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Abstract 

 

Recently, the interest in 

development of rapid, sensitive and 

selective smart gas sensors devices has 

increased for environment protection and 

healthcare uses. Substantial exploration has 

been carried out in the field of sensor 

technology. Nevertheless, there exist 

certain challenges. This chapter discusses 

the fundamentals of chemical gas sensors, 

sensor characteristics, gas sensing 

performance-enhancing methods, Factors 

influencing the performance of gas sensor, 

Ways to improve the sensor performance, 

Sensing mechanism, Types of adsorption 
depletion models.  
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I. INTRODUCTION 

 

A sensor is a device which can sense and respond to a stimulus. The stimulus can be 

the physical or chemical property.  The sensor purpose is to sense to some form of an input 

and convert it into electrical signal. Sensor responds to a physical or chemical impetus then 

transfers an appropriate output signal [1, 2]. In general, sensor converts nonelectrical 

quantities into electrical signals. 

 

Currently, the rise in environmental pollution and industrializations sensors has 

involved vast concern in the field of environmental safety for monitoring and control of toxic 

gas emission. Therefore, there is an urgent need to develop the gas sensors. The gas sensors 

have several applications in the field of industrial manufacturing, health care, defence, mines, 

agriculture, quality control, weather forecast departments etc. [3-7].  

 

The gases to be detected and monitored can be classified into three broad categories : 

 

1. Oxygen: It is involved in the monitoring of atmospheric oxygen in boilers and internal 

combustion engines. These processes require 20% and 5% oxygen concentration 

respectively. 

2. Toxic gases: In case of occupational health safety at different workstations the toxic 

gases must be detected and measured. The range of exposure limit for toxic gases from 1 

to several hundred ppm. 

3. Flammable gases: Most of the flammable gases have the lower explosive level (LEL) up 

to a few percent.  

 

 The gas sensors are also broadly categorized on the basis of technology as follows: 

Solid State, Spectroscopic and Optic gas sensors. Spectroscopic gas sensors work on the basis 

of the analysis of the molecular mass or vibrational spectrum of the various test gases. The 

sensors can be employed for precise quantification of the test gas concentration. Optical 

sensors are based on the target gas absorption spectra. These sensors require a complex set up 

comprising a monochromatic source and detector for the absorption spectra analysis of the 

various test gases.  

 

However, the optic and spectroscopic gas sensors are not only costly but also difficult 

to implement in reduced space. Whereas, Solid State gas sensors have several benefits such 

as cost effective, fast response, simple execution and portable [9-11]. The principle of the 

solid state gas sensor is change in physical and/or chemical properties of the sensor in the 

presence of the test gases. Amongst the several solid state gas sensors, the metal oxide 

semiconductor sensors based on SnO2 [12, 13], In2O3 [14], Fe2O3 [15], ZnO [16], WO3 [17], 

TiO2 [19] and LaFeO3 [18] etc. are being extensively studied. The transition metal oxides like 

SnO2, TiO2, ZnO etc. seem to be the most suitable materials to be used as gas sensors. The 

working principle of these gas sensors is the change in the resistance upon the exposure of 

various test gases. However, these materials exhibits some problems such as cross selectivity 

and higher operating temperatures. For improving the sensing performance of these gas 

sensors normally two methods are employed; one of the extensively used method is addition 

of several metals/metal oxides such as Zn [20], Ni [21], Co [22], Ce [23], Cu [24], Sm2O3 

[25] etc. whereas in the the second method the sensing material is loaded with the noble 

metals, (Pd, Pt, Ru, and Au) to promote electronic sensitization.  
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Metal oxides at higher temperature exhibit change in resistance depending on the 

target gas composition. Metal oxide semiconductors are known to be of either p-type or n-

type semiconductors. For n-type metal oxide semiconductors, the resistance decreases with 

the concentration of reducing gases, on the other hand it increases with oxidizing gas. The 

converse is true for p-type semiconductors. The structural and morphological properties such 

as particle size, surface-to-volume ratio, pore volume and pore size etc. strongly affects the 

gas sensor performance. In addition to this it is reported that the sensor response properties 

are also influenced by the synthesis method  

 

1. Fundamentals of MOX gas sensor: MOX gas sensors when heated to a suitable 

temperature in the presence of air respond to various oxidizing and reducing analyte gases 

through gas sensing mechanism as follows: 

 

 Diffusion of gases  

 Adsorption of gases  

 Surface reaction 

 Desorption of reaction products  

 Diffusion of reaction products. 

 

The diffusion of gases to active region is governed by the surrounding 

atmospheric temperature. When test gas molecules diffuse into the active layer, these 

have a tendency to adhere to the sensor surface via. adsorption. The process of adsorption 

can take place through two different ways namely Physisorption and Chemisorption. In 

physisorption, the gas molecules are adhered to a sensor surface by weak forces such as 

van der Waals force. In chemisorption, the gas molecules are attached to the sensor 
surface by the process of re-arrangement of the electron density. At the sensor surface, the 

atoms are partly coordinated having unsatisfied dangling bonds [27]. In case of an ionic 

crystal like SnO2 both cations and anions have poor coordination. The surface cations are 

having an incomplete shell of negative oxide ions. Following mechanism explains the 

sensor behaviour in the measurand environment [28].  
𝟏

𝟐
𝑶𝟐 + 𝒆− ↔ 𝑶𝒂𝒅𝒔

−                         ------ (1.1) 

𝑹𝒈𝒂𝒔 + 𝑶𝒂𝒅𝒔
− → 𝑹𝑶𝒈𝒂𝒔 + 𝒆−       ------ (1.2) 

Oxygen gets adsorbed by extracting an electron from the conduction band and dissociates 

to form various species such as O
-
, O

2-
 and O2

-
. This leads to the depletion region 

formation near the sensor surface. Figure 1.1 and 1.2 depicts the 2D view of the crystallite 

of sensing material on oxygen adsorption and the band bending respectively. It can be 

ascribed to the formation of charged double layer at the sensor surface. 
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Figure 1: 2-D view of the depletion region in presence of atmospheric oxygen. 

 

 
Figure 2:  Corresponding energy band diagram. 

