and annealing time or
temperature. For comparison, the Ov are also introduced by
hydrogen reduction by Tang et al.. Ov induced by hydrogen
treatment can boost recombination of the electron-hole pair,
which leads to lower electrochemical performance and
photocatalytic activity. However, Ov induced by air treatment
can capture and shift electrons, which decreases the
recombination rate of electron-hole pair. In conclusion,
considering the opposite results on oxygen defects of H,WO3.,,
there is still a lot of space for accurately understanding the
formation of oxygen defects in the future.

2.4.2 Synthesis and Applications of H,WO;_, Hybrids

Noble metal/plasmonic semiconductor NCs hybrids have
attracted great interest owing to their wide applications in
catalysis. H{WOs., NCs with strong LSPRs absorption offer a big
chance to realize high catalytic performance by depositing
metal NPs onto their surfaces. In this case, it would be better to
improve the selectivity and conversion of chemical reactions by
taking advantage of LSPRs excitation of H,WOs3,, which is
catalyzed by the deposited metal NPs. For example, Xue et al.
reported that the deposition of Pd NPs on the surface of
plasmonic HWO3;, NWs with strong LSPRs absorption
dramatically enhances the Suzuki coupling reaction under long
wavelength (A > 650nm) catalyzed by Pd NPs.1#4 During the
synthetic process, W(CO)g as precursor and ethanol as solvent
were used to prepare H,WO3., NWs by solvothermal treatment
at 160 °C for 12 h. After that, Pd/H,WO;., NWs were synthesized
by depositing Pd NPs on the surface of H,WO;_, with NaBH, as a
reductant. Ravikumar et al. found that platinized carbon
electrodes without H,WOs3_, show worse catalytic performance
for methanol electrooxidation than the electrodes containing
Pt/HWOs., composite.’*> Based on the XPS and XRD data,
HWOs., NCs are presented in the form of an oxyhydroxide (W-
OH), in which the promotional performance of plasmonic
HWO3, is concerned with the W(VI)/W(IV) redox couple
serving as a surface mediator for the oxidation of surface
methanolic residues. Yu et al. have synthesized Pd/HWOs;.,
composite by a novel and surfactant-free method, where
HWO3., NWs with Ov supply free electrons to reduce Pd?* in
aqueous solution by an in situ redox reaction between Pd?* and
reductive HyWOs.,. Such plasmonic Pd/H,WOs3., hybrid exhibits
a high catalytic performance for the reduction of styrene and p-
nitrophenol, where Ov NWs can quickly transfer electrons from
the surface of H,WO;, to Pd NPs and accelerate hydrogen
adsorption and dissociation.#® From the above studies, it is of
great significance to develop
surfactant to plasmonic metal/HWOs., hybrid, which could
ensure the catalysts surfaces completely avoid impurities and
provide the versatile synthetic alternative. Zhao et al. reported
a recyclable, stable, and clean 3D chestnut-like Ag/H,WO, 7,
nanostructures (CSWNs) surface-enhanced Raman scattering
(SERS) substrate, which was developed by a hydrothermal

rational methods without
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reaction and a subsequent facile in situ redox of Ag species at
room temperature.*” The unique recyclable capability of SERS
substrate supported by the decoration of Ag NPs on the surface
of HWO;, is successfully realized by photocatalytic
degradation of thiram. Obviously, the detection limit down to
0.32 nM is achieved by the CAWNSs SERS substrates in Fig. 12a.
More importantly, by the detection of thiram in spiked fruits
peels (such as orange and carambola), the real-life application
is also performed successfully by using the SERS-active CAWNs
colloid (Fig. 12b). From the signal analysis of Raman spectra,
two dimethylthiocarbamate fragments are generated under
laser irradiation by the break of the S-S bond of thiram
molecules. The innovative design combines self-cleaning
property and the SERS enhancement effect for highly sensitive
SERS detection, which provides a reusable and multifunctional
SERS platform.'¥” In addition, alternative catalysts avoiding
noble metals are highly demanded due to their earth rarity and
high resistive loss.
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Fig. 12. a) Schematic illustration of the fabrication process of the 3D recyclable chestnut-

like Ag/HWO, 7, nanostructures and its application: (I) Ag NPs decorated on HWO, 7,

nanochestnuts, (Il) analyte loading and SERS sensing, and (Ill) the regeneration of

recyclable SERS substrates. b) Schematic illustration of the practical detection of

pesticide residuals in fruits peels by using the as-prepared Ag/HWOs, colloid.
Reproduced with permission from Ref. [147]. Copyright 2017 American Chemical Society.

