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Synthesis and defect engineering of molybdenum
oxides and their SERS applications

Chenjie Gu, © *#2 Delong Li, © +° Shuwen Zeng, & *© Tao Jiang, 2 2 Xiang Shen 2
and Han Zhang & *°

Surface-enhanced Raman scattering (SERS) spectroscopy has been developed into a cross-disciplinary
analytical technology through exploring various materials’ Raman vibrational modes with ultra-high sensi-
tivity and specificity. Although conventional noble-metal based SERS substrates have achieved great
success, oxide-semiconductor-based SERS substrates are attracting researchers’ intensive interest due to
their merits of facile fabrication, high uniformity and tunable SERS characteristics. Among all the SERS
active oxide semiconductors, molybdenum oxides (MoO,) possess exceptional advantages of high Raman
enhancement factor, environmental stability, recyclable detection, etc. More interestingly, the SERS effect
of the MoO, SERS substrates may involve both the electromagnetic enhancement mechanism and the
chemical enhancement mechanism, which is determined by the stoichiometry and morphology of the
material. Therefore, the focus of this review will be on two critical points: (1) synthesis and material engin-
eering methods of the functional MoO, material and (2) MoO, SERS mechanism and performance evalu-
ation. First, we review recent works on the MoO, preparation and material property tuning approaches.
Second, the SERS mechanism and performance of various MoO, substrates are surveyed. In particular,
the performance uniformity, enhancement factor and recyclability are evaluated. In the end, we discuss
several challenges and open questions related to further promoting the MoO, as the SERS substrate for
monitoring extremely low trace molecules and the theory for better understanding of the SERS enhance-
ment mechanism.

application in the fields of chemical engineering, biological
sensing, food safety, environmental protection, etc.*™”

The enhanced Raman scattering phenomenon was first
reported by M. Fleischmann on a roughened silver electrode
coated with pyridine in 1974." Hereafter, research works con-
ducted by Jeanmaire and Van Duyne, Albrecht and Creighton
further laid solid foundations for this Raman enhancement
phenomenon, which was named surface-enhanced Raman
scattering (SERS).>” Today, the SERS technique has become a
cross-disciplinary analytical tool endorsed by the merits of
non-destructivity, ultra-high sensitivity and specificity, and the
great achievements of the SERS technique are expediting its
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Conventionally, SERS detection relies on the surface electro-
magnetic field or “hot spots”, which are produced by the
surface plasmon polaritons that are excited by the incident
Raman laser on the noble metal surface (Au, Ag, Cu, etc.) with
the different nanostructures, and normally up to 7-8 orders of
molecules’ Raman scattering signal enhancement could be
obtained.’®>* Experimentally, for the purpose of strengthen-
ing the surface electromagnetic field induced by the surface
plasmon polaritons and consequently promoting the electro-
magnetic enhancement mechanism (EM), researchers have
made great effort for designing and preparing novel noble
metal nanostructures or compounds, and substantial improve-
ment in the SERS performance has been achieved.**™’
However, meticulous control of the nanostructures to produce
strong surface plasmon polaritons is not an easy task. Besides,
with a continuous expansion of challenging applications,
noble metals usually show poor stability, biocompatibility and
large-scale uniformity, which further impedes their practical
application a lot.>*°

In the meantime, oxide semiconductors have been exten-
sively studied for their superior light-material interaction capa-
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Fig. 1 A concise timeline depicting the emergence of MoO, nanostructures for SERS application.

bilities, and numerous application cases by manipulating the
light-material interaction modes or strength have been demon-
strated in the early literature;*'* however, the SERS phenom-
enon on the oxide semiconductors, as one of the important
light-material interaction cases, initially has received much
less attention in comparison with that on noble metals due to
the weak Raman signal enhancement capability.>® Until
recently, the outbreak of synthesis methods for preparing
oxide semiconductors with various chemical stoichiometries
and morphologies has promoted the intensive research of
oxide semiconductors for SERS application.’®*” Experimental
results show that materials such as titanium oxides (TiO,_,),
cuprous oxides (Cu,0), zinc oxides (ZnO,), reduced graphene
oxides (rGO), tungsten oxides (WOs;_,), molybdenum oxides
(M00,), etc. show promising SERS characteristics. In the mean-
time, SERS mechanism investigation on these materials also
reveals that either the electromagnetic enhancement/chemical
enhancement or both of them exist, which brings extra advan-
tages for the oxide semiconductors as SERS substrates.**™*”
Impressively, among all these oxide semiconductors, MoO,
show exceptional SERS characteristics, which is ascribed to the
diverse defect engineering approaches and widely tunable free
electron concentrations; therefore plentiful research works
have been reported in recent years.*®*®

Molybdenum oxides are a kind of versatile transition metal
oxide with various applications in the fields of chemical cata-
lysts, bio-sensing, energy storage, fluorescence detection, elec-
trochromic glass, hole transport layers, etc. For example,
Cheng et al. reported the use of Pd/MoO;_, hybrids as a chemi-
cal catalyst for ammonia borane hydrolysis. Xiao et al
implemented the MoO, quantum dots to probe the 2,4,6-tri-
nitrotoluene, while Balendhran et al. fabricated a field effect
transistor by using the MoO; as the channel material for
bovine serum albumin (BSA) detection. And Achadu et al. used
antibody modified magnetic-derivatized plasmonic molyb-
denum trioxide quantum dots as the plasmonic/magnetic
agent, and the antibody modified fluorescent graphitic carbon
nitride quantum dots as the monitoring probe for virus
detection.”*™> Experimentally, MoO, have several different

This journal is © The Royal Society of Chemistry 2021

crystal structures, and the relatively stable one is the ortho-
rhombic structure (a-MoOj3), whereas the monoclinic structure
(B-M0O3), M0Os-1I (e-M003) and hexagonal structure (h-MoO3)
are metastable phases. Moreover, MoO, also show rich variants
on morphologies and chemical stoichiometries. Therefore, in
order to achieve MoO, with diverse functions, tremendous
efforts have been made to explore advanced material prepa-
ration and engineering strategies. Generally, methods of
chemical liquid synthesis and vapour deposition are exten-
sively reported, e.g., sputtering, evaporation, chemical vapour
deposition, physical vapour deposition, etc.

To date, a great number of studies on MoO, for SERS appli-
cations have been reported since the first use of MoO, ribbons
as SERS substrates in 2010.>® Especially in the recent three
years, various functional MoO, materials have been prepared
and remarkable SERS performance improvement has been
achieved (Fig. 1); however a thorough review of MoO, material
preparation, defect engineering methods, and SERS mecha-
nism discussions and performance evaluations are still
lacking. Herein, in this minireview, we will emphasize the
SERS application of the MoO,. First, we briefly introduce the
fundamental material properties, e.g., crystalline structures
and band structure of MoO,. Then, we mainly focus on the
diverse preparation methods and material engineering strat-
egies for altering the physical and chemical properties of
MoO,. Next, we discuss the SERS mechanism as well as the
SERS performance of MoO, and MoO, hybrids. Finally, we
summarize the papers, several challenges and open questions
of MoO, as the promising SERS substrates for monitoring
extremely low trace molecules as well as the theory for better
understanding the SERS enhancement mechanism.

Fundamental material properties and
synthesis methods
Crystal structures

Molybdenum oxides have several crystal structures, namely
a-MoOj3, f-M00O3;, e-M00O; and h-MoOj;. Experimental evidence
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indicates that a-MoOj; is thermally stable, whereas f-MoOj;, e-
MoO; and h-MoO; are metastable phases, and phase trans-
formation from the metastable phase of p-MoO; and h-MoO;
to a-MoO; is ready to happen under high temperature conditions.

a-MoO; has an orthorhombic structure with cell parameters
of a = 3962 A, b = 13.85 A and ¢ = 3.697 A (Fig. 1a),
respectively.”’*® o-MoO; possesses a typical layered crystal
structure, which is constructed by the linked and distorted
MoOg octahedra sharing four corners to form double layers.
More specifically, the MoOs octahedra forms edge-sharing
along the [001] crystal direction and corner sharing rows along
the [100] crystal direction in the double-layer sheet, and the
double-layer sheet stacks are maintained by the weak van der
Waals (vdW) forces along the [010] crystal direction. The thick-
ness of the double layers constructed by the distorted MoOg
octahedra is about 14 A, whereas the vdW gaps between the
neighbouring layers are 6.9 A.>® The above layered crystal struc-
ture provides the possibility of creating two dimensional (2D)
a-MoOj; sheets.®® Moreover, it can be observed in the octa-
hedron that the oxygen atoms can be categorized into three
types based on their coordination number (inset of Fig. 2a),
which is terminal oxygen (O;), asymmetric oxygen (O,), and
symmetrically bridging oxygen (Os). The O, bonds to single Mo
and the bond length is 1.67 A. However the O, laterally bonds
to two Mo atoms and the bond lengths are 1.74 A and 2.25 A,
respectively. The Os bonds to three Mo atoms, the length of
two horizontal bonds is 1.95 A, and the vertical one is 2.33 A.
Charge distribution analysis of the Mo-O bonds in the MoOg
octahedron reveals a strong covalent characteristic on the
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shortest Mo-O bond, whereas ionic bonds dominate the
longest Mo-O bond.®"®?

f-MoO; has a monoclinic structure, the cell parameters of
the -MoO; crystal phase are a = 5.6109 A, b = 4.8562 A and ¢ =
5.6285 A, while the monoclinic angle is 120.95° (Fig. 2b). The
structure of p-MoO; is a kind of monoclinically distorted
variant of ReOj3, in which the MoOg octahedra share the corner
and form distorted strings in the [001] crystal direction.®® In
the meantime, the Mo atom corners within the strings are
pairwise drawn nearer to each other to form doublets, result-
ing in the distortion of the MoO, octahedra and elimination of
the crystal plane. Moreover, in the string of the MoOg octahe-
dra, the distorted angle is 13.18°, and the Mo atom lies within
the octahedra, bonding to six inequivalent O atoms with a
bond length of 1.694, 2.054, 1.766, 2.288, 1.800 and 2.056 A,
respectively. Finally, as a metastable phase, it is reported that
f-MoO; will transform into the o-phase by heating above
673 K.**

The e-MoO; and h-MoOj; crystal structures are less studied
than the above two. e-MoO; is a high-pressure modification
crystal structure, and it is with a specific monoclinic phase
(Fig. 2¢).°® However h-MoO; has a hexagonal structure with the
cell parameters determined to be a = b = 10.57 A and ¢ =
3.725 A (Fig. 2d).°® The structure of h-MoOs is constructed
with the MoOg octahedra by chaining them in zigzag.
Moreover, the unique feature of the h-MoOj is that the octahe-
dra chains build a hexagonal crystalline structure, and create
large one-dimensional tunnels along the [001] crystal direction
with a diameter of ~3.0 A.®

Fig. 2 (a) a-MoOs with an orthorhombic crystal structure. (b) p-MoOs with a monoclinic crystal structure. (c) e-MoO3z with a monoclinic crystal
structure. (d) h-MoOs with a hexagonal crystal structure.*® Reproduced with permission. Copyright 2017, Wiley-VCH. The inset in (a) shows the

respective position of O,, Og and O in the MoOg octahedra.
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Controllable synthesis of MoO,

Material synthesis establishes the foundation of MoO, as an
attractive material for SERS application. Until now, a variety of
synthetic approaches have been reported, which can be cate-
gorized into two primary strategies, e.g., vapor-phase depo-
sition and liquid-phase synthesis. Therefore, in this part, syn-
thetic methods of MoO, with different approaches are compre-
hensively discussed.

