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Abstract
Layered transition metal oxides (TMOs) have been utilized for centuries for their abundance and diverse applications in
various fields. Developing efficient synthesis methods of layered TMOs is crucial for exploring novel properties and
potential applications. This work introduces a direct microwave synthesis method for producing transition metal
oxides and crystals. Using alpha molybdenum trioxide as a representative example, a microwave synthesis protocol is
outlined for the rapid and scalable synthesis of layered transition metal oxides. Transition metal oxides have been
synthesized using various state-of-the-art (SOTA) techniques, such as hydrothermal and sol-gel, among others. In
contrast to these established methods, our direct microwave process is simple, requiring only a microwave and
minimal handling, and it is highly scalable (1 g/h of α-MoO3 crystals). Additionally, it consumes just 0.5 kWh of energy
per gram of α-MoO3, which is 8-140 times better than typical SOTA methods. It is environmentally friendly as it
produces ~10-150 times less CO2 emissions (0.3 kg CO2 eq) compared to SOTA methods. It produces long crystals with
a length of up to 8 mm, which is comparable to hazardous chemical and physical vapor deposition methods. We
further demonstrate the advantages of these high-quality crystals by fabricating a MoO3-based Metal-Interlayer-Oxide-
Semiconductor (MIOS) memristor incorporating an ultrathin Al2O3 interlayer. The device exhibits low SET (~−2 V) and
RESET (~2 V) voltages with stable endurance over multiple cycles, attributed to field-driven oxygen vacancy migration.
These findings establish microwave synthesis as a transformative approach for producing high-performance metal
oxides and underscore the significant potential of MoO3 for next-generation energy-efficient and reliable memory
technologies.

Introduction
Layered Transition metal oxides have garnered sig-

nificant attention from researchers due to their remarkable
electrical1, optical2, and mechanical properties3. Among
these transition metal oxides (TMOs), molybdenum tri-
oxide (MoO3) is the most studied, owing to its ability to
adopt diverse morphologies such as nanorods4, nanotubes5,
nanobelts6, nanoplatelets7, nanofibers8, nanoflowers9,
nanospheres10, and nanoflakes11. These diverse morphol-
ogies arise from MoO3’s inherent layered structure and

intriguing physical properties12. Functioning as an n-type
semiconductor with a wide bandgap ranging from 2.8 to
3.6 eV13, MoO3 exhibits versatile applications, including
photochromic14 and electrochromic devices15, photo-
conductive devices16, smart windows17, thermoelectric
materials18, catalysis19, lithium-ion batteries20, super-
capacitors21, solar cells22, and gas sensors23.
MoO3 exists in three distinct crystalline polymorphs (α,

β, h-MoO3), each exhibiting unique structural character-
istics and properties12. The first polymorph, α-MoO3,
presents a dynamically stable phase featuring double layers
of [MoO6] octahedral units

24. These layers are arranged
parallel to the (010) plane, offering open channels con-
ducive to ion intercalation, thus enabling efficient charge
storage25. In contrast, the β-MoO3 polymorph adopts a
three-dimensional structure formed by corner-sharing
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[MoO6] octahedral units26, indicative of a metastable
monoclinic phase27. Meanwhile, the h-MoO3 polymorph,
also metastable, showcases a hexagonal crystalline struc-
ture characterized by zigzag chains of [MoO6] octahedra

28,
facilitating one-dimensional tunnel behavior29. Among the
crystal structures of MoO3, α-MoO3 is particularly widely
studied, the most studied phase due to its unique layered
architecture30. A key characteristic of α-MoO3 is its
layered structure, which can accommodate large quantities
of positive ions in its tetrahedral and octahedral holes and
extension channels31, enabling bandgap manipulation32.
This layered configuration enhances charge transfer cap-
abilities33, improving its electrochemical properties34.
Various synthesis methods have been employed to prepare
α-MoO3, each with advantages and limitations. State-of-
the-art (SOTA) techniques, including this work, are
compared in detail.
To the best of our knowledge, this is the first work to

synthesize α-MoO3 from molybdenum disulfide (MoS2: a
naturally occurring ore of Mo metal) as a starting material
for large-scale production. Our in-depth analysis of SOTA
methods demonstrates that microwave synthesis offers a
compelling alternative for α-MoO3 production due to a
combination of cost-effectiveness, speed, simplicity, scal-
ability, crystal length, and energy efficiency. The crystal
length achieved through microwave synthesis is approxi-
mately 7 mm, surpassing most common methods except
for Chemical Vapor Deposition (CVD) and Physical
Vapor Deposition (PVD), which produce crystals in a
similar to higher size range. Microwave synthesis boasts a
rapid production time of approximately 2 min to start
forming MoO3 crystals, which is ~50–600 times faster
than SOTA methods. The process is simple and scalable,
requiring only a microwave, minimal handling, and only
1 h to produce 1 gram of α-MoO3, up to 600 times better
than SOTA. Additionally, microwave synthesis is the most
energy-efficient method, consuming just 0.5 kWh per
gram of α-MoO3, up to 140 times better than SOTA
methods. These features make microwave synthesis more
practical and efficient for α-MoO3 production. In contrast
to conventional methods in literature, this work pioneers
the direct synthesis of MoO3 from naturally abundant
MoS2 as the starting material, eliminating costly and
energy-intensive intermediate purification steps and
offering a cost-effective and scalable route for the large
scale of MoO3 and TMOs production.

