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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 sensitivity and specificity. 
Although the conventional noble-metal based SERS substrates have achieved great success, the oxide-semiconductor-
based SERS substrates are attracting researchers’ intensive interests for their merits on facile fabrication, high uniformity 
and tunable SERS characteristics. Among all the SERS active oxide semiconductors, the molybdenum oxides (MoOx) 
possess exceptional advantages of high Raman enhancement factor, environment stability and recyclable detection etc. 
More interestingly, the SERS effect of the MoOx SERS substrates may involve both 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 engineering methods 
of the functional MoOx material; 2) MoOx SERS mechanism and performance evaluation. First, we review recent works on 
the MoOx preparing and material property tuning approaches. Second, the SERS mechanism and performance of the 
various MoOx substrates are surveyed. Especially, the performance uniformity, enhancement factor and recyclability is 
evaluated. In the end, we discuss several challenges and open questions related to further promoting the MoOx as SERS 
substrate for monitoring extremely low trace molecules and the theory for better understanding of SERS enhancement 
mechanism.

Introduction
The enhanced Raman scattering phenomenon was first 

reported by M. Fleischmann on a roughened silver electrode 
coated with pyridine in 1974.1 Hereafter, research works 
conducted by Jeanmaire and Van Duyne, Albrecht and 
Creighton further lay solid foundations on this Raman 
enhancement phenomenon, which was named as surface-
enhanced Raman scattering (SERS).2, 3 Today, 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 application in the fields of chemical engineer, 
biological sensing, food safety and environmental protection, 
etc.4-17

Conventionally, SERS detection relies on the surface 
electromagnetic field or “hot spots”, which are produced by 
the surface plasmon polaritons that excited by the incident 
Raman laser on the noble metal surface (Au, Ag and Cu etc.) 
with the different nanostructures, and normally up to 7~8 
orders of molecules’ Raman scattering signal enhancement 
could be obtained.18-23 Experimentally, for the purpose of 
strengthening the surface electromagnetic field induced by the 
surface plasmon polaritons and consequently promoting the 
electromagnetic enhancement mechanism (EM), researchers 
have paid great efforts on designing and preparing novel noble 
metal nanostructures or compounds, and substantial 
improvement on the SERS performance has been achieved.24-27 
However, meticulous control of the nanostructures to produce 
strong surface plasmon polaritons isn’t an easy task. Besides, 
in a continuous expanding of challenging applications, noble 
metals usually show poor stability, biocompatibility and large-
scale uniformity, which further impedes the practical 
application a lot.28-30

In the meanwhile, oxide semiconductors have been 
extensively studied for their superior light-material interaction 
capabilities, and numerous application cases by manipulating 
the light-material interaction modes or strength have been 
demonstrated in the early literature,31-34 however, SERS 
phenomenon on the oxide semiconductors, as one of the 
important light-material interaction cases, initially receives 
much less attention in comparison to that on noble metals due 
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to the weak Raman signal enhancement capability.35 Until 
recently, the out breaking of synthesizing methods for 
preparing the oxide semiconductors with various chemical 
stoichiometries and morphologies promotes the intensive 
research of the oxide semiconductors for SERS application.36, 37 
Experimental results manifest that materials like titanium 
oxides (TiO2-x), cuprous oxides (Cu2O), zinc oxides (ZnOx), 
reduced graphene oxides (rGO), tungsten oxides (WO3-x) and 
molybdenum oxides (MoOx), etc. show promising SERS 
characteristics. In the meanwhile, SERS mechanism 
investigation on these materials also reveals that either the 
electromagnetic enhancement/chemical enhancement or both 
of them exist, which brings extra advantages for the oxide 
semiconductors as SERS substrates.38-47 Impressively, among 
all these oxide semiconductors, MoOx 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 the recent years.36, 48

Molybdenum oxides are a kind of versatile transition metal 
oxides with various applications in the fields of chemical 
catalyst, bio-sensing, energy storage, fluorescence detection, 
electrochromic glass and hole transport layer, etc. For example, 
Cheng et al. reported the use of Pd/MoO3−x hybrids as 
chemical catalyst for ammonia borane hydrolysis. Xiao et al. 
implemented the MoOx quantum dots to probe the 2, 4, 6-
Trinitrotoluene, while Balendhran et al. fabricated a field 
effect transistor by using the MoO3 as the channel material for 
bovine serum albumin (BSA) detection. And Achadu et al. used 
the antibody modified magnetic-derivatized plasmonic 
molybdenum trioxide quantum dots as plasmonic/magnetic 
agent, and the antibody modified fluorescent graphitic carbon 
nitride quantum dots as the monitoring prober for virus 
detection.49-55 Experimentally, MoOx have several different 
crystal structures, and the relatively stable one is the 
orthorhombic structure (α-MoO3), whereas the monoclinic 
structure (β-MoO3), MoO3-II (ε-MoO3) and hexagonal structure 
(h-MoO3) are metastable phases. Moreover, MoOx also show 
rich variants on morphologies and chemical stoichiometries. 
Therefore, in order to achieve MoOx with diverse functions, 
tremendous efforts have been made to explore advanced 
material preparing and engineering strategies. Generally, 
methods of chemical liquid synthesis and vapour deposition 
are extensively reported, e.g., sputtering, evaporation, 
chemical vapour deposition or physical vapour deposition etc.

To date, a great number of studies on MoOx for the SERS 
applications have been reported since the first use of MoOx 
ribbons as SERS substrates in 2010.56 Especially in the recent 
three years, various functional MoOx materials have been 
prepared and remarkable SERS performance improvement has 
been achieved (Figure 1), however a thorough review on MoOx 
material preparing, defect engineering methods as well as 
SERS mechanism discussions and performance evaluations are 
still lacking. Herein, in this minireview, we will emphasize on 
the SERS application of the MoOx. First, we briefly introduce 
the fundamental material properties, e.g., crystalline 
structures and band structure of MoOx. Then, we mainly focus 

on the diverse preparing methods and material engineering 
strategies on the physical and chemical properties of MoOx. 
Next, we discuss the SERS mechanism as well as the SERS 
performance of MoOx and MoOx hybrids. Finally, we 
summarize the paper, several challenges and open questions 
of MoOx as the promising SERS substrates for monitoring 
extremely low trace molecules as well as the theory for better 
understanding the SERS enhancement mechanism are 
presented.

Fundamental Material Properties and Synthesis 
Methods
Crystal Structures

Molybdenum oxides have several crystal structures, 
namely α-MoO3, β-MoO3, ε-MoO3 and h-MoO3. Experimental 
evidences indicate that α-MoO3 is thermally stable, whereas β-
MoO3, ε-MoO3 and h-MoO3 are metastable phases, and phase 
transformation from the metastable phase of β-MoO3 and h-
MoO3 to α-MoO3 is ready to happen under the high 
temperature condition.

The α-MoO3 has an orthorhombic structure with the cell 
parameter of a=3.962 Å, b=13.85 Å and c=3.697 Å (Figure 1a), 
respectively.57, 58 α-MoO3 possesses the typical layered crystal 
structure, which is constructed by the linked and distorted 
MoO6 octahedra sharing four corners to form double layers. 
More specifically, the MoO6 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 
thickness of the double layers constructed by the distorted 
MoO6 octahedra is about 14 Å, whereas the vdW gaps 
between the neighbouring layer is 6.9 Å.59 The above layered 
crystal structure provides the possibility of creating two 
dimensional (2D) α-MoO3 sheets.60 Moreover, it can be 
observed in the octahedron that the oxygen atoms can be 
categorized into three types based on its coordination number 
(inset of Figure 2a), which is terminal oxygen (Ot), asymmetric 
oxygen (Oa), and symmetrically bridging oxygen (Os). The Ot 
bonds to single Mo and the bond length is 1.67 Å. While the Oa 
laterally bonds to two Mo atoms and the bond lengths are 
1.74 Å and 2.25 Å, respectively. The Os bonds to three Mo 
atoms, the length of two horizontal bonds is 1.95 Å, and the 
vertical one is 2.33 Å. Charge distribution analysis of the Mo-O 
bonds in the MoO6 octahedron reveals strong covalent 
characteristic on the shortest Mo-O bond, whereas ionic bond 
dominates the longest Mo-O bond.61, 62

The β-MoO3 has a monoclinic structure, the cell parameter 
of the β-MoO3 crystal phase is a=5.6109 Å, b=4.8562 Å and 
c=5.6285 Å, while the monoclinic angle is 120.95° (Figure 2b). 
The structure of β-MoO3 is a kind of monoclinically distorted 
variants of ReO3, in which the MoO6 octahedra shares the 
corner and forms the distorted strings in the [001] crystal 
direction.63 In the meanwhile, the Mo atom corners within the 
strings are pairwise drawn nearer to each other to form 
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doublets, resulting in the distortion of the MoO6 octahedra 
and elimination of the crystal plane. Moreover, in the string of 
the MoO6 octahedra, the distorted angle is 13.18°, and the Mo 
atom lies within the octahedra, bonding to six inequivalent O 
atoms with the bond length of 1.694, 2.054, 1.766, 2.288, 
1.800 and 2.056 Å, respectively. Finally, as a metastable phase, 
it is reported that β-MoO3 will transform into the α-phase by 
heating above 673 K.64

The ε-MoO3 and h-MoO3 crystal structures are less studied 
than the above two. The ε-MoO3 is a high-pressure 
modification crystal structure, and it is with a specific 
monoclinic phase (Figure 2c).65 While the h-MoO3 has a 
hexagonal structure with the cell parameters are determined 
to be a=b=10.57 Å, c=3.725 Å (Figure 2d).66 The structure of h-
MoO3 is constructed with the MoO6 octahedra by chaining 
them in zigzag. Moreover, the unique feature of the h-MoO3 is 
that the octahedra chains build a hexagonal crystalline 
structure, and create large one-dimensional tunnels along the 
[001] crystal direction with a diameter of ~ 3.0 Å.67

Controllable Synthesizing of MoOx

Material synthesis establishes the foundation of MoOx as an 
attractive material for SERS application. Up to now, a variety of 
synthetic approaches have been reported, which can be 
categorized into two primary strategies, e.g., the vapor-phase 
deposition and liquid-phase synthesis. Therefore, in this part, 
synthetic methods of MoOx with different approaches are 
comprehensively discussed.

