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In the present study we report a simple eco-friendly hydrothermal protocol
for the synthesis of molybdenum oxide (MoO3) nanoparticles at various
temperatures i.e., 80-200 °C at intervals of 20 °C designated as S1-S6
sequentially with time duration of 4 h for each batch. The synthesized
samples were characterized by X-Ray Fluorescence (XRF), X-Ray Diffraction
(XRD), Fourier Transform Infra-red (FTIR), UV- Visible Diffuse Reflectance
(UV-Vis DRS), Laser Raman, Cyclic Voltammetry (CV), X-Ray Photoelectron
Spectroscopy (XPS) and Transmission Electron Microscopy (TEM) to find out
their elemental composition, structure, morphology and the optical band gap.
The XRD analysis indicates well-crystallized orthorhombic structure with
preferred orientation along (210) plane. The presence of O-Mo-O stretching
vibration was observed by FTIR analysis The gas sensing studies were
carried out to examine the material’s Sensitivity over a temperature range of
50oC to 400oC for various gas concentrations i.e. 200-1000 ppm of CO2 gas.
The sensor had a Sensitivity of S=68.5% for S4 sample at an optimum
temperature of 200 °C. The adsorption of desired gas on the material
correlated well with the particle size of material at different temperature. The
response and recovery times were 50 s and 40 s respectively.
© 2021 by SPC (Sami Publishing Company), Asian Journal of Nanoscience and
Materials, Reproduction is permitted for noncommercial purposes.
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Graphical Abstract

Introduction
Nano materials offer unique properties
enabling the development and cost efficient
production of components that operate faster
with higher efficiency, less power consumption
[1]. A variety of materials in their nano forms
such as titanium oxide, zinc oxide, silica, carbon
nanotubes, polymers, etc. are being used to
make air clean, purify water and decontaminate
soil [2‒6]. The physical properties of
nanomaterials differ from bulk materials and
others of different dimensions such as
nanoparticles, nano wires, nano plates,
imprinted polymeric spheres, etc. [7, 8]. This
uniqueness offers more opportunities to ﬁnetune the bandgap of materials. Further
Nanomaterials exhibit quantization and
electronic conﬁnement effects, which can be
applied in various fields of Science and
Technology such as development of sensors for
environmental and industrial monitoring,
optoelectronics,
biomedicine,
catalysis,
miniaturized devices, healthcare, genetics,
diagnostics, drug discovery quality control, etc.
[9, 10]. In this context, semiconducting oxides

have come under intense scrutiny for the
possibility of high conductivity, enhanced
chemical stability, low toxicity, corrosion
resistance and cost effectiveness [11‒14].
Molybdenum trioxide (MoO3), an n-type
semiconducting metal oxide is one of the most
important transition metal oxides as it is
thermally stable having high melting point and
high chemical stability [15‒17]. Hence it has
potential applications in various ﬁelds such as
catalysis, lubricants, solar cells, lithium-ion
batteries, display materials, etc. [18‒24].
However, its properties depend significantly
upon the adopted synthetic procedures and
various experimental conditions such as
reaction time, temperature, etc. [25‒27].
There are various synthesis methods
adopted such as Sol-Gel, Solution Combustion,
Infrared Irradiation, Sputtering, Microwave,
Hydrothermal, Electrochemical, Sono-chemical,
etc. [28‒30]. Amongst these, hydrothermal
method has unique advantages in terms of high
reactivity and easy control of interface
reactions and enables to produce stable and
condensed
phases
with
low
energy
consumption and less environmental pollution
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without emitting any harmful gases [31, 32].
Ganguly A. et al. reported the synthesis of MoO3
nanoparticles of 100nm via citrate Sol-Gel
method at 250 °C /1h followed by calcination at
500 °C. [33] The synthesis of MoO3
nanoparticles via solution combustion method
employing ammonium hepta molybdate (AHM)
at 470 °C was reported by Nagabhushana G.P. et
al. [34]. Microwave assisted synthesis of MoO3
nanoparticles was reported by Arumugam M. et
al. [35] involving high power of 70 Watts.
In the present study we adopted a simple,
eco-friendly hydrothermal protocol for the
synthesis of molybdenum oxide (MoO3)
nanoparticles at various reaction temperatures
i.e., 80‒200 °C at intervals of 20 °C designated as
S1-S6 sequentially.