Mechanism growth of alpha molybdenum trioxide crystals
Various mechanisms (i.e., dielectric loss, Joule loss, and

magnetic loss) are briefly discussed to understand the
dominant heating mechanism during microwave irradia-
tion comprehensively; however, the different interactions
between materials and microwaves cannot be explained by
a single theory. In general, microwave power absorption

and penetration depth must be considered for the
microwave processing of materials. The former, P (W/m3),
is evaluated by Eq. (S1). The latter, Dp (m), represents a
depth inside the material where the power of the wave
reaches. Calculated according to Eq. (S2): Regarding
Eqs. (S1) and (S2), materials’ electrical conductivity, per-
mittivity, and permeability play vital roles during micro-
wave heating. Three different mechanisms that would
contribute to microwave heating are presented in Eq. (S1):
Conduction (Joule) loss (first term, W/m3) is a dominant
heating mechanism of materials with high electrical con-
ductivity, such as metals. This mechanism results from
eddy current loss generated in an alternating magnetic
field and mainly depends on the material’s electrical con-
ductivity. Dielectric loss (second term, W/m3) is due to
either the polarization of materials and collision of dipoles
or the electric charge’s collision under an alternating
electric field. The dielectric polarization loss includes the
polarization of either electron, dipolar, atoms, ions, or
interfacial polarization. The contribution of magnetic loss
(third term, W/m3) to the heating is caused by hysteresis,
eddy currents, domain wall, and electron spin resonance in
an alternating magnetic field.
Eq. (S2) explains the key difference between conven-

tional and microwave heating methods. The shallow
penetration depth of infrared waves during conventional
heating results in the heating of the surface of materials
followed by heat transfer from the surface toward the core
of the sample, whereas a great penetration depth of
microwaves during microwave heating results in the
volumetric heating of the materials. In microwave heating,
the core temperature is higher than the surface due to the
heat loss from the surface, which results in the heat
transfer from the core toward the sample’s surface.
Therefore, factors such as particle size (d), shape, and

relative density, which directly/indirectly influence these
equations, must be considered during microwave heat-
ing. For instance, electrical conductivity depends on a
pressed sample’s particle size, shape, and compaction.
Moreover, at a low particle size ratio to penetration
depth (d/Dp), the particle is considered a transparent
material and cannot absorb microwaves. By contrast, at a
very high d/Dp ratio, a major portion of the microwaves
are reflected and cannot heat the sample well, and
heating is only limited to the sample’s surface. In the case
of the thermal oxidation of MoS2 to MoO3 crystals,
Rahman et al.35. investigated the impact of high-
temperature oxidation on the mechanical performance
of MoS2 using ReaxFF, proposing a detailed thermal
oxidation mechanism. Initially, oxygen molecules (O₂)
adsorb onto sulfur atoms on the basal plane of MoS₂, a
process that is thermodynamically stable but kinetically
hindered under ambient conditions. O₂ dissociates
into atomic oxygen upon adsorption, forming covalent
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sulfur-oxygen (S-O) bonds. This oxidation leads to
volatile sulfur oxides (e.g., SO2) that desorb from the
surface, creating sulfur vacancies. These vacancies are
subsequently filled by oxygen atoms, forming more stable
molybdenum-oxygen (Mo-O) bonds. As the oxidation
progresses, a molybdenum oxy-sulfide (MoS2-xOx) solid
solution forms, which can further oxidize into MoO3 at
higher temperatures. The process intensifies above
1500 K, with severe crystalline distortion of MoS2 and
significant MoO₃ formation occurring around 1800 K. In
2023, Reidy et al.36. explained the atomic-scale
mechanism of MoS2 oxidation to MoO3. The thermal
oxidation of MoS2 begins with the oxidation of the MoS2
surface. This process occurs readily at elevated tem-
peratures (e.g., 500 °C in air) and produces MoO3. Fol-
lowing the initial oxidation, the volatile species MoOx (x
can vary) forms and sublimates from the surface. This
sublimated species then undergoes vapor-phase mass
transport. Then, the MoOx species redeposits and crys-
tallizes into α-MoO3 on the MoS2 substrate or nearby
surfaces. This results in the growth of crystalline α-
MoO3, which is often textured and aligned with the
underlying MoS2 substrate.
This oxidation is exothermic, releasing heat as the

reaction progresses. The formation of MoO3 typically
occurs as a gradual transformation of MoS2, resulting in
MoO3 as a white crystalline material, as shown in Fig. 1.
The reaction progresses by the oxidation of MoS2, where
sulfur atoms are oxidized to form sulfur dioxide (SO2).

Simultaneously, molybdenum atoms combine with oxy-
gen atoms to form MoO3 according to Eq. 1:

2MoS2 þ 7O2 ! 2MoO3 þ 4SO2 ð1Þ

After completion of the oxidation reaction, the MoO3

crystals are allowed to cool down gradually to ambient
temperature before they are collected. Digital images of
the process are shown in Supplementary Figs 1 and 2, and
α-MoO3 crystals are shown in Supplementary Figs.
5 and 6. This process could be used for more members of
the TMO family, as shown in Supplementary Figs. 10,11,
and 11.