 

 
Figure: 3 Distribution of charges for metal-oxide semiconductor (n-type) surface on 

oxygen chemisorption. 

 

 
 

Figure 4:  Energy band diagram of MOX (n-type) on oxygen chemisorption. 
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When the reducing gas is exposed to sensor, it reacts with the O
-
 adsorbed species 

forming H2O molecule. Hence the electron is released back to the conduction band. This 

decreases the resistance of the semiconducting material. The competition between oxygen 

removing the electrons and the reducing gases releasing the electrons back is established 

[27]. Since the atmospheric concentration of oxygen is constant, the resistance depends 

on the concentration of reducing gas. The competing reactions are shown by equation 

(1.3) and (1.4) as below:  

 
𝟏

𝟐
𝑶𝟐 + 𝒆− ↔ 𝑶𝒂𝒅𝒔

−                      --------- (1.3) 

𝑯𝟐 + 𝑶𝒂𝒅𝒔
− → 𝑯𝟐𝑶 + 𝒆−            _________(1.4) 

 

When the reducing gas concentration in this case H2 concentration rises, the O
-
 

species concentration decreases. This results in increase in the concentration of electron 

in the conduction band. Hence, the resistance of the sensor is decreased. There is another 

model that may exist or coexists along with this. If the reducing gas is chemically active, 

it extracts lattice oxygen from the metal oxide resulting in the generation of vacancies. 

These oxygen vacancies can act as donors. The atmospheric oxygen oxidize the donor 

vacancies again. Consequently there is a competition between the oxygen removing donor 

vacancies and the reducing gas creating donor vacancies at the surface. The number of 

donor vacancies are governed only by the concentration of reducing gas as oxygen 

pressure is constant. This is depicted by equation (1.5) as below [27]:  

 

𝑪𝑶 + 𝑴𝟐+ + 𝑶𝑳
𝟐− → 𝑪𝑶𝟐 + 𝑴𝟐+ + 𝟐𝒆−                      ---------- (1.5) 

 

Where M is the metal cation and OL is the lattice oxygen. Consequently there 

separate sensing mechanism for reducing and oxidizing analyte gases respectively. In the 

first mechanism there is a change in resistance on account of the extraction and release of 

electrons on account of the surface reaction between the reducing gas and adsorbed 

oxygen species. In second mechanism there is a creation of donor vacancies on account of 

the removal of lattice oxygen by combustible gas. The donor vacancies inject charge 

carriers into the conduction band of the semiconductor. As a result of this there is a 

change in electrical resistance of the sensor. The chemosorbed gas species continue to 

remain adsorbed forever or reacts with the sensor causing sensor poisoning or desorb and 

diffuse back into the surrounding. After desorption and diffusion of gas, the sensor 

becomes ready for the next measurement.  

 

2.  Classification of sensor: Sensors are generally categorized depending upon their 

principle of conversion (the physical or chemical effects on the basis of which they 

operate) as physical sensors and chemical sensors (Figure 1.5) [29].  Physical sensors are 

based on physical properties like ionization, magnetostriction, piezoelectricity, 

photoelectric effect, magnetoelectric effect, and thermoelectric effect etc. 
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Figure 5:  classification of sensor 

 

3. Chemical sensor: Chemical sensor transforms chemical information such as 

concentration into an analytical useful signal [30]. These devices are miniature as a 

portable devices designed for the selective and continuous on-line monitoring of specific 

gas concentration in the complex samples. The basic components of the chemical gas 

sensors are as follows: 

 

 Sensing element 

 Chemical/analyte/gas recognition system 

 The physicochemical transducer. 

 

4. Classification of chemical gas sensors: The chemical sensors there is a change in some 

physical properties such as mass, volume, resistance etc. The corresponding changes in 

the physical entity are perceived by the sensor, and directly converted in to some 

electrical signal by transducer. Depending on the types of chemical reactions and the 

signal transformation there are several types of sensors. These are amperometric [31], 

volumetric [32], conductometric [33], potentiometric [34], impedencemetric [35], 

calorimetric [33], chemoresisters [36], field effect transistor [37], chromatographic [38] 

conducting polymer [39], carbon nanotubes [40] and biochemical sensors [41].  

 

 Solid state gas sensor: The principle of the solid state sensors is the change in the 
physical property on account of the adsorption/desorption of the gas on the sensor 

surface. The key property is the resistance change; this change in the resistance is 

converted into measurable electrical signal. The important characteristic of the gas 

sensor is a reversible interaction of the gas with the sensor surface. This characteristic 

has great interest due to its economic cost, small size, better sensor performance, 

possibility of real time on-line monitoring and bench production. 

 

 Catalytic sensor: Catalytic sensors are employed for combustible gas detection in the 

ambient atmosphere, using a certain catalyst to sustain the reactions at moderate 
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temperatures. The catalytic palletised surface is fabricated around the platinum coil 

i.e. micro heater to heat the catalyst to adequately high temperature, where the 

combustible gas molecules burns and release heat [42]. The compensator is composed 

of a reference resistance which is made up of platinum coil fixed in an alumina bead. 

It compensates the effects of several environment factors and obstructs oxidation of 

gases other than the volatile combustible gases. The catalytic sensor works on the 

principle is the reaction of combustible gas with the surface of the catalyst. These 

oxidation reactions release the heat, and change the resistance of wire due to the 

increase in the temperature [43]. 

 

 Metal oxide semiconductor sensors (MOX): The unique chemical, physical, 

electrical, magnetic, electronic and optical properties and capability to act as 

semiconductor [44] is the trademark of MOX to use them in the field of sensors. 

MOX semiconductor sensors are made up of nanoparticles. The sensing material 

presents a big surface to volume ratio, is mounted on a heater with ohmic contacts. 

The change in the free charge carrier concentration is observed on account of the 

reaction of gas molecules with the sensor surface. The sensor output is recorded in the 

form of the resistance change in the presence of the test gas. 

