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                                                                       PREFACE      

 

 

 

In our daily life, fruits are very essential, but perfect ripe fruits are not so easy 

to identify by observing the change of colour in natural way, it turns into brown or 

blackish and futile very fast. In United States only, about 20% of all produced fruits 

and vegetables are lost due to spoilage in every year. 

Unsaturated non-polar hydrocarbon, ethylene (C2H4) is a small plant 

hormone, regulates many developments process of plants. This gas is quite helpful 

to quickly ripen fruits and vegetables. The internal concentration of ethylene from 

fruits can indicate the proper time of harvest and detecting atmospheric ethylene 

level in a storage chamber we can avoid over ripening of fruits before transportation. 

Ethylene gas concentration is now monitored via gas chromatography 

detection, electrochemical sensing or laser acoustic spectroscopy, all of these are 

very expensive and are not suitable for in-field measurement. 

This thesis deals with the development of Graphene Oxide (GO) based 
Ethylene gas sensor for freshness monitoring of fruits. A conductive type GO-based 
pellet sensor and also drop casted thin film sensor have been fabricated and fruit 
ripeness condition is monitored via Ethylene gas sensing in a closed chamber at 
room temperature. Here we used fruits as the source of ethylene.  

GO was prepared by standard Hummer’s method, and morphological and 
structural characterizations have been performed using field emission scanning 



electron microscopy (FESEM), X-ray powder diffraction (XRD), and Raman 
spectroscopy analysis.  

Four different types of fruits of same weight (200gm of orange, banana, 
guava, and mango) were used for sensor response measurements. Fruit samples were 
kept in the closed chamber, and the change in conductivity of the sensors (both pellet 
and thin film based) were observed with increase in emitted Ethylene concentration 
in the chamber which was cross-verified with standard MSR sensor. The sensors 
showed almost linear response in the Ethylene concentration range of 40–120 PPM, 
and it was observed that orange samples produce maximum response for the GO 
pellet sensor with a sensitivity of 0.06 µAmp/PPM for a fixed exposure time (5 
minute). The sensor was found capable to successfully differentiate between four 
individual fruit samples in perfect ripening condition which could be utilized in fruit 
detector e-nose application.  

From the response characteristics, different sensor parameters like, sensitivity, 
repeatability, reproducibility, storage stability have been studied. Studies on 
temperature optimization and humidity interference have also been performed. The 
studies show good response and an excellent repeatability. The storage stability of 
the sensors is also very good up to 10 days in ambient air.  The optimized operating 
temperature of our sensors is found to be ~22°C, which is an added advantage for 
hydrocarbon gas sensing. Further, a comparative study between the response of our 
developed GO sensor and the sensors based on different well known gas sensing 
materials like ZnO and MoS2 towards ethylene have been performed. All of these 
studies conclude that our GO based sensors can be a promising alternative for cost-
efficient measurement of ethylene gas at room temperature. 

The integration of the sensor with commercially available radio frequency 
identification device (RFID) tags for in-field wireless monitoring of the ripening 
condition of fruits may be the future scope of work. 
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1.1 Introduction:  

Gas sensor (also known as gas detector) is an electronic device that detects 

the availability of gases in a safety system or an area and has been investigated 

very interesting sensor devices for many areas of applications including food 

technology [1]. This sensing technology has been widely used for both indoors or 

outdoors gas monitoring systems. This kind of equipment is used to find a gas leak 
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in a house, business, or other setting. In 20th centuries some of first investigated a 

sensor to detect the gases of coal mines (like CO2, CO and CH4) which are causes 

canary birds down. This yellow colored very songful birds are forgetting to singing 

and eventually die in presence of this gases [2]. 

The first inanimate gas sensor was Davy's safety lamp, which is invented by 

Sir Humphrey Davy in 1815. This safety lamp is used in inflammable atmospheric 

sphere to reduce the danger of explosions due to the presence of CH4 or other 

flammable gasses in coal mines [3]. In the year of 1980 to 1990, CO gas detector 

was discovered by chemically infused paper that turned brown when exposed to 

the gas. Since then, many devices and technologies have been developed to detect 

and alert the gas leakage in a wide range of gases [4]. After those various methods 

had been proposed and applied for gas sensing in industry.  

 Surface resistance in semiconducting metal oxide gas sensors with thin or 

thick films that are based on chemical components, surface-modification and 

microstructures of sensing layers, temperature, and humidity changes in response 

to the adsorption or desorption of gases. This sensor is known as Conductometric 

gas sensors [5]. Electrochemical detectors also detect the gas at the same time of 

gas exposure by measuring the current between two electrodes due to oxidation 

and reduction process occur [6]. 

 Another important aspect is observation and detection of ethylene gas in 

fruits, like banana, orange, guava, etc. The smallest plant hormone, ethylene, is 

essential for numerous plant developmental processes, including fruit ripening, 

seed germination and flowering, leaf and flower ageing, etc. For the purpose of 

monitoring the freshness of fruits, a multilayer graphene oxide-based ethylene gas 

sensor will be created to measure ambient ethylene concentration. 
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1.2 Characteristics of Gas Sensors: 

Gas sensors are the crucial components to detect concentration of any types 

of gas. A set of parameters is used to describe sensor performance. Below is a list 

of the most crucial criteria along with their definitions. 

Sensitivity: It is a measure of how much a response change. This is typically 

written as the S indicated ratio between the resistance of the gas sensor in the gas 

and the resistance in normal air. (𝑆 = , where Rg represents the resistance of 

sensing materials at a certain concentration of the target gas and Ra is the 

resistance of materials in the atmosphere.   

Selectivity: When a sensor responds selectively to a set of analytes or even 

particularly to a single analyte, certain parameters dictate this. 

Stability: when the detected gas concentration is constant for a 

predetermined amount of time, a gas sensor is said to be stable if it can maintain 

the same output characteristics over that time. This includes retaining the 

sensitivity, selectivity, response and recovery time. 

Limit of Detection (LOD): It is the smallest amount of the analyte that the 

sensor can detect under the given circumstances, particularly at the specified 

temperature. 

Repeatability: When gas sensors are repeatedly tested in the same testing 

environment, repeatability refers to how consistently test findings are obtained. 

Repetition can shorten a sensor's useful life. 
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Response Time: It is the amount of time needed for a sensor to react to a 

step change in concentration from zero to a particular concentration value. 

Recovery Time: This is the amount of time it takes for the sensor signal to 

stabilize at its starting point following a step concentration shift from one value to 

zero.  

Working Temperature: Whichever temperature matches its highest 

sensitivity. 

Life Cycle: The life cycle of a sensor is the length of time that it will be used 

continually. 

All of these variables are used to describe a certain material's or device's 

characteristics. High sensitivity, dynamic range, selectivity, stability, low detection 

limit, long life, minor hysteresis, and rapid response time are desirable 

characteristics for a gas sensor.   

 

 

 

 

 

 

 1.3 Classification of Gas Sensing Methods:  

 Gas sensing technology classifies into two groups [7]: methods based on 

electrical variation with different material and others, as shown in figure 1.1. 
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Figure 1.1: Classification of gas sensing methods. 

 

1.3.1 Methods Based on other Electrical Variation: 

1.3.1.1Optical Methods:  

Optical method for gas sensing is straightforward with higher sensitivity, 

selectivity, stability, short response time and longer lifetime than non-optical 

method. This method's performance won't be affected by environmental changes or 

other poisons brought on by particular gases. For optical gas sensing, 

spectroscopy-based techniques are most frequently used.  But, the applications on 

gas sensor of this method are limited due to miniaturization and relatively high 

cost. So, only very some of commercial gas sensors are based on optical gas sensor 

principals. 
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 Emission and adsorption of Spectrometry are mainly involves in 

Spectroscopic analysis. Excited atoms will emit photons and then return to their 

ground state; emission spectrometry has observed this process. One type of 

emission spectrometry is called laser-induced breakdown spectroscopy (LIBS). 

The concentration dependant adsorption of photons at specific gas wavelengths 

(i.e, Beer-Lambert law) is the principle of adsorption spectrometry. HITRAN 

database [8] can be found the wavelength for specific gases. Apart from the basic 

technique according to principles, there are many types of absorption spectrometry 

including Differential Optical Absorption Spectroscopy (DOAS) [9, 10], Tunable 

Diode Laser Absorption Spectroscopy (TDLAS) [11], Raman Light Detection and 

Ranging (LIDAL) [12], Intra-Cavity Absorption Spectrometry (ICAR) [13,14,15], 

etc. Emission and adsorption both can be used in Furrier Transform Infrared 

Spectroscopy (FTIR) [16]. Photo-acoustic Spectroscopy and Correlation 

Spectroscopy are also belonging to spectroscopic analysis. 