Vapor-phase deposition. Since the 1950s, vapour-phase
deposition has been extensively investigated for the synthesis
of bulk crystals.®®®® In general, vapour-phase deposition
methods are based on the deposition of vaporized target
materials onto specific substrates and mainly includes physi-
cal vapour deposition (PVD), chemical vapour deposition
(CVD), chemical vapour transport (CVT) and so on. Generally,
through the vapour-phase deposition method, we are able to
prepare MoO, materials with controlled quality and structure,
as well as large-scale production.”®”*

For the PVD method, metallic Mo and its oxide are com-
monly chosen as the starting material and transited from the
solid phase into vapour phase by evaporation or sputtering.”*
A range of techniques have been reported to synthesize MoO,,
such as sputtering, thermal and electron-beam evaporation,
pulsed laser deposition, etc. These PVD techniques are suitable
for the control growth of thin MoO, films as revealed by TEM,
AFM, SEM, XRD, XPS and Raman spectroscopy detection.
However, it is also shown that each technique has its own
characteristics and processing parameters, depending on the
selection of PVD techniques.

Sputtering is a widely adopted PVD technique with a con-
trollable growth rate and thickness for thin film deposition. In
a typical sputtering process, the incident inert gas is firstly
ionized to generate energetic plasma by applying a high
voltage, and the ions then bombard the target source to gene-
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rate sputtered flux, which will finally deposit onto the sub-
strate to form the film product.®® In order to prepare the MoO,
by the sputtering method, a Mo target was usually used to
deposit the Mo thin film at first. Then, the MoO, were syn-
thesised by dry oxidation of the sputtered Mo thin film. The
influence of Mo thickness variation, oxidation temperature
and time on the crystallographic structure, surface morphology
and roughness of the MoO, thin films can be studied by using
TEM, AFM, XRD, SEM and Raman spectroscopy. For example,
Dwivedi et al. reported a radio-frequency (RF) sputtering
method to deposit 150 and 240 nm thick Mo films at 100 W
RF power under a pure argon atmosphere, and the deposited
Mo films were then subjected to oxidation at 400 °C and
500 °C under O, ambient conditions to obtain crystal MoO;
films.”” Chang et al. studied the phases and textures of the
resultant MoO; under different conditions. A 3 inch diameter
metallic Mo target was employed as the precursor during the
sputtering process. It was found that the final structure of
MoO; was directly related to the sputtering gas composition as
well as the annealing temperature. As shown in Fig. 3a, the
phase variety and texture can be analysed by XRD measure-
ment. When sputtered under a mixed Ar/O, atmosphere, the
obtained MoO; films form « and/or p phase, varying with the
annealing temperature. The films annealed below 350 °C show
a pure p phase, films at 350-400 °C are composed of both «
and p phases, and the pure o phase is obtained when the
temperature is beyond 450 °C.”*

The evaporation method (thermal and electron beam) is
also a commonly used PVD technique for molybdenum oxide
synthesis. The target source, usually MoO; powder, is melted
and evaporated by heating or bombardment of high-energy
electron beams, and then the vaporized source material is de-
posited onto the substrate to form MoO; with a controlled
microstructure.”*” This technique can provide a relatively
high deposition rate as well as the controllability of deposition
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Fig. 3 (a) XRD patterns of the MoOs films sputtered at room temperature in 3 mTorr mixed gas and then annealed at different temperature in air for
1 h.”® Reproduced with permission. Copyright 2011, Royal Society of Chemistry. (b) Optical micrograph of grown a-MoQs sheets on a mica substrate.
(c) Thickness and lateral size of a-MoOs sheets as a function of the growth temperature.”® Reproduced with permission. Copyright 2016, American
Institute of Physics. (d) Optical image of the sample and the distribution of as-grown MoOs.”” Reproduced with permission. Copyright 2017, The

American Chemical Society.
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parameters, which enables the direct growth of thin molyb-
denum oxide films on various technical substrates, such as Si/
Si0,, FTO, ITO and glass substrates.”®”” Generally, the mor-
phologies and crystal phases of molybdenum oxide films are
closely related to the sublimation and deposition tempera-
tures. For example, Wang et al. reported a mica supported
atomically thin a-MoOj; crystal film by vaporized MoO; powder
in N, gas, and revealed the relationship between the growth
temperature and structure of as-grown MoO; nanosheets.”® As
shown in Fig. 3b and c, the thickness of the MoO; sheet is
reduced and the lateral size is enlarged as the growth tempera-
ture rises. The high saturation vapor pressure and small
nucleation rate of the a-MoO; at high temperature would
result in large and ultrathin a-MoO; sheet growth. In a typical
physical vapour deposition process, the morphology of the as
prepared MoO; strongly depends on the substrate and source
temperature, as shown in Fig. 3d. According to the optical
images, the thickness of the MoO; nanosheets is reduced and
the lateral size of the MoO; is enlarged when the substrate
temperature increases.

Pulsed laser deposition is another efficient PVD technique,
especially for electrically insulating compound targets.
Different from the aforementioned sputtering or evaporation
method, the vaporization energy comes from the pulsed laser,
which is well suited for the semiconducting MoO, source.”®
Camacho-Lépez et al. deposited MoO, thin films (x is between
1.8 and 2.1) and observed the structural transformation from
amorphous MoO;, to mixed « and f phases of M00;.5° Except
for the technical parameters (including deposition tempera-
ture, substrate and oxygen gas flow rate), the laser wavelength,
power density and pulse duration also have great effects on the
growth process.®’ In the typical experiment, ultraviolet lasers
are most commonly used for the deposition of MoO; films,
such as argon fluoride (193 nm), krypton fluoride (248 nm),
and xenon fluoride (351 nm) excimer lasers.?*#>784

The CVD method is an advantageous vapour-phase based
direct growth process for MoO, synthesis, which is analogous
to the abovementioned PVD method. The difference is that car-
bonyl materials, such as molybdenum hexacarbonyl (Mo
(CO)e), are used as precursors during the CVD process.*>*°
Benefiting from the volatile property of precursors, CVD
requires much lower growth temperature and less energy con-
sumption for MoO; deposition when compared to PVD.®”:%®
MoO, and sub-stoichiometric molybdenum oxides (MoO;_,)
can be grown via a controlled CVD process by utilizing MoO;
powder as the precursor.®*°' In the literature, Wu et al. syn-
thesized ultrathin MoO, nanosheets on an inverted SiO,/Si
substrate by reducing MoO; powder. As shown in Fig. 4a-c, the
as-grown MoO, nanosheets show the micron-scale lateral size
and thickness of ~9 nm, as well as high crystallinity. Wang
et al. synthesized molybdenum oxide nanomaterials by
plasma-enhanced hot filament CVD with N, and MoO; precur-
sors.®’® In this process, the carrier gas N, was discharged to
generate plasma, which could lead to the effective reduction of
MoO;. And the experimental results in Fig. 4d and e show that
the structure of the MoO;_, product with different experiment

5624 | Nanoscale, 2021,13, 5620-5651
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conditions can be either nanoparticles or nanosheets, depend-
ing on the N, flow rate and growth time.

CVT is a traditional vapour-solid growth method for single
crystal deposition. The CVT growth is usually conducted in a
two-zone furnace under the continuous flow of carrier gas,
which involves the evaporation of volatile precursors (e.g.
MoOj;(OH),, M0O;) in a high-temperature zone and the depo-
sition of products in a low-temperature zone.’* Lee et al. modi-
fied the CVT process and achieved the deposition of MoO,
thin films.%* In their experiment, the SiO, substrate was placed
under the MoO; precursor, and the dual temperature zone was
not required for the film deposition. By inducing H, as the
transport agent, MoO; was reduced and thus formed the vola-
tile species, MoO3(OH),, which can be transported in the
vapour phase and deposited onto the substrate to form a
homogeneous thin MoO, film. However, the reduction of
MoO; involved a series of complex reactions and intermedi-
ates, for example, M0,0; is a frequently observed intermedi-
ate for the reduction of MoO3.”*°> On the other hand, De Melo
et al. reported a chemically driven isothermal closed space
CVT process for pure MoO, synthesis.’® Different from other
methods, this CVT process can produce pure MoO, films
without any other stoichiometric MoO, such as M0oO3/M0,0;.

Liquid-phase synthesis. For liquid-phase synthesis of nano-
structured MoO, materials, the synthetic methods mainly
include the hydrothermal/solvothermal approach, chemical
precipitation, sol-gel method, and electrochemical method. In
these methods, the precursor source materials are commonly
the ionic salt, acid or polymer containing Mo. These liquid-
phase synthesis methods show outstanding advantages in the
construction of diverse morphologies and structures for MoO,
nanomaterials, as well as lower cost and higher yield than
vapor-phase deposition.