Transform Infrared Spectra (FTIR) were
recorded on a Bruker DF6 model and UV-Vis
DRS were recorded on Perkin Elmer U-2910 UV
double beam spectroscopy. Raman Spectra
were recorded on RUBY-D-RAMAN E75632009 model. Cyclic Voltametry (CV) results
were recorded in Corrtest CS350 model
measured in 0-3V voltage range. X-Ray
Photoelectron Spectroscopic data were
recorded on KRATOS-Axis supra model
spectroscope and Transmission Electron
Microscopy (TEM) images were recorded on
TEM-TALOS L120C model. Surface area analysis
was carried out on a BET Analyzer
Quantachrome AS-3012 model.

Experimental

X-Ray Fluorescence Spectroscopy (XRF)

Materials and Methods

The XRF for S1-S6 samples showed the
presence of Mo and O signals in all the samples
without any impurity. Here, a representation
spectrum of MoO3 nanoparticles for S4 sample
is shown in Figure 1 which confirm the presence
of Mo and O signals.
The XRD pattern of all MoO3 samples (S1-S6)
show similar (h k l) values i.e., (101), (400), (2 1
0), (1 1 1), (6 0 0), (1 0 2) & (0 2 0) planes at
23.31o, 25.70o, 27.33o, 33.74o, 38.98o, 46.21o and
49.26o 2θ values respectively as shown in
Figure 2 and are incoherence with the JCPDS
data (no. 897112) with lattice constants
a=13.85Ao, b=3.69Ao, c=3.96Ao and lattice
angles α=β=γ=90o. The average crystallite size
(D) was calculated using the Scherer’s formula
given below.

Molybdenum oxide nanoparticles were
synthesized by hydrothermal protocol. In a
typical synthesis procedure,1M PEG was
dissolved in 100 mL of D.I. water to which 2M
Ammonium molybdate ((NH4)6Mo7O24.4H2O)
was added and stirred for 4 h. The solution was
transferred into an autoclave and set at 150 °C
and processed for 4 h. After completion of the
reaction it was cooled, centrifuged at 4000 rpm
and oven dried. The obtained sample was
calcined at 400 °C for 2h to obtain MoO3
nanoparticles. Similar experiments were
carried out at different temperatures i.e., 80200 °C at intervals of 20 °C designated as S1-S6.
Equipment used for characterization of MoO3
Nanoparticles
X-Ray Fluorescence (XRF) was recorded on
OCEAN PUMA 7600D spectrometer. X-Ray
Diffraction data were recorded on the Siemens
(D5000) diffractometer using CuKα radiation
(λ=1.54Ao) in the range of 2θ=20o-80o. Fourier

Results and Discussion

D=

𝐾.𝜆
𝛽.𝐶𝑜𝑠𝜃

(1)

Where K indicates the Scherrer’s constant
(0.9), λ is the wavelength of X-Ray (1.54Ao), β is
full width half maximum of each peak in
respective XRD pattern and θ is the Bragg’s
angle of diffraction. The crystallite size of MoO3
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samples (S1-S6) were calculated as 83.47,
30.65, 18.74, 14.26, 89.95 and 102.59 nm
respectively. It is observed that the crystallite
size decreased till 150 °C and increased with
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further increase in the temperature, perhaps
due to nucleation of MoO3 particles which inturn resulted in the larger crystallite size.

Figure 1. XRF spectrum of MoO3 nanoparticles X-Ray Diffraction (XRD) analysis

Figure 2. XRD pattern of MoO3 nanoparticles samples S1-S6
Fourier Transform Infrared Spectroscopy (FT-IR)
The FT-IR spectra of MoO3 nanoparticles viz.,
S1-S6, is depicted in Figure 3. Three peaks at
612.2 cm-1, 875.4 cm-1 and 1001.8 cm-1 are
characteristic of MoO3. The peak at 1001.8 cm-1

is due to the terminal Mo–O bonding in the
layered orthorhombic phase MoO3. Absorption
at 875.4 cm−1 is attributed to Mo–O–Mo
vibrations of Mo6+. And the peak at 612.28 cm-1
is assigned to bending vibration of Mo–O–Mo
entity.
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Figure 3. FT-IR spectra of MoO3 nanoparticles synthesized hydrothermally, (S1) 80 °C (S2) 100 °C
(S3) 120 °C (S4) 150 °C (S5) 170 °C (S6) 200 °C
UV-Visible Diffuse Reflectance spectroscopy (UVDRS)
The UV-Vis diffuse reflectance spectroscopy
is shown in the inset of Figure 4 and the
bandgap calculated from respective Tauc plots
obtained from UV-Vis DRS data for samples S1S6 are 1.33 eV, 2.21 eV, 2.60 eV, 3.71 eV, 2.68 eV
and 2.45 eV which are well in agreement with
the reported semiconductor bandgap. It can be
attributed to the intrinsic bandgap for