Characterization of alpha molybdenum trioxide crystals
The crystal structure of the samples was analyzed using

X-ray diffraction (XRD). As shown in Fig. 2a, the dis-
tinctive characteristic diffraction peaks at 14.76°, 33.08°,
40.00°, and 50.19°, corresponding to (002), (100), (103),
and (105) crystal planes of hexagonal phase MoS2 are
consistent well with standard card of MoS2 (JCPDS card
No. 77-1716)37, respectively. Figure 2b reveals peaks at
13.22°, 26.09°, and 39.36°, which correspond to (020),
(040), and (060), respectively, of α-MoO3, which pos-
sesses an orthorhombic crystal system (JCPDS card No.
05-0508)38. The XRD peaks were analyzed employing a
modified Scherrer equation to calculate the nano crys-
tallite size, as detailed in Table S2. The (020), (040), and

Fig. 1 Schematic illustration of the microwave synthesis setup for α-MoO3 crystal growth from MoS2 powder.
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Fig. 2 Structural and spectroscopic characterization of MoS2 and MoO3. a XRD of MoS2, (b) XRD of MoO3, (c) Raman of MoS2, (d) Raman of
MoO3, (e) XPS spectrum of Mo 3 d, (f) XPS spectrum of O 1 s.
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(060) phases exhibit respective particle sizes (Dp) of
38.02, 41.22, and 40.38, along with approximate
d-spacing values of 6.7, 3.4, and 2.3, respectively. Notably,
the strong specific (020), (040), and (060) peaks confirm
the layered crystal structure of α-MoO3 and are con-
sistent with highly anisotropic growth along the c-axis39.
Furthermore, the absence of peaks from other phases,
such as MoS2, suggests the high purity of the sample.
Raman spectrum (Fig. 2c) of MoS2 powder shows char-
acteristic peaks at 384 and 408 cm−1, corresponding to
E12g (in-plane optical vibration of the Mo−S bond in
opposite directions)40 and A1g (out-of-plane optical
vibration of S atoms)41 active modes, respectively. The
24 cm−1 separation between these two peaks indicates
the presence of multilayer MoS2

42, as the MoS2 used was
purchased commercially and remained unaltered. Raman
spectroscopy for the synthesized confirms the α-MoO3

phase (Fig. 2d), with peaks at 997 cm−1 and 822 cm−1

corresponding to asymmetrical and symmetrical
stretching vibrations of terminal Mo=O bonds43. In
contrast, the peak at 669 cm−1 corresponds to asymme-
trical stretching vibrations of O–Mo–O bonds along with
peaks from 200 to 450 cm−1 44,45. Additionally, the peaks
between 50 and 200 cm−1 represent the skeletal modes of
the chains of MoO4 tetrahedra, as reported pre-
viously46,47. A Raman repeatability study was conducted
to test the validity of the material over a number of
batches (Supporting Fig. 16).
The XPS detailed spectral analysis (Fig. 2e, f, and Sup-

plementary Fig. 9d) confirms the presence and oxidation
states of molybdenum (Mo) and the chemical environ-
ment of oxygen (O) in the sample. High-resolution Mo
3 d spectrum (Fig. 2e), which can be deconvoluted into
two 3 d doublets using Gaussian fitting, reveals major
peaks at 232.8 eV and 236.0 eV characteristic of Mo6+

oxidation state, 3d5/2 and 3d3/2, respectively, without
minor peaks. The O 1 s spectrum (Fig. 2f), with a peak
around 530.1 eV, corresponds to oxygen in the MoO3

lattice.
The SEM images of MoS2 in Fig. 3a exhibit an uneven

structure with agglomerated particles. revealing defined,
multi-layered particles with a flake-like structure and
particle size of a few micrometers. Additionally, EDX
analysis confirms the purity of the MoS2 samples, showing
the presence of only molybdenum and sulfur without any
other elemental impurities (Supplementary Fig. 8a). The
closer magnifications in Fig. 3b, c shows the layered belt-
shaped structure of α-MoO3, confirming the successful
transformation of MoS2 to the pure structure of α-MoO3

and their structural uniformity. EDX analysis of the MoO3

samples (Supplementary Fig. 8c) also confirms their
purity, with only molybdenum and oxygen detected,
verifying the absence of other elemental contaminants. In
Fig. 3d, e, Optical microscope images of the MoO3 show

