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ABSTRACT 

Today, we stand at the beginning of what looks like a scientific and 

technological revolution: the age of nanotechnology.  Nanotechnology deals with using 

nanomaterials to develop products for practical application and the miniaturization of 

electronic devices. This holds the promise of enabling us to manipulate material at the 

nanometer scale, resulting in tools and technologies never dreamt of in earlier centuries. 

Nanotechnology opens up new frontiers for innovation in electronics medicine and 

material, etc. In human history, technology and the gathering of scientific information 

seems to have advanced in a more exponential in a self-enhancing manner. This has 

certainly been true after the enlightenment in the world, the gain in scientific knowledge 

and technology mastery.  It has spurred on the development of the natural sciences 

which itself is helping to create new technologies to better exploit our resources and 

create new opportunities.  

An important thread in the unfolding story of nanotechnology is carbon 

nanostructures, discovery and research of which has significantly donated to shaping the 

route that science at the nanoscale have been taken. These carbon nanostructures include 

fullerenes, carbon nanotube, and Graphene. All of these nanostructures are composed of 

entirely sp
2
 hybridized carbon atoms forming different structures, from carbon 

nanosheet: Graphene to soccer ball type structure: fullerenes with the inclusion of 

tubular carbon sheet: carbon nanotube. These materials have a variation in the physical 

and chemical properties according to their atomic structure. From the earliest theoretical 

and experimental investigations regarding the electrical property of Graphene, it is found 

that Graphene has some unusual properties such as very high electrical conductivity with 

high thermal stability. Now from the last two decades, more and more extraordinary 

properties of Graphene have come into the light, for example, the high charge carrier 

mobility of Graphene and exceptional mechanical properties, such as Young’s modulus 

more than 1 Tpa for Graphene. With the discovery of more and more of their exotic 

properties the incentive for further research and the promise for practical applications of 

this material become even greater. 
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 Over the past few decades, a great deal of research efforts has been made towards 

the development of humidity and gas sensing devices for practical applications ranging 

from toxic/inflammable gas detection to continuous environmental monitoring. In the 

present Thesis work, efforts have been made for the development of Graphene-metal 

oxide nanocomposites based sensor having ultrafast detection with low response-

recovery time. There are seven chapters in this Thesis and a brief outline of its contents is 

as follows: 

Chapter 1:  

 This chapter addresses a brief review on synthesis techniques of the Graphene, 

Graphene Oxides, and their functionalization along with the basics of different types of 

sensors. Also, this chapter provides the recent literature survey on the humidity and LPG 

sensors which are based on functionalized Graphene and carbon nanomaterials. 

Chapter 2:  

 Chapter 2 includes the synthesis of the modified Graphene via thermal reduction 

method and also deals with the impedance-based humidity sensing at the optimized 

frequency by performing the experiments on different frequencies. The thin film of the 

synthesized material was investigated with SEM and UV-visible spectroscopy. The very 

dilute solution of the sample was used in particle size analysis. The BET, FTIR, and 

Raman spectroscopy were carried out with the help of the powdered sample. The 

impedance of the sensing element at different frequencies was recorded and optimized. A 

detailed impedance-based humidity sensing mechanism was also discussed. At optimized 

frequency, the sensitivity, response–recovery times were calculated. The experiment was 

repeated to observe its repeatability and long term ageing effects.  

Chapter 3:  

 Chapter 3 details the development of a capacitance-based humidity sensor along 

with the synthesis of five-layered Graphene Oxide (GO) and GO functionalization with 

iron oxides (Fe-GO) by chemical route. The thin film of Fe-GO was employed to observe 

the humidity sensing potential at an optimized frequency (as optimized in Chapter 1). The 

synthesized materials were characterized by SEM, EDX, BET, XRD, Particle size 

analysis, UV-Vis. spectroscopy, FTIR, and Raman spectroscopy. The SEM micrographs 

of Fe-GO deal with a unique flower-like structure. The capacitance of thin-film based on 
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Fe-GO was recorded. Sensitivity and response-recovery times were calculated, further, 

the experiment was also repeated after some time to check the repeatability and long-term 

stability.  

Chapter 4: 

 Chapter 4 describes the designing of highly selective and sensitive room 

temperature operated LPG and humidity sensors fabricated by a thin film of Graphene 

functionalized with CuO/SnO2 nanocomposites (GCS). The GCS was synthesized with 

the hydrothermal technique.  The synthesized material was under observation with SEM, 

XRD, UV-Visible spectroscopy, Particle size analyzer, FTIR, and Raman spectroscopy 

for characterization purposes. The constructed sensing element was investigated with 

humidity and LPG sensor characterization setups. The LPG sensor was inspected with 

0.5, 1.0, 1.5, and 2.0 vol.% LPG concentrations. The sensor response, sensitivity, and 

response-recovery times along with reproducibility and selectivity of the sensor were also 

reported in this chapter.    

Chapter 5:  

 In this chapter, five-layered GO functionalized with Poly Pd acrylamide SnO2 

nanocomposite metallopolymer (MP-GO) based LPG and humidity sensors have been 

developed. The GO was functionalized with metallopolymer by using N-Methyl 

Pyrrolidone (NMP). The synthesized samples were investigated with SEM, XRD, 

Particle size analyzer, UV-Vis. spectroscopy, FTIR, Raman spectroscopy, and other 

characterization techniques. The fabricated sensing element was characterized by LPG 

and humidity sensing characterization setups. The LPG sensing characteristics of the 

sensor was observed by exposing various concentration of LPG along with detailed LPG 

sensing mechanism. The sensitivity, %sensor response, reproducibility, and response-

recovery times of the sensor were calculated and the sensor was found very selective for 

the LPG in comparison to humidity, acetone, ethanol, and CO2 gas.  

Chapter 6:  

 This chapter addresses the development of highly selective and sensitive room 

temperature operated CO2 and humidity sensors fabricated by a thin film of 

Graphene@CuO) nanocomposites synthesized via Chemical Vapor Deposition technique. 

For characterization purposes, the synthesized Graphene@CuO nanocomposites were 
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under investigation with SEM, XRD, UV-Visible spectroscopy, Particle size analyzer, 

FTIR, and Raman spectroscopy.  The fabricated sensor was under observation with CO2, 

LPG, and humidity sensing characterization setups. The CO2 sensor was examined with 

0.5, 1.0, 1.5, and 2.0 vol.% CO2 gas concentrations. The sensor response, sensitivity, and 

response-recovery times along with reproducibility and selectivity of the sensor were also 

reported in this chapter.    

Chapter 7:  

 The last chapter summarizes the concluding remarks of the entire research work 

of the Thesis and also deals with the future research scope of the functionalized Graphene 

nanomaterials in the field of sensors.  
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PREFACE 

 

The humidity has much importance for the human being as well as non-livings. It 

refers to the water in the gaseous form which obeys all laws of gases. Humidity is one of 

the essential biotic factors which adopt the environment of a particular plant or animal. 

Humidity investigation is important for weather forecasts because it is a climate variable 

but also affects the other climate variables sturdily.  Hyperthermia, fatigue, skin irritation, 

and some respiratory disorders may be tracked through humidity concentration in a 

breath at high humidity condition when surrounding is warmer than the body 

temperature. Also, monitoring moisture levels in agriculture and during food processing 

are necessary. Moisture content in a fuel decides the uncertainty in its energy content 

hence moisture sensing of the fuel is important. Also, humidity monitoring is important 

for human comfort and achieving hygienic conditions. Due to the above described 

manifold significance of humidity for mankind, researchers are keenly interested to work 

in the field of humidity sensors. 

Liquefied Petroleum Gas (LPG) is a combustible gas and it is widely used as a 

fuel for domestic heating and industrial purpose. Although it is an extensively used gas 

and its leakage is very hazardous. Hence, its detection is crucial in the early stages to 

avoid active destruction.  

Global warming is the consequence of continuously increasing the concentration 

of CO2 in the atmosphere. Since the mid-20
th

 century, the amplified emission of CO2 and 

other greenhouse gases has been understood to be the cause of the increase in the average 

near-surface air and ocean temperature of the earth, a phenomenon known as global 

warming. Also, the excess of CO2 in the natural environment causes suffocation and 

creates unconsciousness in human beings. Due to day by day increase in air pollution and 

global warming, there is a great deal of interest in developing a gas sensor for checking 

air pollution, detecting harmful gases, monitoring other agro-based products, home 

safety, and handheld breath analyzer etc. A lot of research work has been done on the 

miniaturization of gas sensors which is economically cheap with high sensitivity, good 

sensor response, and the least response-recovery time. There are various n-types and p-
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types metal oxide semiconductor gas sensors like ZnO, TiO2, NiO, SnO2, CuO, In2O3, 

Fe2O3, etc available in the market for the detection of harmful gases. However, after a 

literature survey, I found that there is very less work done on the design and development 

of  LPG and CO2 sensors operable at room temperature (300 K). The main goal of the 

present investigation is to design and fabricate Humidity, LPG, and CO2 gas sensor which 

would be robust, more sensitive with reduced response time, economically cheap, and 

easy to fabricate than previously reported sensors. 

 For this purpose, we have focused on the synthesis of Graphene functionalized 

with various metal oxides which possess enhanced sensing features for the detection of 

Humidity, LPG, and CO2 at room temperature.  

 The present thesis is divided into seven chapters. Chapter 1 contains the basics of 

the sensors along with a brief history of the carbon nanomaterial, review on synthesis 

techniques of the Graphene, Graphene Oxides and their functionalization. The synthesis 

of the modified Graphene via thermal reduction method its application as an impedance-

based humidity sensor at optimized frequency is depicted in Chapter 2. In Chapter 3, 

the development of capacitance-based humidity sensor along with the synthesis of the 

five-layered Graphene Oxide (GO) functionalized with iron oxides (Fe-GO) by chemical 

route, are demonstrated. Chapter 4 describes the design of highly selective and sensitive 

room temperature operated LPG and humidity sensors fabricated by a thin film of 

Graphene functionalized with CuO/SnO2 nanocomposites (GCS).  Chapter 5 presents 

the GO functionalized with Poly Pd acrylamide SnO2 nanocomposite metallopolymer 

(MP-GO) for the LPG and humidity sensors. Development of highly selective and 

sensitive room temperature operated CO2 and humidity sensors fabricated by a thin film 

of Graphene on CuO nanocomposites synthesized via Chemical Vapor Deposition 

technique are reported in Chapter 6. It also reports the enhanced sensitivity and sensor 

response of the CO2 gas sensor.  A summary of synthesis, characterization of Graphene, 

and its composites with metal oxides for the humidity, LPG, and CO2 gas sensing are 

reported in Chapter 7. And also this Chapter contains the future research scope of the 

metal oxide functionalized Graphene materials in the field of sensors.  
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CHAPTER 1 

 

This chapter contains the basic introduction to Graphene, its properties synthesis and 

functionalization techniques and their roles in various applications. The chapter also 

provides the details of the electrochemical sensors. Applications of Graphene in various 

fields like humidity sensing, gas sensing have been also discussed here. The chapter also 

introduces the detailed information about the ongoing research on Garphene in the field of 

sensors. 
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CHAPTER 1 

Introduction and aim of present research work 

1. 1 Introduction 

The technology and the assembly of scientific information seem to have 

advanced in an exponential and self-enhancing manner day by day. This has become 

true definitely after the enlightenment of the scientific knowledge, and technology 

mystery.  Today, we stand at the beginning of what looks like a scientific and 

technological revolution: the age of nanoscience and nanotechnology. This technology 

holds the promise of supporting us to handle material at the nanometer scale, resulting in 

tools and technologies. The nanomaterial-based technology never dreamt of in earlier 

centuries opens up new frontiers for innovation in electronics, medicine, and material 

etc. 

An important thread in describing the story of nanotechnology is carbon 

nanostructures. The discovery and significant inquiry have been contributed to shaping 

the route at the nanometer scale. The carbon nanostructures consist of the fullerenes, 

carbon nanotubes, and Graphenes. All of these nanostructures are composed entirely of 

sp
2
 hybridized carbon atom creating different structures, from tubular carbon sheet 

(carbon nanotube) to soccer ball type structure (fullerenes). According to the atomic 

structures, the physical and chemical properties of these materials get varied.  Now from 

the last two decades, a more and more extraordinary property of Graphene (very high 

electrical conductivity, high carrier mobility, thermal stability and good stability in 

acidic and basic medium) has come into the light. With the discovery of more and more 
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of their mysterious properties the incentive for further research and the potential of 

practical applications, Graphene becomes even greater. 

1.2 Motivation 

 The challenges of Graphene-based research, in particular, can be addressed on 

two fronts; one is the preparation of Graphene, the other is the investigation of its sensing 

application in various fields such as biosensors, electrochemical sensor etc. To explore 

and harness the rich physics of Graphene, a new method is required to tailor their 

properties, and current methods of sample investigation need to be adapted. This thesis is 

a contribution to the advancement of both of these objectives, through the following 

studies: 

 Exploring the cheapest method for synthesis of Graphene using wet chemical 

methods. 

 Introducing a sample preparation technique that solves the sample solubility 

issues and detection of humidity/Gas at room temperature. 

In the introductory chapters, the properties of Graphene, and functionalized Graphene 

will be presented along with the relevant experimental methods. Further, the challenges 

faced in the investigation of the above two topics will be explored and answered. 

1.3  Background of the Carbon 

The origin of the Carbon is from the Latin word “Carbo” which means coal and 

its symbolic representation in the periodic table is C with atomic number 6.  It is the non-

metallic tetravalent forming four covalent bonds. The atomic weight, electronic 
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configuration of the same element has been illustrated in the Fig. 1.1. Carbon attracts the 

attention of the researchers because it is the 15
th

 most abundant element in the Earth‟s 

crust and 4
th

 most abundant element by mass in the universe after the hydrogen, helium 

and oxygen. It is present in all known life forms, and in the human body carbon is the 

second most abundant element by mass (about 18.5%) after oxygen [1]. The bonding 

between the carbon atoms results in several allotropes of the Carbon. The physical 

properties of the Carbon vary widely with the allotropic form. The allotropes of the 

Carbon  are graphite, diamonds.  

P. Marigo et al in July 2020 reported that carbon was formed in white dwarf stars, 

particularly those bigger than two solar masses [2]. Carbon is abundant in the sun, starts, 

comets and the atmosphere of most planets. 

1.4 Nanomaterials of the Carbon 

Nanotechnology is the branch of science and engineering dedicated to materials 

having at least one dimension in nanoscale 1 to 100 nm. At this dimension, the materials 

exhibit peculiar and fascinating structural, thermodynamic, electromagnetic, electronic 

spectroscopic, and chemical properties which are of great interest in the scientific 

community. Based on the nanoscale size in dimension, the nanomaterials are classified as 

0D, 1D, 2D, and 3D. On the basis of the structures, carbon nanomaterials can be 

classified as Buckminsterfullerene (0D), Carbon nanotubes (1D), Graphene (2D), and 

Graphite (3D). A short history of the carbon nanomaterials is discussed here. 

1.4.1 Fullerene 
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Fullerene (Buckminsterfullerene) or buckyball was the new form of carbon in 

1985. Before it the pure carbon was found on the earth only in two forms one is the 

graphite and other is diamond. Fullerene was discovered in 1985 by Sir H.W. Kroto 

(from University of Sussex, Brighton, England) and their co-workers Richard E. Smalley 

and Robert F. Curl (from Rice University, Houston). During the vaporization of the 

graphite rod in the atmosphere of the Helium, they find the cage-like molecule consisting 

of the 60 carbon (C60) atoms joined together with a single and double bond-forming the 

hollow sphere of the 12 pentagonal and 20 hexagonal structures. This structure has 

resembled with the football or soccer ball. For this new pioneer effort, they were awarded 

by the Nobel Prize in the year 1996. The name of the C60 structure was proposed as 

Fullerene with an American engineer and architect R. Buckminster Fuller, whose 

geodesic dome principle was found on the hollow sphere of the 12 pentagonal and 20 

hexagonal structures [3, 4]. 

1.4.2 Carbon nanotubes (CNTs) 

It is an intermediate allotrope of the Fullerene cage and flat Graphene. During the 

synthesis of the Fullerene with the arc discharge technique, Sumio Iijima of Japan 

observed the first CNTs structure in the HRTEM in the year 1991. This structure was 

elongated cousins of buckyballs and also was the Multiwall carbon nanotubes (MWCNT) 

[5]. After two years in 1993, Sumio Iijima and Ichihasshi of NEC in the Fundamental 

Research Laboratory, Tsukuba Science City in the Japan [6] and Bethune and their 

colleagues at Almaden Research Centre in California have been reported the synthesis of 

the single-wall carbon nanotube (SWCNT) [7].  

1.4.3 Graphene 
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Graphene is a single layer of carbon packed in a hexagonal honeycomb lattice 

having the carbon-carbon distance of 0.142 nm. It is truly the first 2D crystalline material 

and it is demonstrative of a whole class of two-dimensional materials e.g. single layer of 

Boron-Nitride (BN) and Molybdenum-disulphide (MoS2). After the experimental 

discovery of Graphene in 2004, the trends in two-dimensional research started [8].  

In 1947, P.R. Wallace reported a theoretical study on Graphene.  He proposed the 

electronic structure and observed the linear dispersion relation [9]. J.W. McClure had 

already written down the wave equation for the excitations in1956 [10], and also G.W. 

Semenoff discussed the similarity to the Dirac equation in 1984 [11]. Since the 1960‟s 

the Graphene-like structures had been already known [12-15] but there were 

experimental difficulties in isolating single layers in such a way that electrical 

measurements could be performed on them, and there were doubts that this was 

practically possible. 

Thus, the difficulty was not to fabricate the Graphene structures but to isolate 

sufficiently large individual sheets to identify and characterize the Graphene and to verify 

its unique two dimensional (2D) properties.  The first mechanical exfoliation method for 

extracting the thin layers of graphite from a graphite crystal with the Scotch tape and then 

transferred these layers to a silicon substrate was proposed and tried by the R. Ruoff‟s 

group but they were not able to identify the monolayer [16].  That doubtful assumption 

was put to rest in 2004.  Andre K. Geim, in collaboration with Kostya S. Novoselov and 

his co-workers at the University of Manchester in England, was studying a variety of 

approaches to making even thinner samples of graphite. Geim, Novoselov, and their 

collaborators succeeded in doing the same experiment. They published their results in 
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October of 2004 in Science. In this paper, they described the fabrication, identification 

and Atomic Force Microscopy (AFM) characterization of Graphene [17]. 

It is interesting to consider that everyone who has used an ordinary pencil, has 

probably produced Graphene-like structures without knowing it. A pencil contains 

graphite, and when it is moved on a piece of paper, the graphite is cleaved into thin layers 

that end up on the paper and make up the text or drawing that we are trying to produce. A 

small fraction of these thin layers will contain only a few layers or even a single layer of 

graphite, i.e. Graphene. 

Overall, Graphene is the mother of all Graphitic carbon nanomaterials.  The 

structure of Fullerenes, carbon nanotubes (CNTs) and graphite can be produced from the 

Graphene. It is a monolayer of carbon atoms in graphite, wrapped in fullerene and rolled 

form in the carbon nanotube as shown in Fig. 1.2 [18]. Graphene derives from two words 

Graph (Graphite) +ene (carbon-carbon double bond) [19]. 

Graphene is recently discovered nanomaterial of the Carbon, researchers‟ focuses 

on this due to its extraordinary properties. Some of the properties of the Graphene are 

discussed below: 

1.4.3.1 Properties of Graphene 

1.4.3.1.1 Band structure of the Graphene 

The electronic structure of graphene is rather changed from the usual 3D materials. Its 

Fermi surface has six double cones, which is shown in Fig. 1.3. The Fermi level in 

intrinsic (undoped) Graphene is situated at the connection points of these cones. Since the 

density of states of the material is zero at that point, the electrical conductivity of intrinsic 

Graphene is quite low and is of the order of the conductance quantum σ ~ e
2 

/h; the exact 
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prefactor is still debated. The Fermi level in materials can however be reformed by an 

electric field so that it becomes either n-doped (with electrons) or p-doped (with holes) 

based the polarity of the applied field. In the case of the Graphene the doping is 

performed by adsorbing, for example, water or ammonia on its surface. The electrical 

conductivity of the doped Graphene at room temperature is potentially quite high and it 

may even be higher than that of copper. Near to the Fermi level, the dispersion relation 

for electrons and holes is linear. Since the effective masses are given by the curvature of 

the energy bands, this relates to the zero effective mass. The equation relating the 

excitations in Graphene is formally identical to the Dirac equation for massless fermions 

that move with a constant speed and therefore the connection points of the cones are 

named as Dirac points. This gives rise to interesting similarities between Graphene and 

particle physics, which are valid for energies up to approximately 1 eV, where the 

dispersion relation starts to be nonlinear. One result of this special dispersion relation is 

the quantum Hall effect which becomes unusual in Graphene.  

The energy (E) for the excitations in Graphene as a function of the wavenumbers, kx and 

ky, in x and y directions. The black line represents the Fermi energy for an undoped 

Graphene crystal.  

1.4.3.1.2 Density  

The area of the hexagonal unit cell of Graphene is 0.052 nm
2
 along with having 

two carbon atoms per unit cell. The calculated density is 0.77 mg/m
2
.   

1.4.3.1.3 Optical transparency 

The suspended Graphene does not have any color.  Therefore, Graphene is almost 

transparent and absorbs only 2.3% of the light intensity, independent of the wavelength in 
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the optical domain. This number is given by π α, where α is the fine structure constant 

[20].  

1.4.3.1.4 Strength  

The breaking strength of Graphene is 42 N/m. The range of breaking strength in 

Steel is 250-1200 MPa = 0.25-1.2x109 N/m
2
. A hypothetical steel film of the same 

thickness as Graphene (the layer thickness of 3.35Å=3.35x10
-10

 m in graphite) would 

give a 2D breaking strength of 0.084-0.40 N/m. Overall we can say that Graphene is 

more than 100 times stronger in comparison to the strongest steel [21].  

1.4.3.1.5 Electrical conductivity  

Formula σ = enμ is used for the sheet conductivity of a 2D material. 

Theoretically, the mobility is limited to μ = 200,000 cm
2
V

−1
s

−1
 by acoustic phonons at a 

carrier density of n = 10
12

 cm
−2

. The resistance per square is called resistivity of the 2D 

sheet and is calculated as 31 Ω. We get a bulk conductivity of 0.96 x 10
6
 Ω

-1
cm

-1
 for 

Graphene by using the layer thickness. This is somewhat higher than the conductivity of 

copper which is 0.60x10
6
 Ω

-1
cm

-1 
[22]. 

1.4.3.1.6 Thermal conductivity 

Thermal conductivity in Graphene is ruled by the phonons and has been observed 

at approximately 5000 Wm
−1

K
−1

. At room temperature, Copper has a thermal 

conductivity of 401 Wm
−1

K
−1

. Therefore, Graphene conducts heat 10 times better in 

comparison to copper [23]. 

1.5 Synthesis techniques of Graphene 

Due to keeping mind the extraordinary property of the Graphene, it has been 

proved as a magic material and also becomes the part of the attraction for the researchers 
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in the field of nanoscience and nanotechnology. It also attracts attention to 2D materials. 

There are several techniques for the synthesis of Graphene which have been shown in 

Fig. 1.4. 

1.5.1 Mechanical exfoliation method 

Andrei Geim and Kostya Novoselov separated a graphene layer from HOPG for 

the first time using a mechanical exfoliation method with the help of Scotch tape [17]. In 

this method, there was a drawback of a tiny surface area of the single-layer Graphene. 

However, it is not suitable for mass production because of the difficulty in controlling the 

size of the sheets and the number of layers [24]. Andrei Geim and Kostya Novoselov 

both Physicists were awarded the Noble Prize for this discovery in 2004.  

1.5.2 Liquid phase exfoliation  

The production of Graphene through the liquid-based exfoliation of graphite is 

typically a promising technique for large-scale Graphene synthesis [25]. In this method, 

the exfoliation of graphite has been done from the dispersion of graphite flakes in a 

solvent. The ultrasonication process is used to separate individual graphitic layers in the 

graphite dispersion. Also, using centrifugation or sedimentation the separation of a 

single-layer Graphene from the remaining multi- and few-layer graphitic layers in the 

solvent has been achieved. To selecting a solvent, it is important to minimize the 

aggregation of single-layer Graphene. Therefore, it is necessary to minimize the 

interfacial tension between the graphite and the liquid [26, 27]. 

1.5.3 Electrochemical exfoliation 

Electrochemical exfoliation of graphite into Graphene comprises carbon sources 

(graphite or graphite foils or highly oriented pyrolytic graphite rods) as electrodes in an 
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aqueous or non-aqueous electrolyte solution. M. Coros et al. demonstrated a simple, cost-

effective electrochemical approach to synthesize the Graphene with the electrochemical 

exfoliation of graphite rods in acidic electrolytes. In this technique size of synthesized 

Graphene flakes and the exfoliation/oxidation level depends upon the electrochemical 

parameters like electrolyte concentration, applied bias [28, 29].  

1.5.4 Epitaxial growth on SiC 

The epitaxial growth of the Graphene on SiC substrate involves the fabrication of 

Graphene by the thermal decomposition on a prepared SiC surface in temperature 

conditions of up to 1450 °C for 20 min [30]. The thermal decomposition of SiC is a 

method to produce high-quality Graphene and the epitaxial grown Graphene can be 

applied to electrical devices directly without transferring to another substrate. It is very 

much tough to transfer Graphene epitaxially grown on SiC to the other substrate due to 

the strong binding between the deposited layer and SiC substrate.  SiC is well-matched 

with these applications and also produces films that are electrically continuous at a 

millimeter scale. This method of fabrication of Graphene has limited applications. The 

production of uniform epitaxial grown Graphene on C-face 6H-SiC substrates with a 

sputtered SiC film under the Ar atmosphere by annealing temperatures ranging from 

1400 to 1900 °C has been reported [31, 32].  

1.5.5 Chemical Vapor Deposition  

The Chemical Vapor Deposition (CVD) method comprising chemical gases or 

vapors react on the substrate surface of nanostructure or coating [33, 34]. A CVD setup 

consists of a quartz tube, quartz board, heating filament as shown in Fig. 1.5. This 

method has the advantages of a high degree of control, uniform deposition, high quality 
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and low cost.  The synthesis of Graphene films via the CVD method involves the 

decomposition of a liquid or gas at high temperatures to form the film on the substrate.  

Ni film on SiO2/Si wafers or copper foils is mostly used substrates for the 

synthesis of the Graphene. CVD method can be used as a relatively high-through put 

production method and it has been proved that the deposited Graphene film can be 

transferred from the one substrate to a wide range of other substrates. Thus, the CVD 

method is potentially suitable for applications where a Graphene film is mandatory on a 

flexible or polymeric substrate that could not survive at high-temperature processing. The 

quality of the film deposited onto a substrate depends on the growth temperature. The 

opening first attempt to grow the graphitic layers was carried out in 1960 [35, 36]. Hong 

et al. informed a technique to transfer and measure the Graphene on the nickel (Ni) films 

using polydimethylsiloxane (PDMS) films as intermediate adhesive layers. This came to 

be along with the high-speed development of the CVD growth technique of Graphene 

[37]. One of the anxiety was focused on the production of Graphene, which is a 

noteworthy and important issue regarding the practical application. In a short time, CVD 

growth of Graphene has made the revolution in characterization, transfer technique, and 

growth with high quality and large quantity. Hence CVD has proven one of the more 

mature and attractive Graphene engineering techniques with the industry applications 

[38]. 

In comparison to other methods, CVD growth of Graphene shows the superior 

features as a large area continuous film, produces in roll to roll way, simple, repeatable 

and low cast. However, this method also suffers from the quality problem that 

disadvantaged its application in the area such as electronic devices. The requirement for 



 Introduction and aim of the present work   

 

14 

 

the advanced application in the near future,  we have to make efforts in the following 

areas: 

1. The high degree controlling of the size of single-crystal Graphene and number of 

layers of Garphene. 

2. Complete transferring technique with low defects, low contamination, and low 

cast in roll to roll way. 

3. Handling of morphology, doping, and functionalization. 

1.5.5.1 Mechanism of CVD technique of Graphene production on 

various substrates 

 The mechanism of the CVD growth of Graphene depends upon the nature of the 

substrate used. There are two types of substrates that are used in Graphene production: 

1. Precipitation on metal with high solubility of C such as Ni [39]. 

2. Absorption and nucleation growth on the surface of the metal with low solubility 

of C such as Cu [40, 41]. 

Not only Ni, Cu are metal substrates on which Graphene film can be grown but also 

platinum (Pt), ruthenium (Ru), iridium (Ir), cobalt (Co), palladium (Pd) used [42-46]. 

For the convenience of cost and feasibility point of view, Ni and Cu are mostly used. 

In a typical CVD process growth of the Graphene film on the Ni substrate 

involves the high-temperature decomposition of liquid or hydrocarbon gas. The carbon 

source consists of hydrocarbon gases e.g. CH4, C2H2 etc.. These gases decompose and 

melt into the Ni bulk [47]. The reaction time is preserved shortly for a suitable dissolution 

of carbon. Then the substrate is cool down and the carbon layers will found on Ni 

substrate. The cooling rate decides the carbon amount of precipitation. An extremely fast 
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or very slow cooling rate usually results in no carbon separation. A moderate cooling rate 

can be producing an appropriate amount of carbon which leads to a few layers of 

Graphene on the substrate. There is the biggest challenge for the growth of the Graphene 

on Ni substrate to control the amount of the diffusing carbon and get the monolayer. A 

schematic of the mechanism of the synthesis of the Graphene on Ni substrate is shown in 

Fig. 1.6. A. Guermoune and their colleagues reported a paper for the synthesis of the 

Graphene on Cu substrate via CVD technique using the alcohols. They used the average 

growth temperature 850°C and the temperature of the quartz board is kept constant for 20 

minutes to remove any generated oxide layer on the Cu. The schematic of this is shown 

in Fig. 1.7. This consists of the four regions as heating, annealing, exposure of the alcohol 

and formation of the Graphene. The time of the annealing and exposure of the alcohol is 

20 and 5 minutes respectively [48]. 