Photocatalytic hydrogen production through water splitting is

seen as environmentally friendly method. Herein, Yousaf et al.
developed an efficient Z-Scheme photocatalytic system

This journal is © The Royal Society of Chemistry 20xx
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consisting of oxygen deficient H{WOj3., nanorods and Zng 5Cdg ;S
NPs, which exhibits a high photocatalytic H, evolution rate
(352.1 umol h') with apparent quantum efficiency (AQY) of
7.3% at A = 420 nm. Compared to WO3/Zng3Cdg 7S, HWOs.
v/ZNno 3Cdo ;S heterostructure with Ov shows considerably higher
overall hydrogen evolution rate without noble metals. The
strong interface contact between Zng3Cdo ;S NPs and HWO3,,
nanorods makes positive contribution to the migration of
electrons. The strong absorption induced by HyWOs_., nanorods
favors the enhancement of the activity in the visible region. In
preparation for HyWO3.,/Zng3Cdo ;S heterostructure, HWOs;.,

e.&Technolo

ARTICLE

nanorods were synthesized by H, reduction of WO; after
hydrothermal method and subsequent HyWOs3.,/Zng 3Cdg ;S was
prepared by adjusting the pH of the solution of Cd(CH;COO),,
Zn(CH3COO0), and Na,S.18 Chen et al. reported that a facile two-
step synthetic route was used to prepare H,WOs3,/C NWs with
abundant Ov, involving ammonium tetrathiotungstate
((NH4),WS,) and dopamine as the precursors. As-synthesized
free-standing H,WO3.,/C NWs demonstrate outstanding
performance for H, generation and show fairly high stability
without significant current density drop even after 1000
cycles.14?
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spectra of H,Mo0Os_,, HWO;_,, and our previously reported H,MoO;_, nanosheets in b). d)
structure. Reproduced with permission from Ref. [152]. Copyright 2017 American Chemical
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To meet the demand of developing clean-energy technologies,
preparation of highly earth-abundant, stable, and active
photoanodes for water oxidation is a crucial step. For example,
Zhang et al. reported that stable and efficient black H,WOs;._
y/TiO2 core-shell nanosheets photoanodes were synthesized
by H, reduction for photoelectrochemical (PEC) conversion.
Compared to a pure WO; photoanode, such HWO;,/TiOy
photoanode shows 8 times higher photocurrent density at the
same condition. By electrochemical spectroscopic, specific band
alignment, and finite-difference time-domain evidence, the
high PEC water oxidation activity is attributed to charge
separation and transfer, and light absorption in these H,WO3;._

y/TiO2  nanosheets.  Furthermore, the H,WOs3,/TiO5
photoanodes display a good photostability even after
continuous PEC water splitting experiment for 6 h.130

Construction of 1D/2D heterostructure is a new type and has
aroused great interest. For example, Xue et al. have constructed
a 1D/2D HWOs.,/g-C3N, heterojunction through a simple
solvothermal method, where H,WO3., NWs are growing on the
surface of g-CsN; nanosheets. Such hybrid shows high
photocatalytic activities for the degradation of methyl orange
(MO), which is ascribed to effective electron transfer from
excited g-C3N, to HyWO3,, NWs. The improved photocatalytic
performance over the HWOs;.,/g-C3N, hybrid results from the
abundant Ov in HyWO3.,, which leads to a great number of free
electrons on H,WOs_, nanowires. The surface of large nanowires
with strong conductivity and capability for O, adsorption drives
the injected electrons to reduce these O, and produce
superoxide radicals for the degradation of MO. Although the
research of the hydrogen tungsten bronze hybrids has achieved
some breakthroughs, greater efforts should be made to further
seriously study and fully use of the plasmonic effect.

2.5 Non-stoichiometric Mo,W,.,03., and Mo,W,;.,03., hybrid

Molybdenum and tungsten elements have the same number of
electrons in the outermost layer, which belong to group VI
elements in the periodic table. Moreover, the metallic phases
of both H,Mo003., and H,WO3_., NCs exhibit tunable and strong
LSPRs, which provides an opportunity of rationally designing
plasmonic Mo,W,.,05., for bioimaging, sensing, and light
harvesting.148 A synthesis of new-type plasmonic NCs with
intense light absorption property is expected to be achievable
by coupling of HMoO;, and H,WO;, NCs. For example,
Yamashita et al. reported that plasmonic Mo,W;,03., hybrid
with strong LSPRs in the visible light region was synthesized by
a facile non-aqueous solvothermal method without adding any
surfactants.>2 During the synthesis of plasmonic Mo,W.,O3.
hybrid (Fig. 13a), molybdenum metal powders and tungsten
metal powder were dissolved by H,0, in 2-propanol and
subsequently the obtained yellow suspension was added in
Teflon vessel for solvothermal treatment. The solution-soluble
precursor compound WO,(OH)(OOH) and MoO,(OH)(OOH) can
firstly form in this process. By dehydration of the dissolved
yellow Mo-W-complex in the growth stage, tiny Mo,W,,03.,
nuclei are generated. With the help of 2-propanol, the intrinsic
anisotropic crystal growth results in the preferential formation

