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Abstract: The nano structured architectures of metal oxides have unique and highly attractive 

properties like high surface-to-volume ratio, high bandgap, low particle size, etc. In the present 

work we report the design & synthesis of novel p-n type semiconducting Ag incorporated MoO3: 

NiO (MNA) nanocomposite as Carbon dioxide (CO2) gas sensor, which demonstrated an 

efficient conductivity and superior stability through nano structured engineering. Ag-loaded 

MoO3: NiO sensor showed excellent sensitivity (S= 87.64%) and selectivity towards CO2 gas 

compared to MoO3: NiO (MN) sensor which exhibited low sensitivity of S=68.5%. A plausible 

gas sensing mechanism was deduced in terms of adsorption – desorption phenomena. The 

results explicitly confirm the effectiveness of MNA nanocomposite engineered for development 

of high performance CO2 gas sensor.  
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I. INTRODUCTION 

Semiconductor materials have been used to improve the performance of downscaling electronic 

systems, with the increasing requirements of efficiency, functionality, cost and portability of the 

electronic devices [1-3]. This downscaling of devices has driven the electronics industry towards nano 

world and evoked the research of various nanomaterials such as nanoparticles, quantum dots, 

one-dimensional (1D) nanotubes, two-dimensional (2D) thin films, etc. which has emerged as 

promising options due to their superior electrical and mechanical properties [4-7]. The semiconductor 

nanomaterials also allow the fabrication of more efficient devices as they have the ability of band gap 

tuning with the change in particle size. At the same time their high surface to volume ratio combined 

with their excellent electrical properties has rendered them as building blocks for the development of 

robust and highly sensitive gas sensors [8-14].  

MoO3 exhibits in three forms orthorhombic (α-MoO3), monoclinic (β-MoO3) and hexagonal 

(h-MoO3) among which α-MoO3 is found to be thermodynamically stable due to its excellent 

physicochemical properties [15-18]. Among several n-type semiconducting nano metal oxides like 

ZnO, SnO2, TiO2, etc., MoO3 was found to be better candidate for gas sensing performance 

comparatively due to the presence of more number of unpaired electrons and high band gap of 3.6eV 

[19-21]. 

Nickel oxide (NiO) is an important transition metal oxide with cubic lattice structure 

exhibiting anodic electro-chromism, excellent durability and electrochemical stability, large 

spin optical density and various manufacturing possibilities with potential use in a variety of 

applications such as catalysis, battery cathodes, gas sensors, electrochromic films, magnetic 

materials, dye sensitized photo-cathodes [22-29]. Among several p-type semiconducting 

materials like CuO, CdO, SnO, Zr2O3, etc., nano NiO has higher number of holes providing a 

high probability of producing free unpaired electrons when incorporated in nano MoO3 

[30-32].  
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There are numerous reports on gas sensors for H2, EtOH, monohydrate vapours, etc., there are 

not many literature reported on nanostructured materials for CO2 gas sensing. Z.Y.Can et al 

reported the application of bulk ZnO for CO2 gas sensing which exhibited a sensitivity of 

37.8% at an operating temperature of 250
o
C [33]. N.O.Savage et al reported a high temperature 

potentiometric CO2 gas sensor with sensitivity of 29% [34].  

In the present study we describe the gas sensing characteristics of MoO3:NiO nanomaterials 

(synthesized via Hydrothermal protocol  which has unique advantages in terms of high reactivity of 

reactants and easy control of interface reactions and enables to produce stable material) towards CO2 

gas, and further, four main factors affecting the gas sensing properties i.e., sensitivity, selectivity, 

stability and response-recovery time which depends upon the activation energy and effective charge 

transfer process in the interfaces of MoO3: NiO nanocomposite were considered. Since the addition of 

a noble metal compels the reaction between the surface of the nanocomposite and gas molecules, an 

optimized wt% of noble metal (Ag) was incorporated in MoO3: NiO nanocomposite aiming to develop 

suitable CO2 gas sensor materials of higher sensitivity and selectivity. 

II. EXPERIMENTAL 

Synthesis of molybdenum oxide (MoO3) and nickel oxide (NiO) nanoparticles were carried out via 

hydrothermal protocol. In a typical synthesis, 1M PEG was mixed with 100ml D.I. water under 

continuous magnetic stirring till a clear solution was formed. To this solution, 2M of ammonium 

molybdate ((NH4)6Mo7O24) was added under continuous stirring for 4h to obtain the desired reactant 

mixture during which the solution changed to grey colour. The solution was transferred into Teflon 

coated autoclave, set at 150
o
C and processed for 4h after which the reaction vessel was cooled, the 

obtained precipitate was collected, centrifuged at 4000ppm, oven dried at 80
o
C/3h and pulverized to 

obtain fine and homogeneous material. The obtained material was calcined at 400
o
C for 2h to eliminate 

the expected contaminants [35].   