The recently published reports on the CVD synthesized Graphene have been summarized 

in Table 1 [49-60]. 

1.5.6 Unzipping of Carbon nanotubes  

 To produce a two-dimensional Graphene nanoribbon, it is possible to „unzip‟ a 

one-dimensional carbon nanotube (CNT) (i.e., break a continuous line of bonds along its 

length or in a helical pattern). . The process for producing the CNTs from graphite 

electrodes by the arc discharge method is well recognized [5]. There are various methods 

for the unzipping single- and multi-walled CNTs (SWCNTs and MWCNTs respectively) 

have been described, including suspension first in concentrated sulphuric acid and then in 

potassium permanganate in mild conditions [61], argon plasma etching [62], and 

mechanical sonication in an organic solvent. Although the unzipping of CNTs produces 



 Introduction and aim of the present work   

 

16 

 

Graphene nanoribbons approximately 10–20 nm in width rather than continuous sheets, it 

is possible to use these ribbons to produce arrays [63]. 

1.5.7 Reduction of Graphite oxide  

The synthesis procedures along with the history of synthesis of the multilayered 

Graphene or Graphite oxide has been described as below [64-66]:  

1.5.7.1 Brodie method 

The first time to elucidate the structure of multilayered Graphene oxide (graphite 

oxide) in the year 1859 Benjamin Brodie [67] treated the graphite with strong oxidizers. 

In this experiment, he heated lamellar graphite (with distinction to amorphous) in a 

mixture of potassium chlorate (KClO3) and fuming nitric acid (HNO3) at 60 °C for few 

days (3-4 d). The obtained product (say GO-BR) was a composition of carbon, hydrogen 

and oxygen and its averaged general formula was estimated to C11H4O5 (C/O: 2.2). Also, 

he perceived that the product was soluble in basic or pure water, and tended to flocculate 

in more acidic media. Furthermore, the material had a feeble acid reaction when placed 

upon litmus paper. 

1.5.7.2 Stunadenmaier-Hofmann method 

Almost forty years later, L. Staudenmaier [68] upgraded the Brodie's method.  He 

amended the way potassium chlorate was added to the reaction mixture and by adding 

sulfuric acid portion-wise during the reaction. More precisely, the KClO3 was added into 

the small doses to remove the danger linked with the evolution of explosive by-products 

and heat. The role of the addition of H2SO4 was to increase the acidity of the mixture that 

drives the oxidation of graphite and reduces the reaction time. More significantly, at 

lower pH value, a smaller amount of fuming nitric acid was required for the oxidation, 
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believed, escaping the large emission of toxic gases (NO2, N2O4) and controlling a large 

quantity of corrosive and hazardous materials, which leads to the overall safer process. In 

such a way, he got the material (say GO-ST) having similar properties with GO-BR.  

In 1937, Hofmann also established a safe alternative method to prepare GO-HO 

using KClO3 and non-fuming nitric acid with having a lower level of oxidation (C/O 

>2.5) [69].  Nitric acid is known to react strongly with aromatic carbon surfaces, 

including carbon nanotubes while KClO3 is a powerful oxidant and is used as an in situ 

source of molecule oxygen [70]. Although the conditions using KClO3 and HNO3 were 

reported at the opening of the discovery of GO, they were among the most powerful 

oxidative methods known in that time and are still used today for the production of GO at 

the preparative scale. 

1.5.7.3 Hummers method 

After the discovery of Brodie‟s method almost 100 years later Hummers and 

Offeman developed the most imperative achievement in the field of oxidative chemical 

exfoliation of graphite [71]. They demonstrated the fastest and safest conventional 

method of preparing GO-HU with a C/O ratio (2.25) very similar to GO-BR (2.20). This 

method was centered on the action of an excess of potassium permanganate, sulfuric acid 

and a small amount of sodium nitrate over the graphite. This method was much safer than 

chlorate-based methods because in this method the evolution of explosive ClO2 was 

avoided. Also, the excess of KMnO4 was suitably defused with a diluted solution of H2O2 

to form non-toxic manganese sulfate salts and gaseous oxygen easily removed during the 

purification process. However, nitric acid was produced in situ upon acidification of 

sodium nitrate and some toxic gases (NO2, N2O4) were still generated. So far, the 



 Introduction and aim of the present work   

 

18 

 

materials synthesized by Brodie, Staudenmaier or Hummers methods have observed 

more defects (holes, wrinkles, irregular shape, presence of contaminants, etc.) than those 

made directly from micromechanical cleavage of graphite. Hummer‟s method remains a 

key point of interest because it is an easy reaction appropriate for producing large 

quantities of graphite oxide that can be fully delaminated into GO using liquid exfoliation 

techniques. However, it yields GO with traces of sulfur (up to 6%) [72] and nitrogen 

likely to be due to the covalently bonded sulfates and nitrates or adsorbed sulfuric and 

nitric acids [73]. 

1.5.7.4 Tour method 

Noteworthy, an improved technique for the preparation of GO with high level of 

oxidation using a modified Hummers method was developed in 2010 [74]. Phosphoric 

acid (H3PO4), a dispersive and etching agent, were used instead of sodium nitrate to 

support the oxidative chemical exfoliation of graphite and to make the GO in higher 

yield. The GO synthesized with the Tour method (GO-TO) has a higher level of 

oxidation and has a more regular structure along with fewer defects in the basal plane as 

compared to GO-BR, GO-ST and GO-HU. This one-pot method is very common and is 

often known as the ''fourth'' principal method to produce the GO after Brodie, 

Staudenmaier and Hummers (Fig. 1.8) [75-78]. A detailed study of the mechanism of the 

intercalation show how sulfuric acid and potassium permanganate intercalate into the 

graphite‟s intergalleries [79-81]. 

1.6 Mechanism of the Graphite exfoliation into the Graphene oxide 

layers 
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In the course of the conversion of bulk graphite into the GO, three independent 

steps can be recognized. The first one is the alteration of graphite into the sulfuric acid 

graphite intercalation compound (H2SO4-GIC), which can be assumed as the first 

intermediate. The second step is the conversion of the GIC into the oxidized form of 

graphite, which has expressed as pristine graphite oxide (PGO), constituting the second 

intermediate. The third step is the conversion of PGO into the GO by the reaction of PGO 

with water. 

Here two possible explanations for the observed stability of the Pristine Graphite 

Oxide (PGO) structure against its exfoliation into single layer Graphene Oxide (GO) are 

possible. First, is the GIC-like electrostatic attraction between Graphene and the 

intercalant within the graphitic domains. The distances between the two neighboring GO 

flakes are amplified due to the oxidized domains, but the PGO layers persist integrated 

due to electrostatic forces of attraction within the graphitic domains. For PGO 

exfoliation, the enthalpy of hydration of the resulting GO layers by water should 

overcome electrostatic attraction within the GIC. Hydration is driven by hydrogen 

bonding and by the electrostatic interaction between charged GO layers and water. This 

results in the formation of a GO in water colloid solution. In concentrated and slightly 

diluted H2SO4, the ionization of GO functional groups is suppressed, and the electrostatic 

charge of the GO layers is not sufficient to trigger the exfoliation mechanism.  

The second explanation for the PGO stability is the crosslinking of two 

neighboring GO layers by covalent sulfates. PGO consists in its chemical structure with 

the significant amounts of covalent sulfates as an integral part [82].  Hydrolysis of 

covalent sulfates is slow, and even well-washed conventional graphite oxide (CGO) 



 Introduction and aim of the present work   

 

20 

 

always consists of residual sulfates, these are in part liable for the acidity of GO solutions 

[83]. These results regarding the covalent sulfates were recently established and further 

settled by Eigler and co-workers who verified that under certain conditions even CGO 

might contain up to 5.6 atom % sulfur [84]. Therefore, the existence of covalent sulfates 

on the GO platform as a part of its chemical composition is well recognized. Reminding 

that H2SO4 molecules and HS  
 

  ions are already present during the oxidation in the 

graphite galleries as new C-O bond forms on a Graphene layer. The HS  
 

  ions and/or 

H2SO4 molecules can easily respond with the newly formed epoxides immediately after 

they have formed, leading to covalent sulfates cross-linking two neighboring GO layers. 

In addition to exfoliation into single atomic layer sheets, this step involves hydrolysis of 

covalent sulfates serving as protective groups, and additional modification of oxygen 

functionalities due to reaction with water [82, 83]. Figure 1.9 summarizes and 

schematically represents these steps constituting the process of conversion of bulk 

graphite into GO [84].  

Diamanganese heptoxide (Mn2O7) plays role of the active species during the oxidation of 

the graphite is which is formed during the reaction of monometallic tetraoxide and 

MnO3
+
 as shown in the following reaction: 

              K
+
 +MnO3

+
 + H3O

+
 +3HSO4

-
 

The transformation of Mn  
  into a more reactive form, Mn2O7 will certainly help to 

oxidize the graphite powder as shown in the reaction below [82, 85]: 

    
      

        

              (        )  (

       

         

        

)       + H2O +SO4
-
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But the bimetallic form of manganese oxide has been reported to detonate when heated 

up to 55 °C temperature or when reacted with organic compounds. 

  The chemical reduction of graphite oxide is one of the conventional processes to 

produce the Graphene in large quantities. Another approach to the preparation of 

Graphene is sonication and reduction of Graphene oxide (GO). At large excess of NaBH4 

has been used as a reducing agent for the addition of H2 occurs across the alkenes, 

coupled with the extrusion of nitrogen gas [86]. Other reducing agents as include phenyl 

hydrazine [87], hydroxylamine [88], glucose, [89] ascorbic acid [90], hydroquinone [91], 

alkaline solutions [92], and pyrrole [93] are also used for the reduction of the graphite 

oxide. The thermal reduction process is also used for Graphite oxide reduction [94].  

1.7 Functionalization of the Graphene 

Graphene oxide (GO) and reduced Graphene Oxide (RGO) have most commonly 

been investigated in terms of creating novel functional materials. Functionalization of 

Graphene is a process that inserts the functionalizing element in the functional groups on 

its surface that may favor the material‟s solubility [95]. 

1.7.1 Need of functionalization 

To trigger some desired effects and to open new avenues for the application of 

GO and RGO, a chemical functionalization was conducted. Pristine Graphene sheets are 

hydrophobic, so they cannot be dissolved in polar solvents. This makes the 

functionalization of Graphene sheets important for their future applications.  

1.7.2 Type of functionalization 
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The functionalization of Graphene can be categorized on the basis of bond 

structure of the attachment of the functionalizing element. It is classified into two types, 

one is covalent and other is non-covalent functionalization. 

1.7.3 Covalent functionalization 

The covalent functionalization of Graphene includes generally two routes: (a) the 

formation of covalent bonds between free radicals or dienophiles and C=C bonds of 

pristine Graphene and (b) the formation of covalent bonds between organic functional 

groups and the oxygen groups of GO [96]. The covalent functionalization is achieved via 

four different ways:  nucleophilic substitution, electrophilic addition, and condensation 

and addition reactions [97].  The chemistry of the reactive groups of Graphene-family 

materials covers many areas of research, including colloid chemistry and interface 

science; nevertheless, the basic rules of organic chemistry should be regarded as playing 

a leading role in covalent functionalization [98]. 

1.7.4 Non-covalent functionalization 

Non-covalent interactions primarily involve hydrophobic, van der Waals and 

electrostatic forces and require the physical adsorption of suitable molecules on the 

Graphene surface. Non-covalent functionalization by π-interactions (as in the case of 

carbon nanotubes) is an attractive synthetic methods because it offers the possibility of 

attaching functional groups to Graphene without disturbing the electronic network [99]. 

To make Graphene soluble in common solvents, and thereby avoid stacking, non-

covalent functionalization with different organic compounds is essential. It is achieved by 

polymer wrapping, adsorption of surfactants or small aromatic molecules [100-103]. 
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1.7.5 Advantages of Graphene functionalization 

It prevents the agglomeration of the Graphene layers and maintains the inherent 

properties of the Graphene during the reduction and facilitates the formation of a stable 

dispersion. The electrical conductivity of the functionalized Graphene gets decreased 

compared to the pure Graphene which is good sign of the device fabrication because the 

Graphene has very high conductivity. The opening of the bandgap in the Graphene is 

caused by the functionalization process which hints at the device fabrication purpose. 

Sensing is the surface-dependent phenomenon so by modifying the surface of the 

Graphene we may get fruitful results. The surface modification of the Graphene is done 

with the functionalization process. The functionalizing elements get attached to the 

Graphene sheets at the oxygen-containing groups which are present at the side edges, 

corners and in the basal plane. There are many reports have been published regarding the 

functionalization of the Graphene and Graphene oxides. [104-110] 

1.8  Applications of Graphene 

  Graphene has become the most well-known 2D carbon allotrope in this time due 

to its exceptional extraordinary properties like fast carrier mobility, lightweight at room 

temperature, the elastic limit of 1 TPa, and Young's modulus of 0.5 TPa which makes it 

100 times stronger in compared to steel. Due to the attractive properties of Graphene, has 

been estimated to enhance the functionality of various applications. It has become the 

subject of tremendous research and extensive interest in recent years. Graphene has 

potential applications in various fields, such as solar cells, fuel cells, lithium-ion batteries, 

and other energy sources. Besides, electronic tools, water purification membranes, 
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biosciences and sensors applications and versatility of the applications are shown in the 

Fig. 1.10 [111]. 

Carbon-based nanomaterial as Graphene and their derivatives has been reported 

several applications in the all field of the science [112, 113]. The Graphene is employed 

in field emission [114], transparent electrodes [115] solar cell [116] energy storage 

devices [117-119]. 

Recently the application of nanomaterials in the field of sensor attracts the 

attention of researchers. The details about the different types of sensors have been 

discussed here. 

1.8.1 Sensor 

The sensors are the devices that yield a measurable output as a function of 

provided input. These are beneficial for in-situ measurements such as daily necessity, 

homes, offices, scientific applications and industrial processes etc. These act as critical 

components in all measurements and controlled applications and also responsible for 

transforming any physical phenomenon such that pressure, temperature, etc. into a 

measurable quantity through data acquisition (DAQ) system. It does not perform itself 

but acts as a part of the larger assembled system which may incorporate many other 

devices such as a transducer, detectors, data recorders, signal conditioners, signal 

processors, memory devices and actuators etc.  

Rapid development in microelectronics and innovation in technology made the 

machine more autonomous and intellectual day by day. It has motivated the demand for 

artificial sensing organs that perform independently [120, 121]. Thus people developed 
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devices according to their requirements and now sensors are universally used in our daily 

lifestyle. For a good sensor, 3S factor i.e. sensitivity, selectivity and stability plays an 

important role. Sensors can be categorized into three types: 

1- Physical sensor- A physical sensor is based on the measurement factor where no 

chemical reaction occurs. Measurement can be in the form of mass, temperature, 

absorbance, refractive index, conductivity etc. Temperature sensor, Pressure sensor 

etc. are well-known physical sensors [122-124]. 

2-  Biosensor- Sensor that is used in biological applications is termed as biosensors.  

Immuno sensor, Microbial potentiometric sensor, etc. are the example of biosensors 

[125,126]. 

3- Chemical sensor – A chemical sensor is a sensor in which analyte participates to 

perform a chemical reaction and gives an analytic signal corresponding to the input. 

Various gas sensors and humidity sensors are well-known chemical sensors [127, 

128]. In this Thesis, our focus is only on such type of sensors and the detailed 

description is discussed in this section 

1.8.1 Chemical sensor 

Chemical sensors are a special variety of gas sensors, to detect and investigate 

which substances are present and in what concentration in our environment. With our 

senses, we can not only see, hear and feel but also smell and taste. Consequently, a 

chemical sensor is also recognized as artificial noses or artificial tongues. A chemical 

sensor interacts with the sample and transforms its chemical information to the analyst to 

produce analytically useful signals. The chemical information may be due to the chemical 

reaction of the analyte or due to the physical measuring parameters of the system [129-
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131]. Many scientists gave their different definitions for a chemical sensor according to 

their observations. It just concluded that the chemical sensor is an interface between the 

chemical world and the electronic. Or it is just the primary link of the measuring chain. 

Chemical sensors consist of two important units one is the receptor part and other is 

the transducers part [132-134]. Sometimes few sensors are provided with separator also. 

The receptor part of a sensor is a chemical interface; there is an occurrence of chemical 

interaction of the analyte with a surface of the sample creating a change in its physical/ 

chemical parameters. The chemical information provided by the analyst is converted into 

a desirable form of energy which is further measured by the transducer. The transducer 

part is a device that converts one form of energy to another accordingly [135, 136]. 

1.8.2 Gas sensor 

The gas sensor is the subclass of the chemical sensor. In 1927, Oliver W. Johnson 

presented an explosive gas indicator of a portable gas cylinder which was considered as 

the first commercial portable sensor which was no lesser than a miracle at those days. 

This led to the beginning of the fabrication of the sensor and its commercialization all 

over the world [137]. After that, the researchers developed various types of gas sensors 

such as electrochemical sensors, catalytic combustion sensors, calorimetric gas sensor, 

capacitive gas sensor, optical gas sensor, infrared sensors, and acoustic wave-based 

sensors, metal oxide-based gas sensor etc. These sensors are applicable in various fields 

such as chemical engineering, research and development, architecture, medical, 

pharmaceutical, agriculture, etc. [138, 139]. 

1.8.2.1 Classification of gas sensors 
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There are six types of gas sensors depending upon their transduction principle. 

These are as follows: 

1. Electrochemical gas sensor 

2. Acoustic gas sensor  

3. Metal oxide gas sensor 

4. Colourimetric gas sensor 

5. Capacitive gas sensor 

6. Optical gas sensor 

An electrochemical gas sensor consists of two major parts; one is the 

electrolyte/gel used and another is electrodes (i.e anode and cathode). The anode is 

responsible for all the oxidation processes while the cathode is responsible for the 

reduction process. Due to this phenomenon, the current is created and also positive and 

negative ions are developed. Positive ions flow towards the cathode rod while the 

negative ions flow towards the anode rod. The output is directly proportional to the 

concentration or partial pressure of the gaseous species. Nowadays in the electrochemical 

gas sensor, the liquid electrolyte is replaced by solid-state electrolyte but the whole 

working is the same [140, 141]. 

 The acoustic gas sensors are based on sound effects. These types of sensors 

consist of a piezoelectric substrate containing inter-digital electrodes. When RF voltage 

of a particular frequency is given then the mechanical waves are produced in the 

piezoelectric substrate. These Rayleigh surfaces then propagate and type of acoustic 

waves are generated and its frequency is determined. The mechanical energy is converted 

into electrical RF voltage [142]. 
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The metal oxide gas sensor is also named as chemo-resistor gas sensor. 

Semiconductors are found to be very sensitive to the very low concentration of gas. This 

type of sensor requires strain gauze, thick film, thin film, etc. The capacitive gas sensor is 

used to detect a change in the capacitive behavior of the film by volatile analytes which 

are proportional to the concentration of the target analyte. The capacitive gas sensor gives 

the output signal by transforming the capacitance of the film in the form of voltage. 

The calorimetric gas sensor is used to detect the combustible gas present in the 

surrounding. Its principle is based on the change in temperature in the presence of gas. 

Generally, any substance burns at its ignition temperature, similarly the combustible gas 

also burns at their ignition temperature but the gas begins to ignite in presence of certain 

catalytic material even at very low temperatures. This type of sensor is also called a 

catalytic sensor. 

This sensor consisting of an optical fiber with palladium and titanium coating and 

was used for detecting hydrogen gas. The optical gas sensor gives higher sensitivity, 

stability, and selectivity than the non-optical gas sensor. Photons play an essential role in 

the optical gas sensor. They have residual mass with no charge so neither charge nor 

mass-based detection is done through it. This type of sensor is based on the absorption 

and emission scattering of a gas species. An optical gas sensor consists of a light-emitting 

element, optical fiber, a gas sensing element, a photodetector, and a filter for picking up 

fluorescence or phosphorescence phenomenon. 

1.8.2.2 Applications of gas sensor 

There are many applications of the gas sensor. Some of them are given as below: 

1. In process control industries 
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2. For fire detection to avoid any miss-happening 

3. For environmental monitoring 

4. For the detection of harmful gases 

5. As a breath sensor for the detection of alcohol 

6. For grading of agro-based in the coffee industry or tea industry 

7. As boiler sensor 

8. In Atomic reactors 

9. At home for safety purposes 

1.8.3 Humidity sensor 

Humidity measurement can be done in diverse ways based on the measurement 

technique used. The most commonly used terms are ― Absolute Humidity (AH) and 

Relative Humidity (RH). Absolute humidity can be measured by two modes: Parts Per 

Million (ppm) by weight or volume and Dew/Frost Point. Absolute Humidity (vapor 

density) is defined as the ratio of the mass of water vapor in the air to the volume of air. 

Its unit is grams per cubic meter or grains per cubic foot (1 grain = 1/7000 pound lb.) and 

expressed as Eqn. 1.1. 

Absolute Humidity (AH) = 
 

 
                                       (1.1) 

where m is the mass of water vapor and V is the volume of air. 

The relative humidity is defined as the ratio of the amount of moisture content in 

the air to the maximum (saturated) moisture level that the air can hold at the same 
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temperature and pressure. The RH measurement is stated as percentage and obtained by 

the following expression given in Eqn. 1.2: 

Relative Humidity (%RH) = 
  

  
                                              (1.2) 

where Q1 is the amount of water vapor present in a given volume of air at a given 

temperature and Q2 is the amount of water vapor required to saturate the same volume of 

air at the same temperature. 

RH being a temperature-dependent quantity hence called the relative 

measurement. Also, it can be expressed in terms of partial pressure as the ratio of the 

actual partial pressure of moisture content in the air (Pa) to the saturated pressure of moist 

air (Ps) at the same temperature (both in Bar or KPa), given in Eqn. 1.3: 

Relative Humidity (%RH) = 
  

  
                                   (1.3) 

Also, RH can be defined as the ratio of absolute humidity (AH) to saturation humidity 

(SH) as shown in Eqn. 1.4: 

Relative Humidity (%RH) = 
  

  
                            (1.4) 

Parts Per Million by volume (PPMv) is defined as the volume of water vapor 

content per volume of dry gas, and Parts Per Million by weight (PPMw) is obtained by 

multiplying PPMv by the molar weight of water per molar weight of that gas or air. Dew 

point is defined as the temperature (above 0°C) at which the water vapor content of the 

gas begins to condense into liquid form, and Frost point is the temperature (below 0°C) at 

which the water vapor in a gas solidifies into ice. D/F point parameters are functions of 
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the pressure of the gas, but independent of temperature and are amongst the absolute 

humidity measurements. In other words, the dew point is the temperature at which the 

saturation water vapor pressure is equal to the partial pressure of the water vapor (in an 

air atmosphere). The difference between the ambient temperature and the dew point 

temperature is a measure of the ambient relative humidity [143-154]. 

The most commonly used sensors are those that measure the variation in 

capacitance of a dielectric material [155] or the variation in resistance [156, 157] of a 

conductive material as a function of RH. The principal sensor groups for humidity 

sensing thus include many resistive ceramics [158-161], organic polymers [162, 163] and 

resistive polyelectrolytes [164]. Although polymer sensors are of simple structure and 

low cost, however, they can measure only a limited range of moisture content and show 

hysteresis and drift at high humidity and they are relatively sensitive to chemical 

interference and dust deposition. Electrolytic sensors [165] require a constant flow rate 

for measurement. Also, the cell in which measurements are to be carried out requires 

regular-regeneration. This cell may be easily damaged by accidental water immersion. 

Infrared spectroscopy can also be used to measure RH. In infrared hygrometer [166, 167] 

absorption due to water vapor takes place at 2.6 μm and the split beam is used to compare 

sample cell and reference. Some other methods for humidity measurement are based on 

the surface acoustic wave (SAW) [168-171] and microwave attenuation. 

Also, there are certain parameters which decide the efficiency of a particular 

sensor at a particular place. These parameters depend upon the type of sensing element. 

Some material that is efficient for a particular place may not be as good for some other 

place. The parameters of the humidity sensing are defined as below: 



 Introduction and aim of the present work   

 

32 

 

Sensitivity: It is the ratio of the change in the output signal (Impedance, capacitance, 

resistance, optical power etc.) to that of the input signal (%RH). 

Accuracy: It is the conformity to a standardized reference signal. 

Response time: It is the time required to reach 90% of the final sensor output after 

stepwise increasing the humidity. 

Recovery time: It is the time required to reach 10% of the final sensor output after 

stepwise decreasing the humidity. 

Drift: It is the change of the sensor output signal with time at a constant input signal. 

Repeatability: It is the distribution of sensor outputs after when performing consecutive 

readings under similar conditions. 

Reproducibility: It is the distribution of sensor outputs when measuring the same under 

different conditions. 

Hysteresis: It is the difference in the output signal when measured for an up-trace and 

down-trace of the input signal. 

Temperature dependence: It is the variation of sensor output with the temperature at 

constant humidity. 

1.8.3.1 Types of humidity sensors 

Humidity sensors are classified into the following groups: 

 Electrical sensors 
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 Mechanical sensors 

 Optical sensors 

 Integrated sensors 

The first group consists of sensors based on capacitive or impedance-type and 

measures the variation in capacitance or resistance of a dielectric material or conductive 

material respectively as a function of RH. The second group i.e. mechanical sensors 

consist of sensors based on strain-effects and mass-loading effects. In the third and the 

most important group i.e. optical sensors, the variation of the optical signal in terms of 

transmission, reflection and quenching of electromagnetic waves is considered. The last 

group contains miscellaneous integrated humidity sensors that contain on-chip passive or 

electronic components for linearization, calibration, transmission etc. [172].  

1.8.3.2 Applications of humidity sensors 

Humidity sensors have exposed noteworthy significance in a broad range of 

applications [173]. Some of them are shown in Fig. 1.11. Various techniques of humidity 

sensing have been employed to perform humidity measurements depending upon the 

need and type of applications, some of the important applications are as follows: 

 Food processing 

 Building and construction 

 Agriculture 

 Medical and health monitoring  

 Fuel 
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Graphene is used in the electrochemical, electronic, optical and nanopore sensors 

after the synthesis and functionalization. The overall application of the functionalized 

Graphene has been shown in Fig. 1.12. Sensing is the surface dependent phenomenon 

therefore by modifying the surface of the Graphene with the functionalizing species, a 

sensor can be developed having the high sensitivity and rapid action. 

1.9 Outlines of the Thesis  

The thesis addresses the development of well-organized sensing elements for the 

detection of humidity and LPG. In this thesis, attempts to reduce the response-recovery 

times have been systematically reported at room temperature. This thesis contains seven 

Chapters: 

 Chapter 1 introduces the basics of different types of sensors along with a brief 

history of the carbon nanomaterial. This chapter also addresses a brief review on 

synthesis techniques of the Graphene, Graphene Oxides and their functionalization. This 

chapter provides the literature survey on the humidity and LPG sensors which are based 

on functionalized Graphene and carbon nanomaterials. Chapter 2 includes the synthesis 

of the modified Graphene via thermal reduction method and also deals with the 

impedance-based humidity sensing at the optimized frequency by performing the 

experiments at different frequencies.  Chapter 3 describes the development of 

capacitance-based humidity sensor along with synthesis of the five-layered Graphene 

Oxide (GO) and GO functionalization with iron oxides (Fe-GO) by chemical route. 