Vapor-phase Deposition Since 1950s, the vapour-phase 
deposition has been extensively investigated for the synthesis 
of bulk crystals.68, 69 In general, the vapour-phase deposition 
methods are based on the deposition of vaporized target 
material onto specific substrates, which mainly includes 
physical vapour deposition (PVD), chemical vapour deposition 
(CVD), chemical vapour transport (CVT) and so on. Generally, 
through the vapour-phase deposition method, it is able to 
prepare MoOx materials with controlled quality and structure, 
as well as large-scale production.70, 71

For PVD method, metallic Mo or its oxide are commonly 
chosen as the starting material and transited from solid phase 
into vapour phase by evaporation or sputtering.71 A range of 
techniques have been reported to synthesize MoOx, such as 
sputtering, thermal and electron-beam evaporation, pulsed 
laser deposition, etc. These PVD techniques are suitable for 
the control growth of thin MoOx films as revealed by the TEM, 
AFM, SEM, XRD, XPS and Raman spectroscopy detections. 
However, it also shows 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 
controllable 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, the ions then bombard target source to generate 
sputtered flux, which will finally deposit onto the substrate to 

form the film product.69 In order to prepare the MoOx by 
sputtering method, Mo target was usually used to deposit Mo 
thin film at first. Then, the MoOx was synthesised 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 MoOx 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 in pure 
argon atmosphere, the deposited Mo films were then 
subjected to oxidize at 400 °C and 500 °C in the O2 ambient to 
obtain crystal MoO3 films.72 Chang et al. studied the phases 
and textures of resultant MoO3 under different conditions. A 3 
inch diameter metallic Mo target was employed as precursor 
during the sputtering process. It was found that the final 
structure of MoO3 was directly related to the sputtering gas 
composition as well as the annealing temperature. As shown in 
Figure 3a, the phase variety and texture can be analysed by 
XRD measurement. When sputtered in mixed Ar/O2 
atmosphere, the obtained MoO3 film form α and/or β phase, 
varying with the annealing temperature. The films annealed 
below 350 °C show the pure β phase, films at 350-400 °C are 
composed of both α and β phases, and the pure α phase are 
obtained when the temperature beyond 450 °C.73 

Evaporation method (thermal and electron beam) is also a 
commonly used PVD technique for molybdenum oxides 
synthesis. The target source, usually MoO3 powder, is melt and 
evaporated by heating or bombardment of high-energy 
electron beams, then the vaporized source material deposits 
onto the substrate to form MoO3 with controlled 
microstructure.74, 75 This technique can provide a relatively 
high deposition rate as well as the controllability of deposition 
parameters, which enables the direct growth of thin 
molybdenum oxides films on various technical substrates, like 
Si/SiO2, FTO, ITO and glass substrates.76, 77 Generally, the 
morphologies and crystal phases of molybdenum oxides films 
are closely related to the sublimation and deposition 
temperatures. For example, Wang et al. reported the mica 
supported atomically thin α-MoO3 crystal film by vaporized 
MoO3 powder in N2 gas, and revealed the relationship 
between the growth temperature and structure of as-grown 
MoO3 nanosheets.78 As shown in Figure 3b and c, the thickness 
of the MoO3 sheet is reduced and lateral size is enlarged as the 
growth temperature rises. The high saturation vapor pressure 
and small nucleation rate of the α-MoO3 at high temperature 
would result in large and ultrathin α-MoO3 sheets growth. In a 
typical physical vapour deposition process, the morphology of 
the as prepared MoO3 is strongly depend on the substrate and 
source temperature, as shown in Figure 3d. According to the 
optical images, the thickness of the MoO3 nanosheets is 
reduced and lateral size of the MoO3 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 
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method, the vaporization energy comes from the pulsed laser, 
which is well suited for the semiconducting MoOx source.79 
Camacho-López et al. deposited MoOx  thin films (x is between 
1.8 and 2.1) and observed the structural transformation from 
amorphous MoOx to a mixed α and β phases of MoO3.80 Except 
for the technical parameters (including deposition 
temperature, substrate and oxygen gas flow rate), the laser 
wavelength, power density and pulse duration also have great 
effects on the growth process.81 In the typical experiment, the 
ultraviolet lasers are most commonly used for the deposition 
of MoO3 films, such as argon fluoride (193 nm), krypton 
fluoride (248 nm), xenon fluoride (351 nm) excimer lasers.80, 82-

84 

CVD method is an advantage vapour-phase based direct 
growth process for MoOx synthesis, which is analogous to the 
above mentioned PVD method. The difference is that the 
carbonyl materials, such as molybdenum hexacarbonyl 
(Mo(CO)6)， is used as precursor during the  CVD process.85, 86 
Benefiting from the volatile property of precursor, CVD 
requires much lower growth temperature and less energy 
consumption for MoO3 deposition when compared to PVD.87, 88 
MoO2 and sub-stoichiometric molybdenum oxides (MoO3-x) 
can be grown via controlled CVD process by utilizing MoO3 
powder as precursor.89-91 In the literature, Wu et al. 
synthesized ultrathin MoO2 nanosheets on an inverted SiO2/Si 
substrate by reducing MoO3 powder. As shown in Figure 4a-c, 
the as-grown MoO2 nanosheets shows the micron-scale lateral 
size and thickness of ~9 nm, as well as the high crystallinity. 
Wang et al. synthesized the molybdenum oxides 
nanomaterials by a plasma-enhanced hot filament CVD with N2 
and MoO3 precursors.86 In this process, the carrier gas N2 were 
discharged to generate plasma, which could lead to the 
effective reduction of MoO3. And the experimental results in 
Figure 4d-e show that the structure of MoO3-x product with 
different can be either nanoparticles or nanosheets, 
depending on the N2 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.: 
MoO3(OH)2, MoO3) in high-temperature zone and the 
deposition of products in low-temperature zone.92 Lee et al. 
modified the CVT process and achieved the deposition of 
MoO2 thin films.93 In their experiment, the SiO2 substrate was 
placed under the MoO3 precursor, and the dual temperature 
zone was not required for the film deposition. By inducing H2 
as the transport agent, MoO3 was reduced and thus form the 
volatile species, MoO3(OH)2, which can be transported in 
vapour phase and deposited onto the substrate to form a 
homogeneous thin MoO2 film. However, the reduction of 
MoO3 involved a series of complex reactions and 
intermediates, for example, Mo4O11 is a frequently observed 
intermediate for the reduction of MoO3.94, 95 On the other 
hand, De Melo et al. reported a chemically driven isothermal 
closed space CVT process for pure MoO2 synthesis.96 Different 
from other methods, this CVT process can produce pure MoO2 

films without any other stoichiometric MoOx like 
MoO3/Mo4O11. 

Liquid-phase Synthesis For liquid-phase synthesis of 
nanostructured MoOx materials, the synthetic methods mainly 
include 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 syntheses methods show outstanding advantages in the 
construction of diverse morphologies and structures for MoOx 
nanomaterials, as well as the lower cost and higher yield than 
vapor-phase deposition.

The hydrothermal/solvothermal method is one of the most 
extensively employed approaches for nanomaterials synthesis. 
Hydrothermal or solvothermal synthesis of MoOx materials 
relies on the controlled crystallization of molybdenum oxide 
seeds from the precursor in the solution environment with 
high temperature and pressure.97 This synthetic 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 
additive/surfactant, are all key parameters for the nucleation 
and growth of molybdenum oxides. By properly controlling the 
synthetic procedures, multidimensional architectures of MoOx 
nanomaterials can be designed and synthesized. A variety of 
micro-/nanostructures including 0D quantum dots, 1D 
nanorods, nanowires, nanotubes, 2D nanosheets, and 3D 
porous structures have been synthesized by precise controlling 
the synthesis process.98-104 Figure 4f-h show the typical TEM 
and SEM morphologies of molybdenum oxides nanomaterials 
synthesised by using hydrothermal or                                  
solvothermal method.105, 106 Moreover, the hydrothermal 
synthesis allows the phase transition between metastable and 
stable crystal structures of molybdenum oxides. The 
nucleation process of different phases is found to be 
dependent on the concentration of acid/saline ions and 
temperature during the hydrothermal treatment.107 The h-
MoO3 tends to form under the acidic aqueous environment 
with a high concentration of H+, Na+ or K+ ions, while α-MoO3 
is more likely to be formed under a high hydrothermal 
temperature.108 The hydrothermal synthesis is also an 
effective method to introduce oxygen vacancies or Mo ion 
valance tuning in the as prepared MoOx 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 
(Na2MoO4•2H2O) as the precursor to synthesize 
nanostructured α-MoO3, which can assemble to form a large-
area freestanding film.109 The whole process was conducted in 
a low-temperature (75 °C) aqueous solution with the pH of 0.5. 
The presence of organic acid also exhibits strong influence on 
the nanostructures of α-MoO3. In addition, Kumar et al. 
synthesized α-MoO3 with the aid of three organic acids, citric 
acid (CA), tartaric acid (TA) and ethylene diamine tetra-acetic 
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acid (EDTA).110 The structural difference of organic ligands led 
to distinct morphologies of the resultant α-MoO3 products, in 
which hexagonal plates were prepared in CA or TA solution, 
while nanorods and nanoplates were prepared in EDTA 
solution. While in Jittiarporn et al. experiment, they carried on 
an intensive study about the impact of precipitation 
temperature on the nanostructure and physiochemical 
properties of MoO3.111 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-MoO3 crystals aggregated together and formed 
a flower-like cluster, which possessed the reduced band gap, 
increased oxygen vacancies, and best photochromic property. 