The hydrothermal/solvothermal method is one of the most
extensively employed approaches for nanomaterial synthesis.
Hydrothermal or solvothermal synthesis of MoO, materials
relies on the controlled crystallization of molybdenum oxide
seeds from the precursor in the solution environment with
high temperature and pressure.”” This synthesis method
enables the good control and chemical homogeneity of the
crystal structure, morphology and size by manipulating the
reaction parameters. The reactant source, reaction time and
temperature, concentration and species of solvent and addi-
tive/surfactant are all key parameters for the nucleation and
growth of molybdenum oxides. By properly controlling the syn-
thesis procedures, multidimensional architectures of MoO,
nanomaterials can be designed and synthesized. A variety of
micro-/nanostructures including 0D quantum dots, 1D nano-
rods, nanowires, nanotubes, 2D nanosheets, and 3D porous
structures have been synthesized by precisely controlling the
synthesis process.”®'°* Fig. 4f-h show the typical TEM and
SEM morphologies of molybdenum oxide nanomaterials syn-
thesised by wusing the hydrothermal or solvothermal
method.'®'°® Moreover, the hydrothermal synthesis allows
the phase transition between metastable and stable crystal
structures of molybdenum oxides. The nucleation process of

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Optical image. (b) SEM image and (c) AFM image of MoO, nanosheets prepared by CVD.° Reproduced with permission. Copyright 2018,
Wiley-VCH. (d) TEM image of MoOs_, quantum dots.’® Reproduced with permission. Copyright 2017, Royal Society of Chemistry. (e) SEM image of
a-MoOj3 nanorod.®® Reproduced with permission. Copyright 2010, The American Chemical Society. (f) TEM image of single walled MoO3 nano-
tubes.'®? Reproduced with permission. Copyright 2008, The American Chemical Society. (g) TEM image of the MoOs_, nanosheets.'®® Reproduced
with permission. Copyright 2014, Wiley-VCH. (h) SEM image of nanoflower-like MoO,.'°® Reproduced with permission. Copyright 2015, Royal

Society of Chemistry.

different phases is found to be dependent on the concen-
tration of acid/saline ions and temperature during the hydro-
thermal treatment.'®” The h-MoO; tends to form under the
acidic aqueous environment with a high concentration of H",
Na' or K" ions, while a-MoOj; is more likely to be formed at a
high hydrothermal temperature.'®® The hydrothermal syn-
thesis is also an effective method to introduce oxygen
vacancies or Mo ion valence tuning in the as-prepared MoO,
samples, which will be discussed in the next section.

Chemical precipitation is a facile liquid-phase synthetic
method without high temperature or high pressure.
Sakaushi et al. utilized sodium molybdenum oxide dihydrate
(Na,M00,-2H,0) as the precursor to synthesize nano-
structured a-MoOj3;, which can assemble to form a large-area
freestanding film.'”’ The whole process was conducted in a
low-temperature (75 °C) aqueous solution with the pH of 0.5.
The organic acid also exhibits strong influence on the nano-
structures of a-MoO;. In addition, Kumar et al. synthesized
a-MoO; with the aid of three organic acids, citric acid (CA), tar-

This journal is © The Royal Society of Chemistry 2021

taric acid (TA) and ethylene diamine tetra-acetic acid
(EDTA)."*® The structural difference of organic ligands led to
distinct morphologies of the resultant a-MoO; products, in
which hexagonal plates were prepared in CA or TA solution,
while nanorods and nanoplates were prepared in EDTA solu-
tion. Jittiarporn et al. carried out an intensive study on the
impact of precipitation temperature on the nanostructure and
physiochemical properties of MoO3.'"" It shows that as the
temperature varied from 55 to 85 °C, the crystallite size
enlarged, band gap became narrower, and defects in the
crystal lattice increased. At 85 °C, the h-MoO; crystals aggre-
gated together and formed a flower-like cluster, which pos-
sessed a reduced band gap, increased oxygen vacancies, and
best photochromic properties.

The sol-gel process is a versatile wet chemical approach for
molybdenum oxide synthesis, which enables the good control
of textural and morphological characteristics of materials."*?
The sol-gel method mainly undergoes several consecutive
steps including: the initial hydrolysis of molecular precursors,

Nanoscale, 2021,13, 5620-5651 | 5625
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the following condensation and gelation, and the final drying
process to obtain molybdenum oxide crystals. Tang et al. uti-
lized the hydrogen peroxide treated Mo powder as the precur-
sor to synthesize a-MoO; nanomaterials."**> The obtained
MoO; was composed of 2D nanoplates with an average size of
about 1 pm and thickness of 100 nm. Morphologies of the
a-MoO; products can be well controlled by adjusting the molar
ratios of precursors, drying conditions or the additive/surfac-
tant. Additionally, Cong et al. studied the influence of the rela-
tive molar ratios of molybdate and citric acid in the precursor
on the growth process of a-MoO; samples.'** The molar ratio
of citric acid to molybdate in the precursors was demonstrated
to have a significant impact on the competing crystal growth
process of a-MoO; nanorods. The additive or surfactant can
also be introduced as templates into the sol-gel process to
assist the shaping of morphology and structure. For example,
Brezesinski et al. used a poly(ethylene-co-butylene)-b-poly
(ethylene oxide) block copolymer as a soft-template to syn-
thesize a mesostructured a-MoOs thin film.'*® As a result, a
homogeneous and porous cubic architecture MoO; film
without obvious structural defects was successfully synthesized
by this simple method. More recently, Yin et al. successfully
synthesized well crystallized, high surface area plasmonic
MoO;_, by combining the evaporation induced self-assembly
process and a subsequent hydrogen reduction with the assist-
ance of F127 (PEO;,sPPO,,PEQ; ) as the organic template.'*®
During the synthesis procedure, commercial Mo metal powder
was chosen as the Mo precursor. Detailed characterization of
XRD, TEM, XPS and nitrogen adsorption-desorption analysis
measurement proved that the MoO;_, possessed a high
surface area and strong localized surface plasmon resonance
under incident light.

Electrochemical methods including electrodeposition and
electrochemical anodization are different kinds of economic
and facile techniques for molybdenum oxide synthesis.
Moreover, it is easy to proceed the structural modulation
and functional modification during the electrochemical
process.' 7118

Electrodeposition is a well-suitable method for producing
thin, large and uniform molybdenum oxide films. Generally,
the molybdate solution, such as sodium molybdate (Na,MoO,),
is selected as the electrolyte."*® A further investigation demon-
strated that hydrogen peroxide dissolved Mo powder can also be
used for the electrodeposition of MoO; films.'*® More impor-
tantly, the crystallinity, phase and Mo oxidation state of the as-
deposited molybdenum oxide film are reported to be very sensi-
tive to the electrodeposition parameters. In addition, Yao et al.
reported that the phase structure of the formation of a-MoO; or
B-MoOs; strongly relied on the cyclic voltammetry experimental
parameters. The p-MoO; was formed over the potential range
from —1.2 to —0.40 V (vs. Ag/AgCl), while a-MoO; was formed by
applying a bias of —1.2 to 0.40 V.*” Moreover, the bath pH is
also a significant factor, which determined the oxidation state
of the resultant MoO,.***7123

Electrochemical anodization is another electrosynthesis
method to prepare molybdenum oxide materials. By electro-
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chemical etching and oxidation of Mo metal simultaneously,
MoO, with a controlled microstructure can be obtained. Lou
et al. synthesized a-MoOj thin films by anodization of Mo foils
in the ethylene glycol/water solution with sodium fluoride as
the electrolyte.’** The anodization of metallic Mo involved two
competing processes, anodic oxidation and chemical dis-
solution. The fluoride etching of a-MoO; was favoured along
the [001] crystal direction and crystal growth was altered and
forced along [010], leading to promoted growth along (kk0)
planes to form the platelet morphology. Szkoda et al. further
studied the impact of fluoride ions on the morphology and
porosity of synthesized films."*> The presence of fluoride ions
significantly affected the morphology of MoOj;, resulting in a
maze-like architecture and the anisotropic growth along the
[110] crystal direction.

Material engineering and
characterization

Stoichiometric MoOj; in the a-crystal phase is an indirect and
wide band gap semiconductor with an experimentally detected
band gap of ~3.1 eV, and the rest crystal phases of stoichio-
metric MoO; feature similar band gaps.®® In recent years,
density functional theory (DFT) calculations have been exten-
sively used to investigate the MoO, material properties. By
implementing the improved calculation schemes, e.g., modi-
fied Becke-Johnson potential (mBJ-GGA) method and the
hybrid functional (HSE06) method, the band gap of the MoO;
can be theoretically reproduced.>®®® For instance, as shown in
Fig. 5a, calculation of the a-MoO; band diagram with the
mBJ-GGA method along the high symmetric points of I'-X-S-
R-T-ZT in the Brillouin zone indicates that the valence band
maximum (VBM) is at the R point, while the conduction band
minimum (CBM) is located at the I" point, which confirms that
a-crystal MoO; is an indirect band gap with a band gap of
about 3 eV. A similar band diagram is also obtained by using
the HSE06 method. In addition, density of states (DOS) ana-
lysis in Fig. 5b—e shows that the energy band below the VBM is
mainly contributed by the Mo-d and O1, 2, 3-p electron hybrid-
ization, while the contribution from Mo-s/p and 01, 2, 3-s elec-
tron states is negligible (here O1 equal to O, O2 equal to O,
and O3 equal to Og). On the other hand, the energy band
above the CBM is mainly contributed by the Mo-d and 01, 2,
3-p electron hybridization, and the contribution from Mo-s/p
and O1, 2, 3-s electrons is insignificant.'®® At this stage, it is
worth noting that experimentally prepared MoO, usually are
n-type semiconductors, which is due to the unintentional for-
mation of intrinsic defects in the oxides (e.g., oxygen vacancy);
however, in order to obtain the full optical and electrical func-
tions of MoO,, material engineering strategies to tune the
band structure, free electron concentration, morphologies, etc.
are essentially demanded. Presently, the published literature
indicates that oxygen vacancies or dopants affect the MoO,
properties a lot."®” Other than that, structural and compound
modifications such as film thickness, chemical compositions,
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crystal phases and surface state control also have great influ-
ence on MoO, properties.'*® Herein, in this section, the follow-
ing strategies of tuning material properties are first reviewed:
(i) oxygen vacancy creation; (ii) doping or intercalation with
different types of elements; (iii) crystal phase and morphology
manipulation; (iv) MoO, hybrid formation.