 

5. Sensor characteristics: The chemical gas sensor principle is the interactions among the 

test gas molecules and the sensor surface. The main parameters of the nanostructured 

material characterization are morphology, crystal structure, particle size, porosity and 

electronic structure. These parameters are used to study the sensor performance. The 

sensor performance is measured in terms of sensitivity, selectivity, resolution, dynamic 

range, detection limit, response time and recovery time. 

 

 Sensitivity: Sensitivity is a change in physical or chemical properties of the sensor 
upon injection of the test gas. Sensitivity is also known as a sensor response. It refers 

to the lowest concentration of gas that can be detected by the sensor.  

 

If Ra and Rg are the sensor resistance in the presence of air and test gas 

respectively. The percent sensitivity (%S) is given by equation: 

 

(%𝑺) = (
𝑹𝒂−𝑹𝒈

𝑹𝒂
) × 𝟏𝟎𝟎                         ---------------- (1.6) 

 
 Selectivity: It is the capacity of the sensing material to respond to a specific test gas 

from the mixture of the gases. Selectivity of the sensor (Sij) compares sensitivity to be 

monitored (Si) to the sensitivity of the interfering stimulus (Sj) [45]. The ability to 

instantaneously differentiate and exclusively perceive a particular from the mixture of 

the interfering gases [46]. Sensitivity is defined as follows [45]: 

 

𝒔𝒆𝒍𝒆𝒄𝒕𝒊𝒗𝒊𝒕𝒚 (𝑺𝒊𝒋) =
𝑺𝒊

𝑺𝒋
                                           ---------- (1.7) 

In the form of percentage as 

 

%𝒔𝒆𝒍𝒆𝒄𝒕𝒊𝒗𝒊𝒕𝒚 (𝑺𝒊𝒋) =
𝑺𝒊

𝑺𝒋
× 𝟏𝟎𝟎                           ----------- (1.8) 
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 Detection time (Tdet): During this time the sensor output rises greater than 10% of its 
initial value after a test gas has been introduced on the sensor surface in a step 

function (Figure 6) 

 

 Response time (Tres):During this time the sensor output attains 90% of its saturation 

value after a test gas has been introduced on the sensor surface in a step function  

 

 Recovery time (Tres): During this recovery time the sensitivity descent 90% of its 
saturation value once the test gas is removed from the sensor surface in a step 

function. 

 

 Stability: Stability is the sensor’s ability to have constant response over a time 

interval.  

 

 Reproducibility: Reproducibility is the measure of sensor similarity behaviour. If n 
number of sensors are characterised, Rk is the sensor response it can be calculated as 

[45]: 

𝑸 % =  
 
𝟏

𝒏
  𝑹𝒌

𝒏
𝒌=𝟏

𝑹𝒎𝒂𝒙
 × 𝟏𝟎𝟎                                          ---------- (1.9) 

The value ranges from 0 to 100. 
 

 
 

Figure 6: response, recovery and detection time. 

 

6. Factors affecting on the performance 

 

 Long term effects / Baseline Drift: Sensors operating over long time the not only 
baseline but also response is important factors. As these factors determine the 

frequency at which the sensors are to be calibrated and changed. These parameters are 
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defined only over long time interval. There is not any method to enhance the 

performance of the sensor [47]. 

 

 Sensor surface poisoning:The metal oxides surface may become unstable because of 
the poisoning phenomenon. Sulfur (as H2S) is a potential poison in the surface 

poisoning. The sulphur poisoning can stop the catalytic activity on the surface of 

sensor. Chlorine gas is another major poison causes the Pd catalytic activity on the 

sensor surface to block. Therefore it is must to know about other reactive gases in the 

measurand environment [47]. 

 

7. Ways to improve the sensor 

 

 Use of catalyst: There are several ways to boost the sensor performance. One of the 
ways is addition of catalyst. This is explained as below. MOX gas sensors require a 

catalyst to accelerate the reaction rate which can enhance the response. A catalyst is 

defined as a substance which can increase the reaction rate without itself getting 

altered. Catalysts do not increase/decrease the free energy of the chemical reaction. 

Catalysts decrease its activation energy. Catalysts accelerate the response speed as 

well as improve the specificity of gas sensors [48]. Nano-particles, with higher 

surface area, act as catalysts. Figure 7 illustrates the catalyst effect.  

 

 
 

Figure 7:  illustration of catalyst effect 

 

The type of catalyst selected affects the selectivity/specificity of MOX sensor. 

If a specific gas in a mixture is to be detected a catalyst combination is used such that 

it can catalyse the oxidation reaction of the gas under study but not the oxidation of 

other gas in the mixture has to be selected. However, it is difficult to find ideal 

combinations of catalyst [49]. The extensive applicability of MOX gas sensor such as 

SnO2, is associated with both the range of resistance change and to the fact that it 

responds to both types of gases. Minute quantities of noble metal are usually 
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deposited on the surface of MOX a sensitizers to enhance response, specificity and to 

decrease working temperature [50, 51]. The catalyst can influence gas response 

properties in turns affects the sensor material resistance by two different ways. One of 

the ways is the spill over mechanism and other is Fermi energy control.  

 

 Spill-over mechanism: Spill-over mechanism is a very famous effect in 
heterogeneous catalysis. In spill-over mechanism additives support the redox process. 

Spill-over is a process in which the catalyst dissociates the gas molecule, and resulting 

atom can spill-over the sensor surface. Here, reactants react with pre-adsorbed oxygen 

species, affecting the surface resistivity. 

 

Figure 1.8 illustrates the schematic of Spill Over mechanism. Oxygen 

approaches the catalyst; it causes the dissociation of oxygen [52]. To control the 

sensor conductance, the spilled-over species have to migrate to the inter-granular 

contact (Figure 9). Hence, for the operational catalyst good catalyst dispersion is 

necessary. The good dispersion of catalyst enables the said effect near all inter-

granular contacts and hence catalysts can influence the significant inter-granular 

contact resistance.  

 

 
 

Figure 8:  Schematic of spill over phenomena.  

 

 
 

Figure 9: Illustration of Spill Over mechanisms. 
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The converse effect may also take place [53]. When a freshly formed nascent 

oxygen atom on a metal oxide surface migrates to a metal site and gets desorbed in 

the form of oxygen molecule. This is known as reverse spill-over effect. 