Sol-gel process is a versatile wet chemical approach for 
molybdenum oxides synthesis, which enables the good control 
of textural and morphological characteristics of materials.112 
The sol-gel method mainly undergoes several consecutive 
steps including: the initial hydrolysis of molecular precursors, 
the following condensation and gelation, and the final drying 
process to obtain molybdenum oxides crystals. Tang et al. 
utilized the hydrogen peroxide treated Mo powder as 
precursor to synthesize the α-MoO3 nanomaterials.113 The 
obtained MoO3 was composed of 2D nanoplates with the 
average size of about 1 μm and thickness of 100 nm. 
Morphologies of the α-MoO3 products can be well controlled 
by adjusting the molar ratios of precursors, drying conditions 
or the additive/surfactant. Additionally, Cong et al. studied the 
influence of the relative molar ratios of molybdate and citric 
acid in the precursor on the growth process of α-MoO3 
samples.114 The citric acid molar ratio to molybdate in the 
precursors was demonstrated to have a significant impact on 
the competing crystal growth process of α-MoO3 nanorods. 
Additive or surfactant can also be induced as templates into 
the sol-gel process to assist the shaping of morphology and 
structure. For example, Brezesinski et al. used poly(ethylene-
co-butylene)-b-poly(ethylene oxide) block copolymer as soft-
template to synthesized a mesostructured α-MoO3 thin film.115 
As a result, a homogeneous and porous cubic architecture 
MoO3 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 MoO3-x by combing the evaporation induced self-
assembly process and a subsequent hydrogen reduction with 
the assist of F127 (PEO106PPO70PEO106) as organic template.116 
During the synthesis procedure, commercial Mo metal powder 
was chosen as Mo precursor. Detailed characterization of XRD, 
TEM, XPS and Nitrogen adsorption-desorption analysis 
measurement proved that the MoO3−x possessed a high 
surface area and strong localized surface plasmon resonance 
under incident light. 

Electrochemical methods including the electrodeposition 
and electrochemical anodization, are kinds of economic and 
facile techniques for molybdenum oxides synthesis. Moreover, 
it is easy to proceed the structural modulation and functional 
modification during the electrochemical process.117, 118

Electrodeposition is a well-suitable method for producing 
thin, large and uniform molybdenum oxides films. Generally, 
the molybdate solution, such as sodium molybdate (Na2MoO4), 
is selected as the electrolyte.119 A further investigation 
demonstrated that hydrogen peroxide dissolved Mo powder 
can also be used for the electrodeposition of MoO3 films.120 
More importantly, the crystallinity, phase and Mo oxidation 
state of the as-deposited molybdenum oxides film are 
reported to be very sensitive to the electrodeposition 
parameters. In addition, Yao et al. reported that the phase 
structure of the formation of α-MoO3 or β-MoO3 strongly 
relied on the cyclic voltammetry experiments parameters. The 
β-MoO3 was formed over the potential range from -1.2 to -
0.40 V (vs Ag/AgCl), while α-MoO3 was formed by applying the 
bias of -1.2 to 0.40 V.57 Moreover, the bath pH is also a 
significant factor, which determined the oxidation state of 
resultant MoOx.121-123

Electrochemical anodization is another electrosynthesis 
method to preparemolybdenum oxides materials. By 
electrochemical etching and oxidation of Mo metal 
simultaneously, MoOx with controlled microstructure can be 
obtained. Lou et al. synthesized α-MoO3 thin films by 
anodization of Mo foils in the ethylene glycol/water solution 
with sodium fluoride as electrolyte.124 The anodization of 
metallic Mo involved two competing processes, the anodic 
oxidation and the chemical dissolution. The fluoride etching of 
α-MoO3 was favoured along [001] crystal direction and crystal 
growth was altered and forced along [010], leading to the 
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.125 The presence of fluoride ions significantly affected the 
morphology of MoO3, resulting in a maze-like architecture and 
the anisotropic growth along [110] crystal direction.

Material Engineering and Characterization
Stoichiometric MoO3 in α-crystal phase is an indirect and 

wide band gap semiconductor with the experimentally 
detected band gap of ~3.1 eV, the rest crystal phases of 
stoichiometric MoO3 feature similar band gaps.60 Recent years, 
density functional theory (DFT) calculation has been 
extensively used to investigate the MoOx material properties. 
By implementing the improved calculation schemes, e.g., 
modified Becke-Johnson potential (mBJ-GGA) method and the 
hybrid functional (HSE06) method, the band gap of the MoO3 
can be theoretically reproduced.59, 60 For instance, as shown in 
Figure 5a, calculation of the α-MoO3 band diagram with the 
mBJ-GGA method along the high symmetric points of Γ-X-S-R-
T-Z-Γ 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 Γ point, which confirms that 
α-crystal MoO3 is an indirect band gap with the band gap of 
about 3 eV. Similar band diagram is also obtained by using the 
HSE06 method. In addition, density of states (DOS) analysis in 
Figure 5b-e shows that the energy band below VBM is mainly 
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contributed by the Mo-d and O1, 2, 3-p electrons 
hybridization, while the contribution from Mo-s/p and O1, 2, 
3-s electron states is negligible (here O1 equal to Ot, O2 equal 
to Oa and O3 equal to Os). On the other hand, the energy band 
above the CBM is mainly contributed by the Mo-d and O1, 2, 
3-p electrons hybridization, and the contribution from Mo-s/p 
and O1, 2, 3-s electrons is insignificant.126 At this stage, it is 
worth noting that experimentally prepared MoOx usually are 
n-type semiconductor, which is due to the unintentional 
formation of intrinsic defect in the oxides (e.g., oxygen 
vacancy), however, in order to obtain the full optical and 
electrical functions of MoOx, material engineering strategies to 
tune the band structure, free electron concentration and 
morphologies etc. are essentially demanded. Presently, 
published literature indicates that oxygen vacancies or 
dopants affect the MoOx properties a lot.127 Other than that, 
structural and compound modifications such as film thickness, 
chemical compositions, crystal phases and surface states 
control, also have great influence on MoOx properties.128 
Herein, in this section, the following strategies of tuning 
material properties are first reviewed: i) oxygen vacancies 
creation; ii) doping or intercalation with different types of 
elements; iii) crystal phases and morphologies manipulating; iv) 
MoOx hybrids formation.

Oxygen Vacancy Creation

As aforementioned, the orthorhombic structure of α-MoO3 
is comprised by a bilayer network of MoO6 octahedra that 
stacks along the [010] crystal direction, and the neighbouring 
bilayers bond with each other by vdW forces. Atomic structure 
in Figure 2a already shows that, Ot bonds to Mo, pointing 
perpendicular to the vdW gap in the [010] crystal direction, 
and Oa asymmetrically bonds to two nearby Mo ions in the 
[100] crystal direction, whereas Os bonds to two Mo ions with 
the short bond in the [001] crystal direction and another Mo 
ion with the longer bond in the [010] crystal direction (Figure 
6a).61 DFT calculation demonstrates that the formation energy 
of the oxygen vacancy on three different oxygen sites varies, 
and the lowest one is 1.32 eV, which corresponds to the 
oxygen vacancy formation at the Ot site (Figure 6b). On the 
other hand, the formation energies of oxygen vacancies at Oa 
and Os site is 2.49 eV and 3.41 eV, which are higher than that 
at Ot, implying the oxygen vacancy formation at these two 
respective sites is less energy favourable.129 In the practical 
situation, physical characterization confirms that oxygen 
vacancies tend to be created at Ot site with higher probability, 
and they also can be created at Oa and Os but with lower 
probability, which is determined by the defect engineering 
strategy.62 Besides, accounting on the number of bonded O 
atoms are removed, a number of non-stoichiometric 
molybdenum-oxides with the average valence between +6 and 
+4 are prepared, e.g., MoO2, Mo4O11, Mo9O26, Mo18O52 and 
Mo4O11 etc. (Figure 6c).126 

The introduce of oxygen vacancies in the MoO3 crystal 
inevitably create 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 (Figure 
7a).130 Meanwhile, DOS calculation reveals more information 
about the defect-level positions generated by removing the Ot, 
Os and Oa. It shows that the defect levels induced by the 
oxygen vacancies at Oa sites locate at the lower part of the 
band gap, and those induced by oxygen vacancies at Ot sites 
locate at the upper part of the band gap, whereas defect levels 
induced by oxygen vacancies at Oa sites are much close to the 
conduction band edge (Figure 7b-d).53 Besides, experimental 
evidence also shows that, for 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 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.131 

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 and light irradiation, etc. are widely used. For 
example, sodium borohydride (NaBH4), a strong inorganic 
reductant, can be used to react with MoO3 nanoparticles in a 
mixed solution to introduce the oxygen vacancies. In the 
experiment, stoichiometric MoO3 nanoflakes were first 
prepared by oxidizing the MoS2 in the H2O2 solution, then 
NaBH4 was added to create the oxygen vacancies through 
tuning the mole ratio between the NaBH4 and Mo (NaBH4:Mo). 
It is shown in the Figure 8a that the colour of the MoO3 
suspension changes from light green, then blue to brown with 
the continuous increase of reductive NaBH4. The UV-vis 
absorption spectra in Figure 8b also reflect obvious peak shift, 
which can be ascribed to the change of free electron 
concentration provided by the oxygen vacancies. Furthermore, 
XPS detection confirms that partial of the Mo6+ ions in MoO3 
are reduced at low mole ratio condition, however, when the 
mole ratio reaches 6:1, all the Mo6+ ions are reduced to +4 
valance state, and pure MoO2 can be obtained (Figure 8c). At 
this time, it also should be mentioned that, due to the layered 
structure of the MoO3, EDX mapping on the reduced MoOx 
indicates that Na+ ions from NaBH4 intercalate into the 
material, which introduce extra defect levels in to the band 
gap.132 Other than that, Wang et al. reported that, by using 
dopamine as the reductant, sub-molybdenum-oxides with 
various chemical ratio can be prepared (Figure 9a).133 Firstly, 
according to the electrochemical measurement, it reveals that 
the oxidation potential of dopamine decreases with the 
increase of the pH values. Therefore, in the experiment of 
MoO3 reduction, the pH value of the MoO3 and dopamine 
mixture solution was controlled, and then MoO3-x nanosheets 
with tunable localized surface plasmon resonance (LSPR) from 
ultraviolet to the near-infrared region (361-809 nm) could be 
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achieved, which also reflected on the colour change of the 
nanosheets that from deep blue, faint bluish, orange, yellow to 
black (Figure 9b-c). Moreover, in Figure 9d, it also reveals that 
dopamine can act as a protective surfactant, and forms 
polydopamine (PDA) coated MoOx, which prevents the MoOx 
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 successes on 
tuning the oxygen vacancies have been obtained, however, 
using of these organic reductants always introduce undesirable 
radicals on the material surface, which may degrade the SERS 
performance.134, 135