Similar procedure was adopted for synthesis of NiO nanoparticles where 3M PEG and 2M nickel 

acetate (Ni(CH3COO)2) were taken as reactants. To synthesize MoO3: NiO (MN) nano composite, 

1wt% of nano NiO (0.01g) was impregnated into the synthesized MoO3 nanoparticles. Thereafter, 

0.1wt% of Ag (0.001g) was impregnated into MN to obtain MoO3: NiO: Ag (MNA) nanocomposite. 

The synthesized nanomaterials were characterized and gas sensing studies were carried out towards 

CO2 gas. 

III. EQUIPMENT USED FOR CHARACTERIZATION OF SYNTHESIZED MNA NANOPARTICLES  

X-ray powder diffraction data was recorded on Siemens (D5000) diffractometer using Cu Kα 

radiation (λ = 1.5406 A°) in the range of 2θ = 20–80
o
.
  
Particle size was recorded by particle size 

analyzer Horiba SZ100 and the morphological analysis of the samples was carried out by transmission 

electron microscopy (TEM) on TEM-TALOS L120C model. UV-Vis DRS was recorded by Perkin 

Elmer U-2910 UV double beam spectroscopy. X-Ray Fluorescence (XRF) was recorded on OCEAN 

PUMA 7600D spectrometer. 

IV. FABRICATION OF THE SENSOR ELEMENT 

The substance used for the fabrication of the sensor element was alumina tube of 10 mm length, 

having two silver electrodes on either side separated by 6 mm, 5 mm external diameter and 3 mm 

internal diameter. For chemical sensor application, the sensor materials were mixed and ground with 

D.I. water in an agate mortar to form a paste, then the resulting paste was coated on an alumina tube 

substrate having a pair of silver electrodes on either side followed by drying and calcination at 400
◦
C 

for 2h. Finally, a Ni–Cr heating wire was inserted into the tube to heat the sensor. The resulting sensor 

element was subjected to measurements of the electrical resistance in presence and absence of CO2 gas 
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in air. The operating temperature and concentrations of CO2 gas were varied in order to establish 

maximum sensor response. For the resistance measurements the sensor element was placed on a 

temperature-controlled tungsten coil heater inside the enclosure. A load resistor RL was connected in 

series with the sensor element Rs. A chromel–alumel thermocouple (TC) was placed on the device to 

indicate the operating temperature. 

The sensitivity (S), defined as the ratio S=∆R/Ra, where Ra and Rg are the sensor resistance in air and 

in test gas, respectively, ∆R is the difference between Ra and Rg. The response time is defined as the 

time required for the variation in conductance to reach 90% of the equilibrium value after which a test 

gas is injected. The recovery time is the time taken for the sensor to return to its original conductance 

state in air. 

V. RESULTS AND DISCUSSION 

A. X-Ray Diffraction (XRD) 

The XRD pattern of the synthesized MoO3 nanoparticles, MN & MNA nanocomposites is as 

shown in the figure 1(a-c). The (1 0 1), (4 0 0), (2 1 0), (0 1 1), (2 1 1), (0 2 0), (1 2 1), (2 2 1) & (7 0 2) 

planes correspond to MoO3 which are incoherence with the JCPDS data (no. 897112) with lattice 

constants a=13.85A
o
, b=3.69A

o
, c=3.96A

o
 and lattice angles α=β=γ=90

o
. The (1 0 4) plane correspond 

to NiO (JCPDS data no. 897390) with lattice constants a=b=2.95A
o
, c=7.22A

o
 and lattice angles 

α=β=γ=90
o
 whereas (2 0 0) plane corresponds to Ag (JCPDS data no. 652870). The average crystallite 

size (D) of the synthesized nanomaterials were calculated using the following Scherrer’s formula, 

                                     D =                                             (1) 

Where K indicates the Scherrer’s constant (0.9), λ is the wavelength of X-Ray (1.54A
o
), β indicates the 

full width half maximum of each peak in respective XRD pattern and θ indicates the Bragg’s angle of 

diffraction. 
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Fig. 1 XRD pattern of (a) MoO3 (b) MN & (c) MNA nanocomposites 

The crystallite size of synthesized nano MoO3 MN & MNA nanocomposites is calculated as 

14.26nm, 22.17nm & 15.14nm respectively. 