well-defined, elongated belt-like crystals with lengths
between 3 to 7 mm. Crystals were long and stable enough
to be handled and gathered to form KU letters (Supple-
mentary Fig. 6). Notably, the crystal lengths observed are
among the highest recorded in the literature, up to 7mm,
surpassing all the synthesis methods, with CVD and PVD
recording higher lengths in millimeters48. Figure 3f–h
shows an optical microscope image of the MoO3 crystals
at different magnifications. Atomic Force Microscopy
(AFM) and Conductive Atomic Force Microscopy
(C-AFM) were employed to evaluate the structural and
electrical properties of the synthesized crystals. Figure 3i
presents the topographical AFM image of a representative
crystal, revealing a thickness of approximately 5 nm
(additional topographical images are provided in Supple-
mentary Fig. 3). The corresponding C-AFM measure-
ment, depicted in Fig. 3j, indicates a current of
approximately 30 nA along the crystal. To further explore
the correlation between crystal thickness and electrical
conductivity, we examined crystals of varying thicknesses.
As shown in Supplementary Fig. 4, crystals with thick-
nesses of 70 nm, 213 nm, and 330 nm exhibited measured
currents of 15 nA, 8 nA, and 10 nA, respectively. These
observations suggest a potential dependence of charge
transport properties on the crystal thickness. Transmis-
sion electron microscopy (TEM) images in BF-TEMmode
provided compelling evidence for the thin rectangular
morphology of the synthesized α-MoO3 nanostructures
(Fig. 4a). The acquired SAED patterns allowed the mea-
surement of the d-spacings of the crystals, which matched
the crystal structure of samples determined with XRD
experiments (Supplementary Fig. 7 and Supplementary
Table 1). These nanorods’ corresponding high-resolution
TEM (HRTEM) analysis allowed the visualization of
the structure of samples in real space and recorded dis-
tance of the well-defined lattice fringes, a hallmark of
highly crystalline materials, matched nicely with d-spacing
measured by performing the SAED experiments
(Fig. 4b). Interestingly, the SAED analysis also unveils a
preferential growth direction for the α-MoO3 nanobelts
on the [001] axis (Fig. 4c, d). This anisotropic crystal
structure of α-MoO3 is likely responsible for this favored
orientation. In this structure, distorted [MoO6] octahedra
share corners to form sheets, and pairs of these sheets
connect via edges along the [001] direction. These bilayers
then weakly stack upon each other via van der Waals
forces along the [010] axis. Elemental composition
analysis of the samples in TEM-EDS mode revealed high-
purity crystals with a composition close to the stoichio-
metric numbers (see Supplementary Fig. 8f). Furthermore,
the STEM-EDS hyperspectrum imaging showed a uni-
form distribution of Mo and O elements through the
regions of the particles (Fig. 4e), which implies a uniform
crystal and, hence, the uniform corresponding emergent
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properties of the samples. As depicted in Fig. 4e, Ele-
mental analysis mapping offers a powerful visualization of
the α-MoO3 sample’s homogeneity. This technique
reveals a uniform distribution of elements throughout the
material, signifying the absence of sulfur or other impu-
rities. This observation strongly supports the high purity
of the synthesized α-MoO3. STEM-EELS (Fig. 5) reveals

the dielectric properties of synthesized samples. Figure 5c,
d shows the real and imaginary parts of the dielectric
function, which have been obtained from the bulk and
surface regions of a particle shown by the dark-field
STEM (DF-STEM) image in Fig. 5a, b. Kramer–Kronig
analysis (KKA) of the energy loss function (ELF) from
bulk and surface regions (Fig. 6b–d) showed a significant

Fig. 3 Morphological and optical characterization of MoS2 and α-MoO3 crystals. SEM Images of (a) MoS2, (b, c) MoO3 of different
magnifications. d, e Optical microscope images Demonstrating the macroscopic scale of the synthesized α-MoO3 crystals (f–h) Optical images
showcasing the crystal nature and the reflection of white light if the OM. i AFM topography of low-thickness MoO3 crystal. j Conductive-AFM of the
same crystal.
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enhancement in the density of states (DOS) at the surface
in the visible light range. This suggests increased visible
light absorption at the surface, potentially due to surface
strain.
surface regions. The results revealed a significant

enhancement in the surface-region DOS in the visible
light range of energies compared to the bulk region’s
DOS. These results imply that the surface regions of the
particles absorb more energy in the visible light range

than the bulk. The enhancement in DOS at the surface
regions can be linked to the presence of strain in these
regions, as shown in the strain analysis of the particles,
presented in Fig. 5e–g, showing a normal strain in the
surface regions, which may be correlated with the
enhanced surface DOS and altered dielectric properties.
The FTIR spectrum shown in Supplementary Fig. 9a
further confirmed the α-MoO3 phase. The peaks are
primarily located below 14,000 cm−1 on the low-energy

Fig. 4 Transmission electron microscopy analysis of MoO3. a TEM low magnification of MoO3, (b) SAED of MoO3, (c, d) HR-TEM of MoO3 with FFT
as inset, (e) Elemental mapping of MoO3.
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side of the spectrum. The peak at 989 cm−1 for the α-
MoO3 sample is attributed to the terminal Mo=O
stretching vibration, indicating the layered orthorhombic
α-MoO3 phase

49,50. A strong peak at 815 cm−1 is assigned
to the stretching vibrations of the O(3) atoms in the Mo-
O-Mo units in the orthorhombic α-MoO3 structure51.
The band at 563 cm−1 is due to the bending vibrations of
the oxygen atom (O(2)) linked to three metal atoms ν(O –
3Mo) for the α-MoO3 sample52. Additionally, a peak
around 470 cm−1 could not be detected due to instru-
mental limitations, but it is thought to be due to the
stretching mode of the terminal Mo–O bond53,54. The
absence of other significant peaks like 3400 cm−1 for
water molecules further confirms the high purity of the α-
MoO3 sample. Thermogravimetric analysis (TGA) was
performed to investigate the α-MoO3 sample’s thermal
stability (Supplementary Fig. 9b). The results demonstrate
remarkable thermal stability up to 700 °C, indicating their

robustness for high-temperature applications. The TGA
curve shows no significant decomposition stages up to
this point. However, at around 790 °C, there is a dramatic
% weight loss of about 40%, resulting from the sublima-
tion of MoO3

55.