Oxygen vacancy creation

As aforementioned, the orthorhombic structure of a-MoQj; is
composed of a bilayer network of MoOg octahedra that stacks

(b)

along the [010] crystal direction, and the neighbouring bilayers
bond with each other by vdW forces. The atomic structure in
Fig. 2a already shows that O, bonds to Mo, pointing perpen-
dicular to the vdW gap in the [010] crystal direction, and O,
asymmetrically bonds to two nearby Mo ions in the [100]
crystal direction, whereas Os bonds to two Mo ions with a
short bond in the [001] crystal direction and another Mo ion
with a longer bond in the [010] crystal direction (Fig. 6a).®!
DFT calculations demonstrate that the formation energy of the
oxygen vacancy on three different oxygen sites varies, and the

Vacancy | Polaron Occupied Formation
Site orbitals enthalpies (eV)
- Mo* dyy dy, 1.51
t + +
Mo’*, Mo® dyds 1.32
Mo** dy, d,, 2.49
O Mo, Mo** *
Mo *
O,
Mo, Mo** | d,, d,,. dy, 3.41

The asterisk superscript denotes that these structures always relax
towards other configurations.

Fig. 6

Mo,Oy A

MoO,

(a) The possible position of forming different oxygen vacancy types in the a-MoOs. (b) The listed formation enthalpies for the different

oxygen vacancy types and polaron states in the bulk a-MoOs. Adapted from ref. 129. Copyright 2017, The Springer Nature Publishing Group. (c)
a-MoOs crystal structure and various defective structures with different vacancy concentrations.’?® Reproduced with permission. Copyright 2017,

Royal Society of Chemistry.
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lowest one is 1.32 eV, which corresponds to the oxygen vacancy
formation at the Oy site (Fig. 6b). On the other hand, the for-
mation energies of oxygen vacancies at O, and O sites are 2.49
eV and 3.41 eV, which are higher than that at O, implying that
the oxygen vacancy formation at these two respective sites is
less energy favourable.’*® In the practical situation, physical
characterization confirms that oxygen vacancies tend to be
created at the O site with higher probability, and they also can
be created at O, and Og but with lower probability, which is
determined by the defect engineering strategy.®> Besides,
accounting for the number of bonded O atoms removed, a
number of non-stoichiometric molybdenum-oxides with the
average valence between +6 and +4 are prepared, e.g., MoO,,
Mo0,40;1, M0gO,g, M0,505,, M0,Oy4, etc. (Fig. 6¢).'%°

The introduction of oxygen vacancies into the MoO; crystal
inevitably creates rich defect levels in the band gap. More
insightfully, the freely vibrating electrons (two per oxygen
vacancy) move close to the Mo atoms, and a portion of the wave
function superimposes on the Mo-Mo (with d-d character)
band, generating new energy levels lying within the band gap,
while the rest is relocated to the initially empty energy levels at
the edge of the conduction band (Fig. 7a)."*® Meanwhile, DOS
calculation reveals more information about the defect-level posi-
tions generated by removing the O, Os and O,. It shows that the
defect levels induced by the oxygen vacancies at O, sites locate
at the lower part of the band gap, and those induced by oxygen
vacancies at O sites locate at the upper part of the band gap,
whereas defect levels induced by oxygen vacancies at O, sites
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Fig. 7 (a) A schematic illustration of the electron transferring and defect level formation with the introduction of oxygen vacancies in the MoOs.
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are much close to the conduction band edge (Fig. 7b-d).”?
Besides, experimental evidence also shows that, for a low degree
of vacancy density, the free electrons from the oxygen vacancies
only occupy the bonding d-d band, and the Fermi level of the
material is hardly changed. However, at a higher degree of
vacancy density, more free electrons are generated, and they
tend to occupy the empty d-d band in the conduction band,
which consequently raises the electron filling level and shifts
the Fermi level towards the conduction band."**

To achieve sub-molybdenum-oxides with different oxygen
vacancy concentrations, effective strategies of introducing
oxygen vacancies are principally important. Currently,
methods of chemical reduction, semiconductor process
technology, light irradiation, etc. are widely used. For example,
sodium borohydride (NaBH,), a strong inorganic reductant,
can be used to react with MoO; nanoparticles in a mixed solu-
tion to introduce the oxygen vacancies. In the experiment, stoi-
chiometric MoO; nanoflakes were first prepared by oxidizing
the MoS, in the H,0, solution, and then NaBH, was added to
create the oxygen vacancies through tuning the molar ratio
between the NaBH, and Mo (NaBH,:Mo). It is shown in
Fig. 8a that the colour of the MoOj; suspension changes from
light green, and then blue to brown with the continuous
increase of reductive NaBH,. The UV-vis absorption spectra in
Fig. 8b also reflect an obvious peak shift, which can be
ascribed to the change of free electron concentration provided
by the oxygen vacancies. Furthermore, XPS detection confirms
that part of the Mo®" ions in MoO; are reduced under low
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Projected DOS of the atomic supercell with Vo, vacancy. (d) Projected DOS of the atomic supercell with Vo vacancy. The blue, green and red lines
represent the d, p and s orbital contributions of the corresponding atoms.>® Reproduced with permission. Copyright 2018, EU PVSEC.
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molar ratio conditions; however, when the molar ratio reaches ions from NaBH, intercalate into the material, which intro-
6:1, all the Mo®" ions are reduced to +4 valence state, and duce extra defect levels into the band gap.'** Other than that,
pure MoO, can be obtained (Fig. 8c). At this time, it also Wang et al reported that, by using dopamine as the reductant,
should be mentioned that, due to the layered structure of the sub-molybdenum-oxides with various chemical ratios can be
MoO;, EDX mapping on the reduced MoO, indicates that Na* prepared (Fig. 9a)."*’ Firstly, according to the electrochemical
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Fig. 9 (a) Schematic illustration of the preparation of PDA-coated MoOs_, nanosheets with tunable plasmon resonance. (b) Photograph of the
PDA-coated MoOs_, nanosheets obtained under different pH values. (c) UV-Vis-NIR spectra of the MoOs_, nanosheets prepared under various pH
reaction solutions. (d) Photograph of yellow MoOs_, nanosheets dispersed in the H,O, and NaClO with different concentrations.** Reproduced
with permission. Copyright 2019, Royal Society of Chemistry.
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measurement, it reveals that the oxidation potential of dopa-
mine decreases with the increase of the pH values. Therefore,
in the experiment of MoO; reduction, the pH value of the
MoO; and dopamine solution mixture was controlled, and
then MoO;_, nanosheets with tunable localized surface
plasmon resonance (LSPR) from ultraviolet to the near-infrared
region (361-809 nm) could be achieved, which also reflected
on the colour change of the nanosheets that turn from deep
blue, faint bluish, orange, yellow to black (Fig. 9b and c).
Moreover, in Fig. 9d, it also reveals that dopamine can act as a
protective surfactant, and forms polydopamine (PDA) coated
MoO,, which prevents the MoO, from being oxidized even in
the strong oxidants. Additionally, reductants such as ascorbic
acid (AA), polyethylene glycol (PEG), glucose, ethanol, etc. also
have been extensively used to tune the oxygen vacancy density,
and remarkable success on tuning the oxygen vacancies has
been obtained; however, using these organic reductants always
introduces undesirable radicals on the material surface, which
may degrade the SERS performance.'**"?>

Moreover, the electro-deposition method has plenty of
advantages on preparing thin films, e.g., precise control of
film’s stoichiometry and layer thickness, low reaction tempera-
tures, large-scale uniformity and cost effectiveness; therefore,
it also has been widely implemented for MoO, preparation.
Experimentally, through tuning the deposition parameters,
e.g., pulse voltage, current density, electrolyte and electrodes,
the oxygen vacancy density of the deposited film can be con-

(a) Ag/Agcl Reference electrode

Counterelectrode _—~*
(Platinum wire)
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veniently manipulated. For instance, in the steps of electrode-
positing the oxygen deficient MoO,, a three-electrode electro-
deposition system configured with Pt wire (counter electrode),
ITO glass (working electrode), and Ag/AgCl (reference elec-
trode) was used (Fig. 10a). Using the MoOj; colloid as the elec-
trolyte, a voltage pulse of 3 seconds and current density of
0.03 mA cm™> were set as the deposition parameters. After
1200 deposition cycles, XPS detection on the deposited molyb-
denum oxides reveals that the MoO,., film with 61% of Mo®"
ion and 39% of Mo>" is achieved (Fig. 10b and c).'*°

Semiconductor process technologies, such as chemical
vapor deposition (CVD), magnetic sputtering, pulse laser depo-
sition and thermal evaporation, are commonly used to tune
the oxygen vacancy defects. Relying on the advantage of CVD,
Wu et al. reported a kind of ultra-thin layer MoO, nanosheet
prepared on the SiO, via the CVD process.®® In the experiment,
MoO; powder was first deposited on the SiO, at 750 °C for
30 minutes in the furnace by using N, as the carrier gas, then
the sulfur (S) source was heated to 90 °C, and the evaporated S
reacted with the O element in MoOj; to create the oxygen
vacancy (Fig. 11a). Raman spectra of the prepared thin film are
collected. As shown in Fig. 11b, the Raman peaks at 124, 208,
230, 347, 363 and 498 cm ™" can be assigned to the vibration
modes of MoO,, indicating the successful deposition of the
MoO, thin film. In the meantime, XPS detection in Fig. 11c
also reveals the strong peak intensity of Mo"" ions, which
further confirms the formation of MoO,.

\ Working electrode
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ITO layer

MoOa2+xfilm
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Fig. 10 (a) Schematic of MoO,.. films electrodeposited on ITO glass. (b) FSEM images of the prepared MoO,.,, nanofilm. (c) XPS spectra of Mo 3d
obtained on MoO5,,.*® Reproduced with permission. Copyright 2019, The American Chemical Society.
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the sample, indicating that the Mo ion in the material is mainly + 4.8° Reproduced with permission. Copyright 2018, Wiley-VCH.