Moreover, electro-deposition method owns plenty of 
advantages on preparing thin film, e.g., precise control of 
film’s stoichiometry and layer thickness, low reaction 
temperatures, large-scale uniformity and cost effectiveness, 
therefore, it also has been widely implemented for MoOx 
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 conveniently manipulated. For instance, in the 
steps of electrodepositing the oxygen deficient MoOx, a three-
electrode electrodeposition system configured with Pt wire 
(counter electrode), ITO glass (working electrode), and Ag/AgCl 
(reference electrode) were used (Figure 10a). Using the MoO3 
colloid as the electrolyte, voltage pulse of 3 seconds and 
current density of 0.03 mA cm-2 was set as the deposition 
parameter. After 1200 deposition cycles, XPS detection on the 
deposited molybdenum oxides reveals that MoO2+x film with 
61% of Mo6+ ion and 39% of Mo5+ is achieved (Figure 10b and 
c).136

Semiconductor process technologies, such as chemical vapor 
deposition (CVD), magnetic sputtering, pulse laser deposition 
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 MoO2 nanosheets 
prepared on the SiO2 via CVD process.89 In the experiment, 
MoO3 powder was first deposited on the SiO2 at 750 °C for 30 
minutes in the furnace by using the N2 as the carrying gas, 
then sulfur (S) source was heated to 90 °C, and the evaporated 
S reacted with O element in MoO3 to create the oxygen 
vacancy (Figure 11a). Raman spectra of the prepared thin film 
are collected. As shown in the Figure 11b, the Raman peaks at 
124, 208, 230, 347, 363 and 498 cm-1 can be assigned to the 
vibration modes of MoO2, indicating the successful deposition 
of MoO2 thin film. In the meanwhile, XPS detection in the 
Figure 11c also reveals the strong peak intensity of Mo4+ ion, 
which further confirms the formation of MoO2. 

Other than that, the pulse laser deposition method is also 
used to shape the oxygen vacancy defect distribution in the 
MoO3 through controlling the deposition temperature and 
oxygen partial pressure. In Khojier et al. research work, MoO3 
was used as the target, different chamber temperatures and 
pressures were set during the process for the purpose of 
depositing MoOx film with different oxygen vacancy density.137 
XRD is performed to investigate the MoOx film obtained under 

different process conditions. It shows in Figure 12a that the 
condition of 500/4.5 (500 °C, 4.5 Pa) allows the formation of 
orthorhombic MoO3, however, it also shows some reflections 
of the Mo4O11 phase, representing the formation of mixed-
phase MoOx film. Moreover, for lower deposition pressure, the 
film prepared under 500/2.4 (500 °C, 2.4 Pa) condition has 
reflections of Mo4O11 and MoO2, and in the process condition 
of 570/2.4 (570 °C, 2.4 Pa) film, it shows strong MoO2 
reflections and faint reflections of Mo4O11 (Figure 12b). The 
above characterization results prove the importance of the 
temperature as well as the O2 partial pressure on forming the 
oxides with different stoichiometry. In addition, XPS detection 
reveals more information of the material component. It 
illustrates in Figure 12c that, for the MoOx deposited at 
500/4.5 condition, about 13.8% of the Mo ions are Mo5+, and 
86.2% of the ions are Mo6+. Whereas, for the MoOx deposited 
at 500/2.4, Mo4+ ions occupy about 0.5% of the Mo ions, Mo5+ 
ions occupy another 39.4 %, and the rest are Mo6+ ions. In the 
end, for the MoOx deposited at 570/2.4, about 39.5% are Mo4+ 
ions, 31.6% of them are Mo5+ ions and the rest are Mo6+ ions. 
Besides, oxygen vacancies also can be created by introducing N 
element in the MoOx. In the literature, the MoO3 film is 
annealed in ammonia or N2 atmosphere. It is demonstrated 
that substitution of N in the crystal introduces abundant 
vacancy defects into MoO3, resulting in the enhancement of 
the electrical conductivity.138, 139

Recently, light irradiation is considered as an effective 
strategy for creating oxygen vacancies in the oxide. Previous 
experiment indicates that active radicals like H+ and OH- can be 
created from H2O in the catalytic reaction with the presence of 
MoO3 under the light illumination, thereafter, substantial 
number of the H+ ions diffuse into the layered MoO3, forming 
the OH2 species, and then excessive OH2 species dissociate 
away from the crystal, which ultimately results in the 
formation of oxygen vacancies (Figure 13a and b).95, 140-142 
Raman spectra are used in the experiment to monitor the 
evolution of 2D MoOx suspensions under different solar light 
irradiation time, it shows in Figure 13c that, for the initial 
sample that associated to α-MoO3, Raman peaks at 280, 667, 
816 and 991 cm-1 are observed, which is in good agreement 
with the vibration modes of α-MoO3. And after 5 hours of solar 
light exposure, the formation of oxygen vacancies is confirmed 
that Raman peaks at 489 and 740 cm-1 appear, which are 
assigned to the stretching mode of Mo=O and Mo-O-Mo, 
evidencing the creation of MoO3-x in the solution. 

Ion Doping and Intercalation

Doping with extrinsic defects in the MoO3 introduces extra 
energy levels in the band gap of MoO3 material as well. Lambert et 
al. performed DFT calculation to investigate the solubility and effect 
on the band structure of different metal ions doping in the MoO3. It 
reveals in Figure 14a and b that Sc, Ti and Y have limited solubility 
within a wide range of O2 partial pressure at the 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 defect levels near the valance band. On the 
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other hand, Mn and V are found to be highly soluble in the MoO3, 
and substitutional or interstitial type of defects can be formed in a 
wide range of doping concentrations. In the meanwhile, band 
structure calculation result in Figure 14c further evidences that the 
Mn and V atoms (Mni or Vi) in the interstitial position tend to 
introduce mid-gap states in the MoO3 crystal, whereas a 
substitutional Mn (MnMo) induces extra defect levels near the 
conduction band. To the contrary, defect levels originate from the 
substitutional V are closer to the valance band.143 

Additionally, Sn2+ ions are implemented as dopant to tune the 
MoO3 material properties, and either interstitial or substitutional 
defects are created, introducing wide-distributed defect levels in 
the band gap. Experimentally, the layered α-MoO3 nanosheets were 
prepared by PVD method. And in order to achieve the Sn2+ 
intercalation, the α-MoO3 were dipped into the beaker with 
deionized water solution containing 10 mM SnCl2 and 100 mM 
tartaric acid, then the mixed solution was heated at 60 oC for more 
than 15 minutes, thereafter the MoO3-Sn samples were rinsed with 
acetone and deionized water to get rid of other impurities absorbed 
on surface of sample (Figure 15a and b). UV-vis spectra shown in 
the Figure 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 Sn2+ ions to the Mo6+ ions. 
Thereafter, XPS measurement is further implemented to investigate 
the atomic details of the material properties. It shows that, after 
the introducing of Sn2+ ions in the MoO3, 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 meanwhile, it also indicates 
that Sn2+ ions are oxidized into Sn4+ ions, confirming the electrons 
are transferred from the Sn2+ ions to the Mo6+ ions (Figure 15d).144

Other than that, Nb or Ti doping via spray pyrolysis in the 
MoOx also shows profound influence on the optical and 
electronic properties of MoO3.145, 146 It manifests that the 
dopants induce extra defect levels near the conduction band 
of the MoO3, promoting electron intervalence transfer 
between Mo and dopants. Besides, the above doping process 
also works for the other metal doping in the MoO3. For 
example, it has been confirmed that elements like 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 
MoO3.147-153 However, In-doped MoO3 is found to be 
transformed into a p-type semiconductor with an increased 
band gap of ~3.8 eV.154 This phenomenon also is found in the 
Ru-doped MoO3, which is considered to be caused by induced 
structural defects during the doping process.155 

Furthermore, H+ ions are also extensively used as a dopant 
to engineer the MoO3 material property. For the reason of its 
tiny atom size and single valence electron, introducing H+ ions 
in the crystal structure only induces insignificant structural 
expansion in the MoO3 with relatively low migration barrier, 
and plenty of researches have been performed to study the 
intercalation of hydrogen in the MoO3 as the dopant.156-158 
Usually, method of preparing hydrogen molybdenum bronze 
(HxMoO3) is via the chemical reaction in acid aqueous solution.136, 

