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Abstract: 

             Ethanol gas sensing characteristics of semiconductor type gas sensors with channels composed of pure 

and (Mn, Co) co-doped ZnO nanoparticles were investigated in this study. The morphology and structure of 

ZnO nanostructures were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM). 

Compared with high temperature sintered ZnO nanoparticles, low temperature sintered ZnO nanoparticles have 

better sensibility. The main advantages of these sensors are featured in the excellent selectivity, fast and high 

response (sensitivity) to ethanol. 
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1. Introduction: 

In the field of gas sensors, it is well known that ethanol vapor is one of the most exhaustively studied 

gases. Metal oxide semiconductor, usually representing a property that the electrical conductivity varies with the 

composition of the gas atmosphere surrounding it is a popular and useful sensing material for ethanol vapor 

sensing. Many researchers have developed ethanol vapor sensors based on semiconductor metal oxide. Several 

oxide materials commonly used as ethanol gas sensors including pure and metal-doped e.g. SnO2 [1], In2O3 

[2], TiO2 , ZrO2 [3], WO3 [4], MoO3 [5], Cu2O [6], and ZnO [7], especially ZnO is known to be one of the 

earliest discovered and the most widely applied oxide gas sensing material.  

Zinc oxide (ZnO) is an n-type semiconductor of wurtzite structure, with a direct large-band gap of 

about 3.37 eV at low temperature and 3.30 eV at room temperature. It is sensitive to many sorts of gases at 

moderate temperature, especially for ethanol vapor [8]. ZnO is one of the most widely applied oxide-gas sensor. 

ZnO gas sensing materials owe to their high chemical stability, low cost, and good flexibility in fabrication. 

ZnO sensor elements have been fabricated in various forms including single crystal [7], sinter pellet [9], thin 

film [10], and thick film [11]. The gas sensing mechanism involves chemisorptions of oxygen on the oxide 

surface followed by charge transfer during the reaction between chemisorbed oxygen reducing and target gas 

molecules. However, the physical and sensing properties of semiconductor gas sensors are directly related to 

their preparation e.g. particle size, sensing film morphology, and film thickness [12-15] as well as sensing film 

characteristics. In the present study we have used thin pellet of pure and (Mn,Co) co-doped zinc oxide 

nanopowder synthesized dc thermal plasma method and the sensing response of nanoparticles when subjected to 

different ethanol concentrations and sintered temperatures are also investigated. 

2. Experimental: 

Pure and co-doped ZnO (Mn, Co) nanoparticles were synthesized using DC thermal plasma method. 

The apparatus consist of a DC generator, a plasma torch, a reaction tube, a chamber, a powder feeder and an 

injection block. Atmospheric air was employed as the plasma gas. Atmospheric air was introduced into the 

reaction tube with a flow rate of 3 l/min. An oxidation reaction took place in the flame of the plasma. 

Commercially available Zn metal powder with average particle size of 10-15µm was injected into the plasma 

region through the powder feeder. The powder was readily evaporated and oxidized by the high temperature of 

the plasma flame followed by the rapid condensation in the reaction tube wall. The prepared powder was 

collected from hood and chamber part [16]. 

Experimental Conditions for the Preparation of ZnO Nanopowders: 

 Plasma Power                 : 7 KW 

 Open Circuit Voltage (OCV)      : 369V 

 Type of gas    : Atmospheric air 

 Flow rate of the gas   : 3 l/min  

 Feeding rate of the material  : Zn metal powder, 20gram 

 Reaction time                : 4 min 
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             The morphology and crystalline nature of pure and co-doped ZnO are investigated with scanning 

electron microscope (HITACHI S-3400) and X-ray diffraction (Schimadzer XRD-6000) respectively. Keithley 

236 source measure unit attached with an indigenously designed and four probe sample holder was used to study 

the DC characteristics of the undoped and (Mn, Co) co-doped ZnO nanoparticles in the range of 25-100°C with 

steps of 25°C. Samples prepared in the form of circular pellets of diameter 0.8cm and 0.4cm thickness for the 

DC characteristics and annealing effects on ZnO nano materials at different temperatures have also been 

studied. 

3. Results and Discussion: 

X-ray diffraction studies confirmed that the synthesized materials are wurtzite phase of ZnO and all the 

crystal structures agreed with the reported JCPDS data (card No.5-664)[17]. Figure 1 shows the XRD pattern of 

undoped and (Mn, Co)co-doped ZnO nanopowder.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: XRD pattern of pure and (Mn, Co)co-doped ZnO Nano powder 

A definite line broadening of the diffraction peaks is an indication that the synthesized materials are in 

nanometer range. The crystallite size was calculated from Scherrer formula applied to the major peaks and was 

found to be around 25nm and 18nm for undoped ZnO powder and (Mn, Co) co-doped ZnO nanopowders 

respectively. The lattice parameters calculated are also in accordance with the reported value [17]. 