This work vs state-of-the-art techniques
Molybdenum is naturally found with other elements,

including several molybdenum-bearing minerals. How-
ever, the one with the most commercial significance is
molybdenite (MoS₂), a natural mineral form of molyb-
denum disulfide56,57.
The flowchart presented in Fig. 6 illustrates the

streamlined synthesis processes of our novel microwave
method compared to SOTA. Both approaches share the
same initial four stages—crushing, grinding, flotation, and
leaching—from the mined molybdenum ore to molybde-
nite (MoS₂) formation. As described in detail in the

Fig. 5 DF-STEM image and dielectric/strain properties of MoO3. a DF-STEM of MoO3, (b–d) Dielectric properties of MoO3, (e–g) Strain Properties
of MoO3.
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supporting information file, these processes are crucial for
extracting and purifying molybdenite, but there is no
variation between the methods in these preliminary
steps58–61. The key distinction between the two approa-
ches emerges after molybdenite (MoS₂) is formed. In this
work, molybdenite is directly used as the starting material
without requiring additional processing. In contrast, in
conventional SOTA methods, multiple subsequent pro-
cesses are required for MoO₃ crystals synthesis. Specifi-
cally, molybdenite is roasted at high temperatures (around
500 °C)61, followed by chemical treatments and calcina-
tion to produce pure molybdenum powder62. This pur-
ified molybdenum is the starting material for various
synthesis techniques such as CVD, PVD, and laser abla-
tion. After roasting, further chemical treatments are
applied to convert the molybdenite into ammonium
heptamolybdate (AHM), the starting material for other
commonly used SOTA methods. The takeaway from

Fig. 6 is that this work offers an alternative approach to
synthesizing MoO3 crystals by bypassing additional steps
and intermediate compounds. Directly utilizing molyb-
denite as the starting material and employing microwave
synthesis eliminates energy-intensive processes such as
roasting (500 °C)63,64, chemical treatments, and calcina-
tion at temperatures ranging from 500–1000 °C. The
exclusion of these cumbersome processes significantly
streamlines the synthesis route, giving this work a distinct
advantage over conventional techniques. Figure 7 quan-
titatively compares our microwave synthesis with eight
common SOTA methods across seven key Criteria:
Scalability (SC), Crystal Length (CL), Production Rate
(PR), Energy efficiency (EE), Simplicity (SM), (1/CO2),
which is kilograms of CO2 emissions equivalent. Data
were collected through analysis of Supplementary Table 3
for (CL, PR, SM, SC, and 1/Cost), and by conducting
Life Cycle Assessment (LCA) using SimaPro for (EE and

Fig. 6 The mining process of Molybdenum Ores to MoS2 and MoO3.
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1/CO2). It is a standard unit used to quantify the impact of
different greenhouse gases (GHGs) on climate change in
terms of the equivalent amount of carbon dioxide (CO2)
that would have the same global warming potential
(GWP) (Supplementary Fig. 17) and, (1/Cost) is a cost
calculation for the machinery involved into making MoO3

crystals for each method.
When comparing methods based on energy efficiency

-measured by the electricity consumed to produce 1 g of
MoO3 in kWh- Microwave Synthesis is the most energy-
efficient, consuming only 0.5 kWh. Solution combustion
consumes around 4 kWh, while Electrodeposition uses
about 19 kWh. Spray pyrolysis requires approximately
15 kWh. Sol-gel and laser ablation each consumes around
30kWh.
Hydrothermal processes need about 35 kWh. CVD and

PVD are the least energy-efficient, consuming 70 and
60 kWh, respectively. The production rates for each
method were approximately as follows: microwave
synthesis was 10min, which is the least time consumed to
produce MoO3 crystals among SOTA methods. Mean-
while, hydrothermal ranged from 8 to 20 h, with an
average of 12 h being the most common duration. Spray
pyrolysis averaged 30min for spraying and 1 h for eva-
poration. Electrodeposition required a couple of minutes

for deposition and an additional 2 h for annealing. Sol-gel
needed around 10 h for gel formation and subsequent
calcination. Solution combustion took a couple of min-
utes to mix and approximately 1 h for combustion. Laser
Ablation averaged 30min for irradiation of the molyb-
denum target. CVD and PVD required around 3 h to
reach the desired temperature, maintain it, and then
evacuate to collect the product. Scalability, measured by
the time needed to produce 1 g of MoO3, is another
crucial critera. For this criteria, the Microwave Synthesis
method needed only 1 h to produce 1 gram of MoO3,
which offers a potentially scalable approach to produce
MoO3 crystals. Solution Combustion required around
2.5 h. The Sol-gel method and hydrothermal processes
each needed around 20 to 25 h. CVD and PVD methods
required 20 to 30 h to produce 1 gram. For techniques like
laser ablation, spray pyrolysis, and electrodeposition,
typically used to create thin films, scalability was assessed
by the time required to produce milligrams per square
centimeter. It was determined that to make 1 gram of
MoO3, electrodeposition would take around 80 h, laser
ablation would take about 300 h, and spray pyrolysis
would take approximately 600 h. These high times are
reasonable given that these methods are not typically used
for large-scale production but for creating thin films on