Other than that, the pulse laser deposition method is also
used to shape the oxygen vacancy defect distribution in the
MoO; through controlling the deposition temperature and
oxygen partial pressure. In Khojier et al. research work, MoO;
was used as the target, and different chamber temperatures
and pressures were set during the process for the purpose of

500/2.4

AR

depositing the MoO, film with different oxygen vacancy
density."”” XRD is performed to investigate the MoO, film
obtained under different process conditions. It is shown in
Fig. 12a that the condition of 500/4.5 (500 °C, 4.5 Pa) allows
the formation of orthorhombic MoQj3;; however, it also shows
some reflections of the Mo,0,; phase, representing the for-

p
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(a) Molybdenum oxide deposited under different chamber conditions. (b) XRD spectra of the deposited film. (c) XPS spectra of the sample

prepared under three different conditions.'® Reproduced with permission. Copyright 2017, Royal Society of Chemistry.
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mation of a mixed-phase MoO, film. Moreover, for lower depo-
sition pressure, the film prepared under the 500/2.4 (500 °C,
2.4 Pa) condition has reflections of M0,0,; and MoO,, and
under the process condition of 570/2.4 (570 °C, 2.4 Pa) film, it
shows strong MoO, reflections and faint reflections of Mo,0
(Fig. 12b). The above characterization results prove the impor-
tance of the temperature as well as the O, partial pressure on
forming the oxides with different stoichiometry. In addition,
XPS detection reveals more information of the material com-
ponent. It is illustrated in Fig. 12c that, for the MoO, deposited
under the 500/4.5 condition, about 13.8% of the Mo ions are
Mo’", and 86.2% of the ions are Mo®". Whereas, for the MoO,
deposited at 500/2.4, Mo*" ions occupy about 0.5% of the Mo
ions, Mo®" ions occupy another 39.4%, and the rest are Mo®"
ions. In the end, for the MoO, deposited at 570/2.4, about
39.5% are Mo*" ions, 31.6% of them are Mo’ ions and the
rest are Mo®" ions. Besides, oxygen vacancies also can be
created by introducing the N element into the MoO,. In the lit-
erature, the MoO; film is annealed under an ammonia or N,
atmosphere. It is demonstrated that substitution of N in the
crystal introduces abundant vacancy defects into MoOs;, result-
ing in the enhancement of the electrical conductivity."**"*°
Recently, light irradiation is considered as an effective strat-
egy for creating oxygen vacancies in the oxide. A previous
experiment indicates that active radicals like H" and OH™ can
be created from H,O in the catalytic reaction in the presence

View Article Online
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of MoO; under light illumination; thereafter, a substantial
number of H' ions diffuse into the layered MoOj3, forming the
OH, species, and then excessive OH, species dissociate away
from the crystal, which ultimately results in the formation of
oxygen vacancies (Fig. 13a and b).*>'**"'*> Raman spectra are
used in the experiment to monitor the evolution of 2D MoO,
suspensions under different solar light irradiation times; it is
shown in Fig. 13c that, for the initial sample that is associated
with a-MoO;, Raman peaks at 280, 667, 816 and 991 cm™" are
observed, which is in good agreement with the vibration
modes of a-MoO3. And after 5 hours of solar light exposure,
the formation of oxygen vacancies confirms that Raman peaks
at 489 and 740 cm ™' appear, which are assigned to the stretch-
ing mode of Mo=0 and Mo-O-Mo, evidencing the creation of
MoO;_, in the solution.

Ion doping and intercalation

Doping with extrinsic defects in the MoO; introduces extra
energy levels in the band gap of the MoO; material as well.
Lambert et al. performed DFT calculations to investigate the
solubility and effect on the band structure of different metal
ion doping in the MoOs;. It reveals in Fig. 14a and b that Sc, Ti
and Y have limited solubility within a wide range of O, partial
pressure at a temperature of 500 K, and thus they are restricted
for efficient defect tuning. Meanwhile, Zn, Cu and Se show
some solubility, especially Cu and Se appear to introduce
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Fig. 13 (a) Schematic illustration of the H intercalation in the MoOs, and then the H,O molecule dissociating from the crystal in the MoOs.
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Reproduced with permission. Copyright 2017, The Springer Nature Publishing Group. (b) The photocatalytic process of the MoOs solution under
light irradiation. Adapted from ref. 160. (c) The evolution of the 2D MoOs_, nanoflakes when exposed to the simulated solar light for different

times.*% Reproduced with permission. Copyright 2014, Wiley-VCH.
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Fig. 14 (a) The equilibrium solubility curve for the elements at a temperature of 500 K with varied O, partial pressure. (b) Atmospheric pressure
with varied temperature. (c) The electronic density of states introduced by varied dopants.*** Reproduced with permission. Copyright 2018, The

American Chemical Society.

defect levels near the valence band. On the other hand, Mn
and V are found to be highly soluble in the MoO3;, and substi-
tutional or interstitial type defects can be formed in a wide
range of doping concentrations. In the meantime, band struc-
ture calculation results in Fig. 14c further evidence that the
Mn and V atoms (Mn; or V;) in the interstitial position tend to
introduce mid-gap states in the MoOj crystal, whereas a substi-
tutional Mn (Mny,) induces extra defect levels near the con-
duction band. In contrast, defect levels originating from the
substitutional V are closer to the valence band.'*?

Additionally, Sn** ions are implemented as the dopant to
tune the MoO; material properties, and either interstitial or
substitutional defects are created, introducing wide-distribu-
ted defect levels in the band gap. Experimentally, the layered
a-MoOj; nanosheets were prepared by the PVD method. And
in order to achieve the Sn>" intercalation, a-MoO; was dipped
into a beaker with deionized water solution containing
10 mM SnCl, and 100 mM tartaric acid, then the mixed solu-
tion was heated at 60 °C for more than 15 minutes, and
thereafter the MoO;-Sn samples were rinsed with acetone
and deionized water to get rid of other impurities absorbed
on the surface of the sample (Fig. 15a and b). UV-vis spectra
shown in Fig. 15c first reveal that the absorption intensity is
enhanced significantly in a broad wavelength range from 300
to 15000 nm, which is ascribed to charge transfer from Sn>*
ions to the Mo®" ions. Thereafter, XPS measurement is
further implemented to investigate the atomic details of the
material properties. It shows that, after the introduction of
Sn** ions into the MoOj3, both Mo 3d 5/2 and 3d 3/2 peaks
are split into doublets, arising from the presence of Mo +5
and +6 oxidation states. And in the meantime, it also indi-
cates that Sn>" ions are oxidized into Sn*" ions, confirming
that the electrons are transferred from the Sn** ions to the
Mo°" ions (Fig. 15d).***

This journal is © The Royal Society of Chemistry 2021

Other than that, Nb or Ti doping via spray pyrolysis in the
MoOy also shows profound influence on the optical and elec-
tronic properties of MoO3z."*>"*® It manifests that the dopants
induce extra defect levels near the conduction band of the
MoO;, promoting electron intervalence transfer between Mo
and dopants. Besides, the above doping process also works for
the other metal doping in the MoOs;. For example, it has been
confirmed that elements such as Li, Na, K, Nb, W, Fe, Cd, Ce
and Eu ions generate additional energy levels in the band gap,
reducing the intrinsically wide band gap of Mo0,.'* '3
However, In-doped MoO; is found to be transformed into a
p-type semiconductor with an increased band gap of ~3.8
eV."” This phenomenon also is found in the Ru-doped MoOs,
which is considered to be caused by induced structural defects
during the doping process."”®

Furthermore, H' ions are also extensively used as a dopant
to engineer the MoO; material property. Due to its tiny atom
size and single valence electron, introducing H' ions into the
crystal structure only induces insignificant structural expan-
sion in the MoO; with a relatively low migration barrier, and
plenty of research studies have been performed to study the
intercalation of hydrogen in the MoOj; as the dopant.'>¢7'%8
Usually, the method of preparing hydrogen molybdenum
bronze (H,Mo00s) is via the chemical reaction in acid aqueous
solution.?®'%19 1t shows that the H' ions prefer to attach to
the O and form hydroxyl-like radicals, introducing intrinsic
defects and contributing excessive electrons to the material.
More specifically, based on the intercalated H" ion concen-
tration (the concentration is still low if compared to that in the
oxygen vacancy formation), three thermodynamically stable
phases of H,MoO; can be determined, which are shown in
Fig. 16a, including type 1 (0.23 < x < 0.40), type 2 (0.85 < x <
1.04) and type 3 (1.55 < x < 1.72). In type 1 H,Mo0O3, the inter-
calated H' ions are relatively low, and therefore the H,MoO;
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Fig. 15 (a) Atomic structure of the a-MoOs. (b) The AFM image of the Sn-doped a-MoOs. (c) The absorption spectra of for the a-MoO3 and Sn-
doped a-MoOs. (d) The Mo 3d XPS spectra obtained on Sn-doped a-MoOs.*** Reproduced with permission. Copyright 2019, The American

Chemical Society.

remains in the orthorhombic crystal phase, showing blue
colour. However, with the increase of the intercalated H ion
amounts, it forms type 2 or type 3 H,MoO3;, and the crystal
phase may evolve from orthorhombic into monoclinic phase,
while the colour converts to green (Fig. 16b). In the meantime,
XPS valence spectrum analysis shown in Fig. 16¢ indicates that
the valence band edge is determined to be ~3 eV away from
the Fermi level for MoOj;; however, weak humps are also
detected for the Hy sM003;, Hy.9;M0O; and H; 55;M00; between
the valence band edge and the Fermi level. Physically, these
peaks are ascribed to the overlap of the electron wave function
induced by free electrons from the intercalated H' ions,
further revealing the strong interaction of the H' ions with the
crystal and ultimately shifting up the Fermi level.