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

of Mo,W,.,03., NWs. The formation mechanism is based on the
layered crystal structure of orthorhombic WOz and MoOs;
composed of WOg octahedra and MoOg octahedra sharing
edges and corners, respectively. In the UV-vis-NIR spectra (Fig.
13b-c), this Mo,W1.,03., hybrid shows a strong absorption peak
located at around 630 nm, which connects with LSPRs. In
plasmonic semiconductors, such a strong LSPR peak is
infrequent in visible light range, even in the NIR or MIR region.
Also, the absorption peak position (630 nm) of Mo,W1,,03., is
shorter than that of previously reported HyMoO;., (680 nm)
nanosheets, as-synthesized H,WOj3., (>1400 nm), and H,Mo0O3.,
(920 nm). It is amazing that plasmonic peak strength of Mo, W .
«Os3.y is around 8, 16, and 20 times higher than that of previously
reported H,MoOj3,, nanosheets, as-synthesized H,WOs3.,, and
HxMoOs.,, respectively. It is proved that LSPRs are formed from
crystal vacancies, mainly containing oxygen defects and mutual
doping defects of molybdenum ions and tungsten ions (Fig.
13d). Similar phenomenon was also observed by Xiong et al..1>?

Recently, some researchers have already reported the
importance of Ov in ammonia synthesis process. Zhang’ s group
first reported that Ov with abundant localized electrons on the
surface of the BiOBr nanosheets can remarkably promote the
adsorption and activation of N, and improve the reduction
efficiency of N, to NH3 under atmospheric pressure and room
temperature by visible light irradiation. However, surface Ov
are easily oxidized by the h* in valence band (VB) during the
reaction. Therefore, robust semiconductors with abundant and
sustainable Ov that efficiently promote water oxidation and N,
reduction are necessary. Xiong et al. demonstrated that this
bottleneck was solved by refining the vacancy states with
doping in photocatalysts.>> Mo,W;.,03., ultrathin NWs are
synthesized through a mild solvothermal method with ethanol
as solvent and WClg and MoCls as precursors. In plasmonic
Mo,W,,03., with oxygen defects, the coordinatively
unsaturated (CUS) metal atoms act as the active sites for
electron transfer and N, chemisorption. In facilitating N,
activation and dissociation, the doped low-valence Mo species
play multiple crucial roles. On the one hand, they can boost the
electron transfer from CUS sites to absorbed N, and polarize the
absorbed N, molecules. On the other hand, the energy of
photoexcited electrons for N, reduction is sufficient because
they can promote vacancy-band center to the Fermi level. The
high-resolution W 4f XPS spectra show that both W4+, W>*, and
W?¢* are appeared in the HyWOj3., and Mo,W;.,05., (Fig. 14a). The
valence state of W is not varied by Mo doping, which is proved
by the similar fitting results for H,WOs., and Mo,W;.,03.,. In
principle, the low-valence W species (i.e., W* and W>*) should
be described by the eqn (1):

2WO/5 + 4+ 027 =2W>* + 10 + Ov (1)
where 0%, Ov, and O is the lattice oxygen, oxygen vacancy, and
the removed oxygen, respectively. Excessive electrons are left

in the lattice by the removal of lattice oxygen. In this case, the
generation of low-valence W species are concomitant with

This journal is © The Royal Society of Chemistry 20xx
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oxygen vacancy, which leads to the strong light absorption in
visible and NIR region. In addition, two peaks (at 234.7 and
231.6 eV) are attributed to the Mo®* species of Mo,W;03., (Fig.
14b). ESR spectrum of Mo,W;.,03, NWs shows a hyperfine
structure with both perpendicular (g - = 1.907) and parallel (g
= 1.846) bands (Fig. 14c). The g values display the existence of
Mo-O tetragonal pyramids. Furthermore, the doped Mo species
are coordinately unsaturated, which was demonstrated by the
penta-coordination. It displays that electrons do not delocalize
over the lattice but they are trapped by Mo>* atoms in
consideration of the absence of signal at g = 2.003 for free
electrons, which is shown from the structure illustration for the
lattice of vacancy-rich in MoyW;,03, (Fig. 14d). However,
compared to plasmonic HMo00;, and HWOs,, the
photocatalytic performance of Mo,W;.,0s., for some catalytic
reactions (such as the dehydrogenation of NH3BH3; or N,
fixation) does not enhance much. Based on the above

