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ABSTRACT 
 

 
 

Human health drew immense attention and pledged to secure health through 

proper control on pollution, sanitation, hygienic food, drug, disease observation, urban 

development, and professional health. It is an essential need to assess the safe 

environment for healthy living. In recent years, a variety of toxic gases such as 

hydrogen sulfide (H2S), carbon monoxide (CO), oxygen depletion (O2), carbon dioxide 

(CO2), ammonia (NH3), benzene (C6H6) have been released from industries and 

manufacturing activities from raw materials. Hence it becomes very important to 

control and monitor these toxic gases present in the atmosphere raising a serious 

concern to human life. In this direction, humidity is much important for human comfort 

and the environment. Water must be the most crucial element on the earth playing a 

vital role in the existence of human life. It exists at varying rates in the gas phase (as 

water vapour) in our air. The importance of the water is that without water vapour in 

the air, the temperature of the earth's surface would be much cooler (water molecules 

are the most important for greenhouse gas). However, a high amount of humidity is 

also leading to discomfort due to imbalance. Water is a very necessary compound for 

humans as well as the environment. The water molecule exists in gaseous forms in the 

form of humidity and obeys gas laws. Water is a high dipolar molecule, which 

condenses and evaporates with the temperature of the atmosphere. These water 

molecules change in the atmosphere according to the temperature of the atmosphere 

and warm air has a better capacity to clamp water than does the cold air. The warm air 

stores a more amount of energy in the environment. Various humidity sensors have 

been reported based on metal oxides and based nanocomposites. Polymers are one of 

them attractive materials in the field of sensors. The organic polymers display unique 

properties due to their high length. They are very useful for our living life, and 

applicable in many things, named as plastic age. Nowadays macromolecules have great 

interest in the field of education and research. Scientifically, the chemistry of 

macromolecules overlaps the disciplines of engineering science and material physics. 

Moreover, except carbon, the main elements in chain developing organic 

macromolecules are oxygen, sulfur and nitrogen. The silicon, phosphorus-containing 

macromolecules are also very important. Organic macromolecules are limited and 
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have some drawbacks such as low thermal stability, binding interaction, electron 

transfer process and healing effect. Hence it is very important to remove these 

drawbacks by developing a new class of material. 

According to the periodic table, the only hydrogen is a univalent element and 

can play the role to replace any groups and is incapable of generating stable 

macromolecules in solution. To improve the structural, electrical, photoelectrical, 

conductivity, stability, magnetic and thermal properties of macromolecules new class 

of materials able to be developed. Also, there performance to be extremely 

interdisciplinary potentials for application in maximum fields and fundamental 

research.  

Because of these, the combination of metal ions and macromolecules are given 

both properties active and selective with high stability performance. The first step 

regarding these materials is the successful synthesis of macromolecules containing 

metals or nanocrystals. The essential second step is a comprehensive study by 

characterization tools and the third is application. There are various combinations of 

metal macromolecules, organic metals, inorganic metals and semi-organic 

macromolecules. So the interaction of metal ions and macromolecules have numerous 

possibilities. Semiconductor nanocrystalline and nanometallopolymers materials have 

great interest in the field of nanoscience and nanotechnology.  Quantum dots (QDs) 

are compounds with specific characteristics like the bandgap of QDs increases when 

the size of the particle decreases. Also, the colour that QDs emits is directly 

proportional to its size (smaller dots appear blue). Few limitations of organic 

metallopolymers (sensitivity, stability etc.) have motivated us towards QDs to make 

their nanohybrids in the future for humidity/gas sensing applications, as the 

humidity/gas sensors play a vital role in various fields like medical, agriculture, 

industries etc.  

Chapter 1 deals with the fundamental concept of sensors and their comparison 

with the existing sensing devices. Briefly introducing the classification of humidity, 

gas and photosensors, the underlying mechanism and their performance index. A 

detailed overview of current sensor materials (metal oxide polymer composite, 

metallopolymers and quantum dots), strategies of enhancing the performance with 

their characteristics of sensing materials. The sensing mechanism and responsible 

parameters of sensing material are also discussed in detail. The chapter concludes with 
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the concept of metallopolymers and quantum dots materials for humidity, gas and 

photosensors and the plausible solutions to overcome the present challenges. The wide 

literature review of the past decade has been also tabulated. The multipurpose 

applications of impedance and capacitance-based humidity sensors have also been 

explained in this chapter. The orientation of work, aims and objectives of the present 

research work are well described at the end of the Chapter. The inclusive study of the 

recent accomplishments in the field of sensors. Presently, the enthusiastic 

technological advancement of modern appliances raises a serious concern of 

environmental deterioration and release of toxic gases bad for human health. There is 

a deep urge to develop highly sensitive gas and humidity sensors for the precise 

monitoring of toxic gases and humidity present in the atmosphere. Recently a variety 

of such sensors are available for the industry as well as domestic applications.  