In addition to that, the advantage of strong light-material
interaction between the incident light and MoO; is exploited
to introduce H' ions into the MoO; as well. MoO, nanoflakes
were first prepared by a liquid exfoliation method, and three
kinds of MoO, nanoflake aqueous suspensions (MoO,-I,
MoO,-II and MoO,-III) were obtained from the precursors with
different MoO; and Mo weight ratios (MoO3z, 4M0O; : 1M0O,
and 1MoO; : 4AM00O,). Then, a solar simulator source was used
to irradiate the precursors in the experiment. Experimental
results show that the MoO, aqueous suspension under light
irradiation can create rich hydroxyl groups in the MoOj;
through the H' intercalation process, inducing the electron
transfer from the O to Mo. Subsequently, the terminal oxygen
atoms transferred charges to the bonding Mo atoms, resulting

5634 | Nanoscale, 2021,13, 5620-5651

in partial reduction of molybdenum ions and shortening of
Mo-0O bonds, which simultaneously leads to the introduction
of the defect levels in the MoO; band gap (Fig. 17)."*"'®°
Besides the spill-over method, electron-proton co-doping strat-
egy and annealing in H,, are also widely implemented, and
they show excellent hydrogen introduction efficiency in the
MoO;, consequently promoting the free carrier concentration
significantly.*®%> 1"

Crystal phase control

Molybdenum oxides possess various crystal phases, showing
diverse optical and electronic properties; therefore, they could
be an attractive approach to manipulate the crystal phase for
specific optical applications.’*® In a reported experiment, a
novel solvothermal method was implemented to synthesize
MoO, nanomaterials. Specifically, MoS, dispersed in ethanol
was used as the precursor, and H,0, was used as the oxidant.
Through reaction time control, monoclinic MoO, (JCPDS No.
32-0671) was achieved in the first-time phase, then with the
extension of the reaction time, the non-stoichiometric struc-
ture of MoOj3_, (Mo,40;,) nanoparticles and the stoichiometric
structure of MoO; nanoparticles were obtained (Fig. 18a).'?
Physical characterization of XRD and XPS detection indicates
that the material properties closely rely on the synthetic con-
dition. It reveals that monoclinic MoO, nanoparticles with
sufficient oxygen-rich groups have been prepared in the first
stage, whereas MoO;_, nanoparticles that contain fewer
vacancy defects are obtained in the second stage, and stoichio-

This journal is © The Royal Society of Chemistry 2021
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metric MoO; nanoparticles are synthesized in the end. In
addition, UV-vis absorption investigation in Fig. 18b illustrates
that MoO, nanoparticles show intense absorption from visible
to NIR with the peak located at 795 nm, which is produced by
the strong LSPR effect induced by the d-orbital free electrons
from oxygen vacancies. On the other hand, MoO;_, nano-
particles with less defect density show a weaker and narrower
absorption profile within the mild visible range, whereas
MoO; nanoparticles show no absorption from the visible to
NIR region, indicating the low free electron density in these
two materials. Besides, an alkaline solution (NH*" solution) is
also implemented to tune the alkalinity of the electrolysis. By
optimizing the doping level of NH*" in the MoOj; crystal solu-
tion, it is shown that highly crystalline orthorhombic 2D mol-
ybdenum oxide transits to a hexagonal phase (Fig. 18c)."*?
Other than that, an early study reveals that the amorphous
ZnO NC-molecule system is able to promote the interfacial
charge-transfer process (ICTP), consequently improving the
semiconductor-based = SERS  performance  significantly.
Therefore, Li et al. presented a quantum size H,MoO; for the
similar ICPT property. In a typical experiment, MoS, powder
was first oxidized in the H,O, solution, and then the mixed
solution was quickly transferred into a stainless-steel autoclave
with the supercritical CO,."®* Through heating it at 40 °C for
3 hours, the CO, was released, and the supernatant of MoO;
quantum dots was collected for the further experiment.

This journal is © The Royal Society of Chemistry 2021
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Thereafter, the illumination process was conducted with sun-
light for 5 hours, and the H' ions in the solution intercalated
into MoO; and formed H,Mo00; quantum dots (Fig. 19a). It is
shown in Fig. 19b that the prepared H,MO; quantum dots are
with an average physical size of 4 nm, and no lattice diffraction
fringe is observed. Moreover, the UV-vis spectra in Fig. 19c
reveal that the quantum dots show dual optical absorption
peaks, which is attributed to the increase of the surface carrier
density produced by the quantum size constraint.

MoO, hybrid formation

Molybdenum oxide can be prepared by various chemical syn-
thesis and physical deposition methods; therefore, it enables
the researchers to integrate appropriate preparation processes
to obtain MoO, hybrids, pursuing enhanced optical functions.
In the most recent research work, Li et al. prepared molyb-
denum tungsten oxide hybrids (MWO) with a strong plasmonic
resonance property.'®® Tungsten oxides (WO,) are transition
oxide materials, and widely used for electrochromic glass,
photocatalysis and sensing application. It is shows in the lit-
erature that rich substoichiometric compositions of WO, with
tunable LSPR properties can be obtained by various types of
defect engineering approaches. Thus, in order to reinforce the
plasmonic vibration of both WO, and MoO,, MWO hybrids are
synthesized by using the one-pot solvothermal solution
method. The prepared hybrids are in black-blue colour due to
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the high density of oxygen vacancies, which are reduced by the
2-propanol during the reaction. In the meantime, the Mo and
W ions also tend to enter into each other’s octahedral struc-
tures, creating extra defects in the MWO (Fig. 20a). UV-vis
absorption spectra are collected, and they show a broad and
strong LSPR effect >400 nm (Fig. 20b), deriving from the high
concentration of free electrons. In addition to that, Mo/MoO,
and MoS,/MoO, hybrids are prepared, and experimental
characterization shows that hybridizing two materials signifi-
cantly promotes the free electron density and consequently
enhances the SPR intensity."*>'®” In the meantime, MoO,/gra-
phene oxide hybrids (MoO,/GO) are also reported in the publi-
cation. The hydrothermal reaction is implemented to syn-
thesize the hybrids by Chen et al., and it is shown in Fig. 20c
that MoO, nanoparticles are completely covered by the ultra-
thin GO.'®® UV-vis absorption spectra are recorded and show
broad absorption peaks centred at 650 nm, revealing the
strong LSPR resonance produced by the MoO, nanoparticles.
Moreover, rich absorption peaks from FTIR spectra further
suggest the presence of the abundance of carboxyl and
hydroxyl groups on the surface of GO. Therefore, the construc-

5636 | Nanoscale, 2021, 13, 5620-5651

tion of the above M00O,/GO hybrids not only retains the LSPR
property of MoO, nanoparticles, and also raises the absorption
density of target probe molecules by the GO coverage. Besides,
Achadu et al. also prepared Fe;O, functionalized MoO3 nano-
cubes as the nanotags and graphene as the substrate. By
exploiting the plasmonic property of the MoO; nanocubes, a
reliable hybrid biosensing system based on the immunoassay
protocol is constructed for virus detection."®®

Furthermore, MoO, and noble metal hybrids (MoO,/Au,
Mo0O,/Ag) are reported by researchers for the purpose of utiliz-
ing the merits of noble metals and oxide in SERS
detection.””®"”? In Guo et al. research work, they took advan-
tage of the low valence state of the Mo ions, chloroauric acid
(HAuCl,) was directly added into the MoO, solution, and
MoO,-Au hybrids were synthesized by heating the mixture at
100 °C for 2 minutes. SEM investigation in Fig. 20d confirms
the formation of the MoO,/Au hybrids. In the meantime, the
UV-vis absorption spectra also show dual absorption peaks
that are derived from LSPR resonance of the Au nanoparticle
and MoO, nanoparticles, which strengthens the SPR intensity
as well as expands the LSPR frequency band. In the meantime,

This journal is © The Royal Society of Chemistry 2021
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similar MoO, and noble metal hybrids also can be prepared by
UV light irradiation or adding a weak reductant in the solution
and the same improvement in the SPR intensity is achieved, too.

SERS mechanism and performance of
the defective MoO,

The SERS effect on the surface of the metal oxides was first
observed in the 1980s. In the early years, due to the limitations
of semiconductor synthesis and characterization technologies,
this phenomenon was detected only on several semiconductor
surfaces, such as NiO, GaP, and TiO,, and the Raman enhance-
ment of these semiconductors is found to be relatively weak.
Nevertheless, with the progress of the material preparation
and tuning technologies, SERS study on the oxide-semi-
conductor surface has undergone a remarkable growth,
especially it is found that the SERS performance of transition
metal oxides can be comparable with that of noble metal.
However, there are still extensive debates on the SERS mecha-
nisms and SERS performance evaluation; therefore, in the sub-
sequent part of the article, the SERS mechanism and SERS per-
formance of the MoO, will be reviewed.

SERS mechanism of the defective MoO,.

It is known from theory that Raman signal intensity is closely
related to the incident field intensity and polarizability deriva-

5638 | Nanoscale, 2021, 13, 5620-5651

tive; therefore, two mechanisms for SERS are always discussed,
namely electromagnetic enhancement mechanism (EM) and
chemical enhancement mechanism (CM)."”> The EM of the
SERS involves the electromagnetic field intensity enhance-
ment, which is produced from the surface plasmon resonance
excitation. On the other hand, the CM of SERS originates from
the molecule polarizability enhancement, which is attributed
to the charge transfer between the SERS substrate and
molecules.

The plasmon resonance of the material is strongly corre-
lated with the free electron density, and according to the
Drude-Lorentz model, it can be estimated as follows:

ne?

Dy =
P EoMle

where @, is the bulk plasmon resonance frequency.'*’
Previously, the surface plasmon resonance excited by the
visible light is only found on noble metals. However, the pro-
gress in preparing and tuning oxide semiconductors enor-
mously expands the plasmonic material selection. Today, it is
shown that a series of substoichiometry oxide-semiconductors
also show surface plasmonic resonance that is excited by the
visible light range, which is ascribed to the promoted free elec-
tron density obtained via defect engineering. Especially for the
MoO,, widely tunable localized surface plasmon resonance
(LSPR) can be achieved by defect engineering. And plenty of

This journal is © The Royal Society of Chemistry 2021
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SERS studies have observed the strong EM that originates from
the surficial electromagnetic field generated by the defective
MoO,, which enhances the molecular Raman signal intensity
to several orders higher than that on a normal substrate.

On the other hand, theoretical and experimental evidence
also reveals that the defective MoO, possesses rich defect
levels in the band gap. Thus, it provides multi-step defect
levels to facilitate the charge transfer between the oxide-semi-
conductor SERS substrate and molecules, and ultimately pro-
motes the molecular polarizability, which is considered as the
CM. In a typical experiment, electrons in the ground states
gain enough energy by absorbing the incident photon under
the specific laser wavelength, and then these excited electrons
are transferred to the molecules through the coupled energy
level and enhance the polarizability of the molecule, which
results in the chemical enhancement of the molecular Raman
signal intensity.