These techniques are commonly used for gas detector sensors; all are more 

complicated system design and higher cost to improve excellent sensitivity, 

selectivity and reliability than other gas detector. 

Another optical gas detector technique is Infrared (IR) based basic molecular 

adsorption spectrometry technique which is widely used. IR source, gas chamber, 

and IR detector are its three main components. When the source of infrared (IR) 

emits radiation with a wavelength in particular gas, then gas will absorb the 

radiation in its particular way. The IR detector detected and measured the presence 

of interested gas. This system is also known as Non-Dispersive Infrared (NDIR) 

gas sensor. Apart from the single detector mode, we employ the two-detector 

layout mode since it is more complex when the ambient environmental elements 

are removed. Figure: 1.2 depicts the mode of the two detectors. 
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Figure: 1.2. (a). Basic IR source gas sensor, (b). IR source gas sensor with reference detector. 

[X. Liu, et. Al, A Survey on Gas Sensing Technology, Sensors 2012, pp. 9635-9665] 

 

The IR-source significantly affects the final detection result in each of the 

three aforementioned methods. Traditional IR sources, however, have serious 

drawbacks, such as a lack of continuous wavelength tenability, a small output 

power, complexity, and a lack of nonlinear optical sources with enough power. 

Numerous laser sources have been studied despite drawbacks, like, Quantum-

Cascade Lasers (QCLs) providing excellent tenability, low average power and 

operated at room temperature. However, long lifetime and insensitive to 

environment change is the advantages of this methods, but also the disadvantages 

are followed with it, like high cost and difficulties in miniaturization.  

Now, remote air quality monitoring and gas leak detection system is 

invented with the help of IR-based or NDIR based sensing technology with great 

accuracy and safety [17, 18]. Due to increasingly extraordinary performance these 

optical based sensors will dominate the premium market. 
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Filter or 
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Filter or 
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(Active) 
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1.3.1.2 Calorimetric Methods: 

Pellistor is a combination of pellet and resistor, it constitutes a major class of 

electrical gas sensors, which are calorimetric in nature. Here, the detection 

components are tiny "pellets" of different ceramic catalysts, whose change in 

resistance in presence of the target gases. The limit of detection for this type sensor 

is typically in low parts-per-thousand (ppth) range [19], which is not suitable for 

laboratory applications only applicable for industrial uses. 

Basically, two types of pellistors are exists: Catalytic and Thermal 

Conductivity (TC). The heat evolution from the catalytic oxidation of the gas 

analyte was monitored by the most popular commercial type of catalytic pellistor 

sensors. In a short response time, by burning the target gas and generating a 

specific combustion enthalpy, the detection of low concentration analytes is 

enabling [20, 21]. 

On a ceramic bead with a platinum coil acting as a heater or calorimeter, a 

catalytic layer with a large surface area is applied. With the aid of a platinum coil, 

the catalytic layer was heated to the point where flammable gas would burn (at 

around 500 °C). This produced heat can change in resistance of coil and measured 

by a Wheatstone bridge like simple circuit [22]. The schematic diagram of the 

catalytic sensor is shown Figure: 1.3.    
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Figure: 1.3. (a) Catalytic Sensor (Schematic diagram) and (b) Configuration of Ceramic Bead. 

[X. Liu, et. Al, A Survey on Gas Sensing Technology, Sensors 2012, pp. 9635-9665] 

 

At low temperature with the help of electric field, this sensor could get 

proper output sensitivity [23], but the process of attenuation of sensitivity in 

poisoning experiments was slower than that of ordinary catalytic sensors. 

The heat dissipation into gas analytes is identified based on their thermal 

conductivity measurement [24]. The target gas is poured into a gas chamber with a 

heater in the middle constructed of platinum or tungsten wire. When the chamber's 

central component is heated with a specific temperature, the component's 

resistance changes, providing details about the gas and allowing for gas 

identification. Thermo-conductivity sensors are more effective at detecting things 

and have a larger detection area. These sensors also have a number of benefits, 

including strong stability, dependability, and ease of use, although their accuracy 

and sensitivity still need to be improved. 

Enthalpy change methods, which provide chemical reactions that release or 

absorb heat from the environment, are another calorimetric technique. As various 

pure gases or mixtures of gases may have identical combustion enthalpies or 

 

Bead 

Header 

Catalyst 
Catalyst Carrier 

Platinum Wire 
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thermal conductivities, this sensor typically lacks selectivity. The calorimetric 

sensors, on the other hand, rely on the assumption that the gas constituents are 

known or present in trace amounts and have sufficiently different physical 

properties. This allowed for the right selection and calibration of the gas sensors to 

monitor the analytes. 

The following factors need to be taken into account more carefully in order 

to enhance the functionality of current calorimetric gas sensors for their industrial 

applications: (a) lowering the power usage and (b) boosting the sensors' ability to 

withstand mechanical trauma and poisoning. 

 

1.3.1.3 Gas Chromatograph: 

Another most common method for gas sensing is Gas Chromatography 

(CG), but more precisely it is an archetypal laboratory technique having superb 

separation performance high sensitivity and selectivity [25]. This sensing 

technique includes subsrantial quantitative analytical methods, such as Volaile 

Sulphur Compounds (VSCs) could be analyzed by Flame Photometric Detection 

(FPD), Pulse Flame Photometric Detection (PFPD), Sulphur Chemiluminescent 

Detection (SCD), and Atomic Emission Detection (AED) [26]. A branch of GC, 

GC-Olfactometry (GC-O) method [27] fuses human perception of smell and 

chromatographic separation of compounds. However, GC is relatively expensive, 

and further technological advancements are required for downsizing for portable 

applications. Therefore, the device and material restrictions for unattended, flexible 

fundamental sensors are not entirely satisfied by the GC approach. 
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1.3.1.4 Acoustic Methods: 

 Gas sensor based on any other principals experience some intrinsic 

weakness that are difficult to overcome, such as short lifetime, now it could be 

avoided especially when applied wireless sensor networks by using ultrasonic 

methods [28]. The three basic areas of this method are acoustic impedance, 

attenuation, and sound speed. 

Time-of-Flight (TOF), which takes into account how long ultrasound takes 

to travel over a certain distance, is the most reliable detection method for 

determining the propagation velocity of ultrasonic waves. Figure: 1.4 illustrates an 

ultrasonic detecting technique. In order to measure the ultrasonic propagation 

properties, such as the time difference (∆t) or the sound wave phase, two identical 

channels are filled independently with the reference gas and the gas mixture in the 

diagram.       

 

 

 

 

Figure: 1.4. Method of ultrasonic detection. 

Due to its high-power consumption, traditional ultrasonic gas detection 

technology has a substantial impact but is particularly challenging to integrate into 

wireless nodes for ultrasonic gas concentration detection. Researchers have created 

a better single channel TOF for binary mixes to address this issue. The standard 

reference speed of sound CR and the resulting time difference (∆t) between 

 
Reference Gas 

Mixture of Gas 

∆t 
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transmitting in the air and target gases are calculated using the relationship 

between the speed of sound in the air and the air temperature [29]. 

        The measured gas velocity can be used to determine many gas properties like 

concentration of target gas, time difference of propagation of sound [29], and 

identify a gas through which the sound velocity is different from other in a mixture 

of gases [30], and calculate the molar weight of different gases in a mixture based 

on some equations of thermodynamics [31, 32, 33]. 

When an acoustic wave travels through a medium, the energy loss (like 

thermal and scattered energy) is called attenuation [34]. Because different gases 

exhibit varied attenuation qualities and because different gas properties can be 

determined, this aids in the detection of individual gases. But compared to the 

sound speed method, which is affected by noise, gas-borne particles, and even 

transducer deterioration with time, attenuation is a significantly less reliable 

technique. Due to these factors, acoustic attenuation is just a small portion of 

commercial gas sensors.  