Chapter 2 presents the nanostructured Ni(NO3)2(AAm)4.2H2O thin film as an 

electrical humidity sensor. For this purpose, films were prepared by spin-coating method 

to investigate the adsorption/desorption of humidity at room ambient. The sensing 

element was investigated through X-ray diffraction (XRD), Scanning Electron 

Microscope (SEM), Transmission Electron Microscope (TEM) and UV–Vis absorption 

techniques. XRD exhibited the crystalline nature of the nanomaterial thin film and 

evaluated the average crystallite size was 30 nm. SEM showed highly porous 

nanostructures of different sizes distributed throughout the film. The energy bandgap of 

the film was estimated as 4.034 eV. TEM image revealed the nanostructures with an 

average grain size of 4-21 nm and SAED confirmed the crystalline nature of the 

material. The film was further employed for humidity sensing which gave a maximum 

average sensitivity of 37.79 MΩ/%RH at room temperature.  

Chapter 3 includes the solvent-free synthesis of nanocomposite for humidity 

sensors which are gaining immense interest to fulfil the criteria for its practical 

application.  Further, it describes the development of CdS/ polyacrylamide 

nanocomposite as a flexible humidity sensor, which has been fabricated by the facile 

spin-coating technique on PET (polyethylene terephthalate) substrate. The 

morphological, optical and crystalline nature of CdS/polyacrylamide nanocomposite 

were investigated using SEM, TEM, XRD, DSC, FTIR, UV-Visible, and Particle size 

analysis. Characteristic surface area and pore volume were estimated using BET 
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analysis whereas the hydrophilicity of the sample was investigated using contact angle 

measurement. As fabricated sensor showed an outstanding humidity sensing response 

with good linearity in the humidity ranging from 11% to 95% RH. The average 

sensitivity of nanocomposite was calculated as 125.57 nF/%RH and may be utilized for 

moisture detection of the commonly used baby diaper with alarm. The simulated & 

optimized computer model of the synthesized composite (CdS & Polyacrylamide) using 

density functional theory and performed several analyses. HOMO-LUMO and 

correspondingly obtained other electronic parameters were studied, which revealed that 

the bandgap of the synthesized composite material tends to decrease upon increasing the 

level of water molecules owing to be better humidity sensing mechanism, and therefore 

it is applicable for humidity sensors. 

Chapter 4 describes the synthesis of Cu0.8Zn0.2Sb2AAm-polymer 

nanocomposite via frontal polymerization technique with its humidity sensing and 

photoconductive behaviour. The surface texture was examined using scanning electron 

microscopy (SEM) analysis. X-ray diffraction and transmission electron microscopy 

(TEM) studies confirm the crystallinity of as-fabricated nanocomposite thin film-based 

sensing element. The surface area, particle size, optical absorbance and thermal stability 

of as-fabricated thin film were successively investigated using Brunauerñ Emmettñ 

Teller (BET), Particle size analysis, Ultra-Violet absorption, Fourier Transform Infrared 

(FTIR) spectroscopy, Thermogravimetric analysis, X-ray photoelectron spectroscopy 

(XPS) and Differential Scanning Calorimetric (DSC) analysis respectively. Humidity 

sensing characteristics were also investigated via the capacitive performance of 

Cu0.8Zn0.2Sb2AAm film with the exposure of moisture. The average sensitivity (S) of 

as-fabricated sensor was found to be ~168.477 pF/%RH at an optimum frequency of 20 

Hz. The sensor exhibited a rapid response and recovery time of 4.6 sec and 5.6 sec with 

persistent stability of 96 % after 60 days. Thus, Cu0.8Zn0.2Sb2AAm polymer-based 

capacitive humidity sensor ensures its potential towards reliable and safer use in the 

detection of humidity levels as well as a photoconduction. In this chapter, the 

capacitance-based humidity sensor shows very few response recovery times as 

compared to Ni(NO3)2(AAm)4.2H2O 

Chapter 5 reports the sustainable, cost-effective and rapid synthesis of gram 

derived carbon quantum dots (GCQD) employed as capacitive humidity sensor. 
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Synthesis of GCQDs C-1 & C-2 at different carbonization temperatures has been 

performed by the pyrolysis method. The crystallinity of as prepared GCQDs were 

confirmed by XRD and TEM analysis revealing the average particle size 5.5 and 2 nm 

for C-1 & C-2 respectively. The optical properties of samples were further analysed by 

UV–visible and photoluminescence meter which gave the bandgap as 3.82 and 4.20 eV. 