Both EM and CM are important for the performance of the
MoO, SERS substrate; however, previous studies indicate that
the SERS contributed by EM is always effective when the dis-
tance between the substrate and molecules is within the eva-
nescent distance of the surface electromagnetic field, whereas
CM only happens when a junction is formed between the sub-
strate and the molecules.
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SERS performance of the defective MoO,

In the early days, the SERS phenomenon exclusively relies on
the EM observed on the noble metals; until recently, heavily
doped semiconductor materials have been successfully pre-
pared, and they also show prominent EM enhancement. In a
reported research study, an 8 nm thick MoO, film with a
metallic character is prepared by the CVD technique and
implemented as the SERS substrate. It is shown in Fig. 21a
that the lowest detection concentration of 4 x 107° M and
enhancement factor of 2.1 x 10° can be obtained, which
exceed those of other 2D materials and are comparable to
those of noble metal films. Moreover, the Raman signal
mapping results also reveal excellent uniformity. It is shown in
Fig. 21b that the RSD of Raman peaks in a 5 x 5 um? area can
reach 4.89% (914 cm™), 5.706% (1182 cm™'), and 5.513%
(1622 em™"), respectively (Fig. 21b). Furthermore, as it can be
observed in Fig. 21c, the planar MoO, substrate exhibits more
environmental stability compared to that of the noble metals,
and experimental evidence indicates that even after 15-days in
air, the ultra-thin MoO, nanosheets still remain nearly the
same. In the meantime, the CVD prepared ultrathin film also
shows extraordinary temperature stability. It is revealed in
Fig. 21d that the shape and SERS performance of the MoO,
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Fig. 21 (a) The Raman spectra measured on the prepared MoO thin film. (b) The statistical distribution of SERS signal intensity (914 cm™?) that was
measured on a MoO, thin film. (c) Excellent stability of the thin film compared to that of Ag. (d) The reusability of the MoO thin film.®° Reproduced

with permission. Copyright 2018, Wiley-VCH.
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nanosheets remain the same when the nanosheets undergo
heating treatment at 200 °C for 1 hour. Moreover, Raman
measurement demonstrates that the analysts on the surface
can be removed by annealing and then the substrate can be
reused for more than 10 cycles, showing excellent reusability.
In the end, first principles calculation is performed to under-
stand the SERS mechanism of this ultrathin MoO,. It reveals
that MoO, presents a metallic character and significant
absorption band at 510 nm, both of which can be attributed to
the SPR effect (EM) induced by the free electrons, and conse-
quently promotes the SERS performance.®’

Additionally, the plasmonic properties of the MoO, are also
impacted by their surface states and microstructure. In the
experiment, a one-pot and facile solvothermal method by
adjusting the synthesis time to prepare different phases of
MoO, nanomaterials is implemented. Practically, MoO,
(5 hours), MoO;_, (7 hours) and MoO; (11 hours) phases of
nanoparticles are synthesized by oxidizing the bulk MoS,
powder through reaction time control. Meanwhile, UV-vis
absorption spectra obtained from the three different phase
nanoparticles illustrate that MoO, nanoparticles display strong
SPR absorption in the visible and NIR region, however,
MoO;_, nanoparticles show a much weaker LSPR effect, and
no LSPR effect is observed for the MoO; nanoparticles. The
SERS activity is evaluated on the above three different phase
nanoparticles. Fig. 22a shows that MoO, nanoparticles exhibit
a superior SERS effect to that of the MoO;_, and MoO; nano-
particles, which is ascribed to the strong LSPR induced by the
high oxide vacancy density in the material with shorter reac-
tion time and consequently promotes the EM. Furthermore,
SERS performance of the plasmonic MoO, nanoparticle sub-
strate is evaluated by probing the molecules of R6G with
different concentrations. It can be observed in Fig. 22b and c
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that the minimum detection concentration of 5 x 10”® M and
the maximum EF up to 1.10 x 10’ can be achieved, which even
reaches that of noble metals.'®*

Other than the EM mechanism, CM is widely exploited to
achieve attractive SERS performance. Research work performed
by Ma et al. used light to engineer the defect density of the
MoO;_,. In the first place, MoO;_, nanosheets are prepared at
room temperature by oxidizing the molybdenum powder with
H,0,, and subsequently the prepared molybdenum oxides are
irradiated by the light in methanol to induce the reduction.
Physical detection and optical detection are performed. It con-
firms that MoO;_, nanosheets are in amorphous state. In the
meantime, UV-vis absorption spectra in Fig. 23a further reveal
that amorphous MoO;_, nanosheets display a strong and wide
absorption band from 700 to 1200 nm, which is ascribed to
the high-level electron doping from the oxygen vacancies gen-
erated during the Xe irradiation phase. SERS performance is
evaluated by using a variety of molecules, e.g., MB, RhB and
PNTP. As shown in Fig. 23b, it demonstrates that the substrate
prepared by amorphous MoO;_, sheets shows more efficient
charge transfer capability compared to that of crystal MoO;_,,
and using R6G as the Raman reporter (Fig. 23c), it can be
observed that attractive SERS performance induced by the CM
can be obtained for the amorphous MoO;_, nanosheets under
532 nm laser irradiation, which also exhibits higher sensitivity
than the crystalline MoO;_,. Moreover, in Fig. 23d, the re-
cycling detection of the amorphous MoO;_, nanosheets is
investigated by repeated oxygen insertion in the H,O, solution
and extraction through light-irradiation reduction in metha-
nol. Compared to the crystalline MoO;_,, SERS activity of the
a-MoO;_, sheets remains stable upon 5 cycles. This unique
SERS property allows the recycling use of the substrate through
the H,0,-based Fenton-like reaction.'”*
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mission. Copyright 2018, Royal Society of Chemistry.
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The plasmonic characteristics of the MoO, determine the
SERS performance, and preparation of tunable and stable plas-
monic MoO, attracts a lot of interest. Therefore, using polydo-
pamine (PDA) as the surface coating, MoO, nanosheets with
the LSPR from the ultraviolet to the near-infrared region
(361-809 nm) are prepared through changing the pH value of
the reaction solution (Fig. 9b)."*' SERS performance is com-
pared between the blue (lower free electron density) and yellow
MoO;_, nanosheets (higher free electron density, Fig. 24a).
Using the 532 nm laser as the excitation source, it is illustrated
in Fig. 24b that the blue MoO;_, nanosheets achieve a limit of
detection of 0.3 fM when rhodamine 6G (R6G) is used as the
dye, and the corresponding Raman enhancement factor is cal-
culated to be 1 x 10'°. On the other hand, the yellow MoO;_,
nanosheets show much insignificant Raman signal enhance-
ment (Fig. 24c). In view of the experiment evidence, the SERS
mechanism of the above MoO;_, nanosheets is discussed.
Firstly, it manifests that the Raman signal enhancement of the
MoO;_, nanosheets contributed by the LSPR is insignificant,
which can be ascribed to the weak surface electromagnetic
field induced by the LSPR at both resonance frequencies.
However, at this stage, it is observed on the SERS spectra of
R6G that the vibrational modes at 612 em ™' and 773 cm ™" are
highly promoted, which suggests the critical role of CM.
Therefore, in the next investigation, the energy band is calcu-
lated, and it is revealed that the valence band (VB) and conduc-
tion band (CB) are well-aligned with the HOMO and LUMO of
the R6G, and consequently triggers charge transfer resonances
between the nanosheets and R6G, inducing the remarkable

This journal is © The Royal Society of Chemistry 2021

Raman signal improvement (Fig. 24d). Moreover, PDA-coated
MoO;_, further shows strong resistance to high concentration
of oxidant, such as H,O, and NaClO, it demonstrates that the
optical dispersion of the material can remain the same,
showing excellent stability for harsh environmental detection
application.™?

Other than that, MoS,_,~MoO, complex materials also
exhibit encouraging SERS capability. Zheng et al. reported a
kind of MoS,_,~-MoO, mixed phase material prepared through
oxygen incorporation into MoS, (Fig. 25a and b), and SERS
measurement reveals that the substrate prepared by the
MoS,_,—Mo0O, mixed phase material can have 10000 times
SERS intensity improvement compared to that of the pristine
MoS, (Fig. 25c). Additionally, annealing treatment of the
MoS,_,—MoO, mixed phase at 300 °C for 40 min brings extra
oxygen in the material, and gives 100 000 times higher SERS
intensity when referring to the pristine MoS, (Fig. 25c).
Mechanism investigation is then conducted, as shown in
Fig. 25d, oxygen incorporation in the MoS, creates additional
energy levels, which promotes the charge transfer between the
semiconductor and analyte molecule. Besides, it also points
out that the improvement of exciton resonances on the semi-
conductor and molecule produces stronger intensity, which
further boosts the charge-transfer resonance in the semi-
conductor-molecule system."®®

Furthermore, for a typical MoO, based SERS substrate, it is
observed that both the EM and CM contribute to the SERS
enhancement significantly. For instance, a kind of monoclinic-
phase MoO, nano-dumbbell was prepared by a hydrothermal
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Fig. 26 (a) The TEM image of the hydrothermal prepared MoO, nano dumbbells. (b) The SERS spectra measured on the MoO, nano when R6G was
used as the Raman reporter. (c) The SERS spectra recorded from R6G aqueous solution from 10~ to 10~7 M. (d) The SERS spectra collected on the
MoO, nano dumbbells after 300 °C annealing in the air. The inset in (a) shows the SEM images of the MoO, nano-dumbbell.}’”> Reproduced with
permission. Copyright 2017, Springer Nature Publishing Group.

method (Fig. 26a). First principles calculation reveals the
metallic characteristics of the MoO,. In the meantime, UV-vis
absorption spectra in Fig. 26a also show strong and well-
defined SPR peaks, which are attributed to the high concen-
tration of free electrons in the MoO,. The SERS performance is
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then evaluated by using R6G as the Raman reporter (Fig. 26b),
it is shown in Fig. 26¢ that the MoO, substrate has an EF of
3.75 x 10° and a high detection sensitivity of 1077 M. Besides,
the MoO, nano-dumbbell also shows extremely stability under
the harsh environment. It is illustrated in Fig. 26d that the

Fig. 27 (a) Raman spectra measured on the H,MoO3z quantum dots as the substrate, the H,MoO3z quantum were prepared under 15% H,O, and 17
MPa SCO,. (b) The EF evolution under different MB concentrations. (c) Schematic illustration of the SERS enhancement mechanism by using the
H,MoOs quantum dots as the substrate.X®* Reproduced with permission. Copyright 2018, Wiley-VCH.
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absorption curve of the MoO, substrate can sustain even after
300 °C annealing in air. In the end, the SERS enhancement
mechanism is discussed. Other than the EM effect, it reveals
from the absorption spectra of the R6G-modified MoO, sub-
strates that new absorption bands at 349, 485, 536, 580 and
732 nm appear, indicating the coexistence of the charge trans-
fer (CM) between the substrate and molecules.”>