Fig. 7 Comparison between this work and the eight most common methods. (Hydrothermal[S9-S95], Spray Pyrolysis[S96- S114], Laser
Ablation[S115- S122], Sol-gel[S123- S131], Solution Combustion[S132-S139], Electrodeposition[S140-S146], PVD[S147-S162], and CVD[S163-S175]).
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substrates. Simplicity is another essential criteria, eval-
uated based on the number of steps in the process, the
complexity of the machinery involved, the number of
chemicals used, and how easy these chemicals are to
handle. Microwave Synthesis is a simple and easy method
that requires only a microwave. Solution combustion also
scores high on simplicity, needing minimal chemicals and
machinery, as it only involves burning the chemicals.
Electrodeposition and spray pyrolysis require fewer che-
micals but involve handling specific machinery like a
potentiostat and spray nebulizer. Hydrothermal and Sol-
gel methods are relatively easy to handle but require a
moderate amount of chemicals to initiate the reaction.
Laser Ablation is more complex, involving complex
machinery and numerous safety concerns. CVD and PVD
are the most complicated, requiring many steps and
handling a sensitive and controlled environment. The cost
calculations are based on the machinery cost and energy
consumed during the process. Microwave Synthesis
emerged as the most cost-effective method. Solution
Combustion followed, ranging from 500 to 1000 USD,
while the Sol-gel method ranged between 1000 to 2000
USD. Electrodeposition methods fell within the range of
1500 to 2500 USD. Hydrothermal processes cost between
500 and 1000 USD, whereas spray pyrolysis ranges from
10,000 to 25,000 USD. Laser Ablation method is sig-
nificantly more costly, ranging between 10,000 to 100,000
USD. CVD and PVD methods were the most expensive,
with machinery costs ranging from 100,000 to 250,000
USD. These cost assessments provide insights into the
financial feasibility of each method, influencing their
practicality and adoption in various applications. The final
criteria crystal length is determined by SEM images from
the references, and distinct averages emerge. Hydro-
thermal processes exhibit an average of several micro-
meters to 200 micrometers, while sol-gel and solution
combustion methods typically result in crystal lengths in
the range of several micrometers. Electrodeposition, spray
pyrolysis, and Laser ablation produce crystals measured in
nanometers, whereas CVD and PVD methods yield the
longest crystals, with PVD achieving lengths of up to a few
mm to cm. In terms of crystal length, Microwave Synth-
esis can reach up to 7mm, comparable to other advanced
methods like CVD and PVD; being compared to CVD and
PVD in crystal synthesis is an advantage, making it a
viable alternative without going through the complexity of
these methods. To demonstrate the electrical properties
and practical utility of the synthesized α-MoO3 crystals,
we fabricated and characterized Metal-Interlayer-Oxide-
Semiconductor (MIOS) memristive devices.

Application for alpha molybdenum trioxide
MoO3 has been investigated as a compelling active

material for various memristive devices due to its diverse

redox states and tunable oxygen vacancy concentra-
tions65–68. In this section, we demonstrate an enhanced
memristive effect in a Si/MoO3/Al2O3/Cu structure
(details in the Experimental Section), leveraging the
structural and electrical properties of the synthesized
MoO3 crystals. Figure 8 illustrates the fabricated MIOS
device structure: (a) Top-view optical micrograph show-
ing a device with a ~ 623 nm thick MoO3 crystal. (b)
Schematic cross-sectional diagram of the device stack
(Si/MoO3/Al2O3/Cu), and (c) AFM topography of the
MoO3 crystal surface after Al2O3 and Cu deposition,
confirming the crystal’s morphology is preserved during
device fabrication. Electrical characterization (details in
Experimental Section) of the fabricated MIOS devices
reveal clear and robust bipolar resistive switching, as
evidenced by the current-voltage (I-V) characteristics in
Fig. 9a, which is expected in Transition Metal Oxides
(TMO)-based memristors. Notably, Our MIOS devices
incorporating the α-MoO3 exhibited remarkably low SET
(~−2V) and RESET (~2 V) voltages even with a relatively
thick (~623 nm) MoO3 crystal. This low voltage operation
is a significant advantage for energy-efficient memory
applications and is not typically observed in MoO3

memristors of this thickness. Control devices fabricated
without a MoO3 layer (p++ Si/Al2O3/Cu) showed sig-
nificantly inferior memristive performance, exhibiting
higher switching voltages, smaller switching windows, and
a low resistance state (LRS), highlighting the crucial role
of the MoO3 crystals. Detailed inspection of the I-V log-
log plots in Fig. 9b shows the charge transport mechan-
isms governing the resistive switching. In the LRS, the I-V
curves show a linear ohmic relationship with a slope close
to unity (|I| ∝ |V|α, α ≈ 1.06 in negative bias and α ≈ 1.05
in positive bias). This ohmic behavior in the LRS leads to
an increased concentration of mobile oxygen vacancies
acting as donors at the Al2O3/MoO3 interface