   

Figure 2a                          Figure 2b 

SEM Image of pure and (Mn,Co) co-doped ZnO Nano powder 
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Figures 2a and 2b shows the SEM images of undoped and (Mn, Co) co-doped ZnO nanopowders. SEM 

studies show that the materials are networks of rod-like crystals. The structures obtained are similar to the 

structure reported by So-Jung Kim et.al [16] for undoped ZnO prepared by thermal plasma method. The 

morphology of ZnO material in the form of pellet was also investigated. Heat treatment of the ZnO element at 

different temperatures gave different morphology of the material. 

Fig.2c & 2d shows the morphology of undoped and (Mn, Co) co- doped ZnO in the form of pellet 

annealed at 450°C. It is found that with increase in temperature, material has become more porous. SEM studies 

show that the material has networks of nanosheet [18].  

 

Figure 2c                Figure 2d 

SEM Image of pure and (Mn,Co) co-doped ZnO pellet 

          Temperature dependence of conductivity for n-type semiconductor material can be expressed as, 

                                 σ= σ0e-Ea/KT                                (1)                                       

Where σ0=2 eμe(2Πme
*(KT/h2)) 3/2 and Ea=Ec-Ei. Here me

* is the effective mass and μe is the mobility of 

electron. Ea, Ec and Ei are the energy value corresponding to activation of electronic transport, bottom edge of 

the conduction band and level of the donor state. T is the absolute temperature of material, e is the electronic 

charge, h is Planck’s constant and k is the Boltzmann constant. In terms of resistance Eq. (1) is given by  

                                                                                   R=R0e Ea/KT                                                                          (2) 

               From the resistance temperature plot (fig3) in the form of ln(R) versus 1/T the slope gives the value of 

(Ea/k) of Eq. (2) and from it the activation energy of electronic transport for semi conducting material can be 

calculated [19-21]. 

One of the important variables resulting from the electric properties of semiconductors is the activation 

energy. This is the initial energy that the electric charges need to move inside the material. Activation energy 

increases with temperature in insulators and semiconductors and decreases in metals. It is well known that 

electrical conduction can take place by means of two parallel processes namely band conduction and hoping 

conduction. The band conduction occurs when the carriers are excited beyond the mobility edges into non-

localized states at high temperatures. The excitations of carriers into localized states at band edges cause the 

hoping conduction [22]. 

 
Figure 3: Activation energy plot for ZnO pellet annealed at 450°C 
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  The activation energy for electronic conduction of the ZnO nano-material increases with an increase in 

temperatures given to the sample. This is possible due to change in surface chemical structure of oxide. The 

removal of defects in crystallites due to the increase in activation energy with the rise in annealing temperatures. 

It is also observed that as the annealing temperature increases the resistance of the material decreases. This is 

probably due to growth crystallites. At any temperature the Gibb’s free energy of a crystal is minimum when a 

certain fraction of ions leaves the normal lattice. Yadav et al [23, 18] has reported that the sample annealed at 

higher temperature follow conduction of proton by hopping mechanism due to inadequate number of free 

hydroxyl groups on the surface having higher value of activation energy.  

The increase in activation energy gives clue regarding the diffusion of impurities to the regular position 

or to the interstice [24]. High value of the activation energy may be associated with ionization of deep donor or 

acceptor levels which become more important at higher temperature. With increasing temperature the 

concentration of conducting electrons increased and therefore the role of mutual interaction between electrons 

and donor or acceptor centers become more important [25]. 

Doping on semiconductor can modify resistance. The electrical conductivity increases with the increase 

in impurity concentration and temperature. The defect concentration will increase exponentially with 

temperature and consequently the electrical conduction also increases. The addition of impurity further increases 

the electrical conduction in the temperature region considered. 

Device Fabrication: 

            The schematic diagram for measuring sensitivity of the sensor is shown in fig.4. The sensing material is 

placed inside an airtight chamber of known volume 25.000cm3. The pellet is kept at a room temperature and two 

Al electrodes are placed on the surface of the pellet, which makes ohmic contact with the pellet. Gas injection is 

carried out using a hypodermic syringe. Initially the chamber is evacuated to a base pressure of 10-2 Torr using a 

rotary pump and electrical measurements are performed at a room temperature. The response is considered as a 

reference response for calculation of sensitivity. The test gas is injected inside the bell jar through a needle 

valve. After injecting the test gas, all the valves are closed to avoid the leakage of test gas.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Schematic diagram of ethanol sensor 

The resistance of the sensor is once again measured at the same temperature in ethanol vapor ambient. 