Chapter 4 describes the design of highly selective and sensitive room temperature 

operated LPG and humidity sensors fabricated by thin film of Graphene functionalized 

with CuO/SnO2 nanocomposites (GCS). Chapter 5 presents the five-layered GO 
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functionalized with Poly Pd acryl amide SnO2 nanocomposite metallopolymer (MP-GO) 

based LPG and humidity sensors. Chapter 6 designates the development of highly 

selective and sensitive room temperature operated CO2 and humidity sensors fabricated 

by thin film of Graphene@CuO nanocomposites synthesized via Chemical Vapor 

Deposition technique. Chapter 7 summarizes the concluding remarks on the entire 

research work of the Thesis and also deals with the future research scope of the Graphene 

functionalized materials in the field of sensors.  
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Figures 

           

Fig. 1.1 Symbolic representation and electronic configuration of the carbon 

 

Fig. 1.2 Graphene is the building block for the carbon-based material, which can be 

wrapped into 0 D buckyballs (a), rolled into 1D nanotube (b) stacked into 3D graphite (c) 

[18]. 
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Fig. 1.3 Band structure of the Graphene 

 

 

Fig. 1.4 Different synthesis techniques of the Graphene 
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Fig. 1.5 Schematic of the CVD technique setup 

 

 

Fig. 1.6 Schematic of the mechanism for CVD Graphene growth on Ni substrate 
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 Fig. 1.7 Growth of Graphene on Cu substrate in different regions with the alcohol 

 

Fig. 1.8 Schematic of the synthesis of GO via different methods 
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Fig. 1.9 Mechanism of the Graphite exfoliation [84] 

 

 
 

Fig. 1.10 Application of the Graphene in the diverse field of science [111] 
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Fig. 1.11 Application of the humidity sensors in the various fields 

 

 
 

 

Fig. 1.12 An overview of the role of Graphene and its derivatives in the various types of 

sensors [111] 
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Tables 

Substrate 

used/Precursor 

Growth 

temperature 

Product Reference 

Cu/(H2 + CH4) 1070 Graphene single 

crystals 

[49] 

electrolytic Cu 

(technical grade)/ 

N2 (90%):H2 (10%), 

C2H2 

1000 good quality 

Graphene 

[50] 

Cu/CH4 1060 polycrystalline 

monolayer 

Graphene 

[51] 

(AuCu+ MgO or 

AgCu + MgO)/ 

CH4 

1000 high quality 

Graphene decorated 

with bimetallic 

nanoparticles 

(AuCu and AgCu) 

[52] 

(Ni or Cu)/CH4 1050 (Cu), 980 (Ni) high quality 

Graphene 

[53] 

Cu/(CH4 + H2 + Ar 

plasma) 

300 AB-stacked bilayer 

Graphene films 

[54] 

(Cu or NiCu)/CH4 1050 (Cu), 1100 continuous single [55] 
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(NiCu) crystal 

monolayer 

Graphene 

PET and glass/10 nm 

thick 

150 defect-free 

Graphene 

[56] 

Cu/CH4 1000 single-layer 

Graphene 

[57] 

Cu/CH4 1030 large and high-

quality Graphene 

films with single 

crystallinity 

[58] 

Cu/CH4 1000 high-quality 

Graphene 

[59] 

1,2-

dichlorobenzene/CH4 

without any active 

heating 

Graphene 

nanostripes 

[60] 

 

Table 1.1 CVD synthesized Graphene published reports 
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CHAPTER 2 

 

           The present chapter details the synthesis and characterization of the 

modified Graphene and its moisture sensing application. The characterization 

tools as Brunauer–Emmett–Teller (BET), Scanning Electron Microscopy (SEM), 

Electron Dispersive X -rays (EDX), Particle size distribution, Fourier-Transform 

Infra-Red (FTIR), UV-Vis spectrophotometry and Raman are employed for 

characterizing the synthesized material. The BET demonstrations of the 

synthesized material have a specific surface area as 10.55 m
2
/g together with pores 

size distribution range from 10.34 to 97.44 nm, confirming mesoporous material. 

The SEM, EDX, FTIR, UV Vis spectroscopy and Raman analysis of the synthesized 

material confirmed that it is the modified Graphene (m-Graphene). Presence of the 

ID/IG = 1.55 confirmed the more defects along with many dangling bonds which 

are more beneficial for the humidity detection. The humidity sensing 

characteristics of m- Graphene-based sensor have been observed from 100 Hz to 

10 kHz frequencies and found the best sensitivity at 100 Hz. The sensor shows the 

high sensitivity as 2.51 M/%RH along with the calculated repeatability, response 

and recovery time are 96.05%, 24 and 13 s respectively at room temperature. 
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CHAPTER 2 

Modified Graphene as a moisture sensor at optimized 

frequency 

 

2.1 Introduction 

Nowadays deal of more innovation takes place every day in the area of sensors 

based on new smart materials. The nanomaterials are the era of attraction due to its size-

dependent remarkable properties. In that respect, there are different fabrics which 

are utilized for the best in the different applications [1-4]. The nanostructured metal 

oxides, polymers, carbon-based nanomaterials, nanocomposites etc. are employed in the 

energy storage devices, solar cells, photovoltaic cells, flexible devices, and sensors [5-

10]. A humidity sensor along with high sensitivity, high repeatability, low hysteresis, 

small response and recovery time is desirable. Materials and their size play a key role in 

the humidity sensing devices [11, 12]. The detection of the humidity in the environment 

is important not only for the human being but also for non-living bodies. In the field of 

medicals, agriculture, defense, and food technology the measurement of the humidity is 

very much important. There are plenty of humidity measurement techniques that are 

already reported [13, 14]. A variety of fabrics e.g. metal oxides, polymers, 

nanocomposites and carbon nanomaterials are used to designing the humidity sensors 

[15, 16]. The carbon-based nanomaterials: Graphene, Graphene Oxide (GO), and reduced 

Graphene Oxides (rGO) are used in different application due to their remarkable 

properties and also due to the unique electric transport properties of carbon nanotubes, 

their use in the manufacture of composite materials significantly enhances microwave 
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properties [17-20]. Graphene along with its derivatives are 2D materials popularly 

employed in plenty of applications as energy storage, conversion, photocatalysis, 

electrocatalysis and sensing platforms. The application of the modified Graphene (m-

Graphene) in humidity sensing is because of the large surface to volume (S/V) ratio along 

with the good conductivity and more dangling bonds formed due to defects [21, 22]. The 

pure Graphene-based sensors do not give a good response because of the high 

conductivity, lack of defects and dangling bonds [23, 24]. Zeineb Ben Aziza et al. 

reported an efficient method to modify the doping level of Graphene and progress its 

sensitivity to humidity without activating defects to the Graphene [25].  The term 

“modified” in the modified Graphene is preferred due to the complete reduction of GO to 

Graphene has not yet been perceived. The reduction of the GO through thermal methods 

produced conducting modified Graphene [26, 27]. The GO is synthesized by chemical 

wet using Hummer, modified Hummer and Staundiemer methods. Synthesis of the GO 

comprises oxidation of the graphite in the presence of the strong acids and oxidizing 

agents. The oxidation process increases the interlayer spacing between the Graphene 

layers in GO against the weak Wander Vaal forces present within it.  GO consists of the 

different oxygen-containing functionalities as carbonyl, hydroxyl, epoxy and carboxylic 

acid groups. To retain the conductivity in the GO we need the reduction of the GO. The 

chemical reduction of the GO is carried by the NaHB4, hydrazine, ascorbic acids etc. [28-

30]. In the reduction process, we exfoliate and reduce the number of Graphene layers in 

GO. Yunpeng Su et al. developed Graphene/PVA/SiO2 based surface wave acoustic 

humidity sensor for respiration monitoring [31]. H. J. Kim et al. reported a Fiber-optic 

humidity sensor system for the monitoring and detection of coolant leakage in nuclear 
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power plants [32].  Y. Yao et al. demonstrated renewable cellulose nanocrystals as 

humidity sensing material which was deposited on the sensing electrode of quartz crystal 

microbalance (QCM) [33]. 

The recent literature survey of the humidity sensor has been depicted in Table 2.1.  

The literature report shows the development of the facile, easy and movable sensor along 

with wide humidity sensing range, high sensitivity, low response and recovery time 

which is need of the hour. To overcome these problems, we have reported this article in 

which the m-Graphene has been synthesized by using the oxidation of the graphite, 

followed by thermal reduction of GO along with the application in the humidity sensing. 

2.2 Experimental procedures 

2.2.1 Chemicals used 

The Graphite powder was purchased from Triton Graphite, Gujarat, India (98% 

purity, 200 mesh).  The specific surface area of graphite powder was 0.8 m
2
/g and other 

chemicals were purchased from Merck Specialities Private Limited, Mumbai, India and 

used as these were received. Some other chemicals of analytical grades such as KMnO4, 

H3PO4, H2SO4, Hydrogen peroxide, DI water etc. were used without further purifications 

in the present synthesis. 

2.2.2 Synthesis of the m-Graphene 

Graphene Oxide (GO) was synthesized through the oxidation of the graphite (2.5 

g) by the KMnO4 (15g) in the presence of the mixture H2SO4/H3PO4 (300/30 ml) shown 

in Fig. 2.1. Graphite powder was poured in the mixture of H2SO4/H3PO4 acid and stirred 

at 500 RPM for 5 h at room temperature. Now the 400cc ice was added to this solution 
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and stirred for 3 h at 100 RPM. After that, the H2O2 (5 ml) has been added dropwise 

which changes the colour of the solution. This signifies that the reduction of the Graphite 

into the Graphene oxide (GO) has been completed. Lastly, the obtained solution was 

washed up to neutral pH (7) and dried it at 40 °C for 24 h in hot air oven. The thermal 

exfoliation of GO was performed in a temperature-controlled programmable furnace in 

the presence of 20% oxygen. The temperature of the furnace was fixed at 600 °C for 1h 

and GO get converted into the modified Graphene in this process [34, 41-43]. 

2.2.3 Fabrication of the m-Graphene film 

For the characterization purpose, the thin film of m-Graphene was fabricated 

using spin coating technique. The thin film was fabricated on the glass substrate at 3000 

RPM in the vacuum insisted chamber. After depositing thin film, it was dehydrated on 

the hot plate at 40 °C temperature for 30 minutes. The thin film was annealed at 400 °C 

temperature for 1 hr in the presence of 20% oxygen. 

2.3 Characterizations techniques 

 The synthesized material was characterized using different characterization 

techniques as Brunauer-Emmett-Teller (BELSORP-mini II), Scanning Electron 

Microscopy (SEM) (JEOL, JSEM- 6490LV SEM) with Electron Dispersive X -rays 

(EDX), Particle Size Analysis using Zeta nanosizer, UV-Visible spectra were recorded 

using UV Visible Spectrophotometer (Evolution 201), Fourier Transform Infra-Red 

(FTIR Nicolet TM 6700) and Raman spectra were recorded with Raman spectrometer (A 

Renishaw using λ = 514.5 nm Ar
+
 with power 15 mW). 



Modified Graphene as a moisture sensor at optimised frequency 

71 
 

2.4  Results and Discussions 

2.4.1 Brunauer–Emmett–Teller (BET) analysis 

Fig. 2.2 is the depiction of the N2 isotherm and inset the corresponding plot of the 

nanopore size distribution of the m-Graphene. The BET equation in linear form is 

represented in Eqn. 2.1. The slope and the intercept of this equation simultaneously with 

Eqn. 2.2 help to find the specific BET surface area. 

    

 *  (    )+
 

 

   
 
   

   
(    )                                   (2.1) 

  (   )                                                               (2.2) 

Where n is the amount of the gas adsorbed at the relative pressure P/P0, C is the fitting 

parameter, nm is the monolayer coverage, NA is Avogadro number and σ is the cross-

sectional area of the N2. The surface area of the synthesized material has been calculated 

using the BET equation and found as 10.55 m
2
/g. The isotherm showed the apparent loop 

ranging from 0.64 to 0.97 P/P0. The inset of Fig. 2.2 (BJH curve) describing the pore size 

distributions ranging from 10.34 to 97.44 nm. The distribution of the pore size confirmed 

that the synthesized material is meso and macroporous which may be fruitful for 

humidity sensing. 

2.4.2 SEM analysis 

The surface morphology of the synthesized GO and m-Graphene is shown in Fig. 

2.3. The GO has flakes type surface as seen in Fig. 2.3 (a). This figure illustrates that 

there are many Graphene sheets after overlapping to each other forming the thick layer of 
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the GO. Fig. 2.3 (b) illustrates the SEM micrograph of m-Graphene. In this micrograph, 

Graphene sheets have different sizes and are oriented in various directions along with 

wrinkles. Some of the sheets are getting broken that is why we get the different sizes and 

shapes of the Graphene sheets. The breakage of the Graphene sheets produces dangling 

bonds and additional defects. Due to its wrinkled and defects nature, the m-Graphene 

does not agglomerate and collapse back. The wrinkles, defects and dangling bonds are 

responsible for the humidity sensing [44, 45]. 

2.4.3 EDX analysis 

EDX analysis confirms the elemental mapping of the synthesized materials. EDX 

spectrum of the material is as shown in Fig. 2.4. The spectrum illustrates the existence of 

Carbon and Oxygen with 67 and 29.09 atomic% respectively along with extra elements 

Ca, Mn, K, Al, P and Si. These extra elements are present due to the glass substrate’s 

constituent elements. 

2.4.4 XRD analysis 

The XRD pattern of the raw Graphite and synthesized m-Graphene have been 

shown in Fig. 2.5 (a) and (b) respectively.  The raw Graphite shows a very sharp peak at 

the 2θ~26.65° and 54.57° having the Miller indices (002) and (004) respectively.  In the 

XRD pattern of m-Graphene, the only peak (002) is observed at the 2θ value ~25.01°. 

The peak (002) in the XRD pattern of m-Graphene shows the broadening and shifting in 

the postion in the comparison of the raw Graphite. The broadening in the peaks confirms 

that the Graphite has been oxidized and oxygen species are getting attached to the 
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Graphitic layers. The shifting in the position and broadening of the peak (002) is the 

signature that the Graphite has been reduced into m-Graphene.  

2.4.5 Dynamic Light Scattering (DLS) analysis 

The particle size distribution of the nanomaterials is based on the Dynamic Light 

Scattering (DLS) technique. In this technique, the particle size is measured by the zig-zag 

motion of the particles in dilute solution with taking particles as spheres, results in the 

diameter size distributions [15].  In the case of the Graphene, the sheet size distribution is 

taken as considering the virtual sphere of diameter along with the thickness, length or 

breadth and diagonal. Fig. 2.6 illustrates the sheet size distribution of the m-Graphene. 

The peaks having intensity 16% (106-260 nm), 83% (294-1284 nm) and  2% (4792-6580 

nm) are due to the sphere of the diameter along with the thickness, length or breadth and 

diagonal of the m-Graphene sheet. The average thickness, size in the plane and the 

diagonal of the Graphene sheet are 180 nm, 627 nm and 5560 nm respectively. 

2.4.6 Optical absorption analysis 

The optical property of the thin film of the synthesized material was studied by 

the incidence of the photon having an energy range 1.6-6.5 eV. The material shows 

maximum absorption of the wavelength range 190-250 nm which reflects the bandgap of 

material as shown in Fig.2.7. To determine the optical bandgap of the sheets we used the 

higher absorption range in which excitation of the electrons takes place from lower 

energy range (valence band) to the higher energy range (conduction band). The variation 

in the optical absorbance coefficient (α) with the change in corresponding photon energy 

(hυ) is as shown in the Tauc plot inset of Fig.2.7. By extrapolating a tangent we obtained 
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the bandgap of the synthesized material as 4.6 eV. The wide bandgap is related to the 

reduction in the number of the graphitic layers and morphological effects of synthesized 

nanostructures along with the basics of quantum confinement effect which arises due to 

the small size of nanosheets in the thickness dimension. Such types of bandgaps are much 

useful for humidity sensing. 

2.4.7 FTIR analysis 

The FTIR spectrum of the m-Graphene was recorded in the wavenumber range 

400-4000 cm
-1

 and the plot is shown in Fig.2.8.  This figure illustrates that the absorption 

bands are obtained at wavenumbers 778, 1088, 1634, 2133 and 3307 cm
-1

 respectively. 

The valley present at 778, 1088, 1634, 2133 and 3307 cm
-1

 corresponds to -CH, -CO, -

C=C, CC and –OH stretching vibrations respectively in the synthesized material [46]. 

The carbonyl, hydroxyl and unsaturated bonds present in the material and hydrophilic 

groups are responsible for humidity sensing. These bonds provide the medium for the 

charge carriers present between the sensing species and material of the sensing elements. 

2.4.8 Raman analysis 

The Raman spectroscopy is the primary characterization tool for differentiating 

among the carbon nanomaterials. The Raman spectrum of the Graphite and m-Graphene 

was recorded and plotted as shown in Fig. 2.9 (a) and (b) respectively.  In Fig. 2.9 (a) 

there are two sharp peaks at 1329 and 1593 cm
-1

 Raman shifts, known as D and G-band 

respectively. The presence of the D-band in Graphite is related to its edge structure i.e. 

strong armchair and weak zig-zag edge structure. Fig. 2.9 (b) shows the Raman spectrum 

of m- Graphene consisting of the three bands present at 1326, 1589 and 2780 cm
-1

 Raman 

shifts are known as D-band, G-band and 2D-band respectively [47].  The D and G–bands 
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are getting broader and shorter as compared with D and G-bands of Graphite. The 

broader and shorter D and G-bands lead to an increase in the conductivity of the m-

Graphene compared with the raw Graphite. The broadening, shortening and shifting in 

the position of D and G-bands along with an extra presence of the 2D band are the 

signatures of the reduction of Graphite into the m-Graphene [48, 49]. The ID/IG ratio was 

1.55 for the m-Graphene and this is the signature of the synthesized material which has 

more defective nature as compared to graphitic nature [50]. The ID/IG ratio is inversely 

proportional to the crystalline nature of the materials that is why the m-Graphene has less 

crystallinity compare to defected nature. The crystallite size of m-Graphene in a plane 

was calculated using the Tuinstra−Koenig (T. K.) relation as shown by Eqn. 2.3 [51]. 

  (  )  
              

  
  
⁄

                                   (2.3) 

Where λ (nm) is the Raman excitation wavelength, the calculated size of the m-Graphene 

was found as 10.81nm. So we can say that synthesized material has many defects along 

with dangling bonds which are responsible for humidity detection. 

2.5 Humidity sensing application 

BET analysis shows the mesoporous nature of the material along with 10.55 m
2
/g 

surface area, SEM micrograph is of planar structure with wrinkles, defects, IR shows the 

presence of the hydrophilic groups and finally, Raman confirms that synthesized material 

consists the various defects with crystallite size 10.81 nm. Also, the material consists of 

dangling bonds and wrinkles. Based on these properties, it was inferred that m-Graphene 

may be a good humidity detecting material. The measurement of the humidity is not only 
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beneficial for living beings but also non-living bodies. The Graphene-based sensors give 

different sensing attributes at different frequencies. 

2.5.1 Fabrication of sensing element 

A glass substrate of the dimension 1.0 × 0.5 cm
2
 was prepared and washed with 

DI water and acetone followed by sonication for 0.5 h for removing the contaminations 

associated with it. The sensing element was fabricated with the help of a spin coating 

technique. In a typical procedure, the thin film of the synthesized m-Graphene was 

deposited on the silica glass substrate at 1500 RPM and was dried at 50 °C on a hot plate 

for 0.5 h.  Thin-film was annealed at 400 °C for 2 h in the presence of 20% oxygen. 

Finally, the electrodes on the film were deposited at 25 cm from each side using the silver 

paste.  

2.5.2 Principle of operation 

The humidity sensing mechanism of the Graphene-based sensors relies on the charge 

transfer. The detailed schematic of the Grotthuss chain mechanism is as shown in Fig. 2. 

10. In the starting, the dissociation of the water molecules takes place into the H
+
 and 

OH
-
 ions as shown in Eqn. 2.4. Due to hydrophilic groups present in the synthesized 

material observed by IR, the OH
-
 ions are adsorbed to the m-Graphene surface and get 

chemically bonded with it and the H
+
  ion becomes mobile and triggering a drop in the 

resistance of m-Graphene. This step results in the chemisorbed layer and is known as the 

chemisorption. 

H2 O  H
+
 + OH

-
                                            (2.4) 

As the relative humidity increases, the hydrogen bonding between the two 

neighboring hydroxyl groups with each water molecule takes place and forming the first 
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physisorbed layer. This is known as physisorption and shown by Eqn. 2.5. Again the as 

relative humidity increases the water molecules become adsorbed to the first physisorbed 

layer and so forming the second physisorbed layer. Further, as the %RH increases, the 

formation of the many such physisorbed layers takes place and acting identical to bulk 

liquid water. 

2H2 O  H3O
+
 + OH

-
                                         (2.5) 

H3O
+
   H2 O + H

+
                                             (2.6) 

In such a way Grotthuss chain reaction mechanism follows that each water 

molecules combine with each OH
- 
ions resulting H3O

+
 which further dissociates into the 

H2O and H
+
  ions shown by Eqn. 2.6.  This results in a sudden increase in the mobile H

+
 

ions and a decrease in the impedance. Lastly, the increment in the relative humidity 

causes the condensation of water into the m-Graphene film which results in a decrease in 

impedance [14]. 

2.5.3 Sensing attributes of the m-Graphene 

The sensitivity of the humidity sensor is defined by Eqn. 2.7. 

            
|     |

       
                                                                    (2.7) 

Where RH1 and RH2 are the maximum and minimum values of the %RH and 

corresponding to these, impedances are Z1 and Z2 respectively. The response and 

recovery time of humidity sensors are defined as the time taken to reach 10% of the final 

sensor output during the increasing and the decreasing %RH respectively [52]. The 

hysteresis (H) of the sensor is defined by Eqn. 2.8. 

  
       

           
                                                  (2.8) 
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Where ZA and ZD are the measured impedances at a fixed %RH during the 

adsorption and desorption process [53]. 

All the data were recorded with the help of a humidity sensor characterization 

setup which is shown in Fig. 2. 11. This figure consists of a humidity-controlled glass 

chamber, circuit component analyzer (i.e. impedance analyzer) and connecting wires.  

The saturated solutions of the K2SO4 and KOH were used to humidify and dehumidify 

the humidity-controlled glass chamber respectively and the humidity within it is 

measured by a hygrometer. Changes in the impedance with the variation in the %RH 

(increasing and decreasing both modes) have been recorded at constant 10 kHz, 1 kHz 

and 100 Hz frequencies of the impedance analyzer.  All the recorded readings have been 

shown in Table 2.2. The graphs between impedance versus %RH at constant 10 kHz, 1 

kHz and 100 Hz frequencies are shown in Fig. 2.12 (a), (b) and (c) respectively. At 

different frequencies, the sensing graphs can be explained as considering the thin film 

consisting of an equivalent parallel C-R circuit. The impedance of the equivalent parallel 

C-R circuit is given by Eqn. 2.9. 

    √(  )      ( )                                        (2.9) 

This depends upon the capacitive reactance (1/  ) and resistance (R). The 

capacitive reactance (i.e. 1/ C = 1/, f is the frequency and C is capacitance) is 

inversely proportional to the frequency. At room temperature, there are no adsorbed 

water molecules and the resistance of the sensing element is high (1/R<<  C) so that 

impedance is inversely proportional to the frequency and capacitance. So, changes in the 

impedance of the sensing element can be explained based on the frequency and the 

capacitance [54, 23, 36].  The curves show the highest change in the impedance at lower 
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frequency while at higher frequency the change in the impedance is lower. The capacitive 

reactance offered by film is higher at lower frequency (100 Hz)  that is why the change in 

impedance (226 M – 155 k ) is higher with the change in %RH shown in Fig. 2.12 (c) 

and the inset is showing the variations in impedance with change in %RH from 60 to 100. 

As the value of the frequency increases (1 kHz), the change in the capacitive reactance 

decreases and impedance has changed from 29 M  to 61 k  as shown in Fig. 2.12 (b). 

The inset of this figure is showing the variations in impedance with change in %RH from 

70 to 100.  Fig. 2.12 (a) illustrates that if we again increase the value of the frequency 

upto10 kHz,  the change in the impedance are observed lowest, varied from 3.54 M  to 

76 k. 

The impedance is inversely proportional to the capacitance so an increase in 

capacitance causes the decrease in the impedance. Water is a polar molecule and 

polarizes into H
+
 and OH

-
 ions. The dielectric constant is directly proportional to 

polarizability. Capacitance depends upon the dielectric constant. The value of the 

capacitance increases with the rising %RH [37, 40]. At the lower humidity, polarizability 

is low, the charge carrier concentration is low, the value of the dielectric constant is low 

leading the lower capacitance therefore the impedance is higher. As the adsorption of 

water molecules increases, value of the dielectric constant increases, resulting in the 

higher value of the capacitance, this results in lower impedances. The sensitivity was 

calculated with the help of Eqn. 2.4 at different frequencies is depicted in Table 2.3. With 

the observation of the Fig. 2.12 (a), (b) and (c) we can conclude that at 100 Hz frequency 

the hysteresis loop is less as compared to two other frequencies and also the Table 2.3 

illustrates that the sensitivity of the sensor at the constant 100 Hz frequency results the 
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best sensitivity. Therefore, the whole experiment was performed at this constant 

frequency. 

The response and recovery time are important parameters of the sensors, having 

low value demonstrating good sensor. The noted data of the time along with variation in 

impedance as per increasing and decreasing humidity has been illustrated in Table 2.4. 

Repeatability and the long term stability of the sensor describe the performance of the 

sensors. The sensors should have very much repeatability. The data recorded for 

repeatability and aging are shown in Table 2.5. Figs. 2.13 (a), (b) and (c) illustrate the 

response- recovery curve, repeatability and long-term stability (ageing effect) of the m-

Graphene-based humidity sensor respectively at room temperature.  It was found that the 

sensor has a response, recovery time and repeatability as 24, 13 s and 96.05% 

respectively along with the negligible ageing effect. Hysteresis is an important parameter 

for sensing device fabrication. The m-Graphene based sensor hysteresis was calculated 

using Eqn. 2.8 and has found the maximum hysteresis of 6 %RH during the adsorption 

and desorption at 40 %RH. 

2.6 Conclusion 

Using the wet chemical method m-Graphene was successfully synthesized. BET 

analysis confirmed the synthesis of meso and macro porous material having a surface 

area 10.55 m
2
/g along with the pore size distribution ranging from 10.34 to 97.44 nm, 

which is the more important for humidity sensing. The SEM, EDX and particle size 

analysis concluded that synthesized material is the carbon-based sheet structured 

nanomaterial. The confirmation of m-Graphene was carried out using the IR and Raman 
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analysis. The m-Graphene was found much defected (ID/IG = 1.55) along with more 

dangling bonds which were proven beneficial for the humidity detection. The crystallite 

size of m-Graphene was found as 10.81 nm. The humidity sensing for frequency 

optimization purposes was performed at different frequencies e.g. 100 Hz, 1 kHz, and 10 

kHz. The m-Graphene based humidity sensor exhibited the maximum sensitivity as 2.51 

M/%RH at an optimized 100 Hz frequency. The other sensing attributes as 

repeatability, response and recovery time were found as 96.05%, 24 and 13 s 

respectively. 
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Figures 

 

Fig. 2.1 Schematic showing the synthesis process of m-Graphene 

 

 

Fig. 2.2 Nitrogen adsorption and desorption isotherm of the m-Graphene along with inset 

pore size distribution curve 
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Fig. 2.3 SEM micrographs of (a) GO (b) m-Graphene 

 

 

Fig. 2.4 Elemental mapping of the synthesized m-Graphene 



Modified Graphene as a moisture sensor at optimised frequency 

92 
 

 

 

Fig. 2.5 XRD pattern of the raw Graphite and m-Graphene 

 

 

Fig. 2.6 Sheet size distributions of m-Graphene 
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Fig. 2.7 Absorption spectra of m-Graphene and Insitu Tauc plot. 

 

Fig. 2.8 FTIR spectrum of the m-Graphene 
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Fig. 2.9 Raman spectrum of the (a) raw Graphite and (b) m-Graphene 

 

 

 

Fig. 2.10 Schematic representing the Grotthuss chain mechanism on the m-Graphene 

based humidity sensor 
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Fig. 2.11 Lab made humidity sensor characterization setup 

 

 

Fig. 2.12 Sensitivity curves of the m-Graphene at (a) 10 kHz, (b) 1 kHz and (c) 100 Hz 
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Fig. 2.13 m-Graphene based sensor showing (a) response and recovery curve (b) 

repeatability and (c) long term stability curve 

 

 

 

 

 

 

 

 



Modified Graphene as a moisture sensor at optimised frequency 

97 
 

Tables 

 

S. 

No. 