140, 159 It shows that the H+ ions prefer to attach to the O and form 
the hydroxyl-like radicals, introducing intrinsic defects and 
contributing excessive electrons to the material. More specifically, 

based on the intercalated H+ ion concentration (the concentration 
is still low if compared to that in the oxygen vacancy formation), 
three thermodynamically stable phases of HxMoO3 can be 
determined, which are shown in Figure 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 HxMoO3, the intercalated H+ ions are relatively low, and 
therefore the HxMoO3 remains the orthorhombic crystal phase, 
showing blue colour. However, with the increase of the intercalated 
H+ ion amounts, it forms type 2 or type 3 HxMoO3, and the 
crystal phase may evolve from orthorhombic into monoclinic phase, 
while the colour converts to green (Figure 16b). In the meanwhile, 
XPS valence spectrum analysis shown in Figure 16c indicates that 
the valence band edge is determined to be ~3eV away from the 
Fermi level for MoO3, however, weak humps are also detected for 
the H0.3MoO3, H0.91MoO3 and H1.55MoO3 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 MoO3 is exploited 
to introduce H+ ions into the MoO3 as well. MoOx nano flakes 
were first prepared by a liquid exfoliation method, and three 
kinds of MoOx nanoflaks aqueous suspensions (MoOx-I, MoOx-
II and MoOx-III) were obtained from the precursors with 
different MoO3 and Mo weight ratio (MoO3, 4MoO3:1MoO2 
and 1MoO3:4MoO2). Then, a solar simulator source was used to 
irradiate the precursors in the experiment. Experiment results show 
that the MoOx aqueous suspension under the light irradiation can 
create rich hydroxyl groups in the MoO3 through 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 in partial reduction of 
molybdenum ions and shortening of Mo-O bonds, which 
simultaneously leads to the introducing of the defect levels in the 
MoO3 band gap (Figure 17).141, 160 Besides, spill-over method, 
electron-proton co-doping strategy or annealing in the H2, are also 
widely implemented, and they show excellent hydrogen 
introducing efficiency in the MoO3, consequently promoting the 
free carrier concentration significantly.49, 95, 161

Crystal Phase Control

Molybdenum oxides possess various crystal phases, showing 
diverse optical and electronic properties, therefore, it could be 
an attractive approach to manipulate the crystal phase for 
specific optical applications.126 In a reported experiment, a 
novel solvothermal method was implemented to synthesize 
MoOx nanomaterials. Specifically, MoS2 dispersed in ethanol 
was used as precursor, and H2O2 was used as the oxidant. 
Through reaction time control, monoclinic MoO2 (JCPDS No. 
32-0671) was achieved in the first-time phase, then with the 
extending of the reaction time, non-stoichiometric structure of 
MoO3-x (Mo4O11) nanoparticles and the stoichiometric 
structure of MoO3 nanoparticles were obtained (Figure 18a).162 
Physical characterizations of XRD and XPS detections indicate 
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that the material properties closely rely on the synthetic 
condition. It reveals that monoclinic MoO2 nanoparticles with 
sufficient oxygen-rich groups have been prepared in the first 
stage, whereas MoO3-x nanoparticles that contain less vacancy 
defect are obtained in the second stage, and stoichiometric 
MoO3 nanoparticles are synthesized in the end. In addition, 
UV-vis absorption investigation in Figure 18b illustrates that 
MoO2 nanoparticles appear 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, MoO3-x nanoparticles 
with less defect density show a weaker and narrower 
absorption profile within the mild visible range, whereas MoO3 
nanoparticles appear no absorption from the visible to NIR 
region, indicating the low free electron density in these two 
materials. Besides, an alkaline solution (NH4+ solution) is also 
implemented to tune the alkaline of the electrolysis. By 
optimizing the doping level of NH4+ in the MoO3 crystal 
solution, it shows that highly crystalline orthorhombic 2D 
molybdenum oxide transits to hexagonal phase (Figure 18c).163

Other than that, early study reveals that amorphous ZnO 
NCs-molecules 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 HxMoO3 for the 
similar ICPT property. In a typical experiment, MoS2 powder 
was first oxidized in the H2O2 solution, and then the mixed 
solution was quickly transferred into a stainless-steel 
autoclave with the supercritical CO2.164 Through heating it at 
40 °C for 3 hours, the CO2 was released, and supernatant of 
MoO3 quantum dots were collected for the further experiment. 
Thereafter, illumination process was conducted with sunlight 
for 5 hours, the H+ ions in the solution intercalated into MoO3 
and formed HxMoO3 quantum dots (Figure 19a). It shows in 
Figure 19b that the prepared HxMO3 quantum dots are with 
the average physical size of 4 nm, and no lattice diffraction 
fringe is observed. Moreover, the UV-vis spectra in Figure 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 constrain. 

MoOx Hybrids Formation
Molybdenum oxide can be prepared by various chemical 

synthesis and physical deposition methods, therefore, it 
enables the researchers to integrate proper preparation 
processes to obtain MoOx hybrids, pursuing enhanced optical 
functions. In the most recent research work, Li et al. prepared 
molybdenum tungsten oxide hybrids (MWO) with strong plasmonic 
resonance property.165 Tungsten oxides (WOx) are transitional oxide 
material, and widely used for electrochromic glass, photocatalysis 
and sensing application. It shows in literature that rich 
substoichiometric compositions of WOx with tunable LSPR 
properties can be obtained by various types of defect engineering 
approaches. Thus, in order to reinforce the plasmonic vibration of 
both WOx and MoOx, MWO hybrids are synthesized by using the 
one-pot solvothermal solution method. The prepared hybrids are in 
black-blue colour due to the high density of oxygen vacancies, 

which are reduced by the 2-propanol during the reaction. In the 
meanwhile, the Mo and W ions also tend to enter into each other’s 
octahedral structures, creating extra defects in the MWO (Figure 
20a). UV-vis absorption spectra are collected, and it shows broad 
and strong LSPR effect >400 nm (Figure 20b), deriving from the high 
concentration of free electrons. In addition to that, Mo/MoO2 and 
MoS2/MoOx hybrids are prepared, and experiment characterizations 
manifest that hybridizing two materials significantly promote the 
free electron density, consequently enhance the SPR intensity.166, 

167 In the meanwhile, MoO2/graphene oxide hybrids (MoO2/GO) are 
also reported in the publication. The hydrothermal reaction is 
implemented to synthesize the hybrids by Chen et al., and it shows 
in Figure 20c that MoO2 nanoparticles are completely covered by 
the ultra-thin GO.168 UV-vis absorption spectra are recorded and 
show broad absorption peaks centred at 650 nm, revealing the 
strong LSPR resonance produced by the MoO2 nano particles. 
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 constructing of above MoO2/GO 
hybrids not only retains the LSPR property of MoO2 nanoparticles, 
and also raises the absorption density of target prober molecules by 
the GO covering. Besides, Achadu et al. also prepared Fe3O4 
functionalized MoO3 nanocubes as the nanotags and graphene as 
substrate. By exploiting the plasmonic property of the MoO3 
nanocubes, a reliable hybrids biosensing system based on the 
immunoassay protocol is constructed for virus detection.169

Furthermore, MoOx and noble metal hybrids (MoOx/Au, MoOx/Ag) 
are reported by researchers for the purpose of utilizing the merits 
of noble metal and oxide in SERS detection.170-172 In Guo et al. 
research work, they took the advantage of low valence state of the 
Mo ions, chloroauric acid (HAuCl4) was directly added into the 
MoOx solution, and MoOx-Au hybrids were synthesized by heating 
the mixture at 100 oC for 2 minutes. SEM investigation in Figure 20d 
confirms the formation of the MoOx/Au hybrids. In the meanwhile, 
the UV-vis absorption spectra also appear dual absorption peaks 
that are derived from LSPR resonance of the Au nanoparticle and 
MoOx nanoparticles, which strengthens the SPR intensity as well as 
expands the LSPR frequency band. In the meanwhile, similar MoOx 
and noble metal hybrids also can be prepared by UV light 
irradiation or adding weak reductant in the solution and same 
improvement on the SPR intensity is achieved, too. 

SERS Mechanism and Performance of the 
Defective MoOx

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 TiO2, and the 
Raman enhancement on these semiconductors is found 
relatively weak. Nevertheless, with the progress of the 
material preparation and tuning technologies, SERS study on 
oxide-semiconductor surface has undergone a remarkable 
growth, especially it is found that the SERS performance on 
transition metal oxides can be comparable with that of noble 
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metal. However, there are still extensive debates on the SERS 
mechanisms and SERS performance evaluation, therefore, in 
the subsequent part of the article, the SERS mechanism and 
SERS performance of the MoOx will be reviewed.

SERS Mechanism of the Defective MoOx

It is known from the theory that Raman signal intensity is 
closely related to the incident field intensity and polarizability 
derivative, therefore, two mechanisms for SERS are always 
discussed, namely electromagnetic enhancement mechanism 
(EM) and chemical enhancement mechanism (CM).173 The EM 
of the SERS involves the electromagnetic field intensity 
enhancement, which is produced from the surface plasmon 
resonance excitation. On the other hand, the CM of SERS 
origins 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 correlated 
to the free electron density, and according to the Drude-
Lorentz model, it can be estimated as follows:

𝜔𝑝 =
𝑛𝑒2

𝜀0𝑚𝑒

Where  is the bulk plamon resonance frequency.140 𝜔𝑝

Previously, the surface plasmon resonance excited by the 
visible light is only found on noble metals. However, the 
progress on preparing and tuning oxide semiconductor 
enormously expands the plasmonic material selection. Today, 
it is shown that a series of substoichiometry oxide-
semiconductors also show surface plasmonic resonance that 
excited by the visible light range, which is ascribed to the 
promoted free electron density obtained via defect 
engineering. Especially for the MoOx, widely tunable localized 
surface plasmon resonance (LSPR) can be achieved by defect 
engineering. And plenty of SERS studies have observed the 
strong EM that originates from the surficial electromagnetic 
field generated by the defective MoOx, which enhances the 
molecular Raman signal intensity to several orders higher than 
that on normal substrate. 

On the other hand, theoretical and experimental evidence 
also reveals that the defective MoOx possesses rich defect 
levels in the band gap. Thus, it provides multi-step defect 
levels to facilitate the charge transfer between the oxide-
semiconductor SERS substrate and molecules, and ultimately 
promotes 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 
MoOx SERS substrate, however, previous studies indicate that 
the SERS contributed by EM is always effective when the 

distance between the substrate and molecules is within the 
evanescent distance of the surface electromagnetic field, 
whereas CM only happens when a junction is formed between 
the substrate and the molecules. 