 

 Fermi energy control: In the second type of interaction additives interact 
electronically with the MOX. The changes in the work function of the additive in the 

presence of a gas results in the Schottky barrier change between the metal additive 

and metal oxide. This process produces the change in resistivity of the sensor. The O2
 

get
 
adsorbed on the sensor surface to form O

-
 species by extracting the electrons from 

the catalyst. Consequently catalyst extracts the electrons from the supporting metal 

oxide semiconductor [54]. The Fermi energy control phenomenon is depicted in 

Figure 10. 

 

 
 

Figure 10: schematic for Fermi energy control phenomenon. 

 

The electron depletion is governed by Fermi energy control from the metal 

oxide surface; however the poor catalyst distribution inhibits the effect on inter-

granular contact resistance (Fig 1.10). Though some of the catalyst particles are 

available, only a very small surface region of the MOX surface has a surface barrier 

consequently, there is a less probabilities of a catalyst particle being close to the inter-

granular contact to dominate surface barrier. 

 

 
 

Figure 11: an adequate dispersion of the catalyst. 
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Figure 1 shows a good dispersion of the catalyst particles at the MOX surface 

and the influence of the catalyst at the inter-granular contact. 

 

 Grain size effects: The microstructure of polycrystalline element is one of the 
essential factors affecting the gas response performance. Each crystallite of MOX has 

an electron depleted region. This depletion depth is up to a Debye length (L). If the 

crystal diameter (D) is comparable to 2L, the entire MOX crystallite gets exhausted of 

charge carriers. Consequently, the sensitivity towards the reducing gas changes with 

D. The MOX crystallites are connected with each other either by necks or grain 

boundary contacts. In first case electrons move through the channel penetrating 

through each neck. The channel aperture is diminished by the surface space charge 

layer. This model is associated with the grain size through the neck size. It has been 

observed that the neck size X is proportional to D (proportionality constant of 0.8 ± 

0.1).  In second case the electrons move across potential barrier. The barrier potential 

height varies with surrounding atmosphere. As a result the grain boundary contact is 

independent of the grain size. There are three cases as follows: 

 

 Case-I) If D>>2L, electron conduction in the element is dominated by conduction 

through grain boundary contacts.  

 Case-II) If D≥2L, neck control forms the primary mechanism of conductivity 

modulation.  

 Case-III) If D<2L, the electrical resistance of the grains controls entire sensor 

resistance as a result of this sensor response is controlled by grains.  

 

Figure 1.12 and 1.13 depicts the grain size effects respectively. 

 

 
 

Figure 12: Crystallite size > depletion width, (incomplete depletion) and energy barrier 

for electron in both presence and absence of gas. 
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Figure 13: Crystallite size=depletion width, (complete depleted grain) and energy 

barrier in both presence and absence of gas 

 

 Thickness dependence:Thin and thick film of MOX exhibits different transducer 
functions as the sensing film varies in both thickness and microstructures [55]. The 

gas response property of sensor is dependent intensely on the thickness of layers. 

When the electron depletion layer width is about the film thickness, high gas 

sensitivity may be expected. Therefore, gas response properties of the MOX sensor is 

directly affected by the depletion layer size. This effect has been as illustrated in the 

Figure 1.14. In general, when the depletion layer width is same as the film thickness, 

enhanced sensitivity can be expected. 

 

 
 

Figure 14:  Sensitivity dependence on the depletion layer depth (a) Oxygen adsorption 

(b) Exposure to the reducing gases. 
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Figure 1.14(a) illustrates the depletion layer depth in the surrounding 

atmosphere whereas; Figure 1.14(b) illustrates the depletion layer depth reduction 

upon exposure to the reducing gases. While the depletion depth is approximately 

similar to thickness of the sensing film, the resistance becomes very high and 

therefore higher selectivity is expected. However, for columnar growth of film sensor 

behaviour is independent of film thickness [56]. The sensitive layer thickness plays a 

critical role towards sensor response for different gases [57]. If the film thickness is in 

the range of 50-300 nm it responds to the oxidizing gases and if the thickness is in the 

range of 15-80 μm it respond to reducing gases. However, the thick film exhibited a 

substantial response towards oxidizing gases at reduced operating temperatures. This 

behaviour can be explained with the diffusion reaction model [57]. 

 

 Temperature modulation: The optimum operating temperature is one of the most 
vital parameter of the sensor. Firstly, adsorption/desorption phenomena depends on 

the temperature, therefore sensors dynamic properties are influenced by the 

temperature variations. There are several temperature dependent reactions such as 

surface coverage, co-adsorption, chemical decomposition etc. As a result sensor 

exhibits different static properties at different temperatures. Secondly, carrier 

concentration, Debye length and work function etc are also influenced by the 

temperature. The temperature at which the sensor material is able to catalytically 

reduce or oxidize the target gas, instantaneously changing the electrical properties of 

the sensing material is called as optimum operating temperature. The reaction rate is 

determined by the exact reducing gas under investigation. A peak in the response 

curve can be observed for a given reducing agent at an optimum operating 

temperature: At the temperature lower than the optimum temperature the reaction rate 

is too slow to provide a peak in response curve, on the other hand at the temperature 

higher than the optimum temperature, the overall oxidation reaction takes place very 

quickly consequently the diffusion of reducing gas at the surface of the sensor 

becomes limited and hence the concentration realized by sensor approaches to zero 

[58]. At these temperatures, the entire test gas concentration reaching the sensor 

surface could get either reduced or oxidized failing the noticeable change in the 

resistance. Consequently the response is low again. The optimum working 

temperature can be determined empirically so as to provide the highest response 

towards the target gases. Thus, detailed understanding of the relationship among the 

various parameters such as sensing material, catalytic properties and response is 

crucial to realize the gas sensing mechanism. Therefore, an optimum temperature 

must be selected. For higher degrees of selectivity, sensor arrays are used for 

identifying the gaseous species. Such sensor array eliminates the lack of selectivity of 

the single MOX gas sensor. The sensor array may consist of either same sensor 

materials operating at different operating temperatures or the different sensors 

materials operating at same temperature [59-61]. 