Acoustic impedance is a different sensor technique that is typically used to 

calculate gas density. Its equation is Z=ρC, where ρ is gas density and C is sound 

speed. Here, using observed acoustic impedance and the speed of light, the density 

of a gas could be estimated [35]. Therefore, it is highly challenging to quantify a 

gas's acoustic impedance in a natural setting. As a result, commercial acoustic 

sensors have not typically used attenuation and acoustic impedance.  
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1.3.2 Methods Based on Electrical Properties: 

1.3.2.1 Metal Oxide Semiconductor:  

Metal Oxide Semiconductor (MOS) is one of the sensing materials which 

have various advantages like low cost, high sensitivity and others. This gas sensors 

are the most investigated groups of gas sensors. These are the most typical sensing 

materials, and they offer sensors various benefits like high sensitivity and 

inexpensive cost. It falls into two groups: Transition versus Non-Transition. As 

much more energy is needed to form other oxidation states, the non-transition (e.g., 

Al2O3) contains elements with only one oxidation state while the transition (e.g., 

Fe2O3) contains more oxidation states [36]. The transition metal oxides, which are 

used as sensing materials by metal oxide semiconductors, are visible when the two 

metal oxides are compared because they can produce various oxidation states on 

the surface. The transition-metal oxides with d0 (transition metal oxide, like; TiO2, 

V2O5, WO3) and d10 (post-transion-metal oxide, like; SnO2 and ZnO) electronic 

configurations can be used in applications of gas sensing [37]. The most prevalent 

metal oxide semiconductors that are sensitive to gas concentration are N-types. 

There are a few kinds of p-types semiconductors also like NiOx (usually doped 

with n-type semiconductor like; TiO2) which could be used as gas sensor sensing 

materials. 10% weight NiOx content is necessary to change n-type conductivity 

into p-type conductivity. As temperature increases the sensitivity of n-type towards 

reducing gases is increased while that of the p-type is decreased, this is the main 

difference between n-type and p-type NiOx doped TiO2 film [38]. So, n-type 

semiconductors have relatively higher operating temperatures than p-type ones. To 

detect target gases through redox reactions between the target gases and the oxide 

surface, sensors which are based on metal oxide semiconductors are mainly 

applied [39]. The two phases that make up this process are (a) redox reactions, in 
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which molecules of the target gases react with O-distributed on the surface of the 

materials, and (b) transduction into an electrical resistance variation of the sensors. 

Calculating changes in capacitance, work function, mass, etc. could be used to 

identify changes in resistance [37]. 

TiO2, SnO2, CuO, V2O5, all are the metal oxide could be utilized to detect 

combustible, reducing or oxidizing gases which are mainly based on the change in 

resistance response to the target gases [40]. Titanium dioxide (TiO2) is commonly 

used as a gas sensing material which have sensitive layers for their sensitivity in 

terms of dielectric permittivity to gas adsorption [41]. Tin oxide (SnO2) is a 

different form of sensing material whose conductivity depends on the density of 

oxygen ions that have been pre-adsorbed on the surface. According to variation gas 

concentration the change of resistance of tin oxide changes, while the relationship 

between resistance changes and gas concentration is measured [42]. Other metal 

oxide semiconductor is tungsten trioxide (WO3) applying electrochemical etching 

of tungsten shows excellent responses towards hydrogen and nitrogen oxide [43].                       

Due to its great availability and high sensitivity, SnO2 based gas sensors 

have a very high sensitivity compared to all other types of gas sensors based on 

metal oxide semiconductor. Therefore, its high working temperature, which was 

realized as a headed filament, is the primary cause of the great sensitivity. The 

working temperature of SnO2 based sensors is from 25º to 500 ºC.   

Gas sensors made of metal oxide semiconductors are frequently employed. 

In comparison to sensors that operate at ambient temperature, some sensors that 

require high operating temperatures require more expensive and complex designs. 

Micro-sized sensor elements with micro-heaters have been developed by 

researchers and are being tested with IC technology. Another issue is the prolonged 
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recovery period required after gas exposure, as well as the numerous limitations on 

their use in situations where gas concentrations may fluctuate quickly. Their range 

of use is also constrained by other indicators' structural instability and flaws.     

    

1.3.2.2 Polymers:  

Polymer-based on sensors are mainly applied in detecting inorganic gases 

like CO2 and H2O [44] and also used to detect a wide range of volatile organic 

compounds (VOCs) or solvent vapour in gas phase, like alcohols, aromatic and 

halogenated compounds.  The physical characteristics of polymer layers, such as 

their mass and dielectric properties, will alter following gas adsorption when they 

are exposed to an analyte's vapour. According to significant variations in physical 

properties, polymers utilised for gas sensing can be further separated into two 

groups: conducting polymers and non-conducting polymers. 

Conducting Polymers: Conducting polymers are the focus of much research 

due to their extraordinary qualities, such as tunable electrical properties, high 

optical and mechanical capabilities, simplicity of synthesis and fabrication, and 

superior environmental stability to conventional inorganic materials. It is well 

known that exposure to various organic and inorganic gases can influence the 

electrical conductivity of these conducting polymers [45]. This feature has led to 

the investigation of these materials as gas sensing layers by a number of groups 

[46,47,48]. It could be used as a gas sensing material such as polypyrrole (PPy), 

polyaniline (PAni), polythiophene (PTh) and their derivatives [49]. More work 

needs to be done in order to realise the function of sensing gases. 

Non-Conducting Polymers: Thanks to polymers, numerous sensing devices 

are frequently used as sorptive coatings. In this instance, the device can be 



Chapter 1: Review and Scope of Work 
 

 21 Page 

compared to a typical transducer. Polymer films that change with analyte 

absorption or desorption in terms of resonance frequency, dielectric constant, and 

enthalpy may be used to cover mass-sensitive sensors. The sensor device could 

then emit an electrical signal as a result of changes in the observed polymer 

characteristics [50]. Even when coated on sensor devices with the same qualities, 

the performance of non-conducting polymers in gas sensing is more challenging 

than their basic principles would suggest. By introducing the sensitivity of polymer 

layers, non-conducting polymer membrane, such as polyimide, might be employed 

on metal oxide semiconductor gas sensors as molecular sieves to increase overall 

selectivity. High sensitivity and short response times are the advantages of 

polymer-based gas sensors but operated only is in room temperature. Additional 

benefits of polymers include low fabrication costs, simplicity, and reproducibility.  

Other limitations of polymer-based on gas sensors include long-term 

instability, irreversibility, poor selectivity, and the potential for working 

circumstances to affect performance. However, a more thorough and 

comprehensive justification of the operating principles of polymer as sensing 

materials is still required. However, polymer-based sensors for gas sensors will 

have a promising future due to their lower power consumption. 

 

1.3.2.3 Carbon Nanotubes: 

Due to their high surface area, size, and hollow geometry, carbon nanotubes 

(CNTs) have been effectively used as prospective options for constructing gas and 

chemical sensors [51]. At room temperature, CNTs have gained increased attention 

because of their distinctive properties and have emerged as the most promising 

materials for extremely sensitive gas sensors, while conventional sensing materials 
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like metal oxide semiconductors must cope with the issue of inadequate sensitivity. 

While other materials, like metal oxides, require additional heating to function 

normally, CNTs have been discovered to have electrical properties and to be highly 

sensitive to extremely small quantities of gases, such as alcohol, ammonia (NH3), 

carbon dioxide (CO2), and nitrogen oxide (NOx) at room temperature [52]. 

Similar to other gas sensing components, CNTs have various response times 

and properties depending on the target gas. In both physisorption and 

chemisorption, the response property varies. In the case of CO2 and O2, it has been 

shown that the reaction is linear and reversible, proving that the only process at 

work is physisorption. But the response to NH3 is both irreversible and reversible, 

demonstrating that the CNTs can adsorb NH3 both physically and chemically. 

Additionally, the response periods to various gases vary [53]. 

In order to enhance the sensitivity and selectivity, CNTs are often coupled 

with other materials. CNTs could be mixed with silane to improve the sensitivity 

and mechanical adhesion to the substrate [54]. For sensitivity enhancement, 

olgonucleotides (DNA, RNA) may be utilized. The length of DNA sequence 

impacts the response process of CNT gas sensors [55]. Incorporation of CNTs into 

other sensing materials such as metal oxide semiconductors improve sensitivity 

[56]. Incorporation of CNTs.  

The use of CNTs is being expanded to include the detection of partial 

discharges (PD) caused by the breakdown of Sulphur hexafluoride (SF6). PD is a 

useful technique for evaluating the insulation state of gas-insulated switch gear 

(GIS). Another graphene-based gas sensor has also found to be a good gas 

adsorbate. The crystal defects maximize the signal to noise ratio to a level 

sufficient for detecting variations of gas concentrations at room temperature [57]. 
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CNTs and graphene are two examples of novel materials that have promise for the 

future. Additionally, there are several drawbacks to these gas sensors, including 

high manufacturing costs and challenges with repeatability and fabrication.      

 

1.3.2.4 Moisture Absorbing Material:  

Moisture-absorbing materials could be implanted with RFID tags in order to 

detect water vapor concentrations, which is the level of humidity, because their 

dielectric constant can be changed by the presence of water in the environment. 