Materials Working 

range 

Sensitivity/Sensing 

response 

Response 

time (s) 

Recovery 

time (s) 

Referen

ces 

1 Graphene/polypy

rrole 

12-90 138/--- 15 20 13 

2 PANI/ TiO2 25-95 ---/84.21 % 60 100 35 

3 Graphene/ TiO2 12-90 ---/151 128 68 36 

4 Graphene oxide 23-86 37800% /--- 10.5 41 37 

5 rGO-SC 11-95 ---/2961.39 1.3 23.5 38 

6 Modified 

MWCNT 

10-90 0.644 M/%RH--- 32 36 15 

7 PDDA/rGO 11-97 ---/8.69-37.43% 108-147 94-133 39 

8 Fe-GO 10-95 5.18 pF/%RH/--- 31 11 40 

9 m-Graphene 10-99 2.51 M/%RH/--- 28 13 Present 

Work 

 

Table 2.1 Literature survey of the Graphene-based humidity sensors 
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%RH Impedance (M) 

100 Hz 1 kHz 10 kHz 

Increasing  

mode 

Decreasing 

mode 

Increasing  

mode 

Decreasing 

mode 

Increasing  

mode 

Decreasing 

mode 

10 226.00 218.00 29.21 28.35 3.54 3.89 

15 180.00 180.00 25.60 25.94 3.41 3.54 

20 125.00 130.50 23.69 24.44 3.34 3.25 

25 86.30 95.60 20.68 23.03 3.23 3.17 

30 59.03 70.15 17.76 21.45 3.07 2.96 

35 36.06 50.89 13.87 19.95 2.84 2.67 

40 19.23 35.54 9.16 15.75 2.25 2.50 

45 8.12 22.62 4.25 11.88 1.66 2.12 

50 4.03 10.52 2.36 7.86 1.20 2.00 

55 2.84 8.66 1.42 4.94 0.88 1.84 

60 2.02 5.17 0.92 2.92 0.68 1.64 

65 1.60 3.76 0.605 2.03 0.522 1.40 

70 1.24 2.58 0.44 0.99 0.38 1.13 

75 0.95 1.39 0.38 0.62 0.26 0.82 

80 0.79 0.99 0.23 0.39 0.20 0.56 

85 0.49 0.68 0.16 0.26 0.14 0.44 

90 0.30 0.42 0.11 0.17 0.12 0.22 

95 0.22 0.29 0.09 0.12 0.10 0.13 

100 0.16 0.16 0.06 0.06 0.08 0.076 

 

Table 2.2 Variation in the impedance as per increasing and decreasing humidity at 100 

Hz, 1 kHz, and 10 kHz frequencies respectively 
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Serial Number Constant frequency Sensitivity 

1. 100 Hz 2.51 M/%RH 

2. 1 kHz 0.321 M/%RH 

3. 10 kHz 0.0384 M/%RH 

 

Table 2.3 Depiction of the sensitivity of sensor at constant frequencies 100 Hz, 1 kHz 

and 10 kHz 

 

 

 Impedance  (M) 

Time (s) Response (10-50 %RH) Recovery (100-60 %RH) 

0 226.00 0.16 

50 180.00 0.29 

100 125.00 0.42 

150 86.30 0.68 

200 59.03 0.89 

250 36.06 1.39 

300 19.23 2.58 

350 8.12 3.76 

 

Table 2.4 Time measured along with variation in the impedance as per increasing 

humidity (10-50 %RH) and decreasing humidity (100-60 %RH) at 100 Hz frequency 
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%RH Impedance (M) 

Repeatability Ageing effect  

Increasing  

mode 

Decreasing 

mode 

After 0 

days 

After 

7days 

After 28 

days 

10 217.00 219.00 226.00 217.00 209.00 

15 167.00 173.00 180.00 167.00 178.00 

20 111.00 125.50 125.00 111.00 119.00 

25 72.30 91.60 86.30 72.30 79.30 

30 44.03 67.15 59.03 44.03 60.03 

35 24.06 45.89 36.06 24.06 37.08 

40 15.23 28.54 19.23 15.23 17.23 

45 5.12 18.62 8.12 5.12 7.21 

50 2.03 12.52 4.03 2.03 5.03 

55 1.34 8.66 2.84 1.34 2.97 

60 1.00 6.17 2.02 1.00 1.99 

65 0.67 4.76 1.60 0.67 1.68 

70 0.84 2.08 1.24 0.84 1.04 

75 0.75 1.11 0.95 0.75 0.98 

80 0.69 0.98 0.79 0.69 0.70 

85 0.39 0.77 0.49 0.39 0.50 

90 0.29 0.34 0.30 0.29 0.27 

95 0.20 0.22 0.22 0.20 0.11 

100 0.12 0.11 0.16 0.12 0.13 

 

Table 2.5 Recorded data of repeatability and aging effect after 0, 7 and 28 days 
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CHAPTER 3 

 

This chapter reports the characterizations and humidity sensing properties of 

Fe-GO. Thin films of GO and Fe-GO have been made by using the spin coating 

technique at 1500 rpm. After fabrication of thin film, variations in capacitance of the 

film with relative humidity (%RH) have been recorded. The thin film has been 

characterized by various techniques and a unique flower-like structure was found 

after the functionalization of GO with iron. The XRD analysis revealed that the GO 

consists of a minimum of 5 layers of the Graphene. BET surface analysis confirmed 

that the synthesized Fe-GO is the mesoporous material pertaining the surface area 

45.23 m
2
/g together with a mean pore diameter of 32 nm. The sensitivity of the Fe-GO 

based sensor found as 14.12 pF/%RH for higher humidity (70-95 %RH) region along 

with average sensitivity, response and recovery time as 5.18 pF/%RH, 31 and 11 s 

respectively at room temperature. 
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CHAPTER 3 

Fabrication of humidity sensor based on thin-film of Graphene 

oxide functionalized with iron oxide nanoparticles  

 

3.1 Introduction  

The innovative ideas always nourish science and technology by its day by day 

contributions in various fields. Nanotechnology is one of the most emerging fields of 

science in this era with a lot of versatile applications by different techniques. In passing 

days, Graphene has been proved as a “magic material” due to its extraordinary properties 

like high electrical, thermal conductivity, high mechanical stability, zero bandgap, and 

thinnest material etc. The tuning bandgap of the GO, tends it as metals and 

semiconductors, depending upon the parameters like dopant, functionalization etc. [1-4]. 

Due to its high electrical sensitivity and a large surface to volume ratio, it is used as 

humidity transductive material [5, 6]. The derivatives of the Graphene and GO contain 

multiple oxygen-containing groups which mandate us to focus on the thin-film based 

sensor devices [7-10].  The functional groups with GO proclaim the massive active sites 

for the moisture acceptors, but such types of functional groups can disrupt the conductive 

regions for resistive transduction. To overcome this problem the chemical reduction 

technique is commonly implemented, which restores its conductivity [11]. 

Humidity is the gaseous state of the water, which is invisible to human eyes. The 

detection of humidity is very important in fields like agriculture, medical diagnostic, 

weather, food storage sectors, industries, and environmental monitoring etc. Humidity is 

an essential factor of the environment, which significantly affects living as well as non-
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living organisms also [12, 13]. Therefore, we require to develop a good quality humidity 

sensor which is economically cost-effective and portable. Nowadays, simple, reliable, 

sustainable, portable, low-cost humidity sensors are in demand for accurate and precise 

measurement of humidity [14, 15]. The characteristic features of the good quality sensors 

are linear response of the sensor, high sensitivity, low response time and low recovery 

time, good chemical and physical stability at room temperature. There are two types of 

electrical sensors; a resistive type, and a capacitive type. Since resistive type sensor 

functions via analyzing the signals in the humid environment, its sensitivity can be 

increased by functionalizing the hydrophilic groups. These types of groups comprise 

carboxylic, hydroxylic, sulfonic and phenolic hydroxyl groups etc. which could 

familiarize with the massive moisture acceptors for humidity sensing. In the commercial 

field, the capacitive type humidity sensors have been used because of their high 

sensitivity, low fabrication costs, and low power consumption. The capacitive type 

sensors have also good performance in the environments which are desirable in various 

applications. The performances of the sensors are affected by various factors such as 

materials, its morphology, sensing material and the process of the preparation of the 

materials etc. For the development of a good humidity sensor, there are many 

transduction techniques such as capacitance [16], resistance, field-effect transistor (FET) 

[17], optical fiber, quartz crystal microbalance (QCM) [18, 19], surface acoustic wave 

(SAW) and photonic crystal etc. [20-22]. To improve the sensitivity of sensors, there are 

several types of materials such as nanostructured metal oxides, polymers, carbon 

nanotubes (CNTs) and nanocomposites that have been employed for fulfilling the 

purpose [23].  
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Due to the nonappearance of the moisture acceptors, at a high degree of humidity, 

the pure reduced Graphene Oxide-based sensors demonstrated as the low response sensor 

(0.27-37.43%) [24-26]. The pure Graphene has a poor response for sensing applications 

due to high conductivity. In GO, charge carriers have high conductivity and Fermi 

velocity in the plane. However, the poor interaction of the sensing material and restricted 

diffusion in the side edges show the poor sensitivity of the sensing material. To overcome 

this problem, the functionalization of the GO is necessary. The attachment of the metal 

oxide nanocomposites with the GO is important from the application point of view. The 

GO-based metal oxides nanocomposites/ nanohybrids are employed in various fields [27-

29]. The functionalization of GO with nanostructured metal oxides results in the charge 

transfer mechanism between the sensing species and functionalized GO and also paying 

an effective way for the improvement of the sensitivity, fast response, and recovery [30]. 

There are several techniques for the production of carbon-based metal nanocomposites as 

hydrothermal, chemical vapor deposition, wet chemical method etc. [31]. For the doping 

or functionalization of Graphene, researchers used GO or rGO as a precursor. In the 

literature review, GO-based reported senors neither have a wide range of the %Relative 

Humidity (%RH) nor low response time. To overcome these problems we successfully 

come with an idea to functionalize GO with the metal-oxide nanoparticle. In this research 

article, GO was functionalized with iron nanoparticles (Fe-GO) and further, it was used 

for the detection of humidity. The recent literature review of the GO-based electrical 

humidity sensors has been depicted in Table 3.1. 

3.2 Experimental details 

3.2.1 Materials 
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All the chemicals used in the synthesis such as sulphuric acid, graphite, potassium 

nitrate, potassium permagnet, hydrogen peroxide, and ferric chloride, were purchased 

from Merck Specialities Private Limited, Mumbai, India. These were of analytical grade 

and used as received. During the entire experiment, di-ionized (DI) water having a pH 

value of 7 was used for making the aqueous solution.  

3.2.2 Synthesis of GO and Fe-GO 

   GO was synthesized by the chemical oxidation process of the graphite. 1.0 g of 

natural graphite powder and 1.0 g of potassium nitrate were taken in a glass beaker which 

was further placed in an ice bath (0-5 ˚C) and 50 ml sulfuric acid was added under 

dynamic magnetic stirring. Then KMnO4 (6 g) was gradually added to this solution after 

20 min. The beaker was then moved from the ice bath to a water bath (30 ˚C) and after 

the stirring 2 h, a thick paste was obtained. Now, 200 ml distilled water was added to the 

solution and the solution was stirred for 35 min at 100 ˚C, later hydrogen peroxide was 

added drop by drop to the solution, which turns the color of the solution to dark brown. 

Further, the obtained solution was filtered and washed with DI water until neutral pH (7). 

After filtration, the cakes were formed and those were dispersed in the warm water for 

sonication and after 2 h sonication, it was converted into the suspension which was 

centrifuged at 4500 RPM (two times for 15 min). The supernatant (small pieces of GO 

/water-soluble derivatives) was unwanted while GO films were found from the residue 

under dry air [32, 33]. The exohedral functionalization method was used for 

functionalizing GO. In this method, Iron nanoparticle was directly deposited on the GO 

surface, side edges using the wet chemical deposition method. The diagram of the full 

synthesis process is shown in Fig. 3.1.   
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3.2.3 Fabrication of the sensing element 

The sensing element was fabricated by the spin coating method.  For this purpose, 

the thin film of the functionalized sample (Fe-GO) was deposited on the silica glass 

substrate of the dimension 1.0 × 0.5 cm
2
 at 1500 rpm. The electrodes on the film at 0.25 

cm from each edge were grown using silver paste. Also, the film was annealed at 400˚C 

in the presence of 20% oxygen for 2 h. 

3.3 Characterization techniques 

Various characterization techniques were employed to characterize the 

synthesized materials. The elemental analysis (EDX) and surface morphological analysis 

of the film was carried out at various magnifications and scales by scanning electron 

microscope (JEOL, JSEM- 6490LV). UV-Vis absorption spectrum of the aqueous 

solution was recorded using UV-Vis spectrophotometer (Evolution 201). XRD pattern 

recorded using PAN analytical X-ray diffractometer at scan rate 0.01°/s using CuKα (λ = 

1.540598 Å) and FTIR (Nicolet TM 6700), Raman spectra recorded with Raman 

spectrometer (A Renishaw using λ = 514.5 nm Ar
+
 with power 15 mW). 

3.4 Results and Discussion  

3.4.1 Scanning Electron Microscopy (SEM) analysis 

The surface morphological investigation was carried out using Scanning Electron 

Microscopy (SEM). This characterization technique deals with the surface morphological 

study and 3D imaging of the samples. 

Fig. 3.2 (a) shows the surface morphological diagram of the GO-based thin film. 

Flakes of the approximate thickness of 26.22 nm on the film might be observed. Effects 

of functionalization on the surface morphology of GO have been observed as shown in 
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Fig. 3.2 (b-c). Fe-GO has unique flake type structures which have not been reported till 

now. These structures are very similar to Gulmohar petals (Tabebuia angustata or 

Trumpet flower) (Fig. 2 (d)). The encircled part shows that the GO layers are overlapping 

to each other and iron nanoparticles are present between the GO layers. A GO sheet of 

dimension 500 nm is covering the lower GO sheet and iron nanoparticles are trapped 

between these two dimensional GO sheets. At the corners, there are large numbers of 

active sites (gaps or empty spaces) that are more responsible for the sensing purpose.  

3.4.2 Energy Dispersive X-ray (EDX) analysis and elemental mapping 

EDX technique was used for the analysis of the chemical and elemental 

composition in the sensing species at 10 keV accelerating voltage. An EDX spectrum of 

the Fe-GO is shown in Fig. 3.3. The observations deal with the presence of the C, O and 

iron particles along with chlorine as a foreign element. The analyzed elements C, O, Fe 

and Cl were present in the sample with weight % 41.90, 25.87, 8.12 and 2.24 

respectively. Cl is the foreign element present due to the source of the ferric chloride. 

3.4.3 BET surface analysis 

 The surface area of the synthesized Fe-GO was measured using the BET surface 

measurement. The nitrogen adsorption and desorption isotherms of the GO and Fe-GO 

are as shown in Fig. 3.4. The GO exhibiting macroporous material having the BET 

surface area 44.28 m
2
/g and mean pore diameter is 129.8 nm as shown in Fig. 3.4 (a).  

Fig. 3.4 (b) illustrates that the Fe-GO exhibits a porous material containing narrow 

capillary pores. The BET surface area and mean pore diameter of Fe-GO were found 

45.23 m
2
/g. and 32.022 nm respectively. After the functionalization of the GO with the 

iron nanoparticles, the surface area of Fe-GO gets increased and the material gets a 
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transition from the macroporous to mesoporous material which is more beneficial for the 

sensing purpose. The functionalization of GO with iron nanoparticles increases the 

surface area as well as the porous nature of the Fe-GO. 

3.4.4 X-Ray Diffraction (XRD) analysis 

XRD is the characterization technique that is employed for the determination of 

crystal structure and lattice parameters. This is based on Bragg‟s diffraction condition as 

shown in Eqn. 3.1. 

         nλ                                                    (3.1) 

where d is the interplanar spacing, n is the order of the plane,   is the wavelength of the 

radiation used and     is the Bragg‟s angle. The crystallite size can also be calculated 

using Debye-Scherer formula [34, 35]  which is given as Eqn. 3.2. 

  
   

       
                                                                     (3.2) 

where D is the thickness in which direction the graphite patterning occurs, k is the 

Scherer‟s constant and   is the full-width half maxima. The crystallite size (L) in the 

plane (shown in Fig.3.5) can be calculated using the Eqn. 3.3 [36] 

  
     

       
                                                                      (3.3) 

Fig. 3.6 (a) reveals the XRD pattern of the GO sheets. It shows that the highest 

Bragg‟s peaks appear at 24.37˚. The synthesized GO comprises amorphous and semi-

crystalline behavior. The hump at 2θ = 11.5˚ with interplanar spacing 7.68 Å 

corresponded to the existence of oxygen-containing functional groups (-O-, -COOH, -

C=O, -OH). A wide peak at 2θ = 24.37˚ with an interlayer spacing 3.65 Å is attributed to 

the lower grade of the crystallization and also indications of the existence of imperfection 
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and CO2 molecules generated during the oxidation of graphite. This peak is found due to 

the diffraction of X-rays with (002) Bragg‟s plane. There are some Bragg‟s peaks at 2θ = 

43.42˚ and 49.19˚ with 2.08 and 1.85 Å interlayer spacing corresponding to the Bragg‟s 

plane (100) and (102) respectively which shows the decrease in the crystallinity. These 

may be due to the presence of some of the un-oxidized graphite flakes during the 

oxidation [33]. 

The average thickness (D in the graphite patterning direction) and crystallite size 

in the plane (L) for the GO was calculated as 7.24 and 14.81 nm respectively. The 

number of layers (n) in GO can be calculated by using the formula as given in Eqn. 3.4 

[36] 

   
 

 
                                                                          (3.4) 

 The minimum and maximum numbers of the Graphene layers in GO were 

obtained 5 and 13 respectively. The Fig. 3.6 (b) shows the XRD pattern of the Fe-GO 

sheets consisting of the 10 Bragg‟s peaks. This shows that Fe-GO has crystalline nature. 

The Bragg‟s planes (002), (100) and (102) represented by the black colors are of the GO 

while (012), (104), (110), (202), (116), and (018) represented by the red are of the iron 

nanoparticles. There is one un-indexed peak at 2θ = 31.87˚ that may be due to the phase 

change of the ferric oxide nanoparticles during the annealing of the Fe-GO. The average 

thickness (D) and crystallite size in the plane (L) of the synthesized Fe-GO sheets was 

calculated 26.09 and 52.67 nm respectively, these were increased in comparison of GO. 

The increase in thickness is the signature of iron nanoparticles acting as a connecting 

bridge among the basal planes of the GO sheets and an increase in crystallite size (i.e. the 
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size of the Fe-GO sheet in the plane) shows the iron nanoparticles were bonded with the 

side edges.  

3.4.5 Fourier Transform Infra-Red spectroscopy analysis  

The synthesized materials were characterized by FTIR spectroscopy to determine 

the reactivates and functional groups attached to them. The presence of the functional 

groups in the synthesized materials was confirmed by IR spectroscopy. An IR spectrum 

of a molecule is obtained by absorbing the IR radiation frequency which matches the 

bond frequency within the molecule. This spectrum was studied in the wavenumber range 

4000 - 500 cm
-1

. Fig. 3.7 (a) and (b) shows the IR spectrum of the GO and Fe-GO 

respectively. The absorption bands found at 3740, 2920, 2850, 1440 cm
-1 

are due to the 

oxygen functionalities present in the material shown in Fig. 3.7 (a). The peak at 3435 cm
-

1
 was assigned to hydroxyl (OH) stretching of the C-OH groups [37].  The C=O 

stretching vibrations of the carboxylic acid (COOH) groups were assigned vibrations as 

the valley present at 1710 cm
-1

 [37]. The valleys assigned at 1550 and 1151 cm
-1

 were 

due to C=C and C-O stretching vibrations. There are some additional valleys at 2398, 

1619, 545 cm
-1 

in Fig. 3.7 (b) which reveals that the Fe nanoparticles were single-bonded 

with the GO sheet [38]. There are some other valleys at range 800-900 cm
-1

 due to Fe-

OH stretching vibrations and at peak 450 cm
-1

 is due to O-Fe-O stretching vibrations 

present in the Fe-GO [39].       

3.4.6 UV-Visible absorption analysis 

  The optical characterization of the film was done by UV-Visible 

spectrophotometer. Fig. 3.8 signifies the variation of the optical absorbance for the film 

with the wavelength. Insets of Fig. 3.8 (a) & (b) show that the graphs between (   )
2
 and 
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energy (eV). We found that extrapolations of tangents on these curves give direct 

bandgap energy of GO and Fe-GO as 2.4 and 4.2 eV respectively. The bandgap energy of 

the nanomaterial after functionalization increases from 2.4 to 4.2 eV. This shift in the 

optical band gap shows the blue shift, which is a better indication of humidity sensing. 

The higher bandgap is credited to the size and morphological effect of nanostructures. 

Thus the increase of bandgap in comparison to pure GO is more clear based on the 

quantum size effect which arises due to the very small size of nanosheets in two 

dimensions. In the functionalization process the GO sheets get functionalized with Fe 

nanoparticles, these nanoparticles have lower conductivity so they capture free electrons 

from the Graphene sheets so the conduction band of the nanocomposites shifts upwards, 

and a higher bandgap has been observed.  

3.4.7 Raman spectroscopy 

Raman spectroscopy is the primary characterization of carbon-based 

nanomaterials. This technique plays a significant character in the study of differentiating 

carbon-based materials [40]. The Raman spectra of the GO and Fe-GO were recorded and 

plotted as shown in Fig.3.9. Fig. 3.9 (a) shows the Raman spectra of the GO in which two 

Raman peaks were obtained, among those, one is at 1331 cm
-1

 and the other is at 1589 

cm
-1

.
  

These are known as D - band and G - band respectively. The intensity of the D-

band is higher compared to the G – band [41]. The ID/IG ratio was 1.53 for the GO. 

Raman plot of Fe-GO as shown in Fig. 3.9 (b), Raman peaks indexed at wavenumber 

1327 and 1587 cm
-1

 corresponded to D - band and G - band respectively. The ID/IG ratio 

was 1.41 for the Fe-GO. The decrease in ID/IG ratio from 1.53 to 1.41 exhibits that the 

crystalline nature increases as the ID/IG is inversely proportional to the crystallite size 
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[42].  The shifting in the position of the D, G - bands and decrease in ID/IG were the 

signatures of the reduction of the GO into the Graphene Layers. At the higher energy in 

the Raman spectra, there is a peak at wavenumber 2610 cm
-1 

[43].  This peak confirmed 

that the GO has been reduced into the Graphene Layers. Wavenumber range 220-610 cm
-

1 
consists of four peaks. These peaks confirm the existence of iron nanoparticles in the 

synthesized material [44]. 

3.5 Humidity sensing application 

Graphene-based materials have a charge-transfer sensing mechanism. In such type 

of mechanism, the transfer of electrons between the sensing species and materials takes 

place. The foundation of this mechanism is a transfer of the charge carriers from the 

chemisorbed and physisorbed water molecules to the material surface being predisposed 

by the porosity and surface area. The Fe functionalization tends to the porous material 

and active sites in the sensing process. In the case of Fe-GO, many layers are present and 

oriented in different directions as shown in Fig. 3.10 (a). The orientations of the Fe-GO 

layers form the capacitor. In the absence of moisture, the value of the capacitance is 

related to the geometry of the Fe-GO layers. Many capacitors are formed due to the 

different orientations of the sheets having a capacitance  

  
  

 
                                                                          (3.5) 

Where  K =      is the dielectric constant of the water,    and     are the relative 

permittivity of the material and permittivity of the free space between the Fe-GO sheets 

respectively, A is the area and d is the spacing between the sheets.  The capacitance not 

only relies on the area of the exposure and the distance between the layers but also on  the 

dielectric constants of the material. The increase in the value of dielectric constant results 
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in increases in the capacitance. Water is the polar molecule that polarizes into H
+
 and 

OH
-
 ion. The polarizability is directly proportional to the dielectric constant. Therefore, 

capacitance directly relies on polarizability [24, 25]. As the humidity increases, the OH
-
 

ion concentration also increases so the value of the capacitance will also increase [45].  

At lower humidity, less number of adsorbed water molecules is chemisorbed to 

the Fe-GO surface. At this level, the OH
-
 ion chemically bonded to the Fe-GO layers at 

the surface i.e. chemisorption takes place as shown in Fig. 3.10 (b). As the humidity 

increases, the number of water molecules increases, and the layers of the water molecules 

are formed over the chemisorbed layers. In this way, the physisorption takes place as 

shown in Fig. 3.10 (c). Further, the number of the adsorbed water molecules also 

increases and so OH
- 
concentration increases which increase the capacitance. 

3.5.1 Experimental setup 

A controlled humidity chamber has been designed as shown in Fig. 2.10 of 

Chapter 2.  Saturated solutions of KOH and K2SO4 in distilled water were used as a 

humidifier and dehumidifier respectively. Variations in capacitance were noted by using 

the Impedance Analyzer (Wayne Kerr Precision Component Analyzer, 6440B) through 

connecting cables. The variations in relative humidity were recorded using a standard 

hygrometer (HTC-1). The humidifier or dehumidifier was kept in a steel bowl over flat 

support. During the experiment, the temperature of the chamber remains the same and the 

frequency is kept at 100 Hz throughout the experiment. A thin film of Fe-GO prepared 

and depicted in section 2.3 was inserted within a capacitive measuring holder, after that it 

was exposed to the humidity inside a humidity testing setup. As humidity inside the 
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testing chamber increases, the capacitance of the thin film increases for the entire range 

of humidity i.e. from 10% to 95% was observed at room temperature. 

3.5.2 Results & Discussion 

The changes in capacitance with the variation of %RH for the sensing film of Fe-

GO at room temperature are recorded as shown in Table 3.2 and plotted in Fig. 3.11 (a-

d).  It can be seen that as %RH increases, the capacitance of film increases.  The curve 

has been divided into three segments, I
st
 for low humid (10–40 %RH), II

nd
 for mid humid 

(40–70 %RH) and III
rd

 for the high humid region (70–95 %RH) respectively. 

The slope of the curve defines the sensitivity [23].  Mathematically,  

            
                      

             
   pF/%RH                (3.6) 

The sensitivity of the sensor investigated for three regions of %RH has been 

depicted in Table 3.3. The sensor shows a lower sensitivity in the low humidity region 

and improved sensitivity in the mid humid region while drastic enhancement was 

observed in the higher humidity range i.e. from 70 to 95 %RH. It is 14.66 pF/%RH, 

which is the maximum among the reported values (Table 3.3). The average sensitivity 

was calculated as 5.18 pF/%RH by taking the slope of the curve in Fig. 3.11 (a) in 

different regions. The functionalization, unique, and beautiful porous surface morphology 

comprises good sensitivity. The time of humidity sensor with the increasing and 

decreasing humidity has been recorded which is shown in Table 3.4. The response and 

recovery time of the sensor have been shown in Fig. 3.11 (b) and these were found as 31s 

and 11s respectively. The observed data for repeatability and aging has been shown in 

Table 3.5. The experimentally obtained data is plotted as shown in Fig. 3.11 (c) which 
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shows that results are repeatable up to 97.2%.  The aging effect on the sensing material 

was also tested after one week and three weeks which is shown in Fig. 3.11 (d). It is quite 

observable that there is very less or negligible aging effect on the results obtained. The 

data of the real-time versus change in capacitance with increasing humidity is shown in 

Table 3.6. Fig.3.12 is illustrating the real-time capacitance change at various %RH.  As 

the time of exposure to humidity increases the concentration of the hydroxyl ions also 

increases and finally we get an increase in the capacitance. The variation in the 

capacitance has been found because of the generation of new dangling bonds and the 

conversion of dangling bonds into covalent bonds. Fig. 3.13 shows the comparisons of 

the sensitivity in three regions (low, mid and high) after 3, 7 and 21 days ageing and the 

corresponding data is depicted in Table 3.7. The bars demonstrate that the sensor gives 

negligible deviations in the high and mid humid regions. The sensor gives the same 

average sensitivity after 3, 7, and 21 days.  

3.6 Conclusion 

 The GO and Fe-GO have been synthesized successfully. The BET technique 

analyzed that the Fe-GO is the mesoporous material having a surface area 45.23 m
2
/g 

along with mean pores diameter of 32 nm. The surface morphological and XRD 

investigations of the GO and Fe-GO demonstrate that after the functionalization of  GO 

with the Fe nanoparticles leads the increase in surface area of the sheets,  creating more 

dangling bonds, porous and unique morphology (i.e. Gulmohar petal-like structures); 

these are responsible for the humidity sensing. The functionalization with iron 

nanoparticles enhances the crystalline nature of the Fe-GO as compare to GO. The 

minimum numbers of Graphene layers in GO were found as 5. The iron nanoparticles 
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were attached to the oxygen-containing functionalities at the side edges, corners, and the 

basal plane of the GO sheets because the size in the plane (i.e. L) of Fe-GO has been 

increased as compared to GO. The iron nanoparticles are mostly attached to the oxygen 

functionalities of the GO, so we can say that GO is functionalized exohedrally with the 

iron. The decrease in ID/IG ratio (from 1.53 to 1.41) also shows that iron nanoparticles are 

attached to defects in GO sheets. The iron nanoparticles are single bonded with GO 

sheets and are attached at side edges, corners, and in the basal planes of the GO sheets.  