 

 Filters for selectivity: Filters are used to improve the selectivity of the sensors. The 
filters either consume undesirable gases or allow the passage of desired gases. The use 

of filters is to a great extent empirical. The low porosity materials such as Carbon 

cloth can be used to prevent highly reactive/large gas molecules from reaching the 

surface of the sensor. On the other hand hydrogen molecules pass more freely through 

a silica surface layer. Thus Silica can be used to increase hydrogen sensitivity. 
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Similarly Teflon can be used for stopping H2O reaching the sensor surface and 

Zirconia can be used to pass oxygen to the sensor surface [62]. 

 

 

8. Gas Sensing Mechanism: The gas sensing mechanism of MOX semiconductor gas 

sensors is based on the surface reactions, the charge transfer process and the transport 

phenomenon within the sensing layer. It takes place in the five different reversible steps 

as follows:  

1. Gas diffusion to the sensor surface 

2. Gas absorption at the active sites 

3. Surface reaction. 

4. Desorption of the reaction products from the active site. 

5. Diffusion of the reaction products away from the surface. 

 

9. Adsorption Mechanism: It is a spontaneous process between the gas molecules and 

MOX surface. The free energy of this process is negative. It depends on the surface 

structure composition and gas molecules. It occurs in several ways which are as follows:  

 

Physisorption 

Hydrogen Bonding 

Chemisorption 

Ionosoption 

 

 Physisorption: It is the adsorption of gas molecules onto the MOX sensor surface, 

without having a change chemical and geometrical electronic structure of the gas 

molecule as well as the surface of the sensor. It is usually associated with dipole-

dipole interaction between the gas molecule and the sensor surface. It occurs at the 

initial state of interaction of adsorbate with the surface. There is a weak electrostatic 

interaction between adsorbate and sensor surface. It can be explained by two ways as 

Van-der-Waals forces or dipole-dipole interaction. This is reversible process with no 

activation energy. The equilibrium stage is quickly attained.  

 

At low temperatures (<100
o
C) it is characterised by large surface coverage θ 

with gas molecules and vice versa. Up to the monolayer formation the fractional 

surface coverage is defined by the following equation. [63]. 

 

Therefore, 

𝜽 =
𝑵

𝑵𝒊
;                                                      ---------- (1.10) 

Where, N and Ni are the number of gas molecules adsorbed per unit surface 

area and the total number of surface adsorption sites respectively. 

 

The change in the fractional coverage with time is called as rate of adsorption 

(dθ/dt). 

  

The potential of interacting particles can be described by Lennard-Jones 

potential (Figure1.15) [64]. It is approximated by the two particles potential 

(attractive and repulsive potentials). If Eattr is the attraction energy; d: distance 
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between the interacting particles and ε: depth of potential, r is the distance between 

the atoms in a molecule then the potential energy (Epot) is given as follows:   

 

𝑬𝒑𝒐𝒕 = 𝑬𝒂𝒕𝒕𝒓 + 𝑬𝒓𝒆𝒑𝜶𝜺  −  
𝒅

𝒓
 
𝟔

+  
𝒅

𝒓
 
𝟏𝟐
         ---------- (1.11) 

 

 Hydrogen Bonding: It is the electrostatic interaction in which the magnitude of 

interaction lies between Physisorption and chemisorption (~0.1 eV) [64]. In this 

bonding a covalently bonded hydrogen atom forms a second bond with another atom. 

The hydrogen bond typically has X-Y form where X is an atom having 

electronegativity greater than hydrogen and Y is any σ or π electron donor site (Lewis 

base). It can be symmetrical or asymmetrical, in symmetrical bond; the proton can 
tunnel between two equilibrium positions. On the other hand in case of asymmetrical 

bond the proton is more strongly bound to one atom than to another. The 

intermolecular force of hydrogen bonds comprises two terms. One of them is Van-

der-Waals and other is covalent term. Following function (1.12) describes the he 

potential energy of hydrogen bond.(Fig. 1.15).  

 

𝑬𝒑𝒐𝒕 = 𝑬𝒂𝒕𝒕𝒓 + 𝑬𝒓𝒆𝒑𝜶𝜺  −  
𝒅

𝒓
 
𝟔

+  
𝒅

𝒓
 
𝟗
                               ---------- (1.12) 

 

 Chemisorption: It is a typical chemical reaction where the adsorbate interacts with 
the adsorbate through the process of the charge transfer. An interaction between 

adsorbate and adsorbate is much stronger than physisorption (>5 eV). It can occur in 

the form of atom or molecule of gas. The adsorption of molecule proceeds by the 

process namely dissociation of gas atom or gas molecule. It modifies the electronic 

structure of the adsorbate and adsorbate. The chemical bond can be formed due to the 

electron capture from the adsorption complex or by releasing it into the conduction 

band of the semiconductors. The corresponding changes in the free charge carrier 

concentration can be measured in terms of resistivity. 

 

If ΔEA is the activation barrier and ΔHchem is the heat of chemisorption the net 

change in the chemisorption is the difference between in adsorption desorption rates 

(Lennard-Jones model) is given by following expression [65]. 
𝑑𝜃

𝑑𝑡
= 𝑘𝑎𝑑𝑠 𝑒

 −
∆𝐸𝐴
𝑘𝑇

 − 𝑘𝑑𝑒𝑠𝜃𝑒
 −

∆𝐸𝐴+∆𝐻𝑐ℎ𝑒𝑚
𝑘𝑇

 
 

The heat of chemisorption is same as the binding energy. 

Therefore, 

𝑑𝜃

𝑑𝑡
= 𝑘𝑎𝑑𝑠 𝑒

 −
∆𝐸𝐴
𝑘𝑇

 − 𝑘𝑑𝑒𝑠𝜃𝑒
 −

∆𝐸𝐴+𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔

𝑘𝑇
 
 

The minimum energy required for the chemisorption of gas molecule is called as 

Activation energy. At equilibrium, adsorption rate is same as desorption rate (dθ/dt=0 

or dH/dt=0). Therefore, the coverage is given by: 

𝜽 =
𝒌𝒂𝒅𝒔

𝒌𝒅𝒆𝒔
𝐞 

∆𝑯𝒄𝒉𝒆𝒎
𝒌𝑻

                                           ---------- (1.13) 

 

 Ionosorption: It is a type of chemisorption. In Ionosorption the atoms/molecules are 
ionized by capturing an electron from the adsorbate surface. In this case adsorbate 
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acts as a surface state capturing the electrons from the bulk of the MOX. Ionosorption 

can also be named as delocalised chemisorption. Both the chemical activity and 

electronic and geometrical structures of the molecules are strongly influenced by the 

charge transfer between from molecules to surface (vice versa) [64]. 