Typically, the RFID tag antenna is coated with materials that resemble paper. The 

near-field ohomic losses caused by the water absorption change the resonance 

frequency of the tag antenna, which is detected by RFID readers. The minimal 

power level provided by the RFID reader to power up the tags for passive RFID 

tags depends on the water content, which can be described in terms of the humidity 

of the surrounding air. This method might just require one tag, but the spacing 

between tags and readers must be constant. An alternative technique involves using 

two tags at once, one of which is protected from moisture-absorbing substance and 

the other which isn't. A table showing how the power-up level differs from the 

water concentration is required for this procedure [58]. 

These sensors could be placed inside the floors or walls of buildings to stop 

costly mould or decay-related damage. These sensors could find leaks if placed 

underneath covert water pipes [59].   

Moisture-absorbing materials may be used as the antenna's substrate rather 

of just the tag's cover since the dielectric constant of an RFID tag antenna can be 

influenced by the air's humidity level. This would result in performance variations 

that an RFID reader could detect. Tags wrapped in moisture-absorbing material are 



Chapter 1: Review and Scope of Work 
 

 24 Page 

inexpensive and ideal for mass manufacture. In high humidity, the drawbacks of 

moisture-absorbing material-based gas sensors are susceptible to friction and may 

become irreversible. 

 

1.3.2.5 Graphene and Graphene Oxide: 

Due to their enormous specific surface areas, high conductivity, and atom-

thick two-dimensional conjugated conjugated architectures, graphene materials 

have been extensively investigated for the production of gas sensors [60, 61]. The 

methods used to create graphene materials for this purpose and the most recent 

developments in their production are summarized in this feature article [62]. 

 

Figure: 1.5 Two-dimensional Graphene. 

Other applications for graphene-based nanoelectronic devices include strain 

and pressure sensors, PH sensors, environmental contamination sensors, DNA 

sensors (for detecting nucleobases and nucleotides), gas sensors (for detecting 

different gases), and others. 
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Graphene Oxide (GO) also called Graphitic Oxide is a single-atomic 

layered 2D honey-comb lattice material, made by the powerful oxidation of 

graphite with the help of KMnO4 and H2SO4, which is cheap, abundant and easier 

to manufacture than Graphene [63, 64, 65]. It is an oxidized version of graphene 

having functional groups that contain oxygen (like oxygen, hydroxide, etc). It is 

soluble in water and other solvents and can be used to make graphene. There are 

techniques to make graphene oxide a better conductor despite its poor 

performance. Due to its enormous surface area, it can be used as an electrode 

material for batteries, capacitors, solar cells, and other gas sensors. It is frequently 

used as a coating on substrates, in powder form, or dispersed. 

 

Figure: 1.6 Two-dimensional Graphene Oxide. 

 1.4 Synthesis of Graphene Oxide: 

There are four fundamental ways to make graphene oxide: (a) Staudenmaier, 

(b) Hofmann, (c) Brodie, and (d) Hummers. There are numerous varieties of these 
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techniques, and new developments are continuously being investigated to produce 

better outcomes and more affordable procedures. The carbon/oxygen ratios of the 

graphene oxide are frequently used to assess the efficacy of an oxidation process. 

 

1.4.1 Staudenmaier and Tour Method: 

First, 1 gm of natural flake graphite was mixed with 27 ml of 2:1 percentage 

of H2SO4 and HNO3 mixture in an ice-cooled glass jar. The maintained 

temperature was below the 35 °C with slowly adding 11gm of KClO3. After 96 

hours, added 800 ml of water to the solution with continuous stirring and filtered 

using 0.45 µm of nylon membrane. To remove the sulfate ions, the prepared 

mixture was repeatedly washed with 5% HCl solution. And to pull out chloride 

ions, the mixture was washed repeatedly with DI water. Finally, Graphene Oxide 

was prepared with the help of Staudenmaier method [66, 67]. 

Tour method, where 1gm of natural flake graphite mixed with percentage of 

9:1 of H2SO4 and H3PO4 with continuous stirring for 3 minutes. Then, added 5gm 

of KMnO4 and the reaction temperature was maintained at 20 °C for 3 days. 

Decanted of sulfuric acid the mixture was centrifuged at 5000 rpm for 30 minutes. 

Finally, washed with water in some times and centrifuge at 5000 rpm, then 

Graphene Oxide is prepared [68, 69].     

 

1.4.2 Hofmann Method: 

A Pyrex beaker (reaction flask with thermometer) was used to combine 87.5 

ml of sulfuric acid (98%) and 27 ml of nitric acid (68%) before the mixture was 

chilled in an ice bath for 30 minutes. After then, 5gm of graphite powder was 
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continuously stirred into the mixture. In order to prevent a quick rise in 

temperature and the creation of explosive chlorine dioxide gas, 55gm of potassium 

chlorate was then gradually added to the mixture. The mixture was continually 

stirred for 96 hours at room temperature after the potassium chlorate had dissolved. 

After the reaction was finished, the mixture was added to 3 lit of DI water. We 

repeatedly centrifuged with DI water while adding 5% HCl to remove sulphate 

ions until a negative reaction between chloride and sulphate ions was achieved. 

Before usage, prepared graphene oxide was then dried for 48 hours in a vacuum 

oven at 60 °C [67, 70, 71]. 

 

1.4.3 Hummer’s method: 

Before usage, a Teflon reactor, KMnO4, sulphuric acid (98%) and graphite 

powder were thoroughly cooled in a refrigerator at 0–4 °C. An autoclave made of 

stainless steel contained the Teflon reactor. Sulphuric acid (600 ml) was then 

added to the reactor along with the cooled graphite (20 g) and KMnO4 (80 g). The 

stainless-steel autoclave and reactor were covered as soon as the sulphuric acid 

was poured. The autoclave was held at 0–4 °C for 1.5 hours before being heated in 

an oven for 1.5 hours at 100 °C. With 10 L of water, the obtained mud was 

thinned. H2O2 (30%) was slowly dripped into the suspension while being stirred 

mechanically until the slurry turned golden. The suspension was washed with hot 

HCl and deionized water until the pH reached 7, and humid GO was obtained [72, 

73, 74]. 

1.4.4 Modified Hummer’s Method: 

The well-known Hummer's approach [74–77] is another straightforward 

technique for producing graphene oxide (GO). In this procedure, 50 ml of H2SO4 
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(98%) was combined with 2 gm of pure graphite powder and 2 gm of sodium 

nitrate while being continuously stirred in a borosil beaker. 6 grammes of KMnO4 

were added very gradually after an hour, with the rate of addition being carefully 

managed to keep the reaction temperature below 15 °C. After that, the ice bath was 

withdrawn, the temperature was allowed to rise to 35 °C, and it was stirred 

continuously for two hours to create a brownish paste. Then, 100 ml of pure 

distilled water was progressively added, causing the temperature to rise quickly to 

95 °C and the liquid to turn brown. Additionally, this solution was made diluted by 

continuously swirling in an additional 200 cc of water. We added 10 ml of H2O2 to 

stop the reaction, and the color turned yellow. The solution was rinsed with 10% 

HCl and de-ionized (DI) water at room temperature until the pH of the solution 

reached 6. Finally, the precipitate was collected after filtration and dried at room 

temperature.    

  

1.5 Graphene Oxide as a Gas Sensing Material: 

One type of nanomechanical sensor used grapheme oxide (GO) as a gas 

detecting material and operated in static mode as a sensing platform. Chemically 

altered graphene with low conductivity can be employed as a gas detecting 

material since membrane type surface stress sensors pick up surface stress brought 

on by gas sorption. The gas-sensing materials graphene and reduced graphene 

oxide (RGO) are well known, but the appealing sensing material known as 

graphene oxide (GO) has also been extensively researched in recent years. When 

exposed to particular gases, GO materials' electrical or optical properties change, 

and the functional groups on GO nanosheets are essential for adsorbing gas 

molecules. GO materials can be enhanced in terms of sensitivity and selectivity to 
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analyte gases using metal nanoparticles and metal oxide nanocomposites. 

Applications of GO-based sensors include the detection of organic vapors, water 

vapor, NO2, H2, NH3, and H2S. 

Humidity sensor using by GO: A typical application of GO is humidity 

detection. GO is very hydrophilic and proton conductive, which makes it a superior 

material for water vapor sensing like the conventional proton conducting material, 

in contrast to graphene and RGO [78, 79, 80]. Guo et al. produced GO sheets for 

humidity sensing on a flexible polyethylene terephthalate film in 2012 [81]. They 

used a model sheet with 32 carbon atoms to calculate the binding energies of water 

on graphene materials. Graphene with water have a modest Van-der-Waals 

interaction (0.044 eV), although water forms hydrogen bonds with epoxy (0.201 

eV) and hydroxyl groups (0.259 eV). The electrical conductivity and 

response/recovery time were controlled while patterning the material mask-free 

using a two-beam laser interference treatment. The formation was managed to 

achieve this. 