After completing measurements, the gas is wiped off to carryout next cycle by injecting fresh air into the 

chamber.  

Sensor measurement has been performed to monitor the response to ethanol from 100-400ppm which is 

shown Fig. 5(a), (b) &(c). Fig. 6 shows the sensitivity versus response time and ethanol concentrations plots of 

undoped and (Mn, Co) co-doped ZnO annealed at 450°C and 550°C respectively. The sensitivities of all sensors 

were found to increase rather linearly with increasing ethanol concentrations. Nanoparticles have the largest 

specific surface area, which can maximize the response, subjecting them to heat treatment at high temperatures 

are unfavorable for fabricating gas sensors. The reason for this is that the infiltration of the target gas molecules 

into the sample agglomerates and their adsorption and desorption on the surface of the inner particles are 

inhibited in the case of the agglomerated structures resulting from the high temperature heat treatment. 

However, in the case of the gas sensors fabricated herein, these problems were overcome by using a relatively 

low temperature heat treatment process, which makes it possible to fabricate gas sensors with a sparse 

distribution of the nanoparticles without any agglomeration, in which 1-D structures are formed that enable the 

target gas molecules to maintain their degree of diffusion into the gaps between the nanoparticles and be easily 
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adsorbed on their surface. Use of low temperature heat treatment process is the reason why our gas sensors have 

high detectability [26]. 

Ethanol sensing mechanism of the ZnO sensors has also been reported in our previous studies [27]. 

However, only few studies indicate that ZnO has higher gas response to ethanol than other commonly used 

gases [28]. Most metal oxide semiconductor gas sensors are based on the conductance change arising from the 

reactions between the oxygen ions and the detecting gas molecules adsorbed on the active surface [29, 30]. It is 

seen that the electron donating effect of the testing gas molecule is an important factor in the explanation of this 

phenomenon (In the several forms of oxygen adsorbates, the O- is more active form of adsorbed oxygen.). For 

example, the typical testing gas sensing reactions are expressed as follows:  

                                                                      CO+O-→CO2+e-                                                                                                                     (1) 

                                                                      H2+O-→H2O+e-                                                                               (2) 

                                                                      HCHO+2O-→H2O+CO2+2e-                                                                                          (3) 

Catalytic oxidation of ethanol gas is known through two different routes depending on the acid or base 

properties of catalyst surface, i.e., a dehydrogenation route through CH3CHO intermediate (on the basic surface) 

and a dehydration route through a C2H4 intermediate (on the acidic surface)[30,31].  

                                                                     C2H5OH→CH3CHO+H2                                                                                                   (4) 

                                                                     CH3CHO(ad) +5O-(ad)→CO2+2H2O+5e-                                        (5) 

               According to these equations, the electron donating effect of ethanol is stronger than that of the other 

gases. Therefore, the gas response of ethanol is higher than that of the other gases at the equivalent 

concentration. However, owing to the complicated reactivity of some gas molecules on the ZnO surface, the 

electron donating effect is not the only influential factor on gas response. Other factors (such as reaction of 

testing gases and sensing material, humidity, temperature, and some additional external fluctuating factor) may 

exist and compete against each other. 

 
Figure 5a: Time response curve for ZnO pellet annealed at 450°C 

 
Figure 5b: Time response curve for (Mn,Co)co-doped ZnO pellet annealed at 450°C 

http://www.rdmodernresearch./


International Journal of Engineering Research and Modern Education (IJERME) 

Impact Factor: 6.525, ISSN (Online): 2455 - 4200 

(www.rdmodernresearch.com) Volume 2, Issue 1, 2017 

137 

 

 
Figure 5c: Time response curve for (Mn,Co)co-doped ZnO pellet annealed at 550°C 

 
Figure 6: Ethanol concentration response curve for ZnO annealed at 450°C, (Mn,Co) codoped ZnO annealed at 

450°C and 550°C 

4. Conclusion: 

            Gas sensors were fabricated using ZnO nanoparticles subjected to a low temperature heat treatment 

process and their gas sensing characteristics were investigated. The morphologies of ZnO nanoparticles were 

observed to be rod-like particles and hexagonal structure. The crystalline sizes of ZnO hexagonal particles were 

found to be around 25nm. The response and recovery characteristics of the gas sensors developed herein were 

remarkably fast at different ethanol concentration. Their response and recovery times were 13 and 10 s, 

respectively. Therefore, low temperature heat treatment of nanoparticles is one of the useful methods of 

fabricating gas sensors having a high and fast response.           
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