SERS Performance of the Defective MoOx

In the early days, the SERS phenomenon exclusively relies on 
the EM observed on the noble metals, until recently, heavily 
doped semiconductor materials are successfully prepared, and 
they also show prominent EM enhancement. In a reported 
research work, an 8-nm thick MoO2 film with metallic 
character is prepared by CVD technique and implemented as 
the SERS substrate. It shows in Figure 21a that a lowest 
detection concentration of 4 × 10−8 M and enhancement factor 
of 2.1 × 105 can be obtained, which exceeds that of other 2D 
materials and is comparable to that of noble metal films. 
Moreover, the Raman signal mapping results also reveal 
excellent uniformity. It shows Figure 21b that the RSD of 
Raman peaks in a 5 × 5um2 area can reach 4.89% (914 cm-1), 
5.706% (1182 cm-1), and 5.513% (1622 cm-1), respectively 
(Figure 21b). Furthermore, as it can be observed in Figure 21c, 
the planar MoO2 substrate is more environmental stability 
compared to that of the noble metals, experimental evidence 
indicates that even 15-day in the air, the ultra-thin MoO2 
nanosheets still retain the nearly the same. In the meanwhile, 
the CVD prepared ultrathin film also shows extraordinary 
temperature stability. It reveals in Figure 21d that the shape 
and SERS performance of MoO2 nanosheet remains when the 
nanosheets undergo the 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 
the excellent reusability. In the end, first principle calculation is 
performed to understand the SERS mechanism of this ultrathin 
MoO2. It reveals that MoO2 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 consequently promotes the SERS performance.89

Additionally, the plasmonic properties of the MoOx 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 
MoOx nanomaterials is implemented. Practically, MoO2 (5 
hours), MoO3-x (7 hours) and MoO3 (11 hours) phases of 
nanoparticles are synthesized by oxidizing the bulk MoS2 
powder through reaction time control. Meanwhile, UV-vis 
absorption spectra obtained from the three different phases 
nanoparticles illustrate that MoO2 nanoparticles display strong 
SPR absorption in the visible and NIR region, however, MoO3-x 
nanoparticles show much weaker LSPR effect, and no LSPR 
effect is observed for the MoO3 nanoparticles. The SERS 
activity is evaluated on the above three different phase 
nanoparticles. Figure 22a shows that MoO2 nanoparticles 
exhibit superior SERS effect than that of the MoO3-x and MoO3 

nanoparticles, which is ascribed to the strong LSPR induced by 
the high oxide vacancy density in the material with shorter 
reaction time and consequently promotes the EM. 

Page 10 of 48Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
0 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
/1

4/
20

21
 1

1:
56

:2
3 

PM
. 

View Article Online
DOI: 10.1039/D0NR07779H

https://doi.org/10.1039/d0nr07779h


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11

Please do not adjust margins

Please do not adjust margins

Furthermore, SERS performance of the plasmonic MoO2 
nanoparticles substrate is evaluated by probing the molecules 
of R6G with different concentrations. It can be observed in 
Figure 22b and c that the minimum detection concentration of 
5×10−8 M and the maximum EF up to 1.10×107can be achieved, 
which even reaches that of noble metals.162

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 MoO3-x. In the first place, MoO3-x nanosheets are 
prepared at the room-temperature by oxidizing the 
molybdenum powder with H2O2, and subsequently the 
prepared molybdenum oxides are irradiated by the light in 
methanol to induce the reduction. Physical and optical 
detections are performed. It confirms that MoO3-x nanosheets 
are in amorphous state. In the meanwhile, UV-vis absorption 
spectra in Figure 23a further reveal that amorphous MoO3-x 
nanosheets display a strong and wide absorption band from 
700 to 1200 nm, which is ascribed to the high-level electrons 
doping from the oxygen vacancies generated during the Xe 
irradiation phase. SERS performance is evaluated by using a 
variety of molecules, e.g., MB, RhB and PNTP. As shown in 
Figure 23b, it demonstrates that the substrate prepared by 
amorphous MoO3-x sheets show more efficient charge transfer 
capability compared to that of crystal MoO3-x, and using the 
R6G as the Raman reporter (Figure 23c), it can be observed 
that attractive SERS performance induced by the CM can be 
obtained for the amorphous MoO3-x nanosheets under the 532 
nm laser irradiation, which also exhibits higher sensitivity than 
the crystalline MoO3-x. Moreover, in Figure 23d, the recycling 
detection of the amorphous MoO3-x nanosheets is investigated 
by repeated oxygen insertion in the H2O2 solution and 
extraction through light-irradiation reduction in methanol. 
Comparing to the crystalline MoO3-x, SERS activity of the a-
MoO3-x sheets keep stable upon 5 cycles. This unique SERS 
property allows the recycling use of the substrate through 
H2O2-based Fenton-like reaction.174

The plasmonic characteristics of the MoOx determine the 
SERS performance, and preparation of tunable and stable 
plasmonic MoOx attracts a lot of interests. Therefore, using a 
polydopamine (PDA) as the surface coating, MoOx 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 (Figure 9b).131 SERS performance is 
compared between the blue (lower free electron density) and 
yellow MoO3-x nanosheets (higher free electron density, Figure 
24a). Using the 532 nm laser as the excitation source, it 
illustrates in the Figure 24b that the blue MoO3-x nanosheets 
achieve the limit of detection of 0.3 fM when rhodamine 6G 
(R6G) is used as dye, and the corresponding Raman 
enhancement factor is calculated to be 1×1010. On the other 
hand, the yellow MoO3-x nanosheets show much insignificant 
Raman signal enhancement (Figure 24c). In view of the 
experiment evidence, the SERS mechanism of the above MoO3-

x nanosheets are discussed. Firstly, it manifests that the Raman 
signal enhancement of the MoO3-x nanosheets contributed by 
the LSPR is insignificant, which can be ascribed to the weak 

surface electromagnetic field induced by the LSPR at both two-
resonance frequency. However, at this stage, it is observed on 
the SERS spectra of R6G that the vibrational modes at 612 cm-1 
and 773 cm-1 are highly promoted, which suggests the critical 
role of CM. Therefore, in the next investigation, the energy 
band is calculated, it reveals that the valence band (VB) and 
conduction 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 Raman signal improvement (Figure 24d). 
Moreover, PDA-coated MoO3-x further shows strong resistant 
to high concentration of oxidant, such as H2O2 and NaClO, it 
demonstrates that the optical dispersion of the material can 
be remained, showing excellent stability for harsh 
environment detection application.133

Other than that, MoS2-x-MoOx complex materials also exhibit 
encouraging SERS capability. Zheng et al. reported a kind of 
MoS2-x-MoOx mixed phase material prepared through oxygen 
incorporation into MoS2 (Figure 25a and b), and SERS 
measurement reveals that the substrate prepared by the 
MoS2-x-MoOx mixed phase material can have 10,000 times of 
SERS intensity improvement compared to that of the pristine 
MoS2 (Figure 25c). Additionally, annealing treatment of the 
MoS2-x-MoOx 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 MoS2 (Figure 25c). 
Mechanism investigation is then conducted, as it is shown in 
Figure 25d, oxygen incorporation in the MoS2 creates 
additional energy levels, which promotes the charge transfer 
between semiconductor and analyte molecule. Besides, it also 
points out that the improvement of exciton resonances on the 
semiconductor and molecule produces stronger intensity, 
which further boosts the charge-transfer resonance in the 
semiconductor-molecule system.166

Furthermore, for a typical MoOx 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 MoO2 nano-dumbbell was prepared by a hydrothermal 
method (Figure 26a). First principle calculation reveals the 
metallic characteristics of the MoO2. In the meanwhile, UV-vis 
absorption spectra in Figure 26a also show strong and well-
defined SPR peaks, which are attributed to the high 
concentration of free electrons in the MoO2. The SERS 
performance is then evaluated by using the R6G as the Raman 
reporter (Figure 26b), it shows in Figure 26c that the MoO2 
substrate owns the EF of 3.75×106 and high detection 
sensitivity of 10-7 M. Besides, the MoO2 nano-dumbbell also 
shows extremely stability under the harsh environment. It 
illustrates in Figure 26d that the absorption curve of the MoO2 
substrate can sustain even after 300 °C annealing in the 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 MoO2 substrates that new 
absorption bands at 349, 485, 536, 580 and 732 nm appear, 
indicating the coexistence of the charge transfer (CM) 
between the substrate and molecules.175
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In addition, amorphous HxMoO3 quantum dots process 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 confined in a quantum sized dot. 
The SERS performance of the amorphous HxMoO3 quantum 
dots is evaluated by using the MB as Raman reporter. It shows 
that the ultrahigh EF of 9.5×105 and limit of detection to 10−9 
M can be obtained on amorphous HxMoO3 quantum dots 
when MB is used as the Raman reporter (Figure 27a and b). 
Such a remarkable SERS performance is also shown when R6G 
and RhB are used as Raman reporter, which suggests that the 
amorphous HxMoO3 quantum dots not only generate intensive 
surface electromagnetic field, but also promote the charge 
transfer, and thus shows extremely low trace molecule 
detection capability. In the meanwhile, the mechanism of the 
exceptional SERS property of the HxMoO3 quantum dots is 
discussed, it indicates that the small size of HxMoO3 quantum 
dots can benefit the absorption process of azo dyes, and 
consequently enhance the interaction between them (Figure 
27c).164