In addition, amorphous H,Mo0O; quantum dots possess
rich surface defects, and the plasmonic property investigation
manifests that they appear dual and strong SPR peaks at 720
and 1050 nm, which can be attributed to the high free electron
density from the defects that are confined in a quantum sized
dot. The SERS performance of the amorphous H,MoO;
quantum dots is evaluated by using MB as the Raman reporter.
It shows that the ultrahigh EF of 9.5 x 10° and limit of detec-
tion to 107> M can be obtained on amorphous H,MoO;
quantum dots when MB is used as the Raman reporter
(Fig. 27a and b). Such a remarkable SERS performance is also
shown when R6G and RhB are used as the Raman reporter,
which suggests that the amorphous H,MoO; quantum dots
not only generate intensive surface electromagnetic field, but
also promote the charge transfer, and thus show extremely low
trace molecule detection capability. In the meantime, the
mechanism of the exceptional SERS property of the H,MoO;

(NH,);Mo,0,,
1 Hydrothermal

lUItrasonic
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quantum dots is discussed; it indicates that the small size of
H,Mo00; quantum dots can benefit the absorption process of
azo dyes, and consequently enhance the interaction between
them (Fig. 27¢)."**

Additionally, MoO, can be prepared by various chemical
and physical deposition methods; thus, researchers have inte-
grated suitable preparation methods to obtain MoO, hybrids,
pursuing prominent SERS performance by taking advantage of
individual components. In Li et al. research work, they pre-
pared molybdenum tungsten oxide hybrids (MWO) for the
purpose of integrating the excellent SERS performance of tung-
sten oxide and molybdenum oxide. Firstly, as illustrated in
Fig. 20b, the measured UV-vis absorption spectra show a high
and broad absorption peak centred at 552 nm that is ascribed
to the high concentration of free electrons produced by the
oxygen vacancy defects in the MWO hybrids, and then the
SERS performance is measured by using the R6G as the prober
molecules. Clearly, it can be observed in Fig. 28a that the SERS
signal obtained on R6G@MWO is greatly improved, and the
EF of the MWO can reach 10’ with a detection limit of 107% M
(Fig. 28b). Moreover, the enhancement mechanism of the
MWO is discussed, since both tungsten oxides and molyb-
denum oxides possess the EM and CM characteristics; there-
fore, a thin PVP layer is coated on the MWO to block the
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(a) Schematic illustration of the steps for fabricating the MoO,-AuNS complex. (b) The SERS spectra of IR-70 obtained in the aqueous solu-

tion with MoO,-AuNSs. (c) The SERS spectra of IR-70 obtained in albumin solution with MoO,-AuNSs.”° Reproduced with permission. Copyright

2019, Elsevier.
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charge transfer between substrate and molecule, and the SERS
spectra are measured again. It is shown obviously in Fig. 28c
that the signal is severely reduced when only the EM contrib-
utes to the enhancement. And through the calculation, it
reveals in Fig. 28d that, due to the high oxygen vacancy defect
density, the CM generates more than 50% of the SERS signal
enhancement, while the EM from the MWO hybrids contrib-
utes the rest enhancement.'®’

To further optimize the CM of the MoO;_,, in the research
work presented by Tan et al, shell-isolated MoO;_,@Mo00;
hybrids were prepared by a solvothermal procedure and then
annealing treatment at 200 °C in air to form the MoO; shell.
The plasmonic properties of different MoO;_, nanosheets are
evaluated in Fig. 29a; it demonstrates that MoO;_, nanosheets
prepared under different annealing conditions show respective
SPR frequencies and intensities. Higher temperature at 180 °C
generates a broader and stronger absorption peak, indicating
much higher free electron concentration in the material.
Besides, in the SERS detection of MB with a 785 nm laser, it is
observed that the SERS intensity of plasmonic MoO;_, is lower
than that observed on the commercial MoO;, which is ascribed
to photocatalytic activity towards the Raman reporter.
Nevertheless, the SERS performance investigation of
MoO;_,@Mo00; shown in Fig. 29b reveals a high EF of 1.42 x
10° and an excellent low detection limit of 10”7 M. Mechanism
analysis indicates that the significant SERS performance
improvement of the MoO;_,@MoO; is produced by the high
free carrier density (5.3 x 10*" em™) in the defective bulk
MoO, and prevention of the photocatalytic degradation of the
analyte by the non-plasmonic MoO; shell (Fig. 29¢)."”® In
addition, Fe;0, functionalized MoO; nanocubes were loaded
on the graphene substrate through the immunoassay reaction,
and a signal amplification of up to ~10°-fold was achieved on
the above biosensing system, which is ascribed to the com-
bined electromagnetic and chemical mechanisms of the dual
SERS nanotag/substrate hybrid system.'®’

On the other hand, ascribed to the reductivity of the low
valence Mo ions in MoO,, the MoO, also can act as an effective
reductant with the help of external stimulation (heating or UV
irradiation). Research work presented by Guo et al. reported an
in situ reduction of the Au®* or Ag” on the defective MoO,NSs
to prepare molybdenum oxides/noble metal nanoparticles. In
the experiment, the defective MoO, NSs showed excellent redu-
cing ability, and by preparing the mixture with different
HAuCl, volumes, Au nanoparticles (AuNPs) with different sizes
scattered on the nanosheets (MoO,-AuNSs) are prepared
(Fig. 30a) under light irradiation. Raman evaluation of the
MoO,-AuNSs reveals that the as-prepared material shows syner-
gistic SERS enhancement produced by both the LSPR enhance-
ment from AuNPs and enrichment of molecules on MoO,-
AuNSs ascribed to electrostatic/hydrophobic interaction. In
addition, as shown in Fig. 30b and ¢, IR-780 iodine is used as
the Raman reporter, and the LOD of 5 x 10~° M and EF of 1.7
x 10> are achieved in aqueous solution. The uniformity of the
MoO,-AuNSs is also investigated, and it shows that the relative
standard deviations (RSD) of 11.76% (941 cm™), 7.37%
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(1208 ecm™), 6.36% (1370 cm ™ ") and 4.37% (1468 cm™") can be
achieved. Besides, the merits of the MoO,/metal hybrids are
also reproduced by synthesizing the MoO,/Ag NPs and MoO,/
Mo hybrids, and relying on the synergetic effect of EM and
CM, excellent SERS enhancement as well as uniformity is
obtained, too."”%*72

Challenges and future prospects

We have summarized the recent progress on preparing MoOj,
and two main categories of process techniques, vapor-phase
deposition and liquid-phase synthesis, are thoroughly pre-
sented. Then, in the second part, the emphasis is put on the
review for various material engineering strategies to functiona-
lize the MoO,. As the compositional and the morphological
changes of the MoO, material critically affect the physical and
chemical properties, strategies such as vacancy and dopant
introduction, phase control and hybrids formation are pre-
sented. Through the review, it is shown that significant pro-
gress has been achieved in the controllable preparation and
engineering of MoO, with specific properties and structures,
which lay a valuable foundation for MoO, implemented as the
SERS substrate. In the fourth part, the SERS mechanism and
various SERS applications based on the MoO, material are
reviewed. Relying on the respective MoO, material, it shows
that the MoO, with different morphologies, crystal phases and
defect densities have either EM/CM or both enhancement
mechanisms, and exhibit attractive SERS performance in
terms of Raman signal enhancement, large scale uniformity,
environment stability and recyclable use.

At this point, it is fair to say that great achievement has
been made for the MoO, used in the SERS application over the
past few years; however, further comprehensive investigation
on MoO, is still required. One critical issue can be the catalytic
degradation phenomenon. As stated in the review, the SERS on
the semiconductor oxides depends on the PICT procedure,
and higher defect density usually facilitates the charge transfer
between the substrate and molecules, however, it is also
observed in the experiment that the Raman dyes tend to be
photocatalytically degraded, and high density of defects in the
oxides generate more active radicals, which further promotes
the photo-catalytic process and degrades the SERS sensitivity.
Presently, this photo-catalytic issue has attracted researcher’s
attention, and some practical solutions have been proposed;
however, it is expected that more efforts are still needed to
find a better solution. The second obstacle for the MoO, used
as a flexible SERS sensor lies on the facile tuning method of
MoO, material properties. Although a plethora of methods has
been developed, it can be found that most of these methods
are implemented before the MoO, are fabricated into SERS
sensors. Nevertheless, for an advanced and flexible applicable
sensor, it is necessary to have the merit that the SERS perform-
ance can be in situ tuned, depending on the detection require-
ment. Currently, some prototypes of light or electric field
tuning have been reported, but more studies are still needed
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to further build the knowledge on sensor structure design and
tuning parameter optimization. The last key issue lies on the
enhancement mechanism investigation. Previously, physical
theory has comprehensively depicted the surface electromag-
netic field property produced by the surface plasmon polari-
tons on the noble metal, which lays the solid foundation for
the EM of the noble metal SERS effect. However, for heavily
doped oxide semiconductors, although the carrier concen-
tration can be tuned to 10*' cm™ or even higher, the localized
characteristics of these electrons from defects are not con-
sidered, and thus a further study on the physical model of the
surface plasmon polaritons related to the carrier concentration
in the oxide semiconductor is needed. In addition, for the
noble-metal-based substrates, constructing the “hot spots” is
an important approach for further improving the SERS per-
formance; however, this approach is hardly investigated yet.
On the other hand, for the CM, it is widely accepted that the
charge transfer between the substrate and molecules induces
the molecular polarization change, producing an enhanced
Raman signal. And the defect levels within the oxides at this
procedure significantly facilitate the charge transfer process;
however, according to the condensed mater physics, the
charge life on different defect levels varies, as a consequence,
the charge transfer rate will be affected when the oxide is
engineered with diverse defect types that have different defect
level properties. Finally, although various defect engineering
strategies have been reviewed in the manuscript, alternative
material engineering methods like ion implantation, laser
irradiation, Ar bombardment and building heterojunction are
also encouraged to be further investigated in the future.

In summary, this review has covered the recent achievement
in the MoO, preparing and material property tuning
approaches. Then, the SERS mechanism and performance of
the various defective MoO, substrates are thoroughly surveyed,
and the SERS enhancement mechanism, performance uni-
formity, enhancement factor and recyclability of the MoO,
based SERS substrate are evaluated. In all, MoO, is emerging
as a promising candidate for SERS application; however more
encouraging research studies are still desirable to build both
better knowledge of MoO, materials and understanding of the
chemical enhancement model.
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