Compositional analysis of GCQDs was confirmed by using XPS analysis. GCQDs were 

subjected to a sensing test at frequency 20 – 2 MHz. The C-2 gave an enhanced sensing 

performance with an average sensitivity of 254.861 pF/%RH. Also, the sensor showed 

rapid response and recovery times of 7.3 & 4.7 sec respectively. Theoretical modelling 

has been performed to further look into the insight of interaction between functional 

group of GCQDs and water vapour molecules. Transient parameters such as charge 

density, HOMO-LUMO gap, electron clouds and H-bonds were calculated using 

B3LYP hybrid functional at 6-31g diffused and polarised basis set. This study provides 

insight chemistry of GCQDs with water toward an efficient humidity sensor 

development. In this chapter, the experimental results correlate with the theoretical 

results, which proven that the sensing behaviour of the materials also depends on the 

functional group of the material 

Chapter 6 reports the novel material synthesis of  Indium selenide (InSe) 

quantum dots, via a one-pot route without any phosphene solvent. TEM analysis reveals 

that the particles were spherical and most of them were within the size range of 4-6 nm. 

The particle size distribution curve shows that the average particle size of InSe QDs is 

~13 nm. Optical characterization displays that InSe also had the luminescence property. 

The excitation wavelength at 370 nm, shows a strong broad emission peak ranging from 

400 to 700 nm, with two max positions at ~ 405 and 432 nm. The UV-Visible spectra 

confirmed the absorption spectra of the quantum dots and also increases the optical band 

gap as compared to the electronic bandgap. The estimated optical energy band gap is 2.2 

eV (inset). Here, the bandgap increases with a decrease in the size of quantum dots. The 

TRPL (Time-resolved photoluminescence) of InSe QDs was also calculated as 6.41 ns. 

These InSe quantum dots were used as gas and humidity sensors, for this, we have 

fabricated the sensing element by a spin coating method. Our results show that Inse 

quantum dots are able to perform as a well-performing humidity sensor. The average 
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sensitivity of the sensing element was found as 8.89 MRResponse and recovery 

times of the InSe quantum dot were calculated as 5.3 sec & 12.4 sec 
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The field of nanotechnology is one of the most popular areas for current research 

and development in basically all technical disciplines. Another field of interest is metal-

organic frameworks (MOF) which mainly include metallopolymers. 

Nanometallopolmers are emerging polymer nanocomposites, which are very cost-

effective and can be used as solar cells, chips, and energy storage devices. Polymer gels 

are significant materials for both fundamental and scientific research. Also, hydrogels 

are quite interesting owing to their excellent property of absorption/desorption which 

ensures their applicability in biomedical engineering. Acrylamide-based hydrogels can 

be best suited for versatile applications. 

During the last few years, the optical and electronic properties of semiconductor 

nanostructures have been of great interest, both theoretically and experimentally. At the 

nanometer scale, continuous energy levels changes in discrete energy levels due to the 

quantum confinement phenomena. Quantum confinement effects are present in many 

systems e.g. in quantum well, quantum wire and quantum dots. In quantum dots, due to 

the 3-D confinement, the density of states shows discrete energy levels. The energy 

levels can be monitored to different values by controlling the shape, size, dot material 

and confinement potential. The electronic transitions in the discrete energy levels can 

be used to tailor the optical properties of quantum dots. Quantum dots are very tiny 

particles, having a diameter of 2 to 10 nanometers. They have unique optical and 

electronic properties due to their three-dimensional quantum confinement regime. In a 

semiconductor bulk material, the conduction and valence band are separated by a 

bandgap and when light absorption takes place, the electron is excited from the valence 

band to the conduction band, creating a hole in the valence band. After a certain time 

(10-8 sec), when the electron returns to the valence band, fluorescence is observed. 