Fe-GO shows the best sensitivity in the higher humidity region as compared to the lower 

and mid humid region. So this is a good sensor for the higher humidity (70–95 %RH) 

range at room temperature. The sensing attributes as average sensitivity, response, and 

recovery time are 5.18 pF/%RH, 31 s, and 11 s respectively in the humidity range 10-95 

%RH at room temperature. The sensor has the same average sensitivity after 3, 7, and 21 

days. The sensitivity in this chapter has been found to be increased and the recovery time 

also reduced in comparison to previous Chapter 2.  
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Figures 

 

Fig. 3.1 Flow chart of the synthesis process of GO and Fe-GO 

 

 

Fig. 3.2 Surface morphology of the (a) pristine GO and (b, c) Fe-GO (d) photograph of 

Gulmohar flower 
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Fig. 3.3 EDX spectra of the Fe-GO  

 

 

Fig. 3.4   N2 adsorption-desorption isotherm of  (a) GO and (b) Fe-GO at 77 ˚K 

temperature 
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Fig. 3.5 Schematic showing the synthesized GO consists of the minimum 5 layered 

Graphene 

 

 

 

Fig. 3.6 XRD pattern of (a) GO and (b) Fe-GO 
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Fig. 3.7 IR spectra of (a) GO (b) Fe-GO 

 

 

 

Fig. 3.8 Absorption spectra of (a) GO and (b) Fe-GO, Insets are the Tauc plots showing 

optical band gaps of GO and Fe-GO as 2.4 and 4.2 eV respectively 
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Fig. 3.9 Raman spectra of (a) GO (b) Fe-GO 

 

 

 

Fig. 3.10 Schematic showing capacitance-based humidity sensing mechanism of Fe-GO 
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Fig. 3.11 Sensing characteristics: (a) sensitivity, (b) response, recovery curve, (c) 

repeatability and (d) ageing effect  
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Fig. 3.12 Real-time capacitance change at various %RH 

 

 

Fig. 3.13 Sensitivity versus %RH of Fe-GO in 3 different regions after 3, 7, and 21 days 
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Tables  

Sensing 

material 

Sensor type Measureme

nt range 

Response/sensiti

vity 

Response 

time (s) 

Recover

y time 

(s) 

Referen

ces 

Defected 

Graphen

e 

Conductive 

type 

3-30 %RH 0.27- 2.33 /%RH - - 10 

GO Surface 

acoustic wave 

type 

8-18 %RH 1.54 kHz / %RH 38 21 21 

GO Capacitive 

type 

25-65 %RH -9.5 fF / %RH 5 - 16 

GO Quartz crystal 

microbalance 

type 

6.4- 93.5 

%RH 

22.1 Hz / %RH 45 24 19 

GO Capacitive 

type 

15-95 %RH 37800%/ 10.5 41 24 

Fe-GO Capacitive 

type 

10-95 %RH 5.18 pF/%RH 31 11 Present 

work 

 

Table 3.1 Literature review for Fe-GO based humidity sensors 
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%RH Capacitance (pF) 

 

Increasing  mode Decreasing mode 

10 4.33 14.97 

15 4.36 14.12 

20 10.21 14.21 

25 10.21 14.35 

30 10.14 15.05 

35 10.75 15.92 

40 11.98 15.71 

45 12.14 20.96 

50 14.29 28.56 

55 19.02 31.47 

60 20.93 33.67 

65 23.33 42.98 

70 30.27 64.68 

75 38.43 120.61 

80 109.7 210.51 

85 190.34 276.06 

90 296.89 319.3 

95 396.9 396.9 

 

Table 3.2 The recorded data of variation in the capacitance with increasing and 

decreasing humidity in the range 10-95 %RH 

 

 

 



Fabrication of humidity sensor …………………….. with iron oxide nanoparticles 
 

134 
 

 

 

Regions I II III 

Humidity range (%RH) 10-40 40–70 70–95 

Sensitivity (pF/ %RH) 0.26 0.61 14.66 

 

Table 3.3 Variation of the sensitivity of Fe-GO based sensor for the three regions of 

%RH  

 

Time (s) Capacitance (pF) 

Increasing humidity (10-50 %RH) Decreasing humidity (95-55 %RH) 

0 4.33 396.90 

30 4.36 296.89 

70 10.21 190.34 

130 10.21 109.7 

190 10.14 38.43 

250 10.75 30.27 

310 11.28 23.33 

370 11.44 20.93 

430 11.71 19.02 

 

 

Table 3.4 The data of the measured time versus variation in the capacitance with 

increasing (10-50 %RH) and decreasing humidity (95-55 %RH) 
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%RH Capacitance (pF) 

Repeatability Ageing effect  

Increasing  mode Decreasing mode After 1 week After 2 week 

10 3.20 15.86 4.25 20.35 

15 3.80 16.89 5.87 23.98 

20 11.40 21.52 16.75 24.21 

25 11.61 15.60 16.58 24.21 

30 11.60 16.50 16.45 23.54 

35 11.40 18.66 16.32 27.75 

40 12.00 20.20 17.89 31.98 

45 12.20 21.57 18.20 39.94 

50 12.61 31.68 18.70 32.29 

55 14.30 31.67 22.54 49.02 

60 19.90 45.20 24.92 54.93 

65 23.11 48.58 29.13 66.33 

70 28.15 73.98 34.14 71.27 

75 34.82 123.52 44.85 125.43 

80 70.49 178.90 70.52 198.70 

85 170.00 249.28 188.00 246.34 

90 306.00 288.62 304.00 310.89 

95 385.00 385.00 388.89 410.90 

 

Table 3.5 The recorded readings of the repeatability and ageing effect  
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Real-time (s) Capacitance 

36 12.94 

45 16.65 

114 18.90 

122 20.72 

367 24.75 

590 30.45 

890 38.59 

1190 47.01 

1500 59.01 

1900 73.98 

2300 123.52 

2800 178.90 

3400 240.00 

4100 280.00 

4900 294.00 

 

Table 3.6 The data of the real-time versus capacitance with increasing humidity  

 

No. of days Sensitivity (pF/%RH) 

Low humid 

(10-40 %RH) 

Mid humid  

(40-70 %RH) 

High humid 

(70-95 %RH) 

After three days 0.26 0.61 14.67 

After seven days 0.29 0.53 14.28 

After twenty one days 0.85 0.609 14.74 

 

Table 3.7 The data of the calculated sensitivity after 3, 7, and 21 days in low, mid, and 

high humid regions 
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CHAPTER 4 

 

The present chapter addresses the design and fabrication of the LPG sensor at room 

temperature based on the Graphene functionalized with CuO/SnO2 (GCS) nanocompoistes 

synthesized with temperature controlled hydrothermal technique. The synthesized material is 

being characterized with several characterization techniques as scanning electron microscopy 

(SEM), Electron dispersive X-rays (EDX), Ultraviolet visible (UV-Vis.) spectroscopy, Particle 

size analysis, X-ray Diffraction (XRD), Fourier Transform Infrared (FTIR) and Raman 

spectroscopy. The surface morphological investigations as well as elemental mapping analysis 

details as the metal nanoparticles are attached with Graphene sheet at the side edges, corners 

and basal plane. Confirmation of the nano sized distribution has been completed with the 

particle size analysis. The band gap of the synthesized nanomaterials is 4.1 eV. The presence of 

the oxygen containing functional groups in the material is confirmed with the FTIR. The Raman 

spectrum is used to describe the nature of the synthesized Graphene as well as GCS. The % 

maximum sensor response of the LPG sensor is 11.76 for the 2.0 vol.% LPG and also the 

response and recovery time for the 0.5 vol.% LPG is 1.7 and 1.2 s respectively. The effect of the 

relative humidity at room temperature on LPG sensing has been well discussed.   
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CHAPTER 4 

Design and fabrication of Graphene functionalized with 

CuO/SnO2 nanocomposites based LPG and humidity sensors  

 

4.1 Introduction 

Nowadays the Nanotechnology is a growing field in the research era. Nanomaterials 

are growing the attention of researchers due to their smaller size and larger surface area. 

The tuning of size of the material leads to extraordinary mechanical, electrical, and 

optical properties [1]. Due to such properties in nanomaterials, these are applied in 

different applications in Physics, Chemistry, Biology, Environmental and medical 

sciences. There are plenty of nanomaterials as pure nanomaterials (e.g. metal oxides, 

polymers, carbon nanotubes, Graphene, Graphene Oxide etc.), nanocomposites, 

nanohybrids, nanometallopolymers etc. Due to their specific property (surface 

morphology, electrical, optical) these materials are used in solar cells, wastewater 

treatment, light-dependent resistors (LDR), electrical devices, biosensing and 

electrochemical sensing [2].  

Carbon is abundant material on the earth in different forms. Based on structure the 

carbon nanomaterials are classified as Fullerene, Carbon Nanotubes, Graphene, Graphene 

Oxides etc. Out of these nanomaterials, each has its importance in the mechanical, 

chemical, optical properties and electrical properties [3]. Graphene is the most recent 

nanomaterial of the carbon discovered by Novoselove and being awarded the Nobel Prize 

in 2010. The bandgap of the Graphene can be tuned with doping, surface modification, or 
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functionalization. The surface of the Graphene can be altered with the functionalization 

of the Graphene via different nanomaterials, nanocomposites or polymers. 

Nanocomposites reveal different properties compared to constituents nanomaterials. 

There is very huge literature available about the synthesis and different applications of 

the nanocomposites materials [4,5]. The synthesis process leads to the different surface 

morphology of the nanocomposites. Sensing is a surface dependent phenomenon. The 

surface of the material will be responsible for the sensing mechanism. The materials 

having a large surface area, more dangling bonds, defects, wrinkles with porous surface 

morphology are the fruitful sensing materials [6]. 

Graphene is a promising magic material having a large surface area. With the 

modification in the surface of the Graphene, we can generate more dangling bonds, 

defects, wrinkles and porous surface morphology. So by using material engineering for 

modifying the surface of the Graphene, we can make it a better sensing material. A lot of 

research papers are available in the sensor area of the Graphene doped/chemically or 

physically modified/decorated/functionalized with different material species [7-11].    

The nanocomposites have been investigated by different groups of researchers 

worldwide for engineering the novel properties of material architectures at the nanoscale.  

There are carbon nanotubes, polymers, metallopolymers and a number of the metals 

present in the periodic table having large applications in the various fields of science [12, 

13]. The nanostructured metal oxides as WO3, Fe3O4, ZnO, TiO2, In2O3, CuO, NiO, CeO2 

and SnO2 may be accepted as potential candidates because of large applications in the 

diverse area of the research [14]. Due to the application of the SnO2 in solar cells, light 
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emission diode, lithium-ion batteries, photocatalytic activity and gas sensors, it attracts 

the great attention of the researchers. Copper is another promising element of the periodic 

table. Due to the promoter activity of the copper, it is used in the catalyst in the various 

chemical processes. The nano composition of the CuO/SnO2 plays an important role in 

different applications [15, 16, 17]. 

Various Graphene functionalized nanocomposites are studied in different 

applications. Some of the metal oxide synthesized by the hydrothermal technique at 

different temperatures for various time intervals such as Graphene nanocomposites as 

Co3O4-Graphene, α-Fe2O3/rGO, Ni(OH)2/GS (GO), TiO2-rGO, Co3O4/rGO, RGO/SnO2, 

ZnO/rGO etc. which are used in the different application areas [18-25]. Sh. Nasresfahani 

et al demonstrated a methane gas sensor based on the Pd doped SnO2/ rGO 

nanocomposite synthesized by the hydrothermal method [26].  

Due to the inflammable and explosive nature of the LPG, it is very much hazardous 

for human beings as well as living or non-living environments. Its leakage causes many 

serious problems due to which its detection is much important. The LPG is a hydrocarbon 

gas with a mixture of propane and butane gases which belongs to the family of alkanes. 

In the industrial sector and to protect human health there are gas sensors which are used 

to detect LPG leakages.  Many reports have been published by researchers to detect the 

LPG with the use of semiconductors metals oxide and polymer nanocomposites [27].  

The previously reported LPG sensors based on Graphene with metal as SnO2, CdO, SrO, 

Bi2O3 and MnO2 nanocomposites via different research groups have been shown in Table 

4.1 [28-35].  
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As per open literature, it is found that a LPG sensor generally works at high operating 

temperatures with large consumption of electric power. Still, there is much possibility to 

develop a LPG sensor for the low cost, highly sensitive, having fast sensor response and 

low response-recovery time along with stability operable at room temperature.  To 

overcome these problems, we have developed a LPG sensor that is based on the thin film 

of Graphene functionalized with CuO/SnO2 nanocomposites. In this Chapter, 

modification of the surface of Graphene with the CuO/SnO2 nanocomposites has been 

described. The functionalization of CuO/SnO2 nanocomposites with the Graphene may 

result in a large surface area, porous surface morphology along with metallic dangling 

bonds which may be fruitful for the sensing applications. 

4.2 Experimental methods used 

4.2.1 Chemicals used 

The chemical used in our synthesis are Graphite powder, KNO3, KMnO4, H2SO4, 

H2O2, CuCl2, SnCl2.2H2O, and DI water. The entire used chemical are analytical grade 

and was used as received from the Sigma Aldrich. 

4.2.2 Synthesis of Graphene-CuO/SnO2 nanocomposites 

Graphene Oxide was synthesized according to the Modified Hummer method 

[10]. In a typical procedure, Graphite powder (1 g) and potassium nitrate (1 g) was 

poured into a conical flask of 500 ml and later this flask was placed in an ice-filled box. 

Then the sulfuric acid (50 ml) was added to this mixture and after that, this box was 

transferred on a stirrer @ 700 RPM for 1 h. This reaction was controlled at 0-5 ˚C 



Design and fabrication of Graphene functionalized………LPG and humidity sensors 

 

 143   

 

temperature and the KMnO4 (6 g) powder was added gradually to this solution during the 

stirring. The prepared solution was transferred in the water bath at 35 ˚C with stirrings for 

2 h, a greenish paste was obtained. After that, the 200 ml DI water was added to the 

solution and heated at 95 ˚C along with stirring for 0.5 h. Then at reflux condition, the 

few drops of H2O2 were added dropwise to the solution until its color changes to 

yellowish. The obtained solution was filtered and multiple washed with the DI water up 

to the neutral pH. The filtrate was employed for the sonication for 2 h then centrifuged at 

4000 RPM for 20 minutes. The obtained supernatant was removed and the remaining 

sample was collected and dried at 50 ˚C for 8 h and ground with mortar Pestel into a fine 

powder of Graphene oxide (GO). 

Now the 0.2 M solution of the CuCl2 and SnCl2.2H2O was made in the 50 ml DI 

water with stirring at the rate of 500 RPM. In this solution, the above synthesized GO 

was added gradually as 5 weight % of the taken metal powders. After stirring 1 h and 

sonicating 30 minutes the above solution was transferred into the Teflon liner. The 

autoclave was placed in a hot air oven at 180 °C for 12 h. The obtained solution was 

dried at 50 °C for the 8 h and was ground with the mortar pestle into the fine powder. The 

obtained powder was annealed at 500 °C in a programmable temperature-controlled 

furnace. The schematic for the synthesis of the Graphene functionalized with CuO/SnO2 

nanocomposite (GCS) with the hydrothermal technique is shown in Fig. 4.1. 

Implementing the same hydrothermal technique for pure GO and CuO/SnO2 

nanocomposites at the same conditions separately we obtained hydrothermally reduced 

Graphene (HRG) and CuO/SnO2 (CS) nanocomposite. 

4.2.3 Fabrication of thin films for the sensor 
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   A thin film of the functionalized sample (Graphene/CuO/SnO2) was deposited on a 

cleaned silica glass substrate of the dimension 1.0 × 0.5 cm
2
 at 1500 rpm in a vacuum-

assisted spin coater. The film was dehydrated on a hot plate at 50 ˚C for 30 minutes.  

Also, the films were annealed at 400˚C in the presence of 20% oxygen for 2 h in a 

temperature-controlled microprocessor assisted furnace. The electrodes on one of the 

films were grown with the silver paste. After pasting the electrodes on film, it was ready 

for the LPG sensing characterization. 

4.2.3 LPG sensing measurement 

According to the IUPAC, the sensitivity of the LPG sensor is defined as the slope of 

the calibration curves i.e. slope of sensor response versus target LPG concentration. 

Mathematically, the sensitivity of the sensor is calculated by Eqn 4.1: 

           
                         

                        
  /vol.%                (4.1) 

The percentage sensor response (%S.R.) of the sensor was calculated using the 

formula given by Eqn.4.2:  

                  
     

  
                              (4.2) 

The response-recovery time of the sensor is defined as 90% of the final sensor output 

during the adsorption and desorption of the gas respectively [17]. The response-recovery 

of the sensor has been calculated by applying the exponential fitting for every 

concentration cycle. The exponential fitting for the growth and decay has been done with 

the Eqn. 4.3 and 4.4 respectively. 
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                                   (4.3) 

            
  

    
  

  
                                  (4.4) 

Where R0 and Rm are the initial and measured values of the resistance, tres and trec are the 

response and recovery time respectively [26]. The lab model of the LPG sensing setup is 

shown in Fig. 4.2. This setup consists of a LPG cylinder with a measuring unit, the 

vacuum-assisted chamber having a gas inlet, outlet, and sample holder. The sensing 

element was connected to the Keithley electrometer through the connecting wires which 

are further connected to a computer for the data recording. 

4.3 Used characterization instruments 

The Scanning Electron Microscopy (SEM)  (JEOL, JSEM- 6490LV) with Electron 

Dispersive X-rays (EDX), Particle Size Analysis (Zeta nanosizer),  UV-Visible 

Spectrophotometer (Evolution 201) were used as the characterization tools for the 

synthesized materials. The crystal and phase were investigated by powder X-ray 

Diffractometer (XRD)  (Bruker D8 Advance, using Cu Kα radiation) λ=0.15418 nm )at a 

scan rate of 0.2°/s. A Raman spectrometer (model: Airix Corporation, Japan with laser 

excitation at 514 nm) was used. 

4.5  Results and Discussion 

4.5.1 Surface morphology and elemental analysis 

The scanning electron microscopy (SEM) was used for the surface morphological 

investigations. Fig. 4.3 is illustrating the SEM micrographs of the synthesized GCS along 
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with the elemental mapping of the same material. At the 1000 and 500 nm scale, the SEM 

images are shown in Fig. 4.3 (a) and (b) respectively. In Fig. 4.3 (a) metal nanoparticles 

are shown in the encircled part while inside the rectangle there are the two Graphene 

sheets attached with the metallic nanoparticles. These metallic nanoparticles form the 

dangling bonds which have a major significance in LPG sensing.  Fig. 4.3 (b) is the SEM 

micrograph of the GCS at 500 nm scale showing the porous surface morphology along 

with the encircled metallic nanoparticles. The metallic dangling bonds, porous surface 

morphology and defects in the Graphene are responsible for a good LPG sensor 

application. Fig. 4.3 (c) is showing the elemental mapping analysis with the presence of 

the carbon, oxygen, Sn and Cu metals. EDX confirms the presence of the metallic 

nanoparticles as CuO and SnO2 which are earlier observed in the SEM micrographs 

already shown encircled in Fig. 4.3 (a) and (b). The SEM investigation confirms that 

metal nanoparticles are attached with the Graphene sheet at the side edges, corners and in 

the basal plane. These metal nanoparticles form the metallic dangling bonds which are 

useful in the sensing application. 

4.5.2 Optical absorption analysis 

The optical absorption analysis of the synthesized materials was performed with the 

help of the UV-Vis. spectrophotometer in the wavelength range of 190-1100 nm. Fig. 4.4 

(a) shows the absorption spectrum of the Hydrothermally reduced Graphene (HRG), 

CuO/SnO2 (CS) and Graphene functionalized with CuO/SnO2 (GCS) while Fig. 4.4 (b) is 

the Tauc plots of the same materials. The maximum absorption was observed in the 290-

320 nm wavelength range. Also, it was found that all the materials have almost the same 

absorption in the same wavelength range so these materials can form a good composite 
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material for the electronic device application purpose. The maximum absorption of the 

synthesized materials reflects the optical energy band gaps. In Fig. 4.4 (b) the Tauc plots 

are shown, extrapolation on tangent cuts on X-axis which gives the optical bandgap of 

the synthesized materials. The optical band gaps of the materials are the same and are 

equal to the 4.1 eV.  

4.5.3 Functional group analysis 

The FTIR is used to obtain information about the molecular fragment, specifically 

functional groups in the synthesized materials. This technique uses the Infrared radiation 

having a wavenumber range 400-4000 cm
-1

 of the electromagnetic spectrum. The FTIR 

spectrum of the synthesized HRG, CS and GCS is shown in Fig. 4.5 (a), (b) and (c) 

respectively. The bands present in 400-780 cm
-1

 wavenumber range corresponds to the 

metallic bond vibrations present in the CS and GCS. The valley observed at 1016 cm
-1

 

relates to the –C=O bonds vibrations present in the HRG shown by the circle in Fig. 4.5 

(a). The C=C bond stretching vibrations are corresponded to in wavenumber range 1500-

1700 cm
-1

. The broadband of the -O-H bonds stretching vibration has been investigated in 

the wavenumber range 3412-3420 cm
-1 

[36]. 

4.5.4 Dynamic Light Scattering (DLS) analysis 

The measurement of the particle size distribution is based on dynamic light 

scattering. By measuring the Brownian motion of the particles in a dilute solution, the 

technique estimates the particle size distributions.  Figure 4.6 (a), (b) and (c) illustrate the 

particle size distribution curve for the HRG, CS and GCS nanocomposites respectively. 

Fig. 4.6 (a) shows that the HRG has an average sheet size of 255 nm with the distribution 
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range 219-295 nm. From Fig. 4.6 (b), it is clear that the synthesized CS metal 

nanocomposites have the particle size distribution in the range of 21-32 nm and the 

average particle size is 28 nm having an intensity of 89.71%. Fig. 4.6 (c) shows the 

particle size distribution of the synthesized GCS with the distribution range 255-397 nm 

and the average particle size is 342 nm with an intensity of 63.23%.  After the 

functionalization of the Graphene with the CS metal nanocomposites, the size distribution 

and average size have been increased in comparison to the HRG, it means that the metal 

nanoparticles are get attached with the Graphene sheet at the corner, side edges and basal 

plane which one is already observed in the SEM analysis.     

4.5.5 X-Ray Diffraction (XRD) analysis 

 XRD characterization was used for the structural and phase analysis of the materials. 

Fig. 4.7 illustrates the XRD patterns of the synthesized HRG, CS and GCS 

nanocomposites.  Fig. 4.7 (a) shows the XRD pattern of the synthesized Graphene 

having the two Bragg’s plane (002), (004) along with square placed at  26.35°, 54.49° 2θ 

values respectively and these planes are well-matched with the JCPDS # 075-1621. The 

average crystallite size (L) of the Graphene-based nanomaterials in the plane is 

calculated with the help of the Debye-Scherer formula given by Eqn 4.5; 

  
     

       
                                 (4.5) 

Where   is the wavelength of the X-rays used (0.1541 nm for Cu Kα lines), β is the Full-

width half maxima (FWHM) and     is the Bragg’s diffraction angle. The average 

crystallite size of the Graphene in the plane is calculated as 12.10 nm.  The XRD pattern 
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of the CS nanocomposites having several planes is shown in Fig. 4.7 (b) and the average 

crystallite size of the material was calculated as 12.88 nm. Present planes are well-

matched with the standard JCPDS #088-287 and JCPDS #004-0836 and have been 

shown by the triangle and asterisk respectively. Fig. 4.7 (c) is the XRD diffractogram of 

the synthesized GCS nanocomposite illustrating the existence of the crystalline phase of 

the material due to the presence of several Bragg’s peaks. The average crystallite size of 

the synthesized GCS was 15.19 nm. 

 From the deep observation of the XRD pattern of the synthesized materials, it can 

easily be said that the average crystallite size of the synthesized GCS gets decreased in 

comparison to the HRG. The average crystallite size of the GCS gets decreased because 

the GO sheets get breakage during the hydrothermal reduction and metal nanoparticles 

get attached to it.  

4.5.6 Raman analysis 

The Raman analysis is a very important characterization tool in the case of the 

different allotropes of carbon nanomaterials (Buckminster fullerenes, carbon nanotubes, 

carbon nanoribbons, and Graphene etc). This technique is a vibrational technique, 

extremely sensitive to the bonding and geometrical structure within the molecule. The 

experimental and peaks fitted plots of the Raman spectrum of synthesized HRG and GCS 

have been illustrated in Fig. 4.8 (a) and (b) respectively. In Fig. 4.8 (a), there are two 

sharp peaks present at 1348, 1607 cm
-1

 and one broad peak at 2678 cm
-1

 Raman shift are 

known as D, G and 2D bands respectively. These obtained bands are the characteristics of 

the reduced Graphene and the disorder parameter (ID/IG ratio) for the same was calculated 
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as 1.23.  In the Raman spectrum of GCS, there are some extra peaks observed below 500 

cm
-1

 Raman shift. These peaks represent the bond stretching vibrations with the presence 

of Sn and Cu metal nanoparticles. In this spectrum the D, G and 2D bands are observed at 

1317, 1588 and 2712 cm
-1

 Raman shift with the sharper than the HRG and also the 

calculated ID/IG ratio was 1.09 for the same. The presence of some extra peaks below 500 

cm
-1

 Raman shift and shifting in the positions of the D, G and 2D bands are the signatures 

of the Graphene has been successfully functionalized with the CuO/SnO2 nanoparticles 

[37, 38]. The decrease in the ID/IG ratio of the GCS in comparison to the HRG confirmed 

that the GCS has more crystalline nature than that of the HRG. 

4.6  Performance of the LPG  sensor and its attributes 

The sensing device for the GCS based thin film has been prepared accordingly to 

4.2.3 section.  This sensing device is placed in the lab-made model of the LPG sensor 

characterization setup as shown in Fig. 4.2. All the connections were completed among 

the Keithley electrometer; a vacuum-assisted sensing chamber and a computer for data 

recording. The vacuum is created inside the gas sensing chamber. Now a potential of 50 

V was applied between the electrodes of the sensing device to obtain the stable or 

saturation state of the resistance of the sensing device. Now the 0.5 vol.%  LPG is 

exposed inside the gas sensing chamber, the resistance of the sensing device rises to a 

stable state. As the gas is released from the chamber the resistance of the sensing device 

gets starts decreasing. This experiment is performed for the 1.0, 1.5 and 2.0 vol.% 

concentration of the LPG. LPG plots of the recorded data for every concentration has 

been shown in Fig. 4.9.  In this figure, there are four response-recovery cycles with 

resistance versus exposure time corresponding to 0.5, 1.0, 1.5, and 2.0 vol.% LPG 
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concentration respectively. In the first cycle of response (for 0.5 vol.%), the resistance 

(Ra) of the sensing material in absence of the LPG was found as 1.77 × 10
9
  while the 

as LPG was exposed the resistance rises to 1.87 × 10
9
 . As the LPG was removed from 

the chamber (recovery cycle for 0.5 vol.%), the resistance started decreasing and not 

achieved the initial state of the resistance (Ra) because few LPG molecules get trapped 

into the pores of the sensing material and may not be removed. As the LPG concentration 

was increased to 1.0 vol.%, the response-recovery cycle (second cycle)  shown in Fig. 9 

is obtained and the resistance rises from 1.81 × 10
9
   (Ra ) to 1.93 × 10

9
  (Rg)  with 

LPG exposure. Similarly, for the 1.5 vol.% concentration the resistance of the sensing 

device rises from 1.82 × 10
9
  to 2.01 × 10

9
  while the change in the resistance was 

observed from 1.87 × 10
9
  to 2.09 × 10

9
  for the 2.0 vol.% concentration of the LPG. 

4.6.1 LPG sensing principle 

The gas sensing principle is based on the variation in the electrical properties of the 

sensing material after exposing the gas. The LPG sensing operation is based on the 

charge transfer between the target LPG molecules and sensing materials. At room 

temperature due to electrostatic potential applied through the electrodes of the sensor, the 

equilibrium occurs between the oxygen present on the surface of the sensing material and 

atmospheric oxygen forming the ionic oxygen species which are shown by Eqn 4.6 and 

4.7. As the LPG interacts with the sensing material, the formed ionic oxygen captured the 

electron from the sensing material. This results in a decrease in the density of the electron 

and the resistance of the sensing material get increasing. LPG mainly consists of 

methane, propane, and butane generally can be written as CnH2n+2. As CnH2n+2 interacted 
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with ionic oxygen species, it forms the complex CnH2nO along with water which is shown 

in Eqn 4.8.  

O2(gas)O2(ads)                                           (4.6) 

O2(ads) + e
-
 O2

-
                                               (4.7) 

CnH2n+2 + O2
-
 CnH2nO + H2O + e

-
                             (4.8) 

4.6.2 LPG sensor attributes 

The main attributes of a sensor are sensitivity, sensor response, repeatability, 

selectivity, and response-recovery time. Good sensors exhibit large sensitivity, high 

response and low response-recovery time. The sensitivity, sensor response of the sensor 

was calculated according to Eqn. 4.1 and 4.2 respectively and the response-recovery 

times were found using Eqns 4.3 & 4.4 respectively. All the parameters were calculated 

using the data of Fig. 4.9 and are tabulated in Table 4.2. 

Fig. 4.10 is illustrating the LPG sensor attributes for the GCS based sensor. In 

Fig. 4.10 (a), %S.R. versus LPG concentration has been plotted and it illustrates the 

linear variation in the %S.R. concerning LPG concentration. Such types of characteristics 

are required for the sensing device fabrication purpose. As the concentration of gas gets 

increasing, the sensor response will be increasing. The % sensor respose of the sensor 

was found maximum 11.76 for the 2.0 vol.% concentration LPG. The response-recovery 

time of the sensor is a very important parameter. The calculated response-recovery time 

for each concentration of the gas has been shown in Table 4.2. The response-recovery 
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time concerning LPG concentration is shown in Fig. 4.10 (b) and this investigates that as 

the concentration of the LPG increases the response-recovery time also increases. The 

response-recovery time was calculated with exponential decay and growth fittings. The 

exponential decay and growth fitted curves for the 0.5 and 1.0 vol.% are shown in Fig. 

4.10 (c) and (d) respectively. The response and recovery time were found as 1.2 and 3.5 s 

for the 0.5 and 1.0 vol.% concentration of LPG respectively.  The repeatability analysis 

for the 1 vol.% LPG concentration had been performed and is shown in Fig. 4.11. 

4.7 Humidity sensing application 

The humidity sensor characterization of the thin film based on the GCS had been 

also performed. The experimental setup for the humidity sensor characterization has been 

already described in Chapter 2. All the data related to it has been recorded using this 

setup and plots of the same are shown in Fig. 4.12. Fig. 4.12 (a) is showing the 

impedance versus %RH curve and the related data is shown in Table 4.3. The slope of 

this curve is defined as the sensitivity of the humidity sensor and all other humidity 

sensor attributes are defined already in our previous Chapters 2 and 3. The detailed 

descriptions about the sensing mechanism of the impedance-based humidity sensor have 

been already discussed in the previous Chapter 2. The experiment was performed in the 

10-95 %RH range and the calculated sensitivity of the sensor was 1.20 M/%RH in the 

same range of the humidity. The response-recovery time of a sensor is an important 

parameter of the sensor and the calculated response and recovery time for the GCS based 

humidity sensor was 18 and 6 s respectively. The response and recovery time curve has 

shown in Fig. 4.12 (b) and related data has been shown in Table 4.4. Fig. 4.12 (c) is 

illustrating the repeatability curve for the GCS based humidity sensor and is showing the 
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94.17 % repeatable nature of the sensor. The long term stability of a sensor shows the life 

of the sensor as well as its accuracy after a long time. The stability analysis curve after 

the 3, 7, and 15 days for the GCS based humidity sensor has been shown in Fig. 4.12 (d) 

and this results in good stability after these days. The related data of the repeatability and 

ageing effect has been shown in Table 4.5. 

4.8 Selectivity of the sensor 

The selectivity of the sensor is an important parameter. A sensor may not be best 

for each gas or other sensing species but it may be best for a particular. The process of 

the selection of the best sensor for a particular sensing species is known as the selectivity 

of the sensor.  The selectivity of the LPG sensor for 2.0 vol.% LPG concentration has 

been studied towards the humidity (50 %RH), acetone (2.0 vol.%), ethanol (2.0 vol.%) 

and CO2 gas (2.0 vol.%) and is shown in the Fig. 4.13. The sensor shows the maximum 

%sensor response for the LPG and it confirms that this sensor is selective for the LPG in 

comparison to studied cases. The selectivity of the LPG sensor can be explained based on 

the variations in the electrical resistance of the sensor with the charge transfer between 

the sensing material and sensing species. In our case, the charge transfer between the 

LPG and synthesized GCS is responsible for the maximum change in the resistance of the 

sensor. 