Additionally, MoOx can be prepared by various chemical and 
physical deposition methods, thus, researchers have 
integrated proper preparation methods to obtain MoOx 
hybrids, pursuing prominent SERS performance by take the 
advantage of individual components. In Li et al. research work, 
they prepared molybdenum tungsten oxide hybrids (MWO) for the 
purpose of integrating the excellent SERS performance of tungsten 
oxide and molybdenum oxide. Firstly, as it illustrates in Figure 20b 
that the measured UV-vis absorption spectra show high and broad 
absorption peak centred at 552 nm that is ascribed to 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 Figure 28a that the SERS signal obtained on 
R6G@MWO is greatly improved, and the EF of the MWO can reach 
107 with the detection limit of 10-8 M (Figure 28b). Moreover, the 
enhancement mechanism of the MWO is discussed, since both 
tungsten oxides and molybdenum oxides possess the EM and CM 
characteristics, therefore, a thin PVP layer is coated on the MWO to 
block the charge transfer between substrate and molecule, and the 
SERS spectra are measured again. It shows obviously in Figure 28c 
that the signal is severely reduced when only the EM contributes to 
the enhancement. And through the calculation, it reveals in Figure 
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 contributes the rest 
enhancement.165

To further optimize the CM of the MoO3-x, in the research 
work presented by Tan et al., shell-isolated MoO3-x@MoO3 
hybrids were prepared by a solvothermal procedure and then 
annealing treatment at 200 °C in the air to form the MoO3 
shell. The plasmonic properties of different MoO3-x nanosheets 
were evaluated in Figure 29a, it demonstrates that MoO3-x 
nanosheets prepared under different annealing conditions 
show respective SPR frequencies and intensities. Higher 
temperature at 180 °C generates broader and stronger 

absorption peak, indicating much higher free electron 
concentration in the material. Besides, in the SERS detection of 
MB with 785 nm laser, it is observed that the SERS intensity of 
plasmonic MoO3-x is lower than that observed on the 
commercial MoO3, which is ascribed to photocatalytic activity 
towards the Raman reporter. Nevertheless, the SERS 
performance investigation of MoO3-x@MoO3 shown in Figure 
29b reveals a high EF of 1.42×105 and excellent low detection 
of limit of 10-7 M. Mechanism analysis indicates that the 
significant SERS performance improvement of the MoO3-

x@MoO3 is produced by the high free carrier density (5.3×1021 
cm-3) in the defective bulk MoOx and preventing of the 
photocatalytic degradation of analyte by the non-plasmonic 
MoO3 shell (Figure 29c).176 In addition, Fe3O4 functionalized 
MoO3 nanocubes were loaded on the graphene substrate through 
immunoassay reaction, a signal amplification of up to ∼109-fold was 
achieved on the above biosensing system, which is ascribed to the 
combined electromagnetic and chemical mechanisms of the dual 
SERS nanotag/substrate hybrids system.169

On the other hand, ascribed to the reductivity of the low 
valance Mo ions in MoOx, the MoOx 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 reducing of the Au3+ or Ag+ on the defective 
MoOxNSs to prepare molybdenum oxides/noble metal 
nanoparticles. In the experiment, the defective MoOx NSs 
showed excellent reducing ability, and by preparing the 
mixture with different HAuCl4 volumes, Au nanoparticles 
(AuNPs) with different sizes scattered on the nanosheets 
(MoOx-AuNSs) are prepared (Figure 30a) under the light 
irradiation. Raman evaluation on the MoOx-AuNSs reveals that 
the as-prepared material shows synergistic SERS enhancement 
produced by both the LSPR enhancement from AuNPs and 
enrichment of molecules on MoOx-AuNSs ascribed to 
electrostatic/hydrophobic interaction. In addition, as shown in 
Figure 30b and c, the IR-780 iodine is used as the Raman 
reporter, the LOD of 5 × 10-9M and EF of 1.7×105 are achieved 
in aqueous solution. The uniformity of the MoOx-AuNSs is also 
investigated, and it shows that the relative standard deviations 
(RSD) of 11.76% (941 cm-1), 7.37% (1208 cm-1), 6.36% (1370 
cm-1) and 4.37% (1468 cm-1) can be achieved. Besides, the 
merits of the MoOx/metal hybrids are also reproduced by 
synthesizing the MoOx/Ag NPs and MoOx/Mo hybrids, and 
relying on the synergetic effect of EM and CM, excellent SERS 
enhancement as well as uniformity is obtained, too.170-172

Challenges and Future Prospects
We have summarized the recent progress on preparing 

MoOx, and two main categories of process techniques, vapor-
phase deposition and liquid-phase synthesis, are thoroughly 
presented. Then, in the second part, the emphasis is put on 
the review for various material engineering strategies to 
functionalize the MoOx. As the compositional and the 
morphological changes of MoOx material critically affect the 
physical and chemical properties, strategies like vacancy and 
dopant introducing, phase control and hybrids formation are 
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presented. Through the review, it shows that significant 
progress has achieved in the controllable preparation and 
engineering of MoOx with specific properties and structures, 
which lay a valuable foundation for MoOx implemented as 
SERS substrate. In the fourth part, the SERS mechanism and 
various SERS applications based on MoOx material are 
reviewed. Relying on the respective MoOx material, it shows 
that the MoOx with different morphologies, crystal phases and 
defect densities own either EM/CM or both of two 
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 MoOx used in the SERS application over the past 
few years, however, further comprehensive investigation on 
MoOx 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 facilitate the charge transfer 
between the substrate and molecules, however, it is also 
observed in the experiment that the Raman dyes tend to be 
photo catalytically 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 
attentions, 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 MoOx used 
as a flexible SERS sensor lie on the facile tuning method of 
MoOx material properties. Although plethora of methods has 
been developed, it can be found that most of these methods 
are implemented before the MoOx are fabricated into SERS 
sensor. Nevertheless, for an advanced and flexible applicable 
sensor, it is necessary to have the merit that the SERS 
performance can be in-situ tuned, depending on the detection 
requirement. Currently, some prototypes of light or electric 
field tuning have been reported, but more studies are still 
needed 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 
electromagnetic field property produced by the surface 
plasmon polaritons on the noble metal, which lays the solid 
foundation for the EM of the noble metal SERS effect. 
However, for heavily doped oxide semiconductor, although the 
carrier concentration can be tuned to 1021 cm-3 or even higher, 
the localized characteristics of these electrons from defects 
are not considered, 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 improve 
the SERS performance, 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 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 level 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 on the MoOx preparing and material property 
tuning approaches. Then, the SERS mechanism and 
performance of the various defective MoOx substrates are 
thoroughly surveyed, the SERS enhancement mechanism, 
performance uniformity, enhancement factor and recyclability 
of the MoOx based SERS substrate are evaluated. In all, MoOx 
is emerging as a promising candidate for SERS application, 
however more encouraging researches are still desirable to 
build both better knowledge of MoOx materials and 
understanding on the chemical enhancement model.
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Fig. 1. A concise timeline depicts the emergence of MoOx nanostructures for SERS application.
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Fig. 2. (a) The α-MoO3 with an orthorhombic crystal structure. (b) The β-MoO3 with a monoclinic crystal structure. (c) The ε-

MoO3 with a monoclinic crystal structure. (d) The h-MoO3 with a hexagonal crystal structure.[48] Reproduced with 

permission. Copyright 2017, Wiley-VCH. The inset in (a) shows the respective position of Oa, Os and Ot in the MoO6 

octahedra.
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Fig. 3. (a) XRD patterns of the MoO3 films sputtered at room temperature in 3 mTorr mixed gas and then annealed at 

different temperature in air for 1 h.[73] Reproduced with permission. Copyright 2011, Royal Society of Chemistry. (b) Optical 

micrograph of grown α-MoO3 sheets on mica substrate. (c) Thickness and lateral size of α-MoO3 sheets as a function of the 

growth temperature.[78] Reproduced with permission. Copyright 2016, American Institute of Physics. (d) Optical image of 

the sample and the distribution of as-grown MoO3.
[77] Reproduced with permission. Copyright 2017, The American Chemical 

Society.
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Fig. 4. (a) Optical image. (b) SEM image and (c) AFM image of MoO2 nanosheets prepared by CVD.[89] Reproduced with 

permission. Copyright 2018, Wiley-VCH. (d) TEM image of MoO3-x quantum dots.[98] Reproduced with permission. Copyright 

2017, Royal Society of Chemistry. (e) SEM image of α-MoO3 nanorod.[99] Reproduced with permission. Copyright 2010, The 

American Chemical Society. (f) TEM image of single walled MoO3 nanotubes.[102] Reproduced with permission. Copyright 

2008, The American Chemical Society. (g) TEM image of the MoO3-x nanosheets.[103] Reproduced with permission. Copyright 

2014, Wiley-VCH. (h) SEM image of nanoflower like MoO2.[106] Reproduced with permission. Copyright 2015, Royal Society 

of Chemistry. 
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Fig. 5. (a) Band diagram calculated with the mBJ-GGA method.[60] Copyright 2015, Royal Society of Chemistry. (b) The 

projected DOS for the -s, -p electron of Mo. (c) the projected DOS for the -d electron of Mo. (d) The projected DOS for the -s 

electron of O. (e) The projected DOS for the -p electron of O. Here, O1 equal to Ot, O2 equal to Oa and O3 equal to Os.[126] 

Reproduced with permission. Copyright 2017, Royal Society of Chemistry.
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Fig. 6. (a) The possible position of forming different oxygen vacancy types in the α-MoO3. (b) The listed formation 

enthalpies for the different oxygen vacancy types and polaron states in the bulk α-MoO3. Adapted from Ref. [129]. 