66,67. On the
other hand, in the high resistance state (HRS), especially
under positive bias (after RESET), the I-V characteristics
deviate from linearity, showing a slope of approximately
1.8 ( | I| ∝ |V | 1.8). This non-linear space-charge-limited
current (SCLC) and trapped-charge-limited current
(TCLC) in HRS suggests that the current is limited by
space charge effects and available trap states within the
MoO3, resulting from a reduced carrier concentration
after the Forming and follow-up RESET processes68. This
transition from ohmic conduction in the LRS to SCLC in
the HRS supports a non-filamentary, interfacial switching
mechanism69,70, where the barrier at the MoO3/Al2O3

interface is dynamically modulated66,71. Moreover, we
propose that this modulation arises from the field-assisted
migration of oxygen vacancies within the MoO3 crystal
(Fig. 9d)6,7. Since pristine α-MoO3 crystals possess low
intrinsic oxygen vacancy concentrations, an initial elec-
troforming step (Supplementary Figs. 13–15) was crucial
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to generate and optimally localize the necessary oxygen
vaScancies at the Al2O3/MoO3 interface. This electro-
forming process electrochemically reduces Mo6+ ions,
creating mobile oxygen vacancies and facilitating sub-
sequent redox reactions at optimal sites along the crystal
interface during SET and RESET operations72. Endurance
testing (Fig. 9c) demonstrates stable and repeatable
bipolar switching over 33 cycles (for a device with
a ~ 511 nm thick MoO3 crystal), with minimal degrada-
tion in the on/off ratio and switching voltages. The inset
of Fig. 9c shows the voltage pulse train used for the
measurements with 2 ms pulse durations. The proposed
switching mechanism is illustrated via energy band dia-
grams in Fig. 9d, showing the electric field-induced drift
and diffusion of these generated oxygen vacancies during
the forming process within the MoO3 layer. During SET
(negative bias), oxygen vacancies migrate towards the
Al2O3 interface, forming localized conductive regions
responsible for the high resistance state. During RESET
(positive bias), oxygen vacancies move away, rupturing
these regions and restoring the high resistance state.
The Al2O3 layer acts as a crucial interface, controlling
the nucleation and localization of these conductive
regions and contributing to the observed low-voltage
operation71,73.
The low SET and RESET voltages achieved in our

MoO3-based structures, despite the substantial MoO3

thickness, represent a notable advancement. While MoO3

has been extensively explored for resistive switching72,74,75,
achieving such low voltage operation in devices with easily
synthesized, hundreds of nanometers thick MoO3 crystals
are unconventional and desirable for low-power memory
applications. Compared to the Al2O3-based structures,
which often rely on charge trapping or tunneling
mechanisms76, our MoO3 devices exhibit bipolar resistive
switching indicative of ionic migration, offering a distinct
operational pattern with potentially superior endurance
characteristics after further optimization. Supplementary
Table S4 benchmarks our devices against reported MoO3

and other high‑k oxide-based memristors. Despite a much
thicker switching layer, our operating voltages are lower
than those for sputtered and CVD MoO3 [S178, S180,
S181, S183] and comparable to solution-processed MoO3

[S176]. The devices also show ON/OFF current ratios and
endurance similar to reported MoO3 [S176] and Al2O3

[S181] memristors, highlighting the excellent performance
achieved with our microwave-synthesized MoO3 crystals.
This performance enhancement underscores the potential
of utilizing high-quality MoO3 crystals with a proper
tunnel barrier to realize more reliable, cost- and energy-
efficient memristive switching. Future research should
focus on in-site spectroscopic investigations (e.g., XPS,
TEM-EELS) to directly characterize the oxygen vacancy
dynamics and Mo oxidation state changes at the Al2O3/
MoO3 interface during resistive switching. Further sys-
tematic optimization of the Al2O3 interface (e.g., thickness

Fig. 8 Si/MoO3/Al2O3/Cu device structure and surface morphology. a Top-view optical micrograph of a fabricated Si/MoO3/Al2O3/Cu structure
with a ~ 623 nm thick MoO3 crystal. b Schematic cross-sectional diagram of the structure stack. c Atomic force microscopy (AFM) image showing the
topography of the MoO3 crystal after Al2O3 and Cu deposition.
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variation, exploring alternative high-k dielectrics like HfO2

or TiO2) could lead to even greater improvements in
device performance, potentially unlocking the potential of
these devices for emerging applications in energy-efficient
neuromorphic computing and advanced in-sensor pro-
cessing technologies77,78.