4.9 Effect of humidity on the LPG sensor 

The effect of relative humidity (RH) at 30, 50, 60 and 70 %RH on the LPG sensor 

for 2 vol.% concentration at room temperature has been studied and the plot is shown in 

Fig. 4.14.  The plotted data of LPG sensing performance in the presence of 30, 50, 60 and 
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70 %RH is shown in Fig. 4.14 (a), (b), (c) and (d) respectively. The change in the 

resistance from the 1.61 × 10
9
 to 1.66 × 10

9
  was observed in the presence of the 30 

%RH and the %S.R. was found as 3.11. At the 50 %RH, the change in the resistance was 

observed from 1.22 × 10
9
 to 1.34 × 10

9
   with the exposure of the LPG and the 

calculated %S.R. was found 9.85. In the presence of the 60 %RH the LPG sensor has the 

%S.R. 16.33 with the variation in the resistance from the 9.53 × 10
8
 to the 1.1 × 10

9
 .  

Lastly, at 70 %RH the sensor shows the %S.R. as 18.77 with a maximum change in the 

resistance from 7.5 × 10
8
 to 8.90 × 10

9
 . A close look at the data obtained from LPG 

sensing reveals that with increasing %RH, the resistance (or conductivity) gets decreasing 

(or increasing) and the %S.R. also gets increasing. The increase in the %S.R. and 

conductivity of the sensing material can be explained by the interaction of the humidity 

with sensing material. The dissociation of the water molecule on the surface of the 

sensing material generates the hydroxyl ions which donates the electron and are used to 

decrease or increase the resistance or conductivity of the sensing material. The oxygen 

atoms of the hydroxyl group get attached to the surface of the material and surface 

interaction sites of the sensor get enhanced which increases the sensor response.  

4.10 Conclusion 

We have successfully designed and fabricated the LPG sensor based on the 

Graphene functionalized with CuO/SnO2 (GCS) nanocomposites synthesized by using a 

temperature-controlled hydrothermal technique. The particle size analysis confirmed 

that the synthesized materials have the range of nanometers. The surface morphological 

investigation along with elemental mapping analysis confirmed the metal nanoparticles 
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are attached with the Graphene sheet at the side edges, corners and basal plane. The 

optical absorption in the UV-Visible range shows the maximum in the range 290-320 

nm and results in the bandgap of the synthesized nanomaterials as 4.1 eV. The presence 

of the oxygen-containing functional groups in the material is confirmation of the porous 

material. The Raman spectrum is used to well describe the nature of the synthesized 

Graphene as well as GCS.  The % sensor response of the sensor is maximum (11.76) for 

the 2.0 vol.% LPG and minimum response and recovery time are 1.7 and 1.2 s  for the 

0.5 vol.% LPG.  The selectivity of the sensor shows good results for the LPG in 

comparison to the ethanol, acetone, and relative humidity, and CO2 gas. The effect of 

the relative humidity on the LPG sensor exhibited a relative increase in the sensor 

response of the sensor increases with increasing the relative humidity.  In this chapter, 

the sensitivity of the humidity sensor was found decreased in comparison to the previous 

chapters while an improved LPG sensor based on the GCS was reported here. So the 

GCS-based LPG sensor can be developed for commercial as well as industrial purposes 

for fast detection as it has a lower response-recovery time for the 0.5 vol.% 

concentration.  
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Figures 

 

Fig. 4.1 Schematic of synthesis of Graphene functionalized with CuO/SnO2 

nanocomposite using the hydrothermal technique. 

 

Fig. 4.2 Lab model of the LPG sensing setup 
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Fig. 4.3 (a) and (b) are the SEM micrographs of the Graphene functionalized with 

CuO/SnO2 nanocomposite at 1000 and 500 nm scale respectively and (c) is the EDX 

spectrum. 

 

Fig.  4.4 (a) is showing the absorption spectrum of the HRG, CS, and GCS while (b) is 

the Tauc plot of the same 
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Fig. 4.5 FTIR spectrum of the synthesized HRG, CS and GCS 

 

Fig. 4.6 Particle size distribution curve for the synthesized HRG, CS, and GCS 

nanocomposites 
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Fig. 4.7 XRD pattern of the synthesized HRG, CS and GCS 

 

Fig. 4.8 Raman spectrum of the synthesized (a) HRG and (b) GCS  
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Fig. 4.9 LPG sensing characteristics of the synthesized GCS based sensor 

 

Fig. 4.10 LPG sensor attributes based on the equipped GCS sensor 
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Fig. 4.11 Repeatability curve for the GCS based LPG sensor for 1.0 vol.% concentration 

 

Fig. 4.12 Humidity sensor characteristics of GCS based sensor 
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Fig. 4.13 Selectivity curve for the LPG sensor 

 

 

Fig. 4.14 Effect of relative humidity on LPG sensor 
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Tables 

Materials Target 

Gas 

Limit of 

detection 

% 

S.R. 

Tres/ Trec Reference 

Few layered Graphene LPG 4 ppm 0.92 5/18 [23] 

Few layer Graphene 

/SnO2 

LPG 25 ppm - - [24] 

Graphene/CdO LPG 600 ppm 77 - [25] 

Graphene/SnO2 quantum 

dot 

LPG 50 ppm - 16/20 [26]  

Graphene/SrO quantum 

dots 

LPG 50 ppm - 16/22 [27] 

Graphene/Bi2O3 

qunatum dots 

LPG 100 ppm - 16/20 [28] 

MnO2/Graphene LPG 25 ppm - 17/19 [29] 

White Graphene 

(PVA/WPPy/hBNNP 

nanocomposite) 

LPG 600 ppm 0.25 30/32 [30] 

Graphene/CuO/SnO2 LPG 0.5 vol.% 5.35 1.7/1.2 Present 

study 

 

 

Table 4.1. Graphene-based LPG sensor’s attributes 
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LPG Conc. 

Sensor Attributes 

0.5 vol.% 1 vol.% 1.5 vol.% 2 vol.% 

Sensitivity (/vol.%) 10.70 6.63 6.96 5.88 

%S.R. 5.35 6.63 10.44 11.76 

Response time  (s) 1.7 3.3 7.1 7.6 

Recovery time (s) 1.2 1.3 2.0 4.8 

 

Table 4.2 LPG sensor attributes based on the synthesized GCS 

 

%RH Impedance (M) 

Increasing  mode Decreasing mode 

10 112.01 111.60 

15 109.78 109.90 

20 108.14 107.89 

25 106.02 105.98 

30 103.04 102.70 

35 100.51 99.20 

40 96.27 95.05 

45 94.25 93.05 

50 91.12 90.06 

55 86.69 85.09 

60 83.27 80.50 
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65 78.83 76.55 

70 72.99 70.05 

75 66.81 62.44 

80 57.87 52.01 

85 49.71 44.84 

90 37.28 33.45 

95 9.81 9.81 

 

Table 4.3 Variation in the impedance as per increasing and decreasing humidity at 100 

Hz 

 

 Impedance  (M) 

Time (s) Response (10-55 %RH) Recovery (95-50 %RH) 

0 112.013 9.808 

15 109.779 33.45 

30 108.1409 44.84 

50 106.0183 52.009 

80 103.0392 62.44 

120 100.507 70.05 

160 96.268 76.55 

250 94.25 80.5 

320 91.122 85.09 

400 86.691 90.06 

 

Table 4.4 Time measured along with variation in the impedance as per increasing 

humidity (10-55 %RH) and decreasing humidity (95-50 %RH) at 100 Hz frequency 
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%RH Impedance (M) 

Repeatability Ageing effect  

Increasing  

mode 

Decreasing 

mode 

After  3 

days 

After 7 

days 

After 15 

days 

10 110 108.6 110 109 108.56 

15 108 106 108 107.8 105.23 

20 100 101.00 100.00 98.50 98.11 

25 96 97.80 96.00 94.87 95.05 

30 91 93.00 91.00 88.97 90.23 

35 89.09 92.00 89.09 87.45 85.05 

40 84.55 88.60 84.55 80.00 79.04 

45 79.62 84.40 79.62 76.01 75.08 

50 74.44 78.80 74.44 70.00 65.00 

55 67.35 75.95 67.35 64.23 63.06 

60 58.06 67.15 58.06 55.12 58.06 

65 48.49 56.97 48.49 42.61 43.57 

70 38.36 46.80 38.36 35.00 36.85 

75 31.54 36.40 31.54 29.05 28.56 

80 23.08 28.30 23.09 22.50 25.30 

85 18.79 24.45 18.79 17.98 20.01 

90 14.48 15.10 14.48 14.23 17.56 

95 13.23 13.23 13.23 13.00 12.65 

 

Table 4.5 Recorded data of repeatability and ageing effect after 3, 7 and 15 days 
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CHAPTER 5 

 

The present chapter reports the synthesis and characterization of Graphene 

oxide (GO) functionalized with poly Pd acryl amide SnO2 (PPdAAm/SnO2) 

nanocomposites and its relevance for detecting the liquefied petroleum gas at room 

temperature. For surface morphological observation and elemental mapping, a thin 

film of the material has been investigated through Scanning Electron Microscope and 

further, for optical characterization UV-Vis spectrophotometer and Particle size 

analyzer have been used. Minimum crystallite size of the material was found as 19.14 

nm from the X-Ray Diffraction analysis and also confirmed the presence of the 

Palladium (Pd) nanoparticles. The peaks corresponding at 465 and 507 cm
-1 

in Raman 

spectrum confirmed the stretched bond vibrations of the SnO2 nanoparticles. Average 

size of the synthesized material was found as 118 nm through the Dynamic Light 

Scattering technique and the Tauc plot gave the bandgap as 5.3 eV. The N-H 

vibrations of the amide group present in the FTIR spectrum confirmed the formation of 

acrylamide in the synthesized material. The LPG detection was studied for 0.5, 1.0, 1.5 

and 2.0 vol.% concentration with typical operable voltage of 40 V at 27 °C. The 

maximum %sensor response of the sensor was found as 570.58 for 2.0 vol.% of LPG. 
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CHAPTER 5 

Development of Graphene oxide functionalized with poly 

palladium acrylamide SnO2 nanocomposites for LPG and 

humidity sensing  

 

5.1 Introduction  

The coordination of the nano-structured transition metals with the polymers is not 

only used in material science, environmental science, nanoscience, and nanotechnology 

but also in the diverse field of biology and medicals [1]. After dispersing the nanoscopic 

inorganic materials in the polymer matrix, polymer nanocomposites were synthesized. 

The insertion of metals in the polymer causes changes in the electrical properties which 

is a very important parameter for the device fabrication purpose. Adopting this property 

any metal-polymer nanocomposite can be recognized in the various field of science. The 

nanostructured metals within the polymer matrix lead the multiple advantages compared 

to the pure polymer [2]. There are a variety of polymers (polyaniline, polypyrrole, 

polythiophene, polyacrylamide and their derivatives etc.) and several transition metals 

(Ni, Ti, Cu, Co, Pd etc.) which had been reported in the literature [3-8]. The acrylamide 

molecule has a planar and structure consistent with the amide functional group. It is a 

polyfunctional compound that consists of the vinylic amide group and carbon-carbon 

double-bonded chain. The electron-deficient (C=C) bond in acrylamide is susceptible to 

a wide range of reactions including nucleophilic, addition substitution, and free radical 

reactions. The acrylamide is capable to coordinate with the transition metals. 
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Acrylamide is a white crystalline compound having a solubility in water, alcohol, and 

acetone but the metal-doped polyacrylamide is partially soluble in the same [9].  

Graphene has been proven a magic material depending upon its properties as 

bandgap and number of layers [10]. The functionalization process leads to its solubility 

and from conductor to semiconductor. The Graphene oxide (GO) consists of hydrophilic 

groups like hydroxyl, epoxy, and carboxylic acid groups. These promote the Graphene 

sheets detached from each other via sonication. These GO sheets or functionalized 

Graphene are used in the desired applications [11-13]. GO can be functionalized with 

metal oxides nanomaterials, nanocomposites, polymers, and metallopolymers. Such type 

of  GO has been already used in the various field of nanotechnology as biophysics, 

medical, sensors, touch screens, solar cells, wastewater treatment, field emission and 

energy conversion device fabrications etc. [14-18]. 

Sensing is an important field of nanomaterials from the application point of view. 

There are various nanomaterials as nanostructured metal oxides, nanocomposites, 

polymers, metallopolymers that have been applied to detect the various species as CO2, 

NH3, NO2, relative humidity (RH), alcohol, liquefied petroleum gas (LPG), and 

others[19-22]. Among these, our focus is on the detection of the LPG because it is 

highly flammable and has a versatile use in India and other developing countries. 

Recently, Fe2O3, ZnFe2O4, BaTiO3, CdO, ZnO rods, and Pd doped ZnO nanorods were 

reported for the LPG sensing [23-28]. The literature review on the LPG sensors has been 

summarized in Table 5.1 [29-39]. 
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As per the open literature review, the existing LPG sensors have low sensitivity, 

sensor response, and long response - recovery time. Therefore as of now, it is a basic 

requirement to overcome these problems associated with sensor development. In this 

chapter, we have reported the GO functionalized with a metallopolymer-based LPG 

sensor with better sensitivity, sensor response, and repeatability along with low 

response-recovery time. 

5.2  Experimental details 

5.2.1 Materials used 

Graphite powder (98% purity, 200 mesh)  was purchased from Triton Graphite, 

Gujarat, India and other chemicals used were KMnO4, KNO3, H2SO4, H2O2, Pd(II) 

nitrate, SnO2, DI water, N-Methyl pyrrolidone (NMP), etc..  All these chemicals were of 

AR grade and used as without any further purification.  

5.2.2 Synthesis procedure 

The synthesis process is divided into three steps. One of which is a synthesis of the 

GO second consists of synthesis of the PPdAAm/SnO2 metallopolymer (MP) and finally 

synthesis of MP-GO nanocomposite has been reported in the third step. The detailed 

synthesis has been discussed in the following subsections 5.2.3, 5.2.4, and 5.2.5.  

5.2.3 Synthesis of GO 

The method of the synthesis of GO has already been reported in Chapter 3 and also 

published [38]. The synthesis of GO was carried out with the modified Hummer method. 
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Typically in this method, the Graphite powder (1 g) and potassium nitrate (1 g) were 

poured into a beaker containing sulfuric acid (50 ml) at 0-5 °C under continuous 

magnetic stirring. KMnO4 (6 g) was gradually added to this solution. For appropriate 

dilution, H2O2 was dropped wisely added accordingly. 

5.2.4 Synthesis of the PPdAAm/SnO2 nanocomposite metallopolymer 

(MP) 

Flowchart of the synthesis of the PPdAAm/SnO2 nanocomposites involves a 

stepwise process that has been discussed in Fig. 5.1. The synthesis of the AAm was 

carried out according to the published paper of Pomogailo et al [39]. In a typical 

procedure, a mixture of calculated amounts of Pd(II) nitrate, AAm, and SnO2 was ground 

in an agate mortar within a box having an inert atmosphere to the pasty state, washed 

with benzene and ether, and dried in vacuum for at least 12 h at 30 C. As a result, 

PdAAm/SnO2 nanocomposite was formed. The frontal polymerization process was 

implemented after this step. In a typical procedure, PdAAm/SnO2 samples were pressed 

as pellets having the range of diameter d = 0.5-0.8 cm, height h = 1.2-1.5 cm, and density 

ρ =1.45±0.02 g/cm
3
, further, these were placed in a glass ampule. To start the 

polymerization, the bottom region of the ampule with the sample was immersed by 0.2 

cm into the bath with the heat carrier (Wood alloy) for 10-15 s. The powdered polymeric 

nanocomposite products were washed with methanol and ether and then dried in a 

vacuum at room temperature to a constant weight. The details of the chemical 

compositions of the Pd(II) nitrate, AAm, and SnO2 are according to Table 5.2. 

 



Development of Graphene oxide ……………………..  for LPG and humidity sensing 
 

181 
 

5.2.5 Synthesis of the GO functionalized with PPdAAm/SnO2 (MP-GO) 

 The above-synthesized GO and PPdAAm/SnO2 nanomaterials were mixed with the 

wet chemical method as shown in Fig. 5.2. First of all, GO was dissolved in the N-Methyl 

Pyrrolidone (NMP), stirred for 30 minutes, and sonicated for 1 h. Now the 

PPdAAm/SnO2 was added gradually according to 1:1 weight ratio of GO during the 

stirring for 3 h. After that, the solution was dried at 40 °C for 8 h in a hot air oven and we 

obtained the MP-GO. 

5.2.6 Fabrication of sensing device 

The sensing device was prepared using a photoresist spinner. The thin film of the 

synthesized material was fabricated on the silica glass substrate of the dimension 2.5 × 

1.5 cm
2 

and then it was dehydrated on the hot plate for 30 min at 50 °C temperature. The 

electrodes on the film were deposited at a distance 0.25 cm from each edge using silver 

paste. Now, this sensing device is ready for the characterizations. 

5.2.7 LPG sensing measurements 

According to the IUPAC definition, sensitivity is the slope of the calibration 

curve i.e. slope of sensor response versus target LPG concentration as mentioned in 

Chapter 4 in section 4.2.3. The percentage sensor response of the sensor was calculated 

using the formula given by Eqn. 4.2 in same Chapter.  

                  
     

  
                                     (5.1) 

The response-recovery time of the sensor is defined as 90% of the final sensor 

output during the adsorption and desorption of the gas respectively [1]. The response 
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and recovery times were calculated according to procedure discussed in section 4.2.3 in 

Chapter 4.  

The lab-made LPG sensing setup is shown in Chapter 4. This setup consists of a 

LPG cylinder attached along with the LPG measuring unit connected to a vacuum-

assisted chamber having a gas inlet, outlet, and sample holder. The sensing element was 

connected to the Keithley electrometer through the connecting wires which are further 

connected to a computer for the data recording and analysis.  

5.3 Characterization techniques 

The synthesized materials were characterized using different characterization 

techniques like Scanning Electron Microscopy (SEM)  (JEOL, JSEM- 6490LV) with 

Electron Dispersive X-rays (EDX), Particle Size Analysis using Zeta nanosizer, UV- 

Visible spectra were recorded using UV-Visible Spectrophotometer (Evolution 201). The 

crystal and phase were investigated by powder X-ray Diffractometer (XRD)  (Bruker D8 

Advance, using Cu-Kα radiation) λ=0.15418 nm at a scan rate of 0.2°/s. A Raman 

spectrometer (model: Airix Corporation, Japan with laser excitation at 514 nm) was used. 

5.4 Results and Discussion 

5.4.1 SEM Analysis 

Fig. 5.3 (a) and (b) shows the SEM micrographs of the synthesized PPdAAm/SnO2 

nanocomposite metallopolymer at X 27 k and  X 20 k magnifications having at 500 nm 

and 1000 nm scale respectively with an electron beam energy of 15 kV. In Fig. 5.3 (a) 

and (b) the metal nanoparticles, nanoparticles wrapped with polymer are attached with 
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each other and forming the bunch/cluster of these. The metal nanoparticles wrapped with 

polymer are spherical and elliptical shaped showing the porous surface morphology. 

 Fig. 5.3 (c) and (d) are the SEM micrographs of the synthesized MP-GO at 500 

nm scale. In these two micrographs, GO sheets are completely covered with the 

metallopolymers forming the cavities, pores on the surface of the GO wrapped with 

metallopolymers. The formed cavities in the surface of the synthesized material are 

shown by en-circled, the spherical-shaped metal nanoparticles are represented by en-

triangled in Fig. 5. 3 (c) & (d) and the square is showing the two GO sheets wrapped with 

polymer placed neighboring to each other as shown in Fig. 5.3 (c). The metallic dangling 

bonds are also formed during the functionalization. Cavities, dangling bonds, and pores 

create active center sites for oxygen adsorptions. Such types of nanostructures may be 

fruitful for LPG detection. 

5.4.2 EDX Analysis 

The elemental mapping of the synthesized MP-GO is illustrated by the EDX 

spectrum in Fig. 5.4. In this spectrum, the Y-axis represents the counts while X-axis is 

the energy in (keV). This spectrum illustrates that the synthesized material consists of C, 

O, Sn elements along with the Na, Mg, and Si foreign elements. The Na, Mg, and Si 

elements are obtained due to the glass substrate on which the thin film of the material was 

deposited. The percentage weight of C, O, and Sn are 45.87, 41.46, and 6.44 wt% 

respectively.  

5.4.3 UV-Vis. Analysis 
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The absorption spectrum of the synthesized material in the wavelength range from 

190 to 900 nm was recorded and the plot is illustrated in Fig. 5.5. The absorption 

spectrum represents the fluctuations in the wavelength range from 190 to 220 nm, which 

is due to the glass substrate used for the film fabrication through the spin coating 

technique. The inset figure shows the Tauc plot. Extrapolation of a tangent on Tauc plot 

gives the optical bandgap of the material as 5.3 eV [40]. This wide bandgap of material is 

due to the functionalization and the quantum confinement in the nano range which may 

be appropriate for LPG sensing. 

5.4.4 Particle Size Analysis 

The size distribution measurement of the nanoparticles relied on the Dynamic Light 

Scattering (DLS) technique [41]. The particle size distributions of the synthesized 

material in dilute solution were recorded and the plot of percentage counts versus size 

distributions have been shown in Fig. 5.6. The inset plot represents that material consists 

of different nano range in size (diameter) 50-210 nm. The average size of the synthesized 

MP-GO is found as 118 nm. 

5.4.5 XRD Analysis 

Figs. 5.7 (a), (b) and (c) show the XRD diffractographs of the synthesized material 

GO, metallopolymer and MP-GO respectively. Fig. 5.7 (a) i.e. XRD pattern of the GO 

has been shown in chapter 3 [38]. In Fig.5.7 (b), there are several Bragg’s peaks showing 

the insertion of nano metals and are resulting in the crystalline nature due to the presence 

of their metallic nanoparticles. The plane °(110), °(101), °(200), °(111), °(210), °(211), 

°(220), °(002), °(310), °(112), °(301), °(202), °(321), °(400), °(222) and °(330) are of the 
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SnO2 nanoparticles. These planes are well-matched with the JCPDS#88-0287. The plane 

*(111) and *(200) are of the Pd metals well matched with the JCPDS# 05-0681. The 

minimum and average crystallite size of the metallopolymer was calculated as 14.60 and 

33.38 nm respectively with the help of the Debye Scherer formula. Fig. 5.7 (c) is showing 

some extra peaks due to the functionalization of the metallopolymer with the GO. The 

extra peak #(001) present at 21° is due to the GO. The minimum and average crystallite 

sizes of the MP-GO were calculated as 17.16 and 19.14 nm respectively.  The average 

crystallite size of the MP-GO gets decreased because some of the GO sheets, as well as 

polymeric chain of MP, are broken during the functionalization process and these will 

create the metallic dangling bonds. The functionalized GO shows some peaks shift in the 

position and few extra peaks compared to that of the polymer. The peak shifting is 

obtained due to the atomic radii of the constituents atoms present in the synthesized 

material. 

5.4.6 FTIR Analysis 

The transmittance versus wavenumber data has been recorded and the plot is as 

shown in Fig. 5.8. The FTIR spectrum consists of several bands corresponding to 

functional groups present in the synthesized material. The wideband at 3420 cm
-1 

corresponds to the hydroxyl group showing the vibrations of O-H bonds. The bands 

present at 2924, 1385, 788 and 641 cm
-1 

belong to stretching and bending of C-H bonds 

respectively. Bands at 1710 and 1098 cm
-1 

assigned to the carbonyl bonds present in the 

carboxylic and alcoholic groups respectively.  The N-H bending vibrations of the amide 

group, which is present in the acrylamide, relates to the valley present at 1579 cm
-1 

wavenumber. The band at 470 cm
-1 

equates with vibrations of Sn-O bonds [42, 43]. 
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5.4.7 Raman Analysis 

The Raman spectrum of the synthesized material is shown in Fig. 5.9 which consists 

of several peaks. The peaks corresponding to 1355, 1588, and 2658 cm
-1

 are known as D, 

G and 2D bands respectively. These bands are the characteristics of Graphene. The 

disorder parameter, in this case, was found 1.03 (i.e. ID/IG=1.03). The peaks in the range 

100-200 cm
-1 

is due to the lattice vibrational modes occurring in the crystal. The peak 

present at 275 cm
-1

 corresponds to the stretching modes of C-C aliphatic chain formed 

because of the linkage of the polymer and Graphene oxide. The peaks corresponding at 

465 and 507 cm
-1

 are due to the SnO2 nanoparticles [44]. The peak is corresponding to 

915 cm
-1 

for the C-O-O bond vibrations present in the synthesized MP-GO. The peaks 

present below 1000 cm
-1

 are representing the characteristics of the metal oxide 

nanoparticles.  

5.5 LPG Sensing Application 

Nowadays LPG is being much important part of human being's life and others, 

especially in developing countries. LPG is a hydrocarbon flammable gas consisting of a 

mixture of butane, propane etc.. It is used as fuel in heating appliances as cooking 

equipment and vehicles. It has huge use in the kitchens as fuel in India and other Asian 

countries for cooking the food. As the use of the LPG is friendly but its leakage in the 

kitchens or storages is the enemy of the environment because of the highly flammable 

and toxic nature. Detection of LPG is not important only for human beings and animals 

but also for the environment. The detailed literature of the LPG sensor has been given in 

Table 5.1. Due to the small sensor response, sensitivity, and long response-recovery time, 
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our need is to develop good quality, reliable, and a cost-effective sensor having a large 

sensor response, sensitivity with small response-recovery time.  The thin film of MP-GO 

possesses pores inside the cavities on its surface along with metallic dangling bonds and 

was employed for the LPG sensing.  

5.5.1 Principle of the LPG sensing 

Sensing is the surface phenomenon depending upon the dangling bonds, defects, 

wrinkles, functionalizations, and surface modification in the sensing material. The LPG 

sensing mechanism relies on the charge transfer mechanism between the surface of the 

sensing material and LPG. The center of the oxygen chemisorption may be present at 

dangling bonds, wrinkles, oxygen vacancies, and localized acceptor and donor states. 

The sensing device is placed on the sample holder in the gas sensing chamber. Before 

starting the experiment the thin film was placed in the atmosphere in which the pores of 

the nanomaterial have interacted with the oxygen present in the atmosphere. By 

applying the voltage of 40 V in between the electrodes of the sensing device, at room 

temperature, the equilibrium is obtained by the chemisorption and charge transfer 

between the thin film and oxygen species. In such a way at room temperature, the ionic 

oxygen species (O2
-
,
 
O

- 
) are formed on the surface of the sensing material. The 

kinematics involve during the chemisorption of the oxygen is given by Eqns. 5.4, 5.5 & 

5.6. The immovability of ionic species resulting in the stable state of the resistance and 

is denoted by Ra. 
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O2(air)O2(ads)                                        (5.4) 

O2(ads) + e
-
O2

- 
(ads)                      (5.5) 

O2
-
(ads) + e

-
2O

- 
(ads)                        (5.6) 

When the sensing gas interacts with the sensing material the resistance of the 

sensing material may get an increase or decrease depending upon the nature of the gas 

(either reducing or oxidizing). As the LPG is the reducing gas due to which with the 

explosion of LPG, the resistance of the sensing material gets increased, known as the 

resistance of the sensing element in presence of the gas and denoted as Rg. The increase 

in the resistance is caused due to the capture of the electron by the chemisorbed oxygen 

(ionic oxygen) from the surface of the sensing element. In this work, GO is wrapped 

with the metallopolymer which is containing Pd and SnO2 nanoparticles. When the LPG  

interacted with the sensing material, the free electrons have been captured by ionic 

oxygen species formed on the sensing material’s surface from the sensing element. 

These electrons may be of either Pd or Sn metal. The electron density in the sensing 

element gets decreased and so the resistance of the sensing material gets increased. The 

gaseous species are formed after the removal of the adsorbed oxygen as hydrocarbons 

present in the LPG (CnH2n+2) interact with the sensing material. The reaction involved in 

this step is shown by Eqn.5.7: 

CnH2n+2 + O2
-
 CnH2nO + H2O + e

-
                        (5.7) 
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The LPG sensing of MP-GO had been studied by exposing the different 

concentrations of the LPG. For this purpose, the sensing device was put in the sample 

holder and was connected with the cable of the Keithley electrometer. The sensor was 

functional at 27 °C at a typical voltage of 40V. Now the LPG of different concentrations 

was exposed in the vacuum assisted chamber and also removed from the chamber by 

opening the outlet. The related data of the exposing and removing the LPG have been 

recorded.  Initially, when the LPG was exposed to the sensing element the resistance of 

the material gets increased and after a certain time, it became saturated or stable. After 

that, the gas was let out and the resistance gets decreased and finally got a constant or 

stable value. Fig. 5.10 shows the plot of the variation in resistance with LPG exposure 

time. After exposing the gas, resistance getting increases up to a constant or stable value 

which represents the response study of the sensor for each concentration. For the 

recovery study, the exposed LPG was removed from the vacuum assisted chamber and 

the resistance of the sensing material gets started decreasing and reaches a stable value 

in every concentration of LPG. In such a way there are four cycles in the resistance-

exposure time graph, which corresponds to 0.5, 1.0, 1.5, and 2.0 vol.% of LPG 

concentrations as shown in Fig. 5.10.  