 

B. Particle Size Analysis (PSA) 

The particle size distribution of synthesized MoO3 nanoparticles, MN & MNA 

nanocomposites are as shown in figure 2(a-c). The mean particle size of MoO3 nanoparticles, 

MN and MNA nanocomposites are observed as 24.8nm, 24.5nm and 19nm respectively. The 

observed particle sizes are incoherence with the respective XRD data. A decrease in particle 

size was observed on incorporation of noble metal, this may be because the noble metallic 

nanoparticles are demonstrated as promising hyper-thermic agents and by heating of metallic 

nanoparticles it forms a magnetic field. This oscillating magnetic field produces electric current 

through which heat is generated. The heat generation occurs due to eddy current which 

dissipates into the surrounding from nanoparticles causing thermal ablation resulting in 

decrease in particle size [13]. 

 
Fig. 2 Particle Size Distribution of (a) MoO3 nanoparticles (b) MN & (c) MNA nanocomposites 

 

C. Transmission Electron Microscopy (TEM) 

The TEM micrograph and SAED pattern of MNA nanocomposite are shown in figure3(a,b) 

which clearly reveals the orthorhombic structure of MoO3 & black spherical structure of NiO where as 

the spherical shape particles attached to the surface of MoO3/NiO may be attributed to Ag as seen in 

figure 3(a). The selected area electron diffraction (SAED) pattern illustrates spot patterns designating 

the crystalline nature of the material (figure 3(b)). 

http://www.ijntse.com/


M.V. Manasa et. al. / International Journal of New Technologies in Science and Engineering 

Vol. 5, Issue. 10, 2018, ISSN 2349-0780 

 

Available online @ www.ijntse.com                                                                 47 

 
Fig. 3 (a) TEM micrograph & (b) SAED pattern of MNA nanocomposite 

D. X-Ray Fluorescence Spectroscopy (XRF) 

The XRF spectra of synthesized MoO3 nanoparticles, MN & MNA nanocomposites are given 

in figure 4(a-c). The spectra confirm the presence of Mo, Ni, O & Ag signal in the samples without any 

impurities. 

 
Fig. 4 XRF spectra of (a) MoO3 nanoparticles, (b) MN & (c) MNA nanocomposites 

E. UV-Visible Spectroscopy (UV-Vis) 

Figure 5(a-c) shows the Tauc plots and corresponding UV-DRS spectra of MoO3, MN & MNA 

nanocomposites. The optical properties of MoO3 nanoparticles & MoO3: NiO nanocomposite were 

measured by UV-Vis diffuse reflectance spectroscopy as shown in the inset of figure 5(a-c). The 

bandgap was estimated from Tauc plot, (F(R) hυ)
1/2

 vs. the energy of photon (hυ).             

                          F(R) =                                 (2) 

Kubel-Ka-Munk function (F(R)) is calculated using the relation shown in equation 2 by analyzing the 

UV-Vis spectroscopy results where R is the reflectance (%) [30]. The bandgap are calculated to be 

3.17eV, 4.40eV & 3.66eV respectively which matches well with the reported semiconductor bandgap. 

It can be attributed to the intrinsic bandgap absorption of the synthesized nanocomposites since all the 

samples are direct bandgap materials. 
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Fig. 5 Tauc plots & UV-DRS spectra of (a) MoO3 (b) MN & (c) MNA nanocomposites 

F. X-Ray Photo-electron Spectroscopy (XPS) 

The XPS spectra of Mo, O, Ni & MNA nanoparticles are given in figure 6(a-d). Figure 6(a) 

shows Mo3d core level spectrum which reveals the spin orbit splitting of Mo3d3/2 ground state to be 

265.19eV while Mo3d5/2 excited state is observed at 277.48eV which is attributed to Mo
+6

. At 

533.05eV in figure 6(b) the broadband observed is attributed to O-1s spectrum. Two peaks centered at 

864.55eV and 864.87eV is assigned to Ni2P3/2 and Ni2P1/2 respectively as shown in figure 6(c). The Ag 

Spectrum shows two peaks due to spin orbit splitting i.e., Ag3d5/2 and Ag3d3/2 at 366.82eV and 

378.01eV as seen in figure 6(d). 
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Fig. 6 XPS spectra of (a) Mo (b) O (c) Ni & (d) Ag 

VI. GAS SENSING CHARACTERISTICS 

The gas sensing characteristics of three samples (MoO3, MN and MNA) nanocomposites were 

investigated as a function of operating temperature, different concentrations of CO2 gas and other 

interfering gases. The changes in the conductivity of the sensor resulting from the interaction with gas 

molecules are measured as signals. 