absorption of MoO3 nanoparticles. The bandgap
(Eg) was estimated from Tauc plot, (F(R)hν)1/2
versus the energy of photon (hν). Kubelka–
Munk function F(R) was calculated using the
following Eq. (2) by analyzing the UV-DRS
results.
F(R) =

(1−𝑅)2
2𝑅

Where R is the reflectance (%) [35].

(2)
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Figure 4. Diffuse Reflectance UV spectra of MoO3 nanoparticles synthesized hydrothermally, (S1) 80
°C (S2) 100 °C (S3) 120 °C (S4) 150 °C (S5)170 °C and (S6) 200 °C
Raman Spectroscopy
The Raman spectra of samples S1-S6 at room
temperature and the non-polarized Raman
spectra measured in the quasi backscattering
geometry in the region of the transverse optical
(TO) phonons in the out planes of the sample
surface is illustrated in Figure 5. The peaks
observed in the range 748.3‒812.8 cm-1 and
621.2‒689.5 cm-1 are assigned to MoO3
nanoparticles attributed to the second order
Raman processes involving acoustic phonons
this is comparable to the reported value.
Cyclic Voltammetry (CV)
The Current-Voltage (I-V) characteristics of
MoO3 samples (S1-S6) measured over a voltage
range of 0-3V is depicted in Figure 6. The
maximum current for the samples are observed
at 0.18 μA, 0.21 μA, 0.30 μA, 0.35 μA, 0.33 μA and
0.31 μA respectively. The sample S4 exhibits

higher current which may be due to high
electron discharge rates within the grain
boundaries of the particles compared to other
samples [36].
X-Ray Photoelectron spectroscopy (XPS)
Figure 7a depicts the survey scan of the
synthesized MoO3 nanoparticles where the
peaks at 266eV and 285.93eV correspond to
Mo3d3/2 and Mo3d5/2 orbits respectively and
the peak observed at 431.64eV is assigned to O1 s orbit which reveals the Mo‒O bond
formation in MoO3 nanoparticles. In Figure 7b
the Mo3d core level spectrum reveals the spin
orbit splitting of Mo3d3/2 ground state to be
265.19 eV while Mo3d5/2 excited state is
observed at 277.48 eV which is attributed to
Mo+6. A broadband observed at 533.05eV
(Figure 7c) corresponds to O-1 s core level.
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Figure 5. Raman spectra of samples synthesized hydrothermally, (S1) 80 °C (S2) 100 °C (S3) 120 °C
(S4) 150 °C (S5) 170 °C and (S6) 200 °C
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Figure 6. I-V Characteristics of MoO3 samples synthesized hydrothermally, (S1) 80 °C (S2) 100 °C
(S3) 120 °C (S4) 150 °C (S5) 170 °C and (S6) 200 °C
Transmission Electron Microscopy (TEM)
The TEM micrographs of the synthesized
MoO3 nanoparticles i.e., samples S1-S6 are
shown in Figure 8a–f which reveals the
orthorhombic structure of MoO3 nanoparticles.

The least particle size is observed as ~22 nm for
S4 Sample, which is in agreement with the
crystallite size calculated from XRD analysis.
The characterization results of all these samples
are given in Table 1.
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Figure 7. XPS spectrum of a) MoO3 nanoparticles, b) Mo3d and c) O1s core level
Table 1. Summary of characterization results of Nano MoO3 samples S1-S6
a Surface Area
b Particle
c Bandgap
d Maximum Current (μA)
Sample
(m2/g)
Size (nm)
(eV)
S1
34.7
112.9
1.33
0.18
S2
52.8
44.5
2.21
0.21
S3
76.84
25.8
2.60
0.30
S4
98.1
22.8
3.71
0.35
S5
83.52
130.9
2.68
0.33
S6
48.81
189.9
2.45
0.31
aBET
bPSA