The %sensor response of the sensor was calculated with the help of Eqn. 5.1 for 

the 0.5, 1.0, 1.5, and 2.0 vol.%  concentrations of the LPG and were found as 120.90, 

163.33, 373.25, and 570.575 respectively. The sensor shows the minimum and 

maximum response for the 0.5 and 2.0 vol.% of the LPG. As the concentration of the 

LPG increases the %sensor response also increases as shown in Fig. 5.11 having a linear 

nature, which is the unique characteristic of a good LPG sensing material. The 
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sensitivities were calculated taking the slope in Fig. 5.11 (i.e. slope of the sensor 

response versus LPG concentration) for each concentration of LPG. The sensitivities for 

the 0.5, 1.0, 1.5, and 2.0 vol.% of LPG concentrations were found as 240.58, 163.33, 

248.83, and 285.29  /vol.% respectively. The reproducible nature of the LPG for 0.5 

vol.% is shown in Fig. 5.12. 

The response-recovery time has been calculated by applying the exponential 

fitting according to Eqn. 5.2 & 5.3. Fig. 5.13 (a) and (b) illustrate the exponential decay 

and growth fitted curves for the 1 and 1.5 vol.% LPG.  For each concentration of LPG, 

the calculated response-recovery time is shown in Table 5.3. The sensor shows the 

lowest response recovery time for the 0.5 vol.% LPG and highest for the 2.0 vol.% LPG.  

5.6 Humidity sensing application 

The sensing setup for the humidity sensor characterization has been shown in 

previous Chapter 2. The whole experiment was performed at the optimized frequency of 

100 Hz in and the impedance-based sensing mechanism also had been discussed in the 

same chapter for the Graphene-based humidity sensors. With the variation in the relative 

humidity, the corresponding change in the impedances has been recorded and the plot of 

all the data is illustrated in Fig. 5.14. The changes in the impedance have been observed 

from 170 to 0.052 M corresponding to variation in relative humidity from 10 to 99 

%RH. The recorded data has been presented in Table 5.4. Figs. 5.14 (a), (b), (c) and (d) 

show the sensitivity, repeatability, response recovery time, and aging effect curves 

respectively and all these humidity sensor attributes are defined in  Chapter 2. The noted 
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data related to repeatability, response-recovery times, and ageing effect have been 

depicted in Tables 5.5, 5.6, and 5.7 respectively. 

 The sensitivity of the sensor in the 10-99 %RH humidity range is calculated as 

~2.01 M/%RH. The sensor shows repeatable nature having repeatability of 97.5%, 

which is shown in Fig. 5.14 (b). The response recovery time of a sensor is an important 

parameter. A sensor having possible less response recovery time leads to a good sensor. 

The response- recovery curve is as shown in Fig. 5.14 (c) having response and recovery 

time 6.0 s and 112.0 s respectively.  Fig.5.14 (d) is showing the aging effect of the sensor 

within one month at 25, 30, 45, and 70 %RH. The variation in the impedance values is 

observed due to the dangling bonds formed during the adsorption and desorption of the 

relative humidity.  

5.7 Selectivity of the sensor 

The selectivity of the MP-GO sensor was studied toward the LPG (2.0 vol.%) 

humidity (95 %RH), ethanol (2.0 vol.%), acetone (2.0 vol.%) and CO2 gas (2.0 vol.%) 

and was found the maximum sensor response for the LPG sensor which is illustrated in 

the Fig.5.15. The selectivity of LPG can be explained based on the variations in the 

electrical resistance of the sensor with the charge transfer between the sensing material 

and sensing species. LPG exhibited good diffusivity, interaction with MP-GO compared 

with the others. 

5.8 Effect of the humidity on the LPG sensing 

To study the effect of the relative humidity on the sensing response of the sensor 

experiment has been performed at different values of the humidity for the 0.5 vol.% 
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concentration of the LPG. Fig. 5.16 illustrates the LPG sensing characteristics at different 

%RH. Fig. 5.16 (a) shows the variations in the resistance by exposing the 0.5 vol.% LPG 

at 30 %RH. The sensor shows the variation in the resistance from 1.64 × 10
7
 to 3.48 × 

10
7
  and the calculated %S.R for the same was 112.20.  In Fig. 16 (b), the sensor shows 

the change in the resistance from the 1.55 × 10
7 

to 3.58 × 10
7
  at the 50 %RH along 

with %S.R. 130.97 and Fig. 16 (c) is at the 60 %RH showing the variation in the 

resistance from the 1.25 × 10
7 

to 3.31 × 10
7
  having the %S.R. as 164.80.  The %S.R. 

was calculated as 187.25 at 70 %RH with varying the resistance from 1.02 × 10
7
 to 2.93 

× 10
7 
. 

 Overall with the above observation, it can be concluded that the % sensor 

response of the sensor was increased with the increasing humidity. The increase in the 

%S.R. and conductivity of the sensing material can be explained by the interaction of the 

humidity with the sensing material. The dissociation of the water molecules on the 

surface of the material generates hydroxyl species which act as electron donors and are 

used to enhance the conductivity of the sensing material. As the humidity increases the 

resistance of the sensing material gets decreasing. The oxygen atoms of the hydroxyl 

species get attached to the surface of the sensing material and the surface interaction sites 

of the material get increased which leads the enhancement in the sensor response. As the 

level of the humidity gets increasing the surface interaction sites of the sensor’s material 

and gas interaction get increasing, this increases the sensor response [45]. 

5.9 Conclusions 
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The Graphene oxide was successfully functionalized with Pd doped 

polyacrylamide SnO2 nanocomposites. The confirmation of the functionalization was 

insured with the different characterization techniques as SEM, EDX, Particle size 

analysis, UV-Visible spectroscopy, XRD, FTIR, and Raman etc.. Based on the 

characterizations, the synthesized material was employed as the LPG sensing at room 

temperature and found improved manifold with the previously reported LPG sensors. The 

sensor was attributed as sensitivity, sensor response, repeatability, response-recovery 

time, and selectivity successfully. The exposure of LPG has been studied for 0.5, 1.0, 1.5, 

and 2.0 vol.% concentrations. The MP-GO based LPG sensor showed the maximum % 

sensor response (570.58) for the 2.0 vol.% concentration while the response/recovery 

time was found minimum (7.8/7.3 s) for the 0.5 vol.% concentration. The sensor was 

operable at room temperature with 40 V operating voltage. Also, the results were found 

reproducible and no aging effect was observed. Thus the lab model of sensor developed 

here may be proven robust for outdoor applications and can be fabricated at the 

commercial level. In this chapter, the % sensor response of the LPG sensor was found to 

increase in comparison to previous chapters. 
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Figures: 

 

Fig. 5.1 Flowchart of synthesis of frontal polymerization of PdAAm@SnO2 

nanocomposite 

 

 

Fig. 5.2 Flowchart of the synthesis of MP-GO 
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Fig. 5.3 SEM micrographs at various scales  (a) 500 nm (b) 1000 nm are of 

metallopolymer, while  (c) & (d) are of MP-GO at 500 nm.  

 

Fig. 5.4 Elemental mapping of MP-GO 
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Fig.5. 5 UV -Vis. Absorption along with the Tauc plot of the synthesized materials 

showing the optical band gap 5.3 eV 

 

 

Fig. 5.6 Particle size distribution of the MP-GO showing in the nano range 
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Fig. 5.7 XRD spectrum of (a) GO [38], (b) PPdAAm@SnO2 nanocomposites (MP) and 

(c) MP-GO 
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Fig. 5.8 FTIR spectrum of the MP-GO 

 

 

Fig. 5.9 Raman spectrum of the MP-GO 
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Fig. 5.10 Variations in the resistance of the sensing material versus time in the presence 

and absence of LPG  

 

 

Fig. 5.11 Variation in the sensor response with the LPG concentration 
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Fig.5.12 showing the repeatable nature of MP-GO based sensor at 0.5 vol.% LPG 

concentrations 

 

 

Fig. 5.13 (a) and (b) showing the exponential decay and growth fitted curves for 1.0 and 

1.5 vol.% LPG concentration respectively. 
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Fig. 5.14 MP-GO based humidity sensor attributes 

 

 

Fig. 5.15 Selectivity investigation for MP-GO based LPG sensor 
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Fig. 5.16. Variation in resistance () with time(s) at 30, 50, 60 and 70 %RH for the 0.5 

vol.% LPG sensor with calculated %S.R..  
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Tables 

Materials Target 

Gas 

Limit of 

detection 

% 

S.R. 

Tres/ Trec Reference 

Graphene/SrO quantum 

dots 

LPG 50 ppm - 16/22 [29] 

Few layered Graphene  LPG 4 ppm 0.92 5/18 [30] 

MWCNTs doped SnO2 LPG 2500 ppm - 21/36  [31] 

CNT/PAni/γ-Fe2O3 

nanostructured thread 

LPG 50 PPM 0.91 20-25/35-40 [32] 

Few layer Graphene 

/SnO2 

LPG 25 ppm - - [33] 

White Graphene 

(PVA/WPPy/hBNNP 

nanocomposite) 

LPG 600 ppm 0.25 30/32 [34] 

Purified CNT LPG 5 vol.% 0.25 20/45 [35] 

 𝛼-Fe2O3/CNTs LPG 0.1–5vol.% 1–6 25/13 s/-

30/80 s 

Graphene/CdO LPG 600 ppm 77 - [36] 

Graphene/Bi2O3 

qunatum dots 

   LPG 100 ppm - 16/20 [37] 

 

Table 5.1 Literature review on Carbon/Graphene based LPG sensors 

 

Complex 

Found/calculated wt% 

C H N Pd 

Pd(NO3)2∙2H2O - 
1.4/1.5 10.2/10.5 40.4/39.9 

PdAAm 20.1/19.4 
3.5/2.7 15.1/15.0 29.4/28.6 

PdAAm/SnO2 - 
- - 5.2 

 

Table 5.2 Elemental analysis data of Pd(II)complexes 
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S.No. LPG Concentration Sensitivity 

(/vol.%) 

% S.R. Response/Recovery time (s) 

1 0.5 vol.% 40.40M/vol.% 

240.58 

120.90  7.8/3.3 

2 1.0 vol.% 29.48 M/vol.% 

163.33 

163.33 14.3/3.5 

3 1.5 vol.% 48.02 M/vol.% 

248.83 

373.25 15.6/4.1 

4 2.0 vol.% 64.64 M/vol.% 

285.29 

570.58 18.9/5.2 

 

Table 5.3 Calculated LPG sensing attributes for the synthesized MP-GO based sensor 

 

 

 

 

 

 

 

 

 

 

 



Development of Graphene oxide ……………………..  for LPG and humidity sensing 
 

212 
 

%RH Impedance (M) 

Increasing  mode Decreasing mode 

10 175 170 

15 124 140 

20 65.55 125.8 

25 37.03 108.64 

30 24.1 89.9 

35 13.72 70.09 

40 6.9 50.05 

45 2.22 29.12 

50 0.9 13.07 

55 0.565 6.58 

60 0.447 5.047 

65 0.37 3.63 

70 0.288 2.21 

75 0.226 0.802 

80 0.224 0.455 

85 0.196 0.282 

90 0.145 0.177 

95 0.0985 0.133 

99 0.052 0.052 

 

Table 5.4 The recorded data of variation in the impedances with increasing and 

decreasing humidity in range 10-99 %RH 
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%RH Repeatability  

Impedance (M) 

Increasing  mode Decreasing mode 

10 180 143.30 

15 124.34 130.25 

20 96.80 117.21 

25 70.90 104.17 

30 52.35 91.12 

35 34.40 72.70 

40 18.52 47.05 

45 6.61 28.01 

50 3.55 16.94 

55 1.96 8.90 

60 1.30 6.57 

65 1.06 3.38 

70 0.84 2.48 

75 0.59 1.52 

80 0.32 0.96 

85 0.27 0.60 

90 0.15 0.33 

95 0.11 0.21 

99 0.77 0.77 

 

Table 5.5 The recorded readings of the impedances to study the repeatability  
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Time (s) Impedance (M) 

Increasing humidity (10-50 %RH) Decreasing humidity (95-55 %RH) 

0 180.00 0.77 

20 124.34 0.21 

40 96.80 0.33 

70 70.90 0.60 

100 52.35 0.96 

200 34.40 1.52 

250 18.52 2.48 

300 6.61 3.38 

 

Table 5.6 The data of the measured time versus variation in impedances with increasing 

(10-45 %RH) and decreasing humidity (99-65 %RH) 

No. of days Impedance (M) 

25 %RH 30 %RH 45 %RH 70 %RH 

0 37.03 24.10 2.22 0.29 

3 40.00 26.04 5.62 0.41 

7 42.50 25.73 3.85 0.67 

15 41.50 28.01 4.00 2.50 

30 45.95 30.94 7.95 1.87 

 

Table 5.7 The data of the measured impedances at the 25, 30, 45, and 70 %RH for the 

ageing effect   
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CHAPTER 6 

 

The present chapter deals with the development of the CO2 gas and humidity sensor at 

room temperature based on the Graphene@CuO nanocompoistes, synthesized through Chemical 

Vapor Deposition (CVD) route. The synthesized materials have been characterized with several 

techniques such as Scanning electron microscopy (SEM), Electron dispersive X-rays (EDX), 

Ultraviolet-Visible (UV-Vis.) spectroscopy, X-ray Diffraction (XRD), Fourier Transform 

Infrared (FTIR) and Raman spectroscopy. The surface morphological investigations as well as 

elemental mapping analysis confirmed that the CuO metal nanoparticles are attached with 

Graphene sheet at the side edges, corners and basal plane. Investigation of the nano size 

distribution has been carried out with the particle size analysis. The band gap of the synthesized 

nanomaterials was estimated as 4.1 eV. The presence of the oxygen containing functional groups 

in the material is confirmed with the FTIR. The Raman spectrum describes the nature of the 

synthesized Graphene as well as Graphene@CuO nanocomposites. The % sensor response of 

the CO2 sensor is maximum (1178.31) for the 2.0 vol.% and also the response and recovery time 

for the 0.5 vol.% are 1.3 and 1.5 s respectively.  
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CHAPTER 6 

Development of ultra-fast sensitive and selective CO2 gas and 

humidity sensor based on thin film of Graphene@CuO 

nanocomposites 

 

6.1 Introduction 

Nowadays environmental pollution has become a very serious problem in the 

world. The prevention of the same is a very challenging problem for the researchers. The 

major environmental pollutants as CO and CO2 are produced from the burning of fossil 

fuels in the motor vehicle, volcanic eruption, and industries. Global warming is the result 

of continuous increase in the concentration of CO2 in the atmosphere. Since the mid-20
th

 

century, the amplified emission of CO2 and other greenhouse gases have been understood 

to be the cause of the increase in the average near-surface air and ocean temperature of 

the earth, a phenomenon known as global warming. Also, the excess of CO2 in the natural 

environment causes suffocation and creates unconsciousness in human beings. Many 

sensors have been developed to detect the presence of toxic gases like NO2, NH3, CO, 

and CO2 in the environment [1-7].  

Recently, Graphene has been used as a promising material because it is being 

applied in terahertz devices.  The Graphene-based devices have very low Johnson noise 

due to their resistivity. The Pd [8], Ru [9, 10], Ir [11], Ni [12-15], Cu [16-19], and Co 

[20, 21] are the catalysts that may be recently used for the synthesis of Graphene with the 

Chemical Vapor Deposition (CVD) method [22, 23].  Mostly the Cu metal is used for the 

synthesis of the Graphene due to the low solubility of the carbon on the Cu metal which 
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is explained by the self-limiting mechanism. The recent literature review on Graphene-

based CO2 sensors has been summarized in Table 6.1 [24-29].  

  Mostly, Graphene metal nanocomposites have been chosen for different 

applications because Graphene has extraordinary properties as mechanical, chemical, 

optical, and electrical properties and metal can be used as the bandgap tuning in the same 

material. The gas sensing response is generally attributed due to the electron transfer 

between the sensing materials and chemisorbed gaseous molecules. This is a redox 

reaction, results a change in the depletion layer which may cause the variation in the 

electrical resistance. Several sensing mechanisms have been proposed but most 

commonly the variation in resistance/conductance by the adsorption of a gaseous 

molecule on the sensing material is being used. Since Graphene has a larger surface area 

and its metal composites possess good electrical conductivity so the interactions of the 

sensing species have the same surface area and this leads to the maximum sensing 

response. Metal oxides like SnO2, ZnO, TiO2, and In2O3 are the most efficient CO2 gas 

sensing materials. Normally, metal oxide gas sensors are operated at high temperatures 

[30-34]. 

In the recent scenario, plenty of the metal oxides are widely used for sensing 

applications but there is a drawback of these sensors that they require high operating 

temperature (200-400°C) [35-38]. Therefore, the development of a CO2 gas sensor with 

rapid detection, low response-recovery time, and operable at room temperature has been 

undertaken. The thin-film based sensors operable at room temperature is the most 

emerging technique for environmental sensing. In the present work, we have focused on 

the thin film of Graphene@CuO nanocomposites for CO2 gas sensing. 
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6.2 Experimental details 

6.2.1 Synthesis procedure 

For the synthesis of the Graphene and Graphene@CuO nanocomposites, here 

Direct Liquid Injection Chemical Vapor Deposition (DLICVD) technique has been used. 

The schematic of a typical DLICVD is shown in Fig. 6.1. First of all, the CuO 

nanoparticles were synthesized with the sol-gel technique. The catalytic growth of the 

Graphene was performed on CuO nanoparticles. The CuO nanopowder was spread on the 

quartz board and this board was put inside the quartz tube of the CVD. The 

programmable furnace was calibrated for the temperature up to 850 °C for 30 min. Now 

the 25 ml ethanol was injected into the quartz tube @ 1 ml/min in presence of Ar 

atmosphere [22]. The Graphene was grown on the CuO nanoparticles. In such a way we 

got Graphene@CuO nanocomposites. Later, the synthesized Graphene@CuO 

nanocomposites were dissolved into the nitric acid, the colored solution was obtained. 

Now this solution was filtered and the obtained filtrate was found as the Graphene. Such 

a way, we got two synthesized materials one is Graphene and the other is 

Graphene@CuO nanocomposites. 

6.2.2 CO2 gas sensing measurement 

According to the IUPAC, the sensitivity is the slope of the gas calibration curve 

i.e. slope of sensor response versus target gas concentration.  

The %sensor response (%S.R.) of a sensor was calculated using the formula given 

by Eqn.6.1:  
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                                      (6.1) 

The response and recovery time of the sensor is defined as 90% of the final sensor 

output during the adsorption and desorption of the gas respectively. The exponential 

fitting for every concentration cycle was used for the calculation of the response-

recovery times of the sensor. The exponential fitting for the growth and decay has been 

done in accordance with Eqn. 6.2 and 6.3 respectively. 

         
  

    
 
  
               (6.2) 

            
  

    
  

  
             (6.3) 

Where the R0 and Rm are the initial and measured values of the resistance of the 

sensing material and tres and trec are the response and recovery time respectively [39]. 

The lab-made CO2 gas sensor characterization setup is shown in Fig.6.2. This 

setup consists of a CO2 gas cylinder attached along with the gas measuring unit 

connected to a vacuum-assisted chamber having a gas inlet, outlet, and sample holder. 

The sensor was connected to the Keithley electrometer through the connecting wires 

which are further connected to a computer for the data recording and analysis.  

6.3 Characterizations 

The characterization techniques used to characterize synthesized materials were 

Scanning Electron Microscopy (SEM) (JEOL, JSEM- 6490LV) with Electron Dispersive 

X-rays (EDX), Particle Size Analysis using Zeta nanosizer, UV-Visible 

Spectrophotometer (Evolution 201). The crystal and phase were investigated by powder 
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X-ray Diffractometer (XRD)  (Bruker D8 Advance, using Cu Kα radiation) λ=0.15418 

nm )at a scan rate of 0.2°/s). A Raman spectrometer (model: Airix Corporation, Japan 

with laser excitation at 514 nm) was used. 

6.4 Results and Discussion 

6.4.1 Morphological and elemental analysis 

The SEM micrographs of the synthesized Graphene@CuO nanocomposites are 

shown in Figs. 6.3 (a)-(c) and (d) is showing the EDX spectrum of the same. Fig. 6.3 (a) 

illustrates the highly porous structure of the synthesized material at 1000 nm scale. SEM 

micrographs at 500 nm scale presented in Fig. 6.3 (b) and (c) are showing the clear 

morphology of the synthesized material. From these two micrographs, it is investigated 

that spherical shaped CuO nanoparticles are attached to Graphene sheets. The attached 

CuO nanoparticles and porous structure of the material may be useful for sensing 

application. 

The EDX spectrum of the synthesized Graphene@CuO nanocomposites is shown 

in Fig. 6.3 (d). This shows the presence of the carbon, oxygen, and Cu elements having 

weight% 26.85, 14.30, and 44.68% respectively. The presence of the Zr and Si is 

observed due to the coating on the glass substrate during the sample preparation for the 

SEM.  

The planar sheet structure of the multilayered Graphene has been observed in the 

SEM micrographs at 500, 500, and 200 nm scales which are shown in Figs. 6.4 (a), (b) 

and (c) respectively. The presence of the elements in the material is investigated via EDX 
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spectrum which is shown in Fig. 6.4 (d) and this confirms the presence of the C and O 

elements with weight% as 70.27 and 8.56% respectively. The presence of the Na, Zr, and 

Si elements is due to the sample preparation process for the SEM micrographs and 

constituents of the glass substrate.   

6.4.2 Particle size distribution analysis 

The particle size distribution of the synthesized materials has been illustrated in 

Fig. 6.5. The intensity (in %) versus the size of diameter (in nm) of the particles of the 

synthesized materials in isopropyl alcohol has been investigated. There are two peaks 

present in Fig. 6.4 corresponding with Graphene and Graphene@CuO nanocomposites 

respectively. The synthesized Graphene has a sheet size range of 142–219 nm with an 

average sheet size of 190 nm while 295-456 nm and 342 nm are sheet size range and 

average sheet size for the Graphene@CuO nanocomposites.  The observation confirms 

that the size of the Graphene sheets has smaller in comparison to Graphene@CuO 

nanocomposites. When the Graphene is grown on the spherical-shaped CuO 

nanoparticles, some of the particles get attached to the Graphene sheets and vice versa, 

and also the observed sheet size gets increased in comparison to the Graphene. 

6.4.3 Structural analysis 

The structural analysis of the synthesized materials has done with the X-ray 

diffraction (XRD) analysis. The XRD pattern of the synthesized Graphene and 

Graphene@CuO nanocomposites have been shown in Fig. 6.6 (a) and (b) respectively. In 

XRD pattern of the Graphene, there is one Bragg’s peak at 2θ~25.72° values 

corresponding to *(002) plane. In the XRD pattern of the Graphene@CuO, there are 
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sharp peaks present and showing the crystalline nature due to the presence of the CuO 

nanoparticles. The peaks present at 2θ~23.39°, 43.08°, 50.26°, and 74.08° values 

correspond with the *(002), #(111), #(200) and #(220). The *(002) is of the graphitic 

plane while #(111), #(200), and #(220) relate with the presence of the CuO in the 

synthesized material. The *(002) well matches with JCPDS# 075-1621 while all other 

planes with the JCPDS# 004-0836. The average crystallite size of the Graphene and 

Graphene@CuO were calculated and found as 1.29 and  26.07 nm respectively. The 

increase in average size shows that CuO nanoparticles are attached to the Graphene sheet. 

6.4.4 Optical absorption analysis 

The optical absorption spectra of the synthesized Graphene and Graphene@CuO 

both materials have shown in Fig. 6.7. In these spectra, the variation in optical absorption 

was observed in the wavelength range of 190-800 nm. Both synthesized materials have 

almost equal absorption getting overlapped to each other and also showing the maximum 

absorption with the fluctuations in the 190-290 nm wavelength range. The fluctuations 

are observed due to the glass substrate used on which the thin film was spin-coated. Inset 

of this figure, Tauc plots of both materials getting overlapped and the extrapolation of the 

tangent to this curve evaluated the optical energy gap of both materials as 4.1 eV.  Such a 

wide energy gap may be fruitful for sensing applications.  

6.4.5 Functional group analysis 

 The bond vibrations, bending, stretching, and also the functional groups present 

in the synthesized materials were investigated with the Fourier transform infrared (FTIR) 

spectroscopy technique. The FTIR spectrum of the synthesized Graphene and 
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Graphene@CuO has been illustrated in Fig. 6.8 (a) and (b) respectively. In this spectra 

several valleys correspond to different bond vibrations, stretching, and bending present 

between constituent elements. The wide valley present at 3344 cm
-1 

wavenumber relates 

with the hydroxyl group representing the vibrations of O-H bond present in the 

synthesized materials. The bands present in 2850-2990 and 1270-1483 cm
-1

 wavenumber 

range resembles the stretching and bending of C-H bonds respectively within the 

materials. The unsaturated C=C bond presence corresponds to the valley at 1645 cm
-1

 in 

the materials.   The presence of C-O bond vibrations may be seen at 1123 cm
-1

. There are 

two extra bands present in the range 792-1117 cm
-1 

in the Graphene@CuO in comparison 

to the Graphene, showing the presence of the metallic bond vibrations due to the Cu 

metal [40]. 

6.4.6 Raman analysis 

Fig. 6.9 (a) and (b) show the Raman spectra of the synthesized Graphene and 

Graphene@CuO nanocomposites respectively. In Fig. 6.9 (a), peaks appearing at 1335, 

1597, and 2859 cm
-1

 are known as D, G, and 2D bands respectively. These peaks define 

the characteristics of the Graphene. The presence of the D-band is related to its edge 

structure i.e. strong armchair and weak zig-zag edge structure. The calculated disorder 

parameter for the Graphene was 1.1 (i.e. ID/IG= 1.1). The peaks appearing in the 200-

1100 cm
-1 

range are due to the lattice vibrational modes occurring in the CuO crystal 

were observed in the Raman spectrum of the Graphene@CuO nanocomposites in Fig. 6.9 

(b). Here peaks present below 1100 cm
-1

 exhibit the characteristics of the metal oxide 

nanoparticles. The position of the D, G, and 2D bands in the case of Graphene@CuO 

nanocomposites get shifted and observed at 1328, 1591, and 2778 cm
-1

 Raman shift. And 
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also the calculated disorder parameter was 0.9.  The change in the position of the D, G, 

and 2D bands and also decrease in the ID/IG ratio in the Graphene@CuO nanocomposites 

compared to Graphene, are the confirmation signature of the composite formation [41-

43]. The defects (ID/IG~0.9) and the presence of CuO nanoparticles at side edges and 

corners may be responsible for the sensing. 

6.5 CO2 gas sensing application  

6.5.1 Sensing mechanism  

In the CO2 sensing mechanism, the adsorbed oxygen on the surface of the sensing 

material plays an important role. The interaction between adsorbed atmospheric oxygen 

and sensing surface is depicted by the Eqns 6.4, 6.5, and 6.6. 

O2(air)O2(ads)                     (6.4) 

O2(ads) + e
-
O2

- 
(ads)   (6.5) 

O2
-
(ads) + e

-
2O

- 
(ads)    (6.6) 

  The defects present in the synthesized materials through the oxygen vacancies act 

as the adsorption sites for atmospheric oxygen. Therefore, a large number of defects 

adsorbed more atmospheric oxygen and ionic oxygen species have been formed. When 

CO2 interacts with sensing material, it is initially adsorbed on pre-adsorbed oxygen (ionic 

oxygen) and forms the surface carbonate which is shown in the Eqns. 6.7 and 6.8. 

   
 
 +     

(ads)C  
          (6.7) 
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 +    

(ads)C  
           (6.8) 

These surface carbonates capture certain electrons from the sensing material, resulting in 

an increase in resistance of the sensing material. This shows that the formation of surface 

carbonates was responsible for CO2 detection through the resistance change [37]. 

6.5.2 CO2 sensing characteristics of Graphene@CuO 

The CO2 sensing characteristics of the thin film of Graphene@CuO 

nanocomposites are illustrated in Fig. 6.10. The resistance of the sensing material has 

been recorded with the exposure of 0.5, 1.0, 1.5, and 2.0 vol.% CO2 gas in the vacuum 

assisted chamber. For each concentration of the gas, the obtained respective cycle has 

been shown in Fig. 6.10. 

For every cycle, as the CO2 is exposed to the sensing element inside the vacuum 

assisted chamber, the resistance of the sensor getting rises and achieved a stable state of 

resistance and this corresponds to sensor response. Also as the CO2 is removed from the 

chamber, the resistance starts decreasing to achieve the initial state of the resistance and 

this relates to the recovery of the sensor.  The sensitivity and %S.R. for every cycle of the 

gas were calculated according to the definition and Eqn 6.1 detailed in section 6.2.2 and 

also shown in Table 6.2. The variation in the resistance takes place from 2.59×10
6
 to 

2.59×10
6
 with the exposure of the 0.5 vol.% concentration of the CO2. The %S.R. for the 

same was calculated as 133.33. The exposure of 1.0 vol.% concentration of the CO2 

causes the change in the resistance from 2.87×10
6
 to 1.06×10

7
 and the calculated %S.R. 

was found as 267.94. The change in the resistance was recorded from 2.86×10
6
 to 2.12 

×10
7
 and from 2.95×10

6
 to 3.77×10

7
 for the 1.5 and 2.0 vol.% concentration along with 
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%S.R. 641.96 and 1178.31 respectively. The nature of the CO2 gas sensor for the 

repeatability was investigated and found to be repeatable and also the repeatability curve 

for the 0.5 vol.% gas is shown in Fig. 6.11 (a). From the observation of Fig. 6.11 (b), it is 

clear that the % S.R. of the sensor varies linearly with the variation in the concentration 

of the gas. The response and recovery times of the sensor were calculated with the 

exponential fitted curve according to Eqns. 6.2 and 6.3 respectively. The exponential 

growth and decay fitted curves for 1.5 and 2.0 vol.% gas are shown in Figs. 6.11 (c) and 

(d) respectively. The calculated response and recovery time for each cycle are shown in 

Table 6.2. 