NO2 gas sensing by GO: Ozone treated graphene (OTG), which was created 

by Chung et al. [83] for NO2 sensing, is the first use of GO as a gas sensor. While 

GO is typically synthesized using the Hummers method, this sensor was created by 

depositing a thin layer of graphene using chemical vapor deposition (CVD) [84] 

and then oxidizing it with O3 treatment [85]. The oxygen groups' higher NO2 

binding energy improved molecular affinity and boosted reaction intensity, but 

recovery degraded as a result. Low for sp2-bonding carbon (0.05-0.4 eV) and high 

for oxygen groups (0.4-8 eV) are the binding energies of NO2 molecules [86, 87]. 

As a result, OTG has better affinity for NO2 than regular graphene; for 200 ppmv 

of NO2, OTG's percentage resistance change was nearly twice as great as that of 

pristine graphene. Higher temperatures were preferable for recovery time, whereas 
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lower temperatures were preferable for percentile resistance change. The Langmuir 

adsorption isotherm theory was used by the authors to explain the NO2 

adsorption/desorption mechanism, including temperature effects. The reported 

estimated limit of detection (LOD) for the OTG sensor was 0.0013 ppmv, and it 

responded to NO2 concentrations between 0.2 and 200 ppmv. 

Prezioso et al. [88] reported the development of another NO2 sensor that was 

made by casting a GO solution made from graphite flakes with a maximum size of 

500 µm using a modified Hummers process [89]. The authors demonstrated how 

temperature affected the GO resistance behavior. As the working temperature rose 

in dry air, the resistance dynamically reduced. Stable baselines were established 

between 25 and 150 °C, and higher temperatures produced stronger reactions and 

recoveries. At room temperature, however, both reactions and recoveries were 

unacceptably slow. However, the oxygen functional groups vanished as the 

operating temperature surpassed 200 °C, which reduced the sensing capacity. The 

scientists came to the conclusion that annealed GO was inferior to as-deposited GO 

and that 150 °C was the ideal temperature for sensor performance. Due to the fact 

that NO2 molecules preferentially adsorb on them, the oxygen functional groups 

play a significant role in the gas sensing active sites. The oxygen functional group's 

negative charge transfers to the NO2 molecule, giving rise to a positively charged 

vacancy in the honeycomb structure below. Exposure to NO2 thereby increased the 

conductivity of the GO. The strength of the NO2 signal was inversely related to the 

logarithm of the NO2 concentration and ranged from 10 ppmv to 0.02 ppmv..  

Prior to looking into GO sensors, graphene and RGO-based sensors for NO2 

detection were researched [90]. By placing a transient voltage across RGO to 

create pits and epoxide and ether functional groups like GO, Cui et al. increased 

the sensitivity of sensors to NO2 [91]. Li et al. [92] also looked at NO detection 
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using RGO. Responses for NO as low as 0.002 ppmv were shown, demonstrating 

the high sensitivity of palladium decollated RGO to NO. They put out a 

conductivity change model in which adsorbed NO lowered the Schottky barrier 

that formed between Pd and RGO. 

Other articles [93, 94] reported on the performance for NO2 and NH3 

detection, and used Co3O4-intercalated RGO [95] to detect NO2 and CH3OH. RGO, 

in contrast to GO, was sensitised with additions such sulfonate, ethylene diamine, 

Ag-nanoparticles, Cu2O nanowire meso crystal, SnO2, ZnO nanoparticles, Pd, 

Co3O4, and others. The RGO sensors' resistivity reacted unfavorably to NO2 and 

favorably to NH3 and methanol. 

H2 sensing by GO material: Hydrogen is a dangerous yet necessary gas that 

is used in gas chromatography, chemical reduction, and as a carrier gas in 

industrial processes. When exposed to H2 gas, RGO itself functions as an H2 

sensing material and changes in optical characteristics [96]. RGO combined with 

Pd, Pt, Pd-WO3, and ZnO nanocomposite materials [97, 98]. The responses of Pd 

(3 nm), which was sputtered over RGO (2 nm) made from GO, were proportional 

to the logarithm of the H2 concentration between 200 and 3300 ppmv [99]. 

According to the most recent study by Du et al., the Schottky junction between 

silicon and Pd-RGO changed when exposed to H2, which led to a decrease in 

device resistance when H2 was present [100]. In addition to the RGO-based H2 

sensors that were previously addressed, GO-based H2 sensors have also been 

produced. Pustelny et al. from Poland looked into the H2 and NO2 sensitivity of 

GO [101]. Inter digitated Au/Cr electrodes were created using the lift-off method 

and electron beam physical vapor deposition (EBPVD) to test the GO sensing 

capabilities. This sensor responded to H2, but the temperature had a significant 

impact on the behavior. On the other hand, with H2 concentrations between 1% and 
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4% at 120 °C, good reactions were obtained. Both NO2 and H2 were detected by 

this sensor, and both gases caused negative resistance changes; however, NO2 was 

more easily detected at lower temperatures. Although a suitable sensor for 

measuring H2, humidity correction is advised.  

To create a more sensitive H2 sensor, Wang et al. used dielectrophoresis 

(DEP) to construct a GO nanostructure [102]. To make GO flakes smaller, a GO 

suspension was ultrasonically treated for 24 hours right before the DEP procedure. 

However, the improved sensor performed exceptionally well at H2 concentrations 

of 100–1000 ppm; percentile resistance changes were, respectively, 4.5, 5.5, and 

6.5% at 100, 500, and 1000 ppm. Response and recovery times were 

correspondingly 55–70 and 80–120 s. 

H2S and acetone sensing of GO: Recently, GO-based sensors for use in 

healthcare have been studied. Using SnO2 nanofibers functionalized with RGO 

[103] and hemi tube-structured WO3 that was hybridized with thin graphite (TG) or 

GO, Choi et al. investigated the detection of H2S in breath. For sensor preparation 

GO suspensions mixes with nanostructured metal oxide materials, such as 

hemitube-structured WO3 and SnO2 nanofiber were respectively used. Although 

the improvement offered by GO was less than that of TG, the resistance was steady 

compared to the TG-modified sensor's, whose resistance varied significantly with 

temperature. TG and GO both serve as electronic sensitizers for the WO3 gas 

sensing layer. With a response time of less than 15 seconds and a recovery time of 

less than 30 seconds, the hybridized sensors react quite swiftly. As a result, GO 

works well as a sensitizer for metal oxide gas sensors. 
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1.6 Ethylene Sensor:  

It is well recognized that ethylene treatment is an efficient approach for 

treating fruits after harvest. a gas sensor using a silicon carbide-based field effect 

transistor (SiC-FET) for measuring the concentration of ethylene gas produced by 

fruits. By adjusting the operating temperature, gate material, and material structure, 

SiC-FET sensors' selectivity and sensitivity can be adjusted toward a small number 

of target gases. The iridium gated SiC-FET sensor is highly sensitive to ethylene, 

and the greatest response is attained at a temperature of 200 °C [104]. 

A flexible semiconductor with potential use in the field of sensing is zinc 

oxide (ZnO). Detecting ethylene is important in agriculture to minimize losses 

during the storage of fruits and vegetables. In this study, chemical co-precipitation 

was used to make ZnO nanocrystals, which were then used as ethylene sensors. A 

large response of 11.7 was shown by a ZnO nanocrystal-based sensor at ambient 

temperature and about 70% relative humidity. For ethylene gas, the ZnO 

nanocrystal-based sensor's detection threshold was 10 ppm. The adsorption 

performance was simulated via the first principles study based on the density 

functional theory to explain the sensing mechanism [105]. 

The porous ZnO nanosheets display a reasonable level of sensing 

capabilities as well as a dramatic response in ethylene detection, combining the 

advantages of their ultrathin and single-crystalline structure. For ethylene sensors, 

the quickest response and recovery times are 8 and 20 seconds, respectively. It is 

anticipated that the porous ZnO nanosheets would open up new possibilities for the 

creation of cutting-edge nanomaterials for actual use in ethylene monitoring during 

fruit ripening [106]. In the past few years, a number of studies on ethylene-based 

fruit maturity monitoring have been published. Current methods for the detection 
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and monitoring of ethylene gas levels include gas chromatography, 

electrochemical sensing, and laser-based photo-acoustic spectroscopy. All of these 

ethylene gas sensors are expensive and difficult to use for on-filed applications. 