 

 
 

Figure 15: Potential diagrams (chemisorption, hydrogen bonding and physisorption). 

 

The potential variations of physisorption, hydrogen bonding and 

chemisorption on the sensor surface are as illustrated in Figure 1.15. In case of 

ionosorption the adsorbate acts as a surface state, capturing charge carrier, and is held 

to the surface by electrostatic force of attraction. Ionosorption of oxygen in gas 

sensors has a prime importance and takes place in several forms viz. O2
−
, O

−
 and O

2−
. 

Analysis of oxygen adsorption on n-type semiconductors suggests that at low 

temperature and high pressure of oxygen gas gets adsorbed oxygen in the usual form 

of O2
−
. At elevated temperatures, the O2

−
 (superoxide) dissociates to the form O

− 

(peroxide).  The peroxide form O
−
 is supposed to be more reactive form of oxygen. 

This form usually makes n-type semiconductors moderately active. The third form of 

oxygen is doubly charged (O
2−

). This form of oxygen species is not in generally 

expected for adsorption as such high charge may cause instability. 

   

It is well-known fact that the gas sensing mechanism of MOX semiconductors 

is a surface controlled process. The gas adsorption depends on both the type of test 

gas and the sensor material. It might not only influence the sensitivity but also 

response time of the sensor. Larger concentration of the test gas adsorbed enhances 

response due to the more favorable the reaction between the adsorbed reducing gas 

and oxygen species. At equilibrium at the operating temperature, oxygen species such 

as O
−
, O

2−
, O2

−
 localize mobile electrons from MOX semiconductor (n-type) in the 

presence air atmosphere, resulting in a depletion layer at the surface as well as at the 

inter-granular regions. Afterwards, the reducing test gas reacts with the charged 

oxygen species destroying the process of electron localization. It can be reflected in 

the form of change in resistivity of the sensor material [66].  

          

The surface and interface states of the sensing material are called intrinsic 

states [67, 68]. Moreover extrinsic states can be generated by test gas adsorption [67-
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70]. The local electronic states result in electronic trapping processes. If the process of 

electronic trapping occurs in adsorbed atom or molecule is also known as ionization. 

Figure 1.16 describes the connected semiconductor grains and the electronic energy 

band at the grain boundary region. In case of n-type semiconductor the electronic 

interface states at the grain boundary are acceptor of type.  Figure 1.16 illustrates 

energy bands plotted along the x-axis in the grain-boundary region, and electron 

trapping in an acceptor-type electronic interface state. Electron trapping in the 

interface state produces local charge at the grain boundary (density of occupied 

interface states NB) which in turn, results in the electronic energy bands bending. The 

bending of energy band is attributed to the grain-boundary potential barrier (VB). It 

determines the electron transport across the grain boundary. 

 

 
 

Figure 16: Schematic diagrams of two interconnected grains of n-type semiconducting 

material. 

          

The effect of holes in an n-type semiconductor (wide band gap) is usually 

neglected and the electronic trapping takes place at the grain-boundaries. Fig. 1.17 

shows the electronic energy bands in the grain-boundary region in the flat-band and in 

the thermodynamic equilibrium.  

 

 
 

Figure 17: Schematic of electronic energy bands of n-type semiconductor at the grain-

boundary region. 
 

         Electric fields cause depletion or accumulation of major charge carriers of the 

semiconducting material. The large depletion of major charge carriers causes the 
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accumulation of minority charge carriers in the region [71, 72]. This phenomenon is called as 

inversion. The direction of band bending in turn causes the depletion or accumulation of 

majority or minority charge carriers. Acceptor interface states and donor interface states in 

case of an n-type semiconductor causes depletion/inversion and accumulation of charge 

carriers respectively.   

 

10. Types of adsorption depletion models: The process of Adsorption is generally studied 

with the help of the graph known as adsorption isotherm. Adsorption Isotherm is the plot 

of the amounts of adsorbate (x) adsorbed on the surface of adsorbent (m) versus pressure 

at constant temperature. There are several types of adsorption isotherms modified in 

different types of models, which are developed to explain the adsorption phenomenon. 

These are Langmuir, Braunauer-Emmett-Teller (BET), Freundlich, Wolkenstein and 

Kolmogorov Model.  

 

 Langmuir Model: Irving Langmuir proposed that sorption rate depends on the actual 
concentration in the bulk and to the number of unoccupied adsorption sites. Whereas, 

desorption rate depends merely upon the number of sites occupied by the solute 

molecules. Hence the adsorption/desorption processes depends on the nature of 

adsorbate, the availability of adsorbate and on the temperature. The assumptions of 

Langmuir model are as follows: 

 

 Fixed numbers of adsorption/ vacant sites are always present on the solid surface. 

 Each vacant surface site is of same size and shape on the surface of the adsorbent. 

 Each vacant site will be occupied by single gaseous molecule liberating a fixed 

amount of heat. 

 A dynamic equilibrium is established between adsorbed molecules and the free 

gaseous species desorbed. 

 Adsorption is monolayer 

 

The Langmuir Adsorption Equation is as follows: 

                                             ---------- (1.14) 

 

 
 

Figure 1.18 Langmuir Isotherms 

Drawbacks 

 It is followed only under low pressure conditions. 
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 It assumes that adsorption take place as monolayer but these types of process is 

impossible under high pressure condition.  

 The assumption of homogeneous solid does not exist in all practical cases. 

 Though it is assumes that molecules do not interact with each other, but weak 

attraction force exists even between same types of molecules. 