6.6 Humidity sensing application 

The humidity sensing application of the thin film of Graphene@CuO 

nanocomposites also has been performed. The setup for humidity sensor characterization 

has already described in Chapter 2. All the data related to this experiment have been 

recorded using this setup and plotted the same as shown in Fig. 6.12. Curve (a) of Fig. 

6.12 (a) shows the plot for sensitivity versus %RH and the related data may be found in 

Table 6.3. The slope of this curve is defined as the sensitivity of the humidity sensor. 

Humidity sensor attributes are defined in Chapters 2 and 3. The detailed descriptions of 

the sensing mechanism of the impedance-based humidity sensor have been discussed in 

Chapter 2. The experiment was performed in the 10-95 %RH range and the calculated 

sensitivity of the sensor was 1.55 M/%RH. The response-recovery times of a sensor are 

important parameters and the calculated response and recovery time for the 

Graphene@CuO nanocomposites-based humidity sensor was found as 12 and 9 s 

respectively. The response and recovery time curve has been shown in Fig. 6.12 (b) and 
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related data has been shown in Table 6.4. The repeatability curve for the humidity sensor 

has been shown in Fig. 6.12 (c) and the sensor has found 85.19% repeatable nature. The 

ageing effect of a sensor shows the life of the sensor as well as its accuracy after a long 

time. The ageing effect analysis curve after 3, 7, and 15 days for the humidity sensor 

have been shown in Fig. 6.12 (d) and these results show good stability after the same 

days. The related data of the repeatability and ageing effect have been depicted in Table 

6.5. 

6.7 Selectivity of the sensor 

A sensor may not be good for every sensing species but it may be good for a 

particular species. The criteria by which a good sensor is chosen for a particular sensing 

species, known as selectivity of the sensor. The selectivity is an important parameter for a 

sensor. The selectivity of the CO2 sensor was investigated concerning LPG, humidity, 

acetone, ethanol and the related plot is shown in Fig. 6.13. In this figure, the %S.R. for 

2.0 vol.% CO2 gas was found maximum in comparison of 2.0 vol.% LPG, 95% relative 

humidity, 2.0 vol.% acetone, and ethanol. The Graphene@CuO based sensor showed 

good diffusibility with the CO2 gas. 

6.8 Conclusion 

The Graphene and Graphene@CuO nanocomposites have been successfully 

synthesized through the chemical vapor deposition technique. The surface morphology 

and elemental analysis confirmed that the synthesized materials were the Graphene and 

Graphene@CuO nanocomposites. The average crystallite size of the Graphene was 

calculated as 1.29 nm while Graphene@CuO was 26.07 nm. The presence of the Cu 



Development of ultra-fast sensitive ……………Graphene@CuO nanocomposites 

 

229 
 

metal was confirmed via the XRD pattern of the Graphene@CuO nanocomposites. The 

FTIR exhibited the presence of the bond vibrations and stretching between the constituent 

elements in the synthesized materials. The Raman spectrum of the Graphene revealed the 

ID/IG ratio 1.1 confirming the defects present in the same and the ID/IG ratio of 

Graphene@CuO nanocomposites as 0.9. The defects and attached metal nanoparticles in 

the Graphene were found responsible for the sensing. The Graphene@CuO nanoparticles-

based CO2 sensor showed the minimum response and recovery times as 1.3 and 1.5 for 

0.5 vol.% concentration respectively and the maximum %S.R was found as 1178.31 for 

the 2.0 vol.% concentration. The selectivity of the CO2 gas sensor based on 

Graphene@CuO nanocomposites was checked with respect to LPG, humidity, acetone, 

and ethanol and found that the sensor was highly selective for CO2. The results of 

Graphene@CuO nanoparticles-based CO2 gas sensor are innovative and the lab model of 

the sensor developed here can be proposed for commercial development. 
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Figures 

 

Fig.6.1 Schematic of a typical DLICVD 

 

 

Fig. 6.2 CO2 gas sensor characterization setup 
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Fig. 6.3 (a)-(c) SEM micrographs and (d) EDX spectrum of Graphene@CuO 

nanocomposites  

 

Fig. 6.4 (a)-(c) SEM micrographs and (d) EDX spectrum of synthesized Graphene  
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Fig. 6.5 Particle size distribution of Graphene and Graphene@CuO nanocomposites 

 

Fig. 6.6 XRD pattern of (a) Graphene and (b) Graphene@CuO nanocomposites  
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Fig. 6.7 Optical absorption of Graphene and Graphene@CuO nanocomposites along with 

inset Tauc plots of the same 

 

Fig. 6.8 FTIR spectrum of (a) Graphene and (b) Graphene@CuO nanocomposites 
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Fig. 6.9 Raman spectrum of (a) Graphene and (b) Graphene@CuO nanocomposites 

 

Fig. 6.10 CO2 sensing characteristics of the Graphene@CuO nanocomposites 
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Fig. 6.11 CO2 sensor attributes: (a) Repeatability curve for 0.5 vol.%, (b) %S.R. versus 

target gas concentration curve, (c) Exponentially growth fitted curve for the 1.5 vol.% 

and (d) Exponentially decay fitted curve for the 2.0 vol.% 
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Fig. 6.12 Humidity sensor attributes (a) sensitivity curve, (b) response-recovery time 

curve, (c) repeatability curve, and (d) ageing effect 

 

Fig. 6.13 Selectivity of the sensor towards CO2, LPG, humidity, acetone, and ethanol 
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Tables 

Sr. 

No. 

Sensing materials Sensor response/ 

Sensitivity 

TRes. (s) TRec. (s) Refer

ences 

1. Graphene --/0.17%/ppm 8 - 23 

2. Graphene/Y2O3 

quantum dot 

1.08/-- - - 24 

3. Few layered 

Graphene 

3.83/-- 11 14 25 

4. Sb2O3/Graphene 

quantum dot 

--/-- 16 22 26 

5. Graphene/Al2O3 

quantum dot 

10.84/-- 14 22 27 

6. H2 plasma reduced 

GO 

71%/-- 240 240 28 

 

Table 6.1 Sensing attributes for Graphene-based CO2 sensor 

 

CO2 gas Conc. 

Sensor Attributes 

0.5 vol.% 1.0 vol.% 1.5 vol.% 2.0 vol.% 

Sensitivity (/vol.%) 266.66 267.94 427.97 589.16 

% S.R. 133.33 267.94 641.96 1178.31 
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Response time  (s) 1.3 2.8 3.8 4.8 

Recovery time (s) 1.5 1.8 1.9 2.1 

 

Table 6.2 CO2 gas sensor attributes based on the synthesized Graphene@CuO 

nanocomposites 

 

%RH Impedance (M) 

Increasing  mode Decreasing mode 

10 142.89 141.60 

15 135.79 133.65 

20 128.24 127.79 

25 121.03 119.88 

30 115.92 112.90 

35 108.07 104.70 

40 103.68 98.86 

45 98.05 93.50 

50 92.82 88.66 

55 87.91 83.91 

60 82.55 79.53 

65 77.84 74.55 

70 70.97 68.15 

75 62.86 58.64 

80 48.88 45.59 

85 35.73 33.55 

90 25.75 24.55 

95 10.88 10.88 

 

Table 6.3 Variation in the impedance as per increasing and decreasing humidity at 100 

Hz 
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 Impedance  (M) 

Time (s) Response (10-55 %RH) Recovery (95-50 %RH) 

0 142.89 10.88 

15 135.79 24.55 

30 128.24 33.55 

50 121.03 45.59 

80 115.92 58.64 

120 108.07 68.15 

160 103.68 74.55 

250 98.05 79.53 

320 92.82 83.91 

400 87.55 88.66 

 

Table 6.4 Time measured along with variation in the impedance as per increasing 

humidity (10-55 %RH) and decreasing humidity (95-50 %RH) at 100 Hz frequency 

 

%RH Impedance (M) 

Repeatability Ageing effect  

Increasing  

mode 

Decreasing 

mode 

After  3 

days 

After 

7days 

After 15 

days 

10 140.19 139.87 140.19 139.90 141.19 

15 132.89 131.65 132.89 133.79 131.89 

20 125.34 123.79 125.34 124.24 123.34 

25 116.53 115.98 116.53 119.53 117.53 

30 111.84 109.9 111.84 113.92 110.84 

35 105.87 100.7 105.87 106.07 106.87 

40 98.88 91.56 98.88 102.68 99.88 

45 91.25 84.50 91.25 95.05 92.35 

50 86.42 77.26 86.42 89.82 87.52 

55 81.91 72.91 81.91 84.91 83.81 

60 76.5 68.93 76.5 79.55 77.53 

65 70.84 64.55 70.84 75.84 70.18 

70 65.97 60.15 65.97 67.97 66.87 
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75 60.86 55.64 60.86 61.86 61.66 

80 54.88 51.89 54.88 50.88 53.78 

85 45.73 44.85 45.73 39.73 44.63 

90 37.75 36.95 37.75 29.75 36.65 

95 25.88 25.88 25.88 16.88 24.28 

 

Table 6.5 Recorded data of repeatability and ageing effect after 3, 7, and 15 days 
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CHAPTER 7 

 

A study of synthesis, characterization and sensing properties of modified Graphene 

and its nanocomposites is summarized in the present chapter. This chapter also gives the 

guidelines for further research work in the field of carbon nanostructure and its 

nanocomposites films as efficient humidity and gas sensors. 
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CHAPTER 7 

Concluding remarks and scope of further research  

 

7.1 Conclusion 

The materials having a dimension of nanometer at least in one direction are dealt 

with the Nanoscience, however, the application and engineering of nanomaterials are 

covered in Nanotechnology. Also, Nanoscience and Nanotechnology deal with the novel 

phenomenon of preparing, measuring its property, and manipulating the dimension of an 

object up to the order of nanometer scale and to develop the products for practical 

application and miniaturization of electronic devices. The application of nanotechnology 

in engineering the materials for sensor developments improve the working, detection 

limit of the humidity and gas sensors at room temperatures. This must be achieved 

predominantly by alterations of the space charge layers for each grain and enhancing the 

electronic properties of the material. The large surface to volume ratio of nanomaterials 

can be used as a prominent parameter to contribute in the era of sensor developments. 

The surface reaction on the sensor gets improved when the number of defect sites for the 

reaction is increased. The larger surface to volume ratio of nanocrystalline structures 

enhances the opportunity for the occurrence of this surface reaction. This turn will 

increase the sensitivity of the sensors.  

The carbon nanomaterial like Graphene is one of the most important 

nanomaterials used in technology having extraordinary properties. In the field of sensors, 

they have played a much efficient role by providing an enhanced surface area or high 

aspect ratio. Carbon nanomaterials are among the most broadly discussed researched and 
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applied materials for synthetic nanomaterials. The structural diversity of this material 

provides an array of unique electronic, magnetic, and optical properties, which when 

combined with their robust chemistry and ease of manipulation, makes them an attractive 

candidate for sensor application. Generally, metal oxide-based sensors are used in 

sensing applications but when these nanomaterials are doped with carbon nanomaterials 

then their sensing capability, response, and recovery time are improved many times. 

Chapter 1 addresses the introduction of different synthesis techniques used for 

the synthesis of Graphene and its derivatives along with their sensing applications. The 

sensing principle and extensive survey of literature on the development of carbon-based 

humidity and gas sensors and their present status have been discussed. The orientation 

and objectives of the present research investigation are included at the end of the Chapter.  

Chapter 2 addresses the synthesis and characterization techniques (BET, SEM, EDX, 

UV Visible spectroscopy, particle size analysis, FTIR, and Raman spectroscopy) for the 

synthesized oxygen functionalized Graphene (modified Graphene). The thin film of 

modified Graphene was used for humidity sensing at different frequencies 100 Hz, 1 

kHz, and 10 kHz. The chapter also discussed the impedance-based humidity sensing 

mechanism at an optimized 100 Hz frequency. To get the higher sensitivity the five-

layered Graphene Oxide was functionalized with iron oxide nanoparticles. So Chapter 3 

describes the synthesis of five-layered GO and its functionalization with iron oxide 

nanoparticles for humidity detection. The thin film of Fe-GO shows the unique flower-

like SEM micrographs which are much useful for humidity detection. The capacitance-

based humidity sensing mechanism has also been discussed in this Chapter. The Fe-GO 

based sensor shows the maximum sensitivity in the higher humid region, so such a type 
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of sensor is used where the level of the humidity is much higher. The maximum 

sensitivity in the high humid region is attributed due to the dangling bonds formed during 

the functionalization with the iron oxide nanoparticles.   

 In Chapter 4 an effort has been made to enhance the sensor response via 

developing the LPG sensor-based thin film of the Graphene functionalized with CuO-

SnO2 nanocomposite. The sensitivity of the sensor was increased in comparison to the 

previously reported two Chapters. Further, to increase the sensitivity the next chapter has 

been designed as Chapter 5 in which the development of the LPG sensor based on the 

GO functionalized with PPdAAm/SnO2 nanocomposites was described. The development 

of ultra-fast sensitive and selective CO2 gas and humidity sensors based on the thin film 

of Graphene@CuO nanocomposites were described in Chapter 6. Chapter 7 deals with 

a brief report of the work done including the concluding remarks. Also, this chapter of 

the Thesis.   

  Future scope for further research work in the field of carbon nanomaterials and 

their composites as the electrochemical sensor has been depicted in the last chapter  

 A study of synthesis, characterization, and sensing properties of Graphene 

functionalized with metal oxide is summarized as below: 

7.1.1 Modified Graphene as a moisture sensor at an optimized 

frequency 

  The Graphical Abstract of synthesis, characterization, and humidity sensing of 

oxygen functionalized Graphene has been depicted in Fig. 7.1. To obtain the oxygen 

functionalized Graphene the synthesis was performed by the modified Hummer method 
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followed by the thermal reduction at 600 °C. To characterize the synthesized material 

different characterization tools were used. The BET surface area of the synthesized 

material was found as 10.55 m
2
/g and the pore size distributions ranging from 10.34 to 

97.44 nm confirming the mesoporous nature of the material.  The surface morphology of 

the material revealed the wrinkles, defects, and dangling bonds present in the synthesized 

layered sheet-type structure. The ID/IG ratio of the m-Graphene is calculated as 1.55 along 

with crystallite size 10.81 nm with the help of the Raman spectrum.  

 

Fig. 7.1 Schematic showing the Graphical Abstract of synthesis, characterization, and 

humidity sensing 
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The thin film of m-Graphene was employed as the moisture sensing at different 

frequencies and optimized as 100 Hz for maximum sensitivity. The humidity sensor 

showed the sensitivity as 2.51 M/%RH along with the calculated repeatability, 

response, and recovery time are 96.05%, 24, and 13 s respectively at room temperature. 

Such type of sensitivity was attributed due to the wrinkles, defects, and dangling bonds 

present in the synthesized material. 

7.1.2 Fabrication of humidity sensor based on thin-film of Graphene 

functionalized with iron oxide nanoparticles  

The work performed for the Fe-GO based sensor has been represented in Fig. 7.2 

which is showing the synthesis of GO functionalized with the iron oxide nanoparticles for 

humidity detection. The synthesis of the GO and Fe-GO were performed with the wet 

chemical method. Thin films of GO and Fe-GO were fabricated by using the spin coating 

technique at the rate of 1500 rpm. The thin film of Fe-GO was characterized by various 

techniques and a unique flower-like structure was found after the functionalization of GO 

with iron oxide nanoparticles. The XRD revealed that the GO consists of a minimum of 5 

layers of Graphene. BET surface analysis confirmed that the synthesized Fe-GO is the 

mesoporous material partaking the surface area 45.23 m
2
/g together with a mean pore 

diameter of 32 nm. The defect ratio ID/IG was calculated as 1.41. After the fabrication of 

thin-film, variations in capacitance of the film with relative humidity (%RH) were 

recorded at an optimized frequency of 100 Hz. The sensitivity of the Fe-GO-based sensor 

was found as 14.12 pF/%RH for higher humidity (70-95 %RH) region and also the 

average sensitivity, response, and recovery time were observed as 5.18 pF/%RH, 31 and 

11 s respectively at room temperatures in the 10-95 %RH humidity region. The Fe-GO 
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based sensor showed the best sensitivity in the higher humidity region (14.66 pF/%RH) 

as compared to the lower (0.26 pF/%RH) and mid humid region (0.61 pF/%RH). The Fe-

GO based sensor exhibited good sensitivity due to the metallic dangling bonds of iron 

oxide nano metal present in the flower-like unique morphology. 

 

 

Fig. 7.2 Schematic showing the summary of synthesis, characterization, and humidity 

sensing application of Fe-GO based humidity sensor 

7.1.3 Design and fabrication of Graphene functionalized with CuO/SnO2 

  nanocomposites based LPG and humidity sensor   

The thin film of the Graphene functionalized with CuO/SnO2 nanocomposite 

(GCS) synthesized via Hydrothermal was fabricated on the silica glass substrate. The 
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morphology of the synthesized material showed that metal nanoparticles were attached at 

the side edges, corners and distributed over the basal plane of the Graphene. The optical 

bandgap of the synthesized material was calculated as 4.1 eV from the absorption 

spectrum.  

 

 

Fig. 7.3 Schematic showing the Graphical Abstract of synthesis and characterization of 

GCS based LPG sensor 

The thin film of the material was employed as the LPG sensor. The concentration 

0.5, 1.0, 1.5, and 2.0 vol.% of the LPG was detected with the GCS based sensor. The 

sensor showed the minimum % sensor response (5.35) for the 0.5 vol.% with the lowest 

response and recovery time (1.7 and 1.2 s) while the maximum % sensor response 

(11.76) for the 2.0 vol.% having long response and recovery time (7.6 and 4.8 s). The 

metallic dangling bonds are much useful for the sensor response as well as response-

recovery time.  The Graphical Abstract of GCS based work has been depicted in Fig. 7.3. 

The thin film was also used for humidity sensing and the observed sensitivity was 1.20 
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M/%RH. The selectivity of the sensor was investigated towards the humidity, ethanol, 

acetone, and CO2 gas and was found appropriate for the LPG. The linear characteristics 

of Graphene/CuOSnO2 nanocomposite based LPG sensor was rather appropriate for 

emerging a commercial LPG sensor operable at room temperature. 

7.1.4 Development of Graphene oxide functionalized with poly 

palladium acryl amide SnO2 nanocomposites for LPG and humidity 

sensing  

Synthesis and characterization of Graphene oxide (GO) functionalized with poly 

Pd acryl amide SnO2 (PPdAAm/SnO2) nanocomposites and their relevance for detecting 

the liquefied petroleum gas at room temperature are summarized in Fig.7.4. For surface 

morphological observation and elemental mapping, a thin film of the material was 

investigated through the Scanning Electron Microscope, and further for optical 

characterization, UV-Vis spectrophotometer and Particle size analyzer were used. The 

minimum crystallite size of the material was found as 19.14 nm from the X-Ray 

Diffraction analysis and also confirmed the presence of the Palladium (Pd) nanoparticles. 

The peaks corresponding at 465 and 507 cm
-1 

in the Raman spectrum confirmed the 

stretched bond vibrations of the SnO2 nanoparticles. The average size of the synthesized 

material was found as 118 nm through the Dynamic Light Scattering technique and the 

Tauc plot gave the bandgap as 5.3 eV in from the absorption spectra. The N-H vibrations 

of the amide group present in the FTIR spectrum confirmed the formation of acrylamide 

in the synthesized material. The LPG detection was studied for 0.5, 1.0, 1.5, and 2.0 

vol.% concentration with the typical operable voltage of 40 V at 27 °C and found as the 
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%sensor response of the sensor 120.90, 163.33, 373.25, and 570.58 respectively. The 

response and recovery time was observed shorter (7.8 and 3.3 s) for the 0.5 vol.% and 

longer (18.9 and 5.2 s) for the 2.0 vol.% concentration of the LPG. Also, the results were 

found reproducible and no aging effect was observed. Thus the lab model of sensor 

developed here may be proven robust for outdoor applications and can be fabricated at 

the commercial level.  

 

Fig. 7.4 Schematic showing the Graphical Abstract of synthesis and characterization of 

MP-GO based LPG sensor 

7.1.5 Development of ultrafast sensitive and selective CO2 gas sensor 

based on the thin film of Graphene @ CuO nanoparticles 
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Synthesis and characterization of Graphene grown on CuO nanoparticles and its 

relevance for detecting the CO2 gas at room temperature are summarized in Fig. 7.5. For 

surface morphological observation and EDX spectrum, a thin film of the material has 

been inspected through the Scanning Electron Microscope, and also for optical 

characterization, UV-Vis spectrophotometer and Particle size analyzer have been used. 

The average size of the synthesized material was found as 341.18 nm through the 

Dynamic Light Scattering technique and the Tauc plot gave the bandgap as 4.1 eV in 

from the absorption spectra. The CO2 detection was studied for 0.5, 1.0, 1.5, and 2.0 

vol.% concentration with the typical operable voltage of 10 V at 27 °C and found as the 

%sensor response of the sensor 133.33, 267.94, 641.96, and 1178.31 respectively. The 

response and recovery time was observed shorter (1.3 and 2.3 s) for the 0.5 vol.%  

concentration of the CO2 gas. Also, the results were found reproducible and no aging 

effect was observed. The selectivity of the sensor was tested toward the acetone, ethanol, 

humidity, and LPG and the sensor was selected for the CO2 gas. The sensor is quite 

sensitive and can be used for commercial production. 

The complete overview of the Thesis including the sensing materials, dopants, 

bandgap, sensitivity, crystallite size, average grain size, pore size is depicted in Table 7.1. 

The main target of our research work was to design and fabricate the different types of 

sensors using carbon nanomaterials which would be robust, cost-effective, and more 

sensitive than previously reported sensors. 

From Table 7.1, it is clear that in comparison to the modified Graphene and Fe-

GO-based humidity sensor, the later one shows better results. The reason behind it is in 

the Fe-GO there are more dangling bonds are present which are of the breakage of the 
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GO sheets as well as metallic bonds in comparison to m-Graphene. The  4
th

 and 5
th

  

Chapters are of LPG sensors which are based on GCS and MP-GO. In the comparison of 

these two LPG sensors, the MP-GO-based LPG sensor shows better results. In the MP-

GO based LPG sensor, the Pd plays a prominent role in enhancing the sensor response as 

well as shorter response-recovery times. 

Chapters Materials Synthesi

s Method 

Disorder 

Paramet

er (I
D
/I

G
) 

Type of 

sensor 

Sensitivit

y/ 

%Sensor 

Response 

Respons

e time (s) 

Recove

ry time 

(s) 

Chapter 1 Introduct

ion 

- - - - - - 

Chapter 2 M-

Graphen

e 

Wet 

chemical 

method 

1.55 Humidity 2.51 

MΩ/%RH 

24.0 13.0 

Chapter 3 Fe-GO Wet 

chemical 

method 

1.53 Humidity 5.18 

pF/%RH 

31.0 11.0 

Chapter 4 G-

CuO/Sn

O
2
 

Hydrothe

rmal 

method  

1.09 LPG 5.4 1.6 1.2 

Chapter 5 MP-GO Wet 

chemical 

method 

1.03 LPG 120.90 7.8 3.3 

Chapter 6 Graphen

e@Cu 

nanocom

posites 

Chemical 

Vapor 

Depostio

n 

0.90 CO2 133.33 1.3 2.3 

 

Table 7.1 Summary of the research work performed Chapter-wise in the entire Thesis 

The 6
th

  chapter reveals the CO2 sensor based on the thin film of the 

Graphene@CuO nanocomposite synthesized by Chemical vapor deposition technique. 

The CO2 sensor has the ultra-high %sensor response as 1178.31 for the 2.0 vol.% 

concentration of the CO2 gas and minimum response/recovery times were calculated as 
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1.3/2.3 s respectively. As the ID/IG ratio get decreasing the sensitivity is going to increase. 

The disorder parameters are getting decrease with the functionalization of the Graphene 

sheets with the metal oxides nanoparticles.  After optimization, these materials may be 

useful for a commercialized model of sensor applicable for both indoor and outdoor 

detection of LPG/ humidity/CO2. Thus different configurations/systems described in the 

thesis and the detailed specifications are given for each of them are expected to prove 

useful in fabricating sturdy, robust, and cost-effective sensors suitable for operation at 

room temperature.  

7.2 Scope of further research 

Future inspections that would be fruitful in further understanding the role of carbon 

nanomaterials for more applications in the sensor at high and below room temperature are 

needed. These include incorporation of the recovery aspects achieved from the 

incorporation of catalyst onto the surface of carbon nanomaterials being used to detect a 

reducing gas. Spectroscopic evaluation and surface nanoscale engineering of the sensing 

mechanism would be very fruitful in the selection of the material to be used for the 

fabrication of cost-effective sensors in the future. The future scope of carbon 

nanomaterials can be understood as follows: 

 A comprehensive investigation of the evolution of the surface reactions for the 

temperature regarding to understand the reaction products from the surface interaction 

needs to be carried out. Temperature Programmed Desorption (TPD) experiments 

give valuable information on the formation and desorption of reaction products on the 

surface.  
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 The manifestation of crystallographic defects affects the sensing mechanism of gas 

sensors. An in-situ XPS with gas atmosphere control would give a better idea as to 

what happens to the electronic structure of the carbon nanomaterials and its 

nanocomposite during high-temperature gas interaction and also an idea of how the 

shear planes grow and whether this leads to an increase in the density of states in the 

gap.  

 Theoretical modeling on the sensing mechanism of Graphene-based humidity, LPG, 

and other oxidizing/ reducing gases may be undertaken for further research. 

 Carbon nanostructured materials may be very useful in biomedical applications such 

as drug delivery systems, cancer cell detection, and treatment, etc. The related 

Physics may be studied. 

 Graphene is a 2D material that can be used in flexible electronics to develop flexible 

sensors and other electronic devices. 

 



Development of sensitive and peer selective LPG sensor based 

on Graphene functionalized with CuO/SnO2 nanocomposites 

Kuldeep Kumar, B. C. Yadav 
 

Nanomaterials and Sensors Research Laboratory, Department of Physics, 

Babasaheb Bhimrao Ambedkar University, Lucknow-226025, U.P., India 

*
Corresponding author’s email: balchandra_yadav@rediffmail.com 

Mob. No.:  +91 9450094590 

Abstract 

The present article addresses the design and fabrication of the LPG sensor at room 

temperature based on the Graphene functionalized with CuO/SnO2 (GCS) 

nanocomposites synthesized with temperature-controlled hydrothermal technique. The 

surface morphological investigations, as well as elemental mapping analysis details as 

the metal nanoparticles, are attached with Graphene sheet at the side edges, corners, and 

basal planes. Confirmation of the nano-sized distribution has been done with the particle 

size analysis. The bandgap of the synthesized nanomaterials was found as 4.1 eV. The 

presence of the oxygen-containing functional groups in the material was confirmed with 

the FTIR. The Raman spectrum was used to describe the nature of the synthesized 

Graphene as well as GCS. The %maximum sensor response of the LPG sensor was 

found as 11.76 for the 2.0 vol.% LPG and also the response and recovery time for the 

0.5 vol.% LPG are 1.7 and 1.2 s respectively. Further, the effect of relative humidity on 

room temperature LPG sensing has been investigated.   

Keywords: LPG sensor, Graphene, CuO/SnO2 nanocomposites, sensitivity, surface 
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Abstract 

The present article reports the synthesis and characterization of Graphene oxide 

(GO) functionalized with poly Pd acryl amide SnO2 (PPdAAm/SnO2) nanocomposites 

and its relevance for detecting the liquefied petroleum gas at room temperature. The 

minimum crystallite size of the MPGO was found as 19.14 nm from XRD. The peaks 

corresponding at 465 and 507 cm
-1 

in the Raman spectrum confirmed the stretched bond 

vibrations of the SnO2 nanoparticles. The average size of the synthesized material was 

found as 118 nm through the DLS technique and the Tauc plot gave the bandgap as 5.3 

eV. The N-H vibrations of the amide group present in the FTIR spectrum confirmed the 
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formation of acrylamide in the synthesized material. The LPG detection was studied for 

0.5, 1.0, 1.5, and 2.0 vol.% concentration with a typical operable voltage of 40 V at 27 

°C. The maximum %sensor response of the sensor was found as 570.58 for 2.0 vol.% of 

LPG. 

Keywords: Graphene oxide, Poly Pd acryl amide SnO2 nanocomposites, sensitivity, 

surface adsorption, LPG sensor 
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Abstract 

The present paper reports the development of the CO2 gas and humidity sensor at 

room temperature based on the Graphene@CuO nanocomposites, synthesized through 

the Chemical Vapor Deposition (CVD) route. The synthesized materials have been 

characterized with several techniques such as Scanning electron microscopy (SEM), 

Electron dispersive X-rays (EDX), Ultraviolet-visible (UV-Vis.) spectroscopy, X-ray 

Diffraction (XRD), Fourier Transform Infrared (FTIR), and Raman spectroscopy. The 

surface morphological investigations as well as elemental mapping analysis confirmed 

that the CuO metal nanoparticles are attached with Graphene sheets at the side edges, 

corners, and basal planes. Investigation of the nanosize distribution has been carried out 

with the particle size analysis. The bandgap of the synthesized nanomaterials was 

estimated as 4.1 eV. The presence of the oxygen-containing functional groups in the 

material was confirmed with the FTIR. The Raman spectrum described the nature of the 

synthesized Graphene as well as Graphene@CuO nanocomposites. The % sensor 

response of the CO2 sensor was found maximum as 1178.3) for the 2.0 vol.% and also 
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the response and recovery time for the 0.5 vol.% were found 1.3 and 1.5 s respectively.  

Keywords: CO2 gas sensor, Graphene@CuO nanocomposites, Chemical Vapor 

Deposition, Sensor response 

 