   

 1.7 Scope of work of the present work:  

In our daily life, fruits are very essential, but perfect ripe fruits are not so 

easy to identify by observing the change of colour in natural way, it turns into 

brown or blackish and futile very fast. In United States only, about 20% of all 

produced fruits and vegetables are lost due to spoilage in every year [107]. 

Unsaturated non-polar hydrocarbon, ethylene (C2H4) is a small plant 

hormone, regulates many developments process of plants [108]. This gas is quite 

helpful to quickly ripen fruits and vegetables [109]. The internal concentration of 

ethylene from fruits can indicate the proper time of harvest [110, 111] and 

detecting atmospheric ethylene level in a storage chamber we can avoid over 

ripening of fruits before transportation. 

Ethylene gas concentration is now monitored via gas chromatography 

detection, electrochemical sensing [112] or laser acoustic spectroscopy [113], all of 

these are very expensive and are not suitable for in-field measurement. 

To track the freshness of fruits, we have created a multilayer graphene 

oxide-based conductive type ethylene gas sensor in this study. And clearly 

identified distinct fruits with the same mass in ideal ripening conditions, thus they 

can be employed in e-nose applications to distinguish between different ripe fruits. 

Our graphene oxide pallet sensor shows sensitivity and reliable ethylene gas 

sensing performance. The sensor shows capability of lower resolution from 
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standard resolution from standard MSR sensor with good reproducibility.  Further 

work will be integrated with commercially available Radio Frequency 

Identification Device (RFID) tags, which enables it to monitor wirelessly the 

condition of fruits. 
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Development of Graphene Oxide (GO) based Ethylene 
Sensor 

 

 

 

 

 

 

 

 

 

2.1 Introduction: 

The oxidized version of graphene is known as graphene oxide (GO). GO, a 

single atomic layered, ultrathin two-dimensional sp3 hybridized honey-comb 

material [1,2], also known as graphitic oxide or graphitic acid, a compound of 

carbon, oxygen, and hydrogen in different ratios, is a popular sensor material that 
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helps to detect various gases (like Acetylene (C2H2) [3], Ammonia (NH3) [4], 

Nitrogen dioxide (NO2) [5], etc.).  

GO sheets have been used to produce robust membranes, thin films, composite 

materials, and paper-like materials [6, 7]. Initially, GO has attracted a lot of 

attention as a potential middleman in the synthesis of graphene. Numerous 

chemical and structural imperfections remain in the graphene created by reducing 

GO, which may be helpful in some applications but troublesome in others [6]. 

GO is prepared by very easily oxidation of inexpensive, widely accessible 

graphite. It has excellent physical properties and large specific surface area like 

Graphene [8], and has a unique sensor response due to irregular structure and 

surface absorbates [9]. -For this reason, we have used it as gas sensing material. 

The added advantage of GO is that it disperses in water and other solvents very 

easily [10].  

 In this chapter, first we have prepared GO by Hummer’s method [11-14], 

using fine graphite powder, NaNO3 and KMnO4. Then the prepared GO has been 

characterized structurally and morphologically by Field Emission Scanning 

Electron Microscope, X-ray Diffraction technique and Ramman Spectroscopy. 

Finally, using this GO, pellet sensor and drop casted thin film sensor have been 

fabricated.   

 

2.2 Experimental: 

2.2.1 Formation of GO using Hummer’s Method:  

Standard Hummer’s method was used to prepare GO [11-14]. A glass container 

with 50 ml of H2SO4 (98%) solution was kept inside an ice bath maintaining 
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temperature at around 0–10 °C. Then, 2 gm of NaNO3 and 2 gm of pure Graphite 

Powder were mixed into the solution under continuous stirring. 

 

Figure: 2.1 Photographs of (a) Pure Graphite Powder, (b) Sodium Nitrate   

 After 1 h stirring, 6 gm of KMnO4 was added very slowly with carefully 

controlling the rate of addition to keep reaction temperature below 15 °C. After 

that, the ice bath was removed to let the solution temperature to increase up to 35 

°C. The solution was further left under continuous stirring for another 2 h until 

formation of brownish precipitate completes. Then 100 ml of pure distilled water 

was added very slowly, and temperature was rapidly increased to 95 °C. Further, 

this solution was diluted by adding extra 200 ml of water with continuous stirring. 

Finally, to terminate the reaction, 10 ml of H2O2 was added to the brownish 

solution and color instantly changes to yellow. At room temperature, the solution 

was washed with 10% HCl and de-ionized (DI) water repeatedly until pH of the 

solution became 7. Finally, the precipitate was collected after filtration and dried at 

room temperature.  

(a) (b) 
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Figure: 2.2 Pictures of borosil beaker under ice bath with continuous stirring. 

 

2.2.2 Fabrication of GO sensors: 

The dried precipitate was ground in a mortar and pestle before to obtain fine 

GO powder which was further used to prepare GO pellets. 400 mg quantity of 

powdered GO was pressed to form a 1 cm diameter pellet shown in Figure 2.3 (a). 

To form thin film sensor, the collected precipitate was drop casted on a clear 

glass slit and dried at room temperature shown in Figure 2.3 (b). 

On the pellets, two top electrodes were formed by coating Ag paste at room 

temperature. 
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Figure: 2.3 Photograph of (a) GO pellet sensor, (b) GO thin film sensor 

 

2.2.3 Characterization:   

Morphological characterization of the prepared multilayered GO was 

performed by field emission scanning electron microscope (FESEM) (JOEL, JSM-

7610F), and structural characterization was performed by X-ray diffraction 

technique (Bruker D8 advance diffractometer) and Raman spectroscopy (J-Y 

Horiba confocal triple Raman spectrometer fitted with gratings of 1800 

grooves/mm, Model: T64000). 

 

2.3 Results and Discussions: 

2.3.1 X-Ray Diffraction: 

A nondestructive method known as X-Ray Diffraction analysis (XRD) can 

give precise details on a material's crystallographic structure, chemical makeup, 

and physical characteristics [15]. Its foundation is a crystalline sample with 

constructively interfering monochromatic X-rays. 

(a) (b) 
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The multilayered GO samples were characterized by X-ray 

powder diffraction having Cu Kα radiation of wavelength 1.5406 Å. Inside the 

scanning angle 2θ ∼ range 5–85°, two distinct peaks were observed which were 

typical for multilayered GO structure. Figure: 2.4 shows diffraction peak at 

2θ=10.65˚ corresponding to inter-planner spacing of 8.308 Å [16] and <002> plane 

of GO [17, 18]. Another peak at 2θ=42.39˚ was observed having d-spacing of 2.06 

Å, corresponding to the <100> plane [18, 19] which might be generated due to the 

presence of oxygen-containing functional groups in graphene oxide and 

intercalated water molecules [20-25]. 

 

 Figure: 2.4 XRD pattern of prepared GO 

 

2.3.2 FESEM: 

With an essentially infinite depth of field, field emission scanning electron 

microscopy (FESEM) gives information on topography and elements at 

magnifications ranging from 10x to 300,000x. Despite having modest accelerating 

voltages and short working distances, it offers ultra-high resolution images [26]. 
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Field FESEM micrograph of graphene oxide sample indicates the formation 

of ultrathin, homogeneous and multilayered graphene oxide sheets as shown in 

Figure: 2.5. It shows sheet like forms without any amorphous or other kind of 

crystallized phase of particles.  The GO samples were observed to have flaky 

texture and layered microstructure [27-30]. 

 

Figure: 2.5 FESEM micrograph of GO 

 

2.3.3 Raman Spectroscopy: 

A non-destructive technique for chemical analysis, Raman spectroscopy 

provides comprehensive information on crystallinity, chemical structure, phase and 

polymorphy, and molecular interactions. It is based on how light interacts with 

chemical interactions in a substance [31]. 

The Raman spectra of the GO samples are shown in Figure: 2.6, which is 

used to determine the defects, the ordered and disordered structures in the sample. 

The two peaks, D peak at 1347 cm-1 and G-peak at 1601 cm-1 corresponding to the 
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well-documented bands and the intensity ratio of D/G= 0.84 (>1), is due to the 

defects and partially disordered crystal structure of graphene [32-35]. It is clearly 

noticed that the intensity of D band is significantly higher than G band, suggesting 

that the prepared graphene has high defect content. 

 

Figure: 2.6 Raman spectra of GO 

           

2.4 Conclusion:  

Graphene oxide (GO) was prepared chemically using well known Hummer’s 

method with the help of pure graphite powder, concentrated sulphuric acid (H2SO4, 

98%), KMnO4, sodium nitrate (NaNO3) and then characterized structurally by X-

Ray Diffraction (XRD), Field Emission Scanning Electron Microscope (FESEM) 

and Raman spectroscopy techniques.  