 The adsorbed molecules are not always localized i.e. (ΔS is not 0) due to the   

liquefaction of gases.  

Thus, it can be concluded that, Langmuir equation can be valid only under low 

pressure situations. 

 

 Braunauer, Elmer and Teller (BET) model: As the Langmuir fails under certain 
conditions, Braunauer-Elmer-Teller (BET) proposed another model called as BET 

model which is simply the extension of Langmuir model which incorporated the 

multilayer adsorption. The BET model is based on the assumption as follows: 

 

 All the vacant surface sites are having equivalent adsorption sites; 

 Molecules of gas are adsorbed physically on all solid layers; 

 Surface layers do not interact with each other; 

 All the layers other than first layer are weakly adsorbed; 

 Langmuir theory can be valid for each layer. 

  

If, p and p0 are the partial pressure and the saturation pressure of gas at given 

temperature; V and V are the volume of the gas adsorbed at STP and volume of the 

gas adsorbed at STP to produce an apparent monolayer on the surface of the sample; a 

is a constant; 

The BET equation is given as follows: 
𝒑

 𝒑𝟎−𝒑 𝑽
=

𝟏

𝒂𝑽𝒎
+

𝒂−𝟏

𝒂𝑽𝒎

𝒑

𝒑𝟎
                                          ---------- (1.15) 

 

The BET equation is used to estimate the surface area and morphology of the sample. 

 

 Freundlich model: Freundlich Model is an empirical reform of Langmuir model. It 
describes the multilayer adsorption as well as consequences of the sample surface 

heterogeneity [73]. This model considers that the inhomogeneous surface comprise of 

different areas. These are categorized by various inverse adsorption coefficients (bi) 

or heats of adsorption (Qi).  

 

If  
𝑃

𝑃+𝑏(𝑄)
 is the probability of occupying an area with a given value b(Q) and f(Q) is 

the inverse adsorption coefficients.The degree of surface occupation is: 

𝜽 =  
𝑷

𝑷 + 𝒃(𝑸)
𝒇 𝑸 𝒅𝑸 =  

𝑷

𝑷 + 𝒃
𝒇(𝒃)𝒅𝒃

𝒃𝒎𝒂𝒙

𝒃𝒎𝒊𝒏

𝑸𝒎𝒂𝒙

𝑸𝒎𝒊𝒏

− 𝟕 

 

If α is the proportionality constant and β is the exponent then the adsorption behaviour 

is described by the Freundlich isotherm as [1.16]:  

𝜽 =
𝑵 𝒕 

𝑵
=

𝜶𝑪𝜷

𝟏+𝜶𝑪𝜷
 𝟏 − 𝒆𝒙𝒑  

𝒕

𝒕𝑨
         ---------- (1.16) 

The simplified form of Freundlich isotherm can be written as [1.17]: 
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𝜽 =
𝑵 𝒕 

𝑵
= 𝜶𝑪𝜷                                        ---------- (1.17) 

For 0<β<1 

If S is the sensitivity, C is the concentration of the gas the relationship between the 

relative response of the sensor and concentration can be described as follows [1.18]:  

 

𝑺 =
∆𝑹

𝑹
𝜶

𝜶𝑪𝜷

𝟏+𝜶𝑪𝜷
                                          ---------- (1.18) 

The expressions (1.19) and (1.20) describe the time dependence response performance 

S(t) during response time Sres(t) and recovery time Srec(t)  is as follows[1.19]. 

 

𝑺𝒓𝒆𝒔 𝒕 = 𝑨𝒓𝒆𝒔  𝟏 − 𝒆𝒙𝒑  −
𝒕

𝒕𝒓𝒆𝒔
                   -------- (1.19) 

𝑺𝒓𝒆𝒄 𝒕 = 𝑨𝒓𝒆𝒄  𝟏 − 𝒆𝒙𝒑  −
𝒕

𝒕𝒓𝒆𝒄
                  -------- (1.20) 

 

However it is found that this model fails at higher concentrations [1.20].  

 

 Wolkenstein Model: Wolkenstein model describes the chemisorption in terms of the 
electronic interactions and their effect on the absorptivity of sensor surface. Here, the 

localised electronic states, serves as traps for electrons or holes [77].  

 

The Wolkenstein adsorption isotherm is based on following assumptions: 

 

 There is only one gas species for adsorption. 

 Chemisorption is only source of charging. 

 

This adsorption process can occurs by transforming adsorbed particles from 

neutral state to ionized state, vice versa. The first step does not involve electronic 

transfer from bulk to the surface or vice versa as a result the bond is weak. The 

electrons of the atoms or the molecules remain located in the vicinity of the adsorbate 

involving the simple deformation of orbitals [78]. The electrical properties of the 

material do not get changed during this neutral chemisorption, but the perturbation 

created by the adsorbate induces surface state, ESS in the band gap. Thus, the surface 

state acts as a trap for the electron. 

 

In second step occurs when an electron from the conduction band (EC), is 

transferred from the semiconductor to the adsorbed species. The binding energy of the 

adsorbate is increased by ES=EC-ESS. The process comprises the formation of a 

superficial negative charge and surface potential induced by chemisorption VS (VS 

<0).  The surface potential VS (VS <0) chemisorption-induced is defined by Poisson’s 

equation.The surface coverage θ is as follows [1.21]: 

 

𝑺𝟎 𝟏 − 𝜽 
𝒑

 𝟐𝝅𝒎𝒌𝑻
= 𝑵∗𝜽𝟎𝒗𝟎𝒆𝒙𝒑  −

𝑬𝒂𝒅𝒔

𝒌𝑻
 + 𝑵∗𝜽−𝒗−𝒆𝒙𝒑  −

𝑬𝒂𝒅𝒔+𝑬𝑪
𝒃−𝑬𝑺𝑺

𝒌𝑻
        −(1.21) 

 

Where S0=adsorption probability, m is the target gas molecular mass, p= the ambient gas 

partial pressure, k=Boltzmann constant, T=the thermodynamic temperature, θ=total 

coverage, θ
o
=partial coverage, θ

-
=partial coverage of charged adsorbate, 

EC
b
=conduction band edge, v

0
and v

-
are desorption probabilities. 
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For non-dissociative chemisorption the Wolkenstein adsorption isotherm is as follows: 