Optimization of the operating temperature is crucial for establishing high sensitivity of the sensor 

towards the target gas which reveals the sensor response as a function of operating temperature. MoO3 

sensor exhibited low sensitivity to CO2. In contrast, the observed response of MN sensor has sensitivity 

of S=80.29% and MNA exhibited higher sensitivity of S=87.64% followed by a decrease with increase 

in operating temperature as shown in figure 7(a).  

The response–recovery characteristic is equally important to evaluate the overall performance of the 

sensor. The response time (Ts) is the time taken for the sensor to reach 90% of the maximum towards 

test gas and the recovery time (or decay time (Td)) refers to the time taken by sensor to resume to its 

original conductivity value. In case of nano MoO3 and MN based sensor, the response time (Ts) is 

measured as 50s and recovery time (Td) is 40s respectively whereas for nano MNA based sensor, Ts 

and Td are measured as 30s and 20s respectively towards 1000ppm of CO2 gas as seen in figure 7(b). 

Figure 7(c) shows a typical response of the samples MoO3, MN and MNA sensors as a function of 

different concentrations of CO2 gas at their respective operating temperatures. It is observed that the 

sensitivity increased linearly with the increase in CO2 gas concentration. 

The cross sensitivity was evaluated to determine the selectivity of the sensor. Thus sensitivity studies 

of the samples MoO3, MN & MNA were measured at their respective optimum operating temperature 

towards 1000ppm of CO2 gas along with other interfering gases: H2, ammonia (NH3), ethanol (ETOH), 

methanol (MeOH), and LPG. Figure 7(d) represents the resulting data which shows that MNA is highly 

selective to CO2 gas comparatively. 

 
Fig. 7 Gas sensing characteristics of nano MoO3, MN & MNA – Gas response as a function of  

(a) Operating Temperature (b) Time response (c) Gas concentrations &  
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                                                    (d) Different interfering gases 

VII. GAS SENSING MECHANISM 

 With reference to our studies we proposed a plausible gas sensing mechanism based on adsorption – 

desorption mechanism. Oxygen molecules are adsorbed on the MNA surface through two 

mechanisms: Physisorption and Chemisorption. At low temperature the oxygen molecules are 

physisorbed on the sensor surface and the bond is weak, leading to a comparatively small response to 

CO2 gas. As the temperature increases, the bond between chemisorbed oxygen ions and MNA surface 

strengthens. The oxygen species dissociate into more active molecules and atomic ions as follows, [15]     

O2 gas <—> O2 ads + e- <—> O2 ads - + e- (KT) ⃡ Oads - + e- (KT) ⃡ O
2-

              (3) 

where O2 gas is a gaseous oxygen molecule in an ambient atmosphere. The ionization of oxygen 

molecules occurs due to the capture of electrons from the conduction band of MNA. These oxygen 

molecules act as electron acceptors, resulting in a deep electron depletion region with reduced electron 

mobility near the surface of oxide as shown in figure 8. This phenomenon enhances the surface 

potential and work function.     

When the sensor is exposed to air, O2 adsorbed on the MoO3: NiO: Ag (MNA) surface traps electrons 

from the conduction band of MNA due to strong electro negativity of the oxygen atom, and produce 

adsorbed oxygen O2
n-

 (ads) as shown in equation (3). Therefore, the concentration of electrons in the 

conduction band would decrease and the resistance of the material increases. Later when the sensor is 

exposed to CO2 atmosphere, the gas molecules react with the adsorbed oxygen species. A chemical 

redox reaction occurs between CO2 and O2
n-

 (ads), which has relatively strong activation on the surface 

of MNA nanocomposite. Electrons produced from this redox reaction decreases the resistance of the 

material thus there is an increase in the sensitivity, as the redox reaction is exothermic and results in 

fast desorption of produced CO3
2-

 ions from the surface. The released CO3
2- 

reduces the depletion 

region, resulting in decrease in the resistance of the sensor. When the MNA sensor is exposed to the air 

ambient again, the depletion region will be rebuilt by adsorbed oxygen species and the sensor regains 

its initial resistance. 

 
Fig. 8 Gas Sensing Mechanism (a) In absence and (b) In presence of CO2 gas 

VIII. CONCLUSION 

The obtained results showed that the MN nanocomposite has a particle size of ~24.5nm exhibiting 
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the sensitivity of S=80.29% at an optimum temperature of 200
o
C whereas the MoO3: NiO: Ag (22nm) 

shows higher sensitivity of S=87.6% towards 1000ppm CO2 gas at a low operating temperature of 

150
o
C and selective  to CO2 gas compared to other interfering gases. This proved that the present 

material (MNA) is highly sensitive and selective to CO2 gas demonstrating the potential for developing 

stable and sensitive gas sensor. 
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