Conclusion
In summary, this work demonstrates microwave

synthesis as a remarkably efficient and eco-friendly
approach for producing high-quality metal oxides,
exemplified by synthesizing crystalline α-MoO3. Com-
pared to state-of-the-art methods, our approach offers
significant advantages in simplicity, production rate
(achieving MoO3 crystals in just 2 min, ~50–600x faster),
scalability (1 g/h, 2.5–600x better), energy efficiency
(0.5 kWh/g, 8-140x better), and reduced CO2 emissions
(~10–150x less). The resulting α-MoO3 exhibits long
crystals up to 8mm in length, compared to complex
processes such as CVD and PVD, showcasing the poten-
tial of microwave synthesis in achieving high-quality
materials with desirable properties. Furthermore, we have

shown that integrating these high-quality MoO3 crystals
with an Al2O3 barrier in MIOS structures enables stable,
low-voltage bipolar switching driven by oxygen vacancy
dynamics. Finally, this microwave synthesis method,
combined with the demonstrated memristor perfor-
mance, positions a-MoO3 as a promising material for
energy-efficient next-generation memory and neuro-
morphic computing applications.

Experimental section
Chemicals and reagents
MoS2 powder (average size of less than 5 μm), and

isopropyl alcohol (C3H8O, 99%) were purchased from
Sigma-Aldrich. All the chemicals used in the experiments
were used without further purification.

Characterization and measurements
Samples were irradiated in a microwave (1000 watts)

and 2.45 GHz. The crystallinity of the samples was mea-
sured using X-ray diffraction (XRD Bruker D2 phaser).
Raman analysis of the starting materials and the exfoliated
samples were performed by Renishaw spectrometer using

Fig. 9 Electrical switching characteristics and proposed resistive switching mechanism. a Current-voltage (IV) characteristics of a Si/MoO3/
Al2O3/Cu structure with a ~ 623 nm thick MoO3 crystal, showing the 1st and 5th voltage sweep cycles compared to a control Si/Al2O3/Cu structure
without MoO3. b Log-log plots of IV curves for five sweep cycles, highlighting the ohmic and SCLC/TCLC regimes during the SET and RESET states.
c Endurance performance of a device with a ~ 511 nm thick MoO3 crystal over 33 switching cycles, with the inset showing the voltage pulse train.
d Schematic energy band diagrams illustrating the proposed oxygen vacancy migration mechanism responsible for resistive switching. During SET
(negative bias), oxygen vacancies drift towards the Al2O3 interface, increasing conductivity. During RESET (positive bias), vacancies drift away,
restoring high resistance.
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532 nm laser (2.33 eV) excitation and 50x objective lens.
The laser power was kept below 1mW to prevent sample
damage. 20 spectra were recorded (each one at a different
location) for each sample to create statistical data for the
samples. Morphology of the samples was done by scan-
ning electron microscopy ((SEM) Nova NanoSEM 650,
beam resolution 0.8 nm). XPS spectra were recorded
using a Thermo Scientific K-Alpha spectrometer. Samples
were analyzed at the nanoscale using a TEM of model
Titan ThemisZ equipped with double aberration correc-
tors, high-throughput X-ray energy dispersive spectro-
scopy (EDS), and electron energy loss spectroscopy
(EELS) detectors. The analysis was carried out by oper-
ating the microscope at an accelerating voltage of 300 kV.
The morphology of the samples was analyzed using
bright-field TEM (BF-TEM). The structure was investi-
gated using selected area electron diffraction (SAED) and
high-resolution TEM (HRTEM). Whereas the elemental
composition of the samples was determined using EDS in
TEM mode. Moreover, the elemental composition maps
or distributions were generated by processing the EDS
datasets acquired in synchronized scanning transmission
electron microscopy (STEM) mode. The samples
‘ dielectric properties and density of states (DOS) were
probed using the low-loss EELS, also in the STEM mode.
The presence of strain at the edges or surface of the
samples was investigated by carrying out the four-
dimensional hyperspectral datasets acquired in synchro-
nization of STEM mode and micro-diffraction mode,
labeled as the 4DSTEM technique. The elemental com-
position and the corresponding elemental maps were
acquired and processed in ThermoFisher Software called
Velox v2.05. Whereas the rest of the TEM analysis-related
datasets were acquired and subsequently processed in
Gatan Microscopy Suite (GMS) of version 3.5 from Gatan,
Inc. TGA analysis was done using STA 449 F5 Jupiter.
UV-Vis was done using specord 50 plus. FTIR was done
using NiCOLET iS50. UV-vis spectroscopic data was
obtained using an Ocena Insight DH-2000 spectrometer
utilizing a deuterium lamp. The absorption and trans-
mission spectra were recorded in the 180–600 nm wave-
length range. The integration time was set to automatic,
and an average of 20 spectra was obtained.
MIOS devices were fully fabricated in a class 1000

cleanroom, and fabrication started with transferring the
MoO3 crystals onto cleaned and O2 plasma-treated p++
silicon (0.002-0.003 Ω.cm) substrates using a PDMS
stamp to maintain their structural integrity. Subsequently,
a 4 nm thick Al2O3 layer was deposited via atomic layer
deposition (ALD) as a uniform, high-k oxide, pinhole-free
barrier. Finally, a 100 nm thick Cu top electrode (TE) was
thermally evaporated and patterned through a shadow
mask carefully aligned over the MoO3 crystals.

Electrical characterizations were conducted using a probe
station and parameter analyzer under ambient conditions
in a dark box, with the p++ Si substrate serving as the
grounded bottom electrode (BE) and a gold-coated tung-
sten probe applying bias to Cu TE.
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