cUV-DRS
dC-V
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Figure 8. TEM micrographs of MoO3 nanoparticles synthesized at (S1) 80 °C (S2) 100 °C (S3) 120 °C
(S4) 150 °C (S5) 170 °C and (S6) 200 °C
Gas sensing characteristics
The gas sensing characteristics were
measured for the samples S1-S6. By studying
the sensor response the sample S4 exhibited
high Sensitivity of S=68.5% at an operating
temperature of 200 °C towards 1000 ppm CO2
gas as shown in Figure 9a. The response
towards different gas concentrations of CO2 at
200 oC is depicted in Figure 9b. The sensing
response increases with the increase in gas
concentration and reaches a maximum at 1000
ppm. It is also seen that the sensor is sensitive
to low concentration of 200 ppm CO2 gas.
Response and recovery times are important
parameters of gas sensors, which are defined as
the time taken for the sensor to reach 90% of its
total change in sensitivity after exposure to the
target gas and the time taken for the sensor to

reach its initial sensitivity value once the gas
atmosphere ceases to exist. The MoO3 sensor
(sample S4) exhibited shorter response and
recovery time of ~50 s & ~40 s respectively as
shown in Figure 9c. The selectivity was
measured for evaluating the specificity of MoO3
sensor by comparing the effect of interfering
gases. Figure 9d depicts the sensing response
towards other interfering gases like H2, Ethanol,
Methanol, ammonia and LPG towards 1000
ppm gas at 200 °C along with CO2 gas. The
sensor had higher response to CO2 when
compared to other test gases. Therefore,
according to the experimental results the
sensor can selectively detect CO2 in presence of
other gases.
According to mechanical expansion property
under temperature processing of a material, the
material undergoes expansion till certain
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temperature and loses its expanding nature
above certain saturation temperature. Due to
this thermal expansion property of the nano
MoO3 semiconductor material, there is a high
adsorption of the gas during gas flow into the
chamber which causes decrease in the
resistance of the sensor material. Hence, the
(a)

(c)
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sensor exhibits high sensitivity at an optimum
operating temperature of 200 °C. The proposed
sensor is more sensitive to CO2 compared to
other gases due to the reaction between CO2 and
the chemisorbed oxygen on the nano MoO3
surface is higher compared to other gases.

(b)

(d)

Figure 9. a) Sensor response of nano MoO3 (S1 to S6) & Sensitivity as a function of operating
temperature, b) Sensitivity Vs. gas concentrations, c) Response and Recovery Times, d) Sensitivity as
a function of different gases
Gas Sensing Mechanism
The proposed gas sensing mechanism is
based on the variation of the surface electron
depletion region due to the reaction between
CO2 and the chemisorbed oxygen on the surface.
When the semiconductor material is processed

over a temperature range in air atmosphere, the
oxygen molecules get adsorbed on the surface
of the semiconductor and extracts electrons
from the conduction band to form oxygen ions
which leads to the formation of an electron
depletion region near the surface due to which
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there is a increase in the resistance and
decrease in the net carrier density. When the
sensor is exposed to CO2, the gas molecules
react with the surface oxygen species. The redox
reaction is exothermic and results in fast
desorption of produced CO3- ions from the
surface. These released CO3- ions along with the
conduction band electrons reduce the thickness
of the depletion region, resulting in decrease in
the resistance of the semiconductor (MoO3) in
presence of CO2 gas and increase in sensor
response (i.e., Sensitivity). When the sensor is
exposed to the air ambient again, the depletion
region is rebuilt by the surface oxygen species
and the resistance of the semiconductor
material (MoO3) regains its initial resistance
value. This is due to the accumulated layer of
electrons which leads to the recovery of original
resistance value [36].
MoO3 + CO2  MoO2 + CO32-

(3)

The Equation 3 depicts the release of CO32ions when CO2 gas reacts with nano MoO3
surface causing reduction in the resistance and
thereby an increase in Sensitivity of the sensor.
Conclusions
In conclusion, the formation of stable MoO3
nanoparticles with high surface area of 98.1
m2/g and particle size of ~22 nm was obtained
by optimizing the reaction condition via
hydrothermal protocol. TEM micrographs
confirm the orthorhombic structure of MoO3.
The optimum sensor response for S4 sample
was S=68.5% towards 1000ppm CO2 at 200 °C
with response and recovery times of ~50s and
~40s respectively. The sensor exhibited
excellent sensitivity and selectivity towards CO2
gas as compared to other interfering gases The
process adopted in the present study for the
preparation of nano MoO3 which is found to be
novel, cost effective and suitable candidate for
development of CO2 gas sensor.
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