Copyright 2017, The Springer Nature Publishing Group (c) α-MoO3 crystal structure and various defective structures with 

different vacancy concentrations.[126] Reproduced with permission. Copyright 2017, Royal Society of Chemistry.
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Fig. 7. (a) A schematic illustration of the electron transferring and defect level formation with the introducing of oxygen 

vacancy in the MoO3.[130] Reproduced with permission. Copyright 2012, The American Chemical Society. (b) Projected DOS 

of the atomic supercell with VOs vacancy. (c) Projected DOS of the atomic supercell with VOa vacancy. (d) Projected DOS of 

the atomic supercell with VOt vacancy. The blue, green and red lines represent the d, p and s orbital contributions of the 

corresponding atoms.[53] Reproduced with permission. Copyright 2018, EU PVSEC.
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Fig. 8. (a) The color evolution of the MoO3-x nanodot aqueous solution with the increase of NaBH4: Mo mole ratio. (b) UV-vis 

absorption spectra of MoO3-x nanodots prepared with different NaBH4 concentrations. (c) XPS spectra of Mo 3d obtained on 

MoO3 and various MoO3-x nanodots prepared with different concentrations.[134] Reproduced with permission. Copyright 

2017, The American Chemical Society. 
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Fig. 9. (a) Schematic illustration of the preparation of PDA-coated MoO3-x nanosheets with tunable plasmon resonance. (b) 

Photography of the PDA-coated MoO3-x nanosheets obtained under different pH values. (c) UV-Vis-NIR spectra of the MoO3-

x nanosheets prepared under various pH reaction solution. (d) photography of a yellow MoO3-x nanosheets dispersed in the 

H2O2 and NaClO with different concentrations.[133] Reproduced with permission. Copyright 2019, Royal Society of Chemistry.
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Fig. 10. (a) Schematic of MoO2+x films electrodeposited on ITO glass. (b) FSEM images of prepared MoO2+x nanofilm. (c) XPS 

spectra of Mo 3d obtained on MoO2+x.[136] Reproduced with permission. Copyright 2019, The American Chemical Society.
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Fig. 11. (a) Schematic diagram of CVD system. (b) Raman spectrum of MoO2 nanosheets. (c) XPS spectrum of the Mo 3d 

spectrum obtained on the sample, indicating that the Mo ion in the material is mainly +4.[89] Reproduced with permission. 

Copyright 2018, Wiley-VCH. 
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Fig. 12. (a) Molybdenum oxide deposited under different chamber condition. (b) XRD spectra of the deposited film. (c) XPS 

spectra of the sample prepared under three different conditions.[126] Reproduced with permission. Copyright 2017, Royal 

Society of Chemistry. 
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Fig. 13. (a) Schematic illustration of the H intercalation in the MoO3, and then the H2O molecule dissociating from the 

crystal in the MoO3.[95] Reproduced with permission. Copyright 2017, The Springer Nature Publishing Group. (b) The 

photocatalytic process of the MoO3 solution under the light irradiation. Adapted from Ref. [160]. (c) The evolution of the 2D 

MoO3-x nano flake when exposed to the simulated solar light for different time.[160] Reproduced with permission. Copyright 

2014, Wiley-VCH.
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Fig. 14. (a) The equilibrium solubility curve for the elements at the temperature of 500 K with varied O2 partial pressure. (b) 

Atmospheric pressure with varied temperature. (c) The electronic density of states introduced by varied dopants.[143] 

Reproduced with permission. Copyright 2018, The American Chemical Society.

Page 32 of 48Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
0 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
/1

4/
20

21
 1

1:
56

:2
3 

PM
. 

View Article Online
DOI: 10.1039/D0NR07779H

https://doi.org/10.1039/d0nr07779h


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 33

Please do not adjust margins

Please do not adjust margins

Fig. 15. (a) Atomic structure of the α-MoO3. (b) The AFM image of the Sn-doped α-MoO3. (c) The absorption spectra of for 

the α-MoO3 and Sn-doped α-MoO3. (d) the Mo 3d XPS spectra obtained on Sn-doped α-MoO3.[144] Reproduced with 

permission. Copyright 2019, The American Chemical Society. 
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Fig. 16. (a) The atomic structure of the HxMoO3 with different H concentrations. (b) The change of the absorption curve of 

the MoO3 aqueous solution under the light irradiation. (c) The evolution of the 2D MoO3-x nano flake when exposed to the 

simulated solar light for different time.[140] Reproduced with permission. Copyright 2018, Wiley-VCH.
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Fig. 17. (a) Photography of the temporal color change for the MoO3-x-I, MoO3-x-II and MoO3-x-III solution under the light 

illumination. (b) UV-vis-NIR spectra of the MoO3-x-I, MoO3-x-II and MoO3-x-III solution under the light illumination.[141] 

Reproduced with permission. Copyright 2019, Wiley-VCH.

Page 35 of 48 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
0 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
/1

4/
20

21
 1

1:
56

:2
3 

PM
. 

View Article Online
DOI: 10.1039/D0NR07779H

https://doi.org/10.1039/d0nr07779h


ARTICLE Journal Name

36 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Fig. 18. (a) Schematic illustration of synthesizing method for the MoOx with different phases. (b) The UV-vis absorption 

spectra of the MoOx with different phases. (c) Schematics of the atomic structure evolution with the extending of the 

reaction time in the NH4+ solution.[162] Reproduced with permission. Copyright 2018, Royal Society of Chemistry.
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Fig. 19. (a) Schematic illustration of synthesizing process with the supercritical CO2. (b) The TEM image of the paraded 

HxMoO3 quantum dot. (c) Schematics of the crystal structures evolution with the extending of the reaction time in the NH4+ 

solution.[164] Reproduced with permission. Copyright 2018, Wiley-VCH.
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Fig. 20. (a) The atomic structure of the MWO hybrids. (b) The UV-vis absorption spectra of the MWO hybrids. Reproduced 

with permission.[165] Copyright 2020, The American Chemical Society. (c) The SEM image of the MoO2/GO hybrids.[168] 

Reproduced with permission. Copyright 2019, The Springer Nature Publishing Group. (d) The SEM image of the synthesized 

Au with HAuCl4 as the precursor.[170] Reproduced with permission. Copyright 2019, Elsevier.
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Fig. 21. (a) The Raman spectra measured on the prepared MoO2 thin film. (b) The statistical distribution of SERS signal 

intensity (914 cm-1) that measured on MoO2 thin film. (c) Excellent stability of the thin film compared to that of Ag. (d) The 

reusability of the MoO2 thin film.[89] Reproduced with permission. Copyright 2018, Wiley-VCH. 
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Fig. 22. (a) Raman Spectra of R6G solution (5 × 10-5 M) mixed with MoO2, MoO3-x and MoO3 NPS and bare silicon slice. (b) 

Raman spectra of R6G with different concentrations solution mixed with MoO2 NPS. (c) The EFs calculated under different 

R6G concentrations.[162] Reproduced with permission. Copyright 2018, Royal Society of Chemistry.
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Fig. 23. (a) The UV-vis absorption spectra of the a-MoO3-x and c-MoO3-x. (b) The comparison of SERS spectra collected on the 

a-MoO3-x and c-MoO3-x. (c) SERS spectra of RhB collected on a-MoO3-x substrate. (d) The SERS activity of the a-MoO3-x after 

five cycles of oxygen insertion and extraction experiment.[174] Reproduced with permission. Copyright 2020, European 

Chemical Societies Publishing
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Fig. 24. (a) The SERS spectrum collected on the bule MoO3-x nanosheets when R6G was used as the Raman reporter. (b) The 

SERS spectra of R6G with different concentrations collected on the bule MoO3-x nanosheets. (c) Comparison of the SERS 

performance between the blue and yellow MoO3-x nanosheets. (d) The illustration of the photo induced charge transfer 

path based on the defect energy level.[133] Reproduced with permission. Copyright 2019, Royal Society of Chemistry.
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Fig. 25. (a) Atomic illustration of the preparing MoS2-xOx through the hydrothermal method. (b) Annealing of MoS2-xOx 

sample in the air through different conditions. (c) The SERS spectra measured on respective substrates when R6G is used as 

the Raman reporter. (d) The charge transfer path for the Raman signal enhancement during the measurement.[166] 

Reproduced with permission. Copyright 2017, Springer Nature Publishing Group.
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Fig. 26. (a) The TEM image of the hydrothermal prepared MoO2 nano dumbbells. (b) The SERS spectra measured on the 

MoO2 nano when R6G was used as the Raman reporter. (c) The SERS spectra recorded from R6G aqueous solution from 10-4 

to 10-7 M. (d) The SERS spectra collected on the MoO2 nano dumbbells after 300 ºC annealing in the air. The inset in (a) 

shows the SEM images of the MoOx nano-dumbbell.[175] Reproduced with permission. Copyright 2017, Springer Nature 

Publishing Group.
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Fig. 27. (a) Raman spectra measured on the HxMoO3 quantum dots as substrate, the HxMoO3 quantum were prepared 

under 15% H2O2 and 17 MPa SCO2. (b) The Efs evolutions under different MB concentrations. (c) Schematic illustration of 

SERS enhancement mechanism by using the HxMoO3 quantum dots as substrate.[164] Reproduced with permission. 

Copyright 2018, Wiley-VCH. 
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Fig. 28. (a) the SERS spectra of R6G measured on MWO hybrids, commercial WO3 and commercial MoO3. (b) The detection 

limit of the MWO hybrids. (c) SERS spectra of R6G measured on pure MWO hybrids and PVP-coated MWO hybrids. (d) The 

calculated contributions of EM and CT to SERS.[165] Reproduced with permission. Copyright 2020, The American Chemical 

Society.
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Fig. 29. (a) UV-vis spectra of the MoO3-x nanosheets prepared under different annealing conditions. (b) The SERS spectra 

measured on MoO3-x nanosheets after annealing at 200 ºC for 6 hours. (c) The understanding of the SERS improvement 

mechanism for the MoO3-x nanosheets after the annealing process.[176] Reproduced with permission. Copyright 2016, Royal 

Society of Chemistry. 
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Fig. 30. (a) Schematic illustration of the steps for fabricating the MoOx-AuNSs complex. (b) The SERS spectra of IR-70 obtained in the 

aqueous solution with MoOx-AuNSs. (c) The SERS spectra of IR-70 obtained in albumin solution with MoOx-AuNSs.[170] Reproduced with 

permission. Copyright 2019, Elsevier.

Page 48 of 48Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 1
0 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
/1

4/
20

21
 1

1:
56

:2
3 

PM
. 

View Article Online
DOI: 10.1039/D0NR07779H

https://doi.org/10.1039/d0nr07779h