ARTICLE

discussion on heterogeneous photocatalysis for improving
catalytic performance, it is crucial and intriguing to synthesize
plasmonic MoyW;.403., hybrids. Yamashita et al. developed a
solution-processed method to prepare a plasmonic Pd/Mo,W;.
x03., hybrid by coupling a Mo,W;.,05., and Pd NPs during the
reduction process with NaBH, as a reductant (Fig. 15a).7¢ The
above plasmonic hybrid show very strong LSPRs from the visible
to the NIR (Fig. 15b). Under visible light irradiation, the
synthesized Pd/Mo,W;,403, hybrid shows dramatic H,
production activity enhancement from NH3BH; solution, which
is mainly attributed to the synergetic effect between W>* ions
and Pd NPs. Furthermore, the activity of Pd/Mo,W;,03., hybrid
is almost 5 and 5.2 times higher than those of previously
reported Pd/HyMoO;., nanosheets and Mo,W;.,03., (Fig. 15c-e).
It will undoubtedly have a place in this field in the near future
with its excellent plasma effect.
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Royal Society of Chemistry.

3. Summary and Outlook

The origins and developments of plasmonic semiconductors
NCs (especially molybdenum bronze and tungsten bronze) have
been described in detail. Fundamentals, main synthesis
methods, and main applications of HyMoOs., (hybrids), H{WOs_,
(hybrids), and Mo,W.,03., (hybrids) have been presented.

1.  HMoOs, (hybrids)

The main synthesis methods of plasmonic H{MoOs., (hybrid) are
hydrothermal, solvothermal method (high temperature non-
hydrolytic reaction), templating and surfactant methods,
exfoliation method, H, plasma etching, H, thermal reduction,
NaBH,4 chemical reduction and so on. According to the above
discussion, the intercalated H* cations mainly bind to terminal
oxygen atoms and edge-shared oxygen in the HMoOs,

structure. The intercalated H* cations can reduce bandgap and
expand the van der Waals gap. The plasmonic absorption of
HxMo0Os3., can be also tuned according to the H* concentration
that depends on the preparation conditions, such as
temperature of H, reduction, the concentration of reductants
and so on. H,MoOs;., (hybrids) shows dramatically enhanced
photocatalytic activity, especially in the dehydrogenation of
ammonia borane and the reduction of p-nitrophenol, as well as
extraordinary high sensitivity on surface-enhanced Raman
scattering detection.

2. HWOs, (hybrids)

Similarly, the intercalated H* cations mainly bind to oxygen
atoms of the HWO;, structure. The primary methods of
plasmonic HWOs., (hybrids) synthesis are also H, thermal
reduction, NaBH, chemical reduction, high temperature non-
hydrolytic (solvothermal) reaction, hot injection of tungsten (V)
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ethoxide and so on. The plasmonic properity of HWO3,
(hybrids) can be also changed by tuning reaction conditions.
Furthermore, HyWO3., (hybrids) exhibits drastic increased in
photocatalytic performance, such as the hydrogenation of aryl
nitro group, cyclic olefins, and linear olefins, the Suzuki
coupling, photocatalytic CO, reduction and so on.

3. Mo,W;0s., (hybrids).

Up to now, the most frequently used and simple methods for
the preparation of Mo,WO;.,03., is a solvothermal method. As-
synthesized Mo,WO0;,0s3., (hybrids) is used to photocatalytic
dehydrogenation of ammonia borane, photocatalytic N,
reduction and so on.

In order to reach the desired outcomes, the review also
displays how LSPRs of each plasmonic NCs could be controlled
and tuned owing to the synthetic methods. Heavily-doped
semiconductor NCs that show LSPRs is a relatively new and
rapidly-developing research field. A potential alternative to
metal NPs in some applications is presented by this group of
novel plasmonic NCs, and new applications are also developed
at NIR and MIR wavelengths due to the absorbance of NCs. At
present, most work in this field focused on exploring methods
for preparing high-quality NCs, developing new types of
plasmonic semiconductors NCs, and essentially studying the
optical properties of these semiconductors NCs for varied
applications. The potential advantages of these NCs with
tunable LSPRs also need to be further assessed, and the
synthesis of semiconductor NCs must be optimized to better
exploit these advantages. The purpose of this tutorial review is
to compare synthetic methods and the applications of a variety
of materials, summarizing key aspects of this research field. We
hope this review will impel researchers to enter this research
area. For practical applications of these novel types of
plasmonic NCs, we still need to make a great amount of work
with great energy.
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TOC Graphic:

We highlight the three widely explored oxide-based plasmonic materials, including H{MoOs.,
H,WOs.y, and Mo,W.,O3., and their applications in catalysis.