After that, the prepared dried GO precipitate was grinded in mortar pestle 

before to obtain fine GO powder which was further used to prepare GO pellets. 

400 mg quantity of powdered GO was pressed to form a 1cm diameter pellet. And 
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another types of ethylene thin film sensor were prepared with the help of drop 

casted GO on a clear glass slit at room temperature. On the pellets two top 

electrodes were formed by coating Ag paste at room temperature. GO based 

conductive type ethylene gas sensor has been fabricated and tested using different 

fruits at room temperature.  

Finally, our prepared graphene oxide-based Ethylene sensor show 

sensitivity, reliable, maximum change in resistance, stability, etc., all of these are 

discussed in next chapter.      
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Chapter 3 

Fruit Freshness Sensor 
 

 

 

 

 

 

 

 

 

 

 

 

 

3.1 Introduction: 

Fruit freshness monitoring is an extremely crucial field in food industry for 

customer satisfaction and minimization of loss due to wastage [1, 2]. But freshness 

monitoring is not easy for large scale packaging and marketing industry just by 
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human eye sorting. Every year, only in India, about 30% of produced fruits and 

vegetables are lost due to spoilage [3]. Ethylene (C2H4) is a colorless, tasteless, 

non-polar hydrocarbon [4] which is also a natural ripening (or aging) plant 

hormone that has numerous effects on the growth, development and storage life of 

many fruits [5-7]. 

In different stages of ripening, Ethylene is emitted from the fruits which can 

be monitored to detect perfect ripening conditions. Also, for different fruits under 

same ripening condition, the amount of emitted Ethylene can vary which may be 

utilized for identifying individual fruits in e-nose applications [8]. Several works 

on Ethylene based fruit ripeness monitoring have already been reported in the last 

few years [9]. State of the art processes for detection and monitoring of ethylene 

gas concentration are gas chromatography [10], electro-chemical sensing [11,12] 

or laser-based photo-acoustic spectroscopy [13,14] etc., most of which are very 

much expensive and difficult to use for on-field applications. 

Graphene oxide can be defined as a single layer of sp3 hybridized carbon 

atoms. These carbon atoms bear oxygen-containing functional groups on the basal 

and edge plane [15,16]. It is a widely used sensor material that has been used to 

detect a variety of gases, like Acetylene (C2H2) [17], Ammonia (NH3) [18], 

Nitrogen dioxide (NO2) [19] etc. Preparation of GO is easy and cost efficient and it 

has significantly large specific surface area like Graphene [20] and has a unique 

sensor response due to irregular structure and surface absorbates [21]. For all these 

advantages of GO, we have chosen it as core nanomaterials for ethylene gas 

sensing. 

In this chapter, we have developed multilayer graphene oxide based 

conductive type Ethylene gas sensors, (a) pellet type and (b) drop casted thin film 

type to detect change in concentration of ethylene due to fruit ripening. The sensor 
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has been kept in a closed chamber with four different fruits (like: Orange, Banana, 

Guava, Mango) of same mass (200gm) under same ripening condition separately. 

The same experiment has also been performed for a particular fruit (banana) at 

different ripening condition (i.e. unripe, ripe and over ripe). From the response 

characteristics, different sensor parameters like sensitivity, repeatability, 

reproducibility and storage stability have been observed. For fixed exposure time, 

different fruits produced different amount of output current which can be utilized 

for recognizing a particular fruit via GO based e-nose. Also, a particular fruit at 

different amount of output current indicating the presence of different amount of 

emitted ethylene. Sensing response of the drop casted thin film GO sensor has been 

compared with another two well known gas sensing materials ZnO and MoS2. 

Temperature optimization and interference of ambient humidity have also been 

studied. Finally, a sensing mechanism has been proposed.   

 

3.2 Experimental 

3.2.1 Gas Sensing Setup 

 Figure: 3.1 shows a gas sensing setup developed in our laboratory for the 

sensing measurements. The resistance variation of the GO based sensors is 

recorded at room temperature in presence and absence of ethylene gas emitted 

from different fruits. A sample holder with a heating and cooling arrangement is 

placed inside the sensing chamber to study the optimized temperature for sensing.      
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Figure: 3.1 Gas sensing setup (a) actual photograph, (b) Schematic diagram. 

 

 

(a) 

(b) 
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3.2.2 Gas Sensor Measurements: 

Sensing measurements of the prepared GO based sensor were performed 

using a gas sensing set up inside a vacuum desiccator (Figure: 3.1). A fixed voltage 

of 2V across the electrodes of the GO pellet was supplied. Transient-current 

response of the sensor was monitored for a fixed time interval in presence and 

absence of different fruits of same mass (200gm) at room temperature. The current 

response was recorded using multi-meter and Kiethley 2450 source meter. A 

commercially available Ethylene gas sensor (MSR Ethylene sensor, MA-3-2089-F-

F) along with our developed GO based sensor was kept in the same closed 

chamber for calibration. Also, a humidity and temperature measuring sensor 

(Hygrometer testo 608-H1) was placed inside the sensing chamber for temperature 

optimization and to study the interference of humidity in gas sensor.  First, any one 

type of fruit was placed inside the closed sensing chamber for five minutes and the 

transient current values were recorded. Corresponding C2H4 concentrations 

detected by MSR sensor have also been observed which provides a current vs. gas 

concentration calibration curve. After that, the chamber was opened and the fruit 

was taken out, and the sensor was allowed to reach the initial current value. This 

process was repeated for several times for each fruit.     

 

3.3 Results and Discussions: 

3.3.1 Response Study: 

When the banana is placed inside the closed sensing chamber, C2H4 gas 

concentration inside the chamber increases with time and reaches a saturation 

value depending upon the emission rate of C2H4 from the fruit. The transient 

response of the sensor at 2V applied bias has been measured in presence of unripe, 

ripe and over ripe banana at room temperature (Figure: 3.2). 
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Figure: 3.2 Transient- Current Response  

Accordingly, the transient current value of the sensor increases with time 

and becomes saturated. Again, the emission rate of C2H4 depends on the degree of 

ripeness. The transient response curves give highest current values in case of over 

ripe fruit indicating highest C2H4 concentration compared to the unripe and ripe 

fruits. So, after proper calibration, from the transient response of our developed 

GO based sensor, the degree of ripeness of a particular fruit can be estimated [22]. 

 Calibration curve of GO pellet sensor is plotted in Figure: 3.3 for fixed time 

interval of 5 minute. As the fruit placed inside the desiccator emits Ethylene gas, 

the concentration of Ethylene increases inside the enclosed chamber. Ethylene 

concentration was monitored using MSR sensor and corresponding current output 

of the GO pellet sensor was recorded. It was observed that after 5 minute exposure 

time, orange samples produced maximum amount of Ethylene corresponding to 

maximum output current while mango produced minimum output response. So, it 

is evident that for a fixed exposure time GO pellet sensor is capable to distinguish 

different fruits based upon the amount of Ethylene emitted by them. The sensitivity 

of Go pellet sensor was calculated from the linear fit of the response curve 
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corresponding to orange samples which was found to be 0.06 µAmp/PPM. 

Standard MSR sensors have a system resolution of 20 PPM and it is impossible for 

them to detect ethylene concentration beyond this range. GO pellet sensor was 

found to have a system resolution much lower than MSR sensors (⁓ 5 PPM). 

 

 

 

 

Figure: 3.3 Calibration curve of GO pellet sensor (Fixed exposure time of 5minute and bias voltage of 2 

volt) 

 The ethylene sensing performance of the GO sensor was studied by measuring 

the conductance change of the GO pellet in presence and absence of ethylene. The 

percentage change in resistance of the sensor on ethylene exposure is defined as, 

Response(S) = [
Rair − Rethylene

Rair
] X 100 

The response of the sensor along with response time and desorption time 

when exposed to different fruits of same mass and in same ripening condition at 

room temperature are summarized in Table-1. These values differ significantly for 

different fruits. 
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Table-1: Summarized sensor parameters for different fruits. 

 

Fruits 

Response 

(S) 

(%) 

Maximum 

Change in 

Resistance (KΩ) 

Desorption Time 

(Min) 

 

Orange 

 

 

18.0 

 

 

16.473 

 

 

1.56 

 

Banana 

 

 

12.4 

 

 

12.630 

 

 

1.47 

 

Guava 

 

 

10.3 

 

 

11.454 

 

 

1.37 

 

Mango 

 

 

6.0 

 

 

6.273 

 

 

1.49 
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3.3.2 Repeatability study: 

The repeatability study was performed for three cycles with all the four 

types of fruits. After 5-minute exposure time the chamber was opened and fruit 

sample was removed. It was observed that the sensor output current reached initial 

value after approximately 1.47 minute after opening the enclosed chamber. So, 

desorption time of the GO pellet sensor was found to be around 1.47 minute. Also, 

from the repeatability curve (Figure: 3.4) obtained from three consecutive cycles, it 

was observed that the sensor is quite suitable for repeated use. 