𝜃 =
𝛽𝑝

1 + 𝛽𝑝
 

Where,  

𝛽 =
𝛽0  1 + 𝑒𝑥𝑝  

𝐸𝐹−𝐸𝑆𝑆

𝑘𝑇
  

 1 +
𝑣−

𝑣0 𝑒𝑥𝑝 −
𝐸𝐶
𝑆−𝐸𝐹

𝑘𝑇
  

 

and 

𝜷𝟎 =
𝑺𝟎

𝑵∗𝒗𝟎 𝟐𝝅𝒎𝒌𝑻
𝒆𝒙𝒑  

𝑬𝒂𝒅𝒔

𝒌𝑻
                                           ---------- (1.22) 

 

Finally, the Wolkenstein adsorption isotherm resembles the Langmuir isotherm. In 

case of Langmuir isotherm the coefficient β0 in is independent of the coverage θ. The 

applications of Wolkenstein model include stimulation of dynamic response of sensors to 

gas and modelling of noise in sensor signal. 

 

 Kolmogorov model: The basic principle of Kolmogorov model is the target gas 
molecules interaction and surface of the sensor. Let, n be the concentration of the 

target gas at temperature T and partial pressure p, N0 and Nt are the surface density of 

sites for adsorption and occupied sites sensor adsorbent surface respectively.Near 

equilibrium the generation-recombination can occur between the two reservoirs. If pij 

is the transition probability at time s from i-state to j-state at time t. The transition 

probability density is as follows: 

𝜇𝑖𝑗 = lim
𝑠→𝑠

𝑝𝑖𝑗 (𝑠, 𝑡)

𝑡 − 𝑠
 

The transition probability density for a adsorption of gas molecules (response) and 

desorption of gas molecules (recovery) is given by μ10 and μ01 respectively. The 

characteristic time tres and the transition probability density μ10 are related as follows: 

𝜇10 =
1

𝑡𝑟𝑒𝑠
 

Similarly, the characteristic time trec and the transition probability density μ01 are 

related as: 

𝜇01 =
1

𝑡𝑟𝑒𝑐
 

The probability of transition pij(t) is expressed as [79]: 

 
𝑑𝑝𝑖𝑗  𝑡 

𝑑𝑡
=  𝜇𝑖𝑘𝑝𝑘𝑗  𝑡 

𝑘𝜖1

 

At equilibrium, the absolute probability distributions that the surface site is free (∏0) 

or occupied by molecule (∏1) is described as follows: 

 ∏𝑖𝜇𝑖𝑘 = 0
𝑘∈1

 

Where, 

∏0 =  1 +
𝜇01

𝜇10
 
−1
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∏1 =  1 +
𝜇10

𝜇01
 
−1

 

Hence, the surface density of adsorbed molecules is given by: 
𝑑𝑝10

𝑑𝑡
= 𝜇10∏0 + 𝜇11∏1 

𝑑𝑝01

𝑑𝑡
= 𝜇00∏0 + 𝜇01∏1 

Where, μ00 and μ11 are the densities of state 0 or 1, respectively. 

 

With μ10=CNn for adsorption, μ01=CNn1for desrption and CN as a coefficient of adsorption, 
𝒅𝑵

𝒅𝒕
= 𝒂𝒅𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏 𝑵 − 𝒅𝒆𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏 𝑵 = 𝑪𝑵𝒏 𝑵𝟎 −𝑵 − 𝑪𝑵𝒏𝟏𝑵           -------- (1.23) 

 

11. Recent developments nanostructured MOX gas sensors :  

 

Sensing 

Materials 
Morphology 

Target 

gas 
LDL 

tem

p 
Response 

Response and 

Recovery 

(sec.) 

Ref
n
 

Pt/SnO2 Thin film 
triethylam

ine (TEA) 
7 ppb 200 

136.2/100 

ppm 
3 /6  [85] 

SnO2 with  

Pt, Au, and Pd 
nanoparticle C9H18O 

100 

ppb 
250 2/300 ppb -- [86] 

SnO2 nanosheet Acetone -- 
 

10.2/1 ppm -- [87] 

SnO2 porous flower Acetone -- 
 

30/20 ppm -- [88] 

SnO2 nanowires Cl2 -- 50 1785/5 ppm -- [89] 

ZnO thin film NO2 -- 450 94/200 ppm -- [90] 

ZnO nanowires Cl2 -- 400 3.13/5 ppm -- [89] 

WO3 nanowires Cl2 -- 250 2.90/5 ppm -- [89] 

WO3 
 

NO2 
10 

ppb 
200 150/500 ppb 3600/1800 [91] 

In2O3 thin film Cl2  
250 79.30/5ppm 

 
[92] 

In2O3 microtubes 
 

0.1pp

m 
300 72/100 ppm 12/650 [93] 

CuO-  

modified ZnO 

thick film 

(nanoparticles)  
-- RT 

194/300 

ppm  
[94] 

TiO2/SnO2 nanosheets 
triethylam

ine 

2 

ppm 
260 

52.3/100 

ppm 
12/22 [95] 

Ru  

doped ZnO 
thin film 

Propane 

 
 300 

890/300 

ppm 
 [89] 

Ni/SnO2 xerogels H2S -- 275 11.5/275 15  [96] 

Al/SnO2 xerogels 
formaldeh

yde 
-- 300 15/100 7/16 [97] 

CNT nanotubes NO2 
0.2pp

b 
25 150/1ppb 120 [98] 

 

Several research works has been published on the Web of Science [84]. Which 

include several materials such as SnO2, ZnO, TiO2, WO3, In2O3, Fe2O3 etc.  SnO2 has 

attracted a great deal of interest among several sensing materials. Table 1 shows the 

recent development of various sensing materials, morphology, target gas used, lower 

detection limit (LDL), operating temperature, response, response and recovery times.  
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attracted a great deal of interest among several sensing materials. Table 1 shows the 

recent development of various sensing materials, morphology, target gas used, lower 

detection limit (LDL), operating temperature, response, response and recovery times.  
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