 

 

 

 

Figure: 3.4 Repeatability curve of GO pellet sensor 

 

3.3.3 Reproducibility Study:  

 Reproducibility of the GO pellet sensor was observed for three different 

pellets prepared under same condition in different time. Reproducibility of the 

sensor is depicted in Figure: 3.5 for four different fruits. For orange samples a 

mean value of 23.76 µAmp with a SD ±0.057 corresponding to 65 PPM was 
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observed (n=3), except mango samples which produced SD as large as ±0.11. All 

the three pellets show good reproducibility.  

 

 

 

 

 

 

 

 

Figure: 3.5 Reproducibility curve of GO pellet sensor 

 

 

3.3.4 Storage Stability Study: 

Storage stability of the GO pellet sensors was studied for 19 days at room 

temperature. First-day current reading (I1) of the GO pellet sensor corresponding to 

70 PPM C2H4 concentration has been used to normalize the dataset, and 

normalized current (I/I1) was plotted against storage day in Figure: 3.6. It was 

observed that after 11th day, the response falls drastically and thus stability of the 

sensor is found to 10 days. To increase the sensor storage stability further studies 

are required to identify the reason behind degradation and to find out suitable 

solution of this drawback. 
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Figure: 3.6 Storage stability of GO pellet sensor 

 

3.3.5 Temperature Optimization: 

To optimize the operating temperature, the drop casted GO based sensor 

device was tested at various temperatures ranging from 17 ⁰C to 42 ⁰C. Figure: 3.7, 

shows the response of our GO based ethylene sensor at different temperatures for 

⁓50 ppm of ethylene gas concentration liberated from guava. The plot clearly 

shows that the sensor is most sensitive at temperature ⁓22⁰C, which is close to our 

room temperature. The applied voltage between the electrodes was 2V. 
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Figure: 3.7 Temperature Optimization of GO sensor 

3.3.6 Humidity Interference: 

 Finally, the interference of ambient humidity in ethylene gas sensing 

has also been studied. Like any other gas sensors, humidity is found to affect 

significantly the sensing measurements of our sensor. Figure: 3.8 shows the sensor 

response at 40 and 60 PPM ethylene concentration with relative humidity ranging 

from 55 to 95%. It is clear from the figure that the sensor response has increased 

on order of magnitude for the higher value relative humidity.     

 

Figure: 3.8 Humidity response study of GO sensor 
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3.3.7 Comparison with other materials: 

We also compared the performance of our GO based sensor with other 

sensors made from two well-known sensing materials, ZnO and MoS2. Here we 

use drop casted materials instead of pellet, which is shown in Figure: 3.9. At room 

temperature, a fixed bias voltage (2 Volts) was applied across the two electrodes of 

the sensor device and output current was recorded with a guava as the source of 

ethylene gas. The output current vs ethylene concentrations clearly identify that 

GO based Ethylene sensor is most impactful compared to the other two materials 

which is shown in Figure: 3.10.  

     

Figure: 3.9 Drop casted materials in glass slit.      Figure: 3.10 Comparison with another materials graph. 

 

3.4 Sensing Mechanism:  

In our GO based conductive type ethylene gas sensor, the conductivity of 

GO sensing layer increases with increasing ethylene concentration. Here, we 

propose a sensing mechanism. During oxidation of graphite, oxygen functional 
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groups bond with carbon plane leading to numerous C-O bonds where electrons 

are pulled away from carbon atoms towards oxygen atoms producing holes in the 

carbon network [23-25].  

Thus, GO shows p-type semiconductor behavior. Oxygen atoms on GO 

surface often form non-stoichiometric bonds [26] which are a key factor behind the 

gas sensing mechanism of GO pallets.  

Ethylene is a reducing gas [27] which reacts with these non-

stoichiometrically attached oxygen atoms present on GO surface leaving behind 

surface holes which increases carrier concentration in p-type GO pallet. So, with 

increase in ethylene concentration more and more surface holes are generated 

leading to constant increase in the conductivity of the samples. 

 

3.5  Conclusion: 

In the previous chapter, we have discussed the fabrication of GO based 

conductive type ethylene gas sensors for freshness monitoring of fruits. In this 

chapter, the sensors have been tested using different fruits at room temperature in a 

closed sensing chamber specially designed by the purpose.  

The sensor can clearly identify different fruits having the same mass in perfect 

ripening condition, thus can be used to differentiate between different ripe fruits in 

e-nose application. For a particular fruit, the sensor can also differentiate the 

unripe, ripe and over ripe condition. GO pellet sensors show sensitive and reliable 

ethylene gas-sensing performance. The sensor shows the capability of lower 

resolution from standard MSR sensors with good reproducibility.   
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The comparative study of response clearly shows that our GO based sensor is 

more sensitive towards ethylene compared to other well known gas sensing 

materials. Finally, a sensing mechanism has been proposed to understand the 

conductive type sensing of GO based ethylene gas sensor.    
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Chapter 4:  

Summary and Conclusions 

 

 

 

 

 

 

 

 

 

4.1 Summary of the present work: 

Graphene oxide (GO) is a viable platform for gas sensors due to its extremely 

high surface to volume ratio, the most crucial factor for improved gas adsorption, 

the first step in gas sensing. As GO is readily available and simple to prepare, it is 

also very simple to manufacture sensors utilizing it. GO as a gas sensor has certain 
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limitations for commercial use despite its many benefits. The electrical response may 

be impacted by fermi level pinning caused by the high density of surface states. The 

research reported in this thesis sought to determine the potential of graphene oxide 

as a transducing material for fruit freshness monitoring application through ethylene 

(C2H4) gas sensing. 

In the first chapter, an extensive literature survey is provided to understand 

the basic sensing mechanism of different types of gas sensors, their design 

methodology, choice of suitable substrates, device characterization and modelling. 

Based on this knowledge, the objective of the present thesis has been formulated. 

The main objective of the present work is to develop a GO based conductive type 

ethylene gas sensor for the freshness monitoring of fruits.  

The second chapter deals with the fabrication and characterization of GO. GO 

has been prepared using Hummer’s Method. The structural and morphological 

characterization of the prepared multilayered GO was performed by X-Ray 

Diffraction, Field Emission Electron Microscopy (FESEM) and Ramman 

Spectroscopy. After that, the powdered GO was pressed to form a pellet. Also, GO 

solution was drop casted on glass substrate to form thin film. On both the pellet and 

thin film sensors top electrodes were formed by coating room temperature Ag paste.    

In chapter three, we have studied a multilayer graphene oxide based conductive 

type Ethylene gas sensor to detect change in concentration of ethylene due to fruit 

ripening. Here, the sensors have been tested using different fruits at room 

temperature in a closed sensing chamber specially designed by the purpose.  

The sensor can clearly identify different fruits having the same mass in perfect 

ripening condition, thus can be used to differentiate between different ripe fruits in 

e-nose application. For a particular fruit, the sensor can also differentiate the unripe, 
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ripe and over ripe condition. GO pellet sensors show sensitive and reliable ethylene 

gas-sensing performance. The sensor shows the capability of lower resolution from 

standard MSR sensors with good reproducibility.   

The comparative study of response clearly shows that our GO based sensor is 

more sensitive towards ethylene compared to other well known gas sensing 

materials. Finally, a sensing mechanism has been proposed to understand the 

conductive type sensing of GO based ethylene gas sensor.   

 

 

4.2 Scope of Further Work: 

The work reported in this thesis has led to some understanding of the enhanced 

sensitivity, selectivity and other parameters of the graphene oxide based conductive 

types ethylene gas sensors. Long term stability is an important factor for device 

application. Based on the limitations of the sensor system, further work can be 

initiated to improve the technology and sensing materials of the system for better 

performance. We have tested that GO is much more sensitive towards ethylene when 

compared to other hydro carbon has not been tested. This knowledge base will be 

utilized to carry out further studies in the following areas: 

1. There are immense scope of further improvement of our sensing 

chamber, which affect our work significantly. 

2.  Use of better measuring instrument instead of multimeter and 100% 

closed chamber may increase the cost but reduce system noise 

significantly. 
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3. The integration of the sensor with commercially available radio 

frequency identification device (RFID) tags for in-field wireless 

monitoring of the ripening condition of fruits may be the future scope of 

work.  