Because of the small-time lag in the process of light absorption, the electron and hole 

don’t move independently due to the Coulomb attraction and form hydrogen-like 

species. When all the three dimensions of the semiconductor material are reduced to few 

nanometers and the particle becomes smaller than the Bohr radius, the quantum 

confinement effect comes into the scene and in this situation, these nanoparticles are 

defined as quantum dots. Quantum dots (QDs) are compounds with specific 

characteristics like the bandgap of QDs increases when the size of the particle decreases. 

Also, the colour that QDs emits is directly proportional to its size (smaller dots appear 

blue). Few limitations of organic metallopolymers (sensitivity, stability etc.) have 
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motivated us towards QDs to make their nanohybrids in the future for humidity/gas 

sensing applications, as the humidity/gas sensors play a vital role in various fields like 

medical, agriculture, industries etc.  

Chapter 1 deals with the fundamental concept of sensors and their comparison 

with the existing sensing devices. Briefly introducing the classification of humidity, gas 

and photosensors, the underlying mechanism and their performance index. A detailed 

overview of current sensor materials (metal oxide polymer composite, metallopolymers 

and quantum dots), strategies of enhancing the performance with their characteristics of 

sensing materials. Also, the sensing mechanism and responsible parameters of sensing 

material have been discussed in detail. The chapter concludes with the concept of 

metallopolymers and quantum dots materials for humidity, gas and photosensors and 

the plausible solutions to overcome the present challenges. The wide literature review 

of the past decade has been tabulated. The multipurpose applications of impedance and 

capacitance-based humidity sensors have also been explained in this chapter. The 

orientation of work, aims and objectives of the present research work are well described 

at the end of the Chapter. Chapter 2 deals with the synthesis of nanometallopolymers 

Ni(NO3)2(AAm)4.2H2O and its fabrication by spin coating. The humidity sensing 

application at room temperature has also been investigated. In Chapter 3 deals with to 

synthesize the CdS/polyacrylamide using the frontal polymerization route. Further, its 

film was fabricated using the spin coating technique for the detection of humidity at 

room temperature. A new approach to the application of an as-developed humidity 

sensor to detect the moisture/ wetness in the Baby diaper with an alarm system was also 

investigated in this chapter. Chapter 4 deals with the synthesis of ternary metal-doped 

polyacrylamide as a humidity sensor. Chapter 5 describes the synthesis of carbon 

quantum dots from roasted grams using the pyrolysis method. These quantum dots easily 

interact with water molecules and were utilized as humidity sensors. Also, the DFT data 

confirmed the experimental results. Chapter 6 designates the synthesis, characterization 

and humidity sensing properties of quantum dots such as carbon quantum dots and InSe 

quantum dots. In this chapter the gas sensing properties were also investigated.  Chapter 

7 deals with a study of synthesis, characterization, humidity and gas sensing properties 

of nanometallopolymer and quantum dots which are summarized in the present chapter. 

This chapter also provides the guidelines for further research work in the field of nano 

dimensional materials as humidity and gas sensors. 
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Introduction and Aim of Present Work

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

This chapter deals with the fundamental concept of sensors and 

their comparison with the existing sensing devices. Also, it briefly 

introduces the classification of humidity, gas and photosensors, 

underlying mechanism and their performance index. A detailed 

overview of current sensor materials (metal oxide polymer composite, 

metallopolymers and quantum dots), with strategies of enhancing the 

performance with its characteristics of sensing materials has been 

deliberated here. The sensing mechanism and responsible parameters 

of sensing material also discussed in detailed. The chapter concludes 

with the concept of metallopolymers and quantum dots materials for 

humidity, gas and photosensors and the plausible solutions to overcome 

the present challenges.  
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1.1 Introduction 

 The current chapter reports the inclusive study of the recent accomplishments in 

the field of sensors. Presently, the enthusiastic technological advancement of modern 

appliances raises a serious concern of environmental deterioration and release of toxic 

gases, harmful for human health. There is a deep urge to develop highly sensitive gas 

and humidity sensors for the precise monitoring of toxic gases and humidity in the 

atmosphere. Recently, a variety of such sensors are available for the industry as well as 

domestic applications.  

This chapter presents the fundamentals introduction, hierarchical development, and 

significance of the sensors which is schematically represented in Fig. 1.1.  

1.2 Need of sensor - Health, Environmental Monitoring and Energy 

 Human health drew immense attention and pledged to secure health through 

proper control on pollution, sanitation, hygienic food, drug, disease observation, urban 

development, and professional health [1]. It is a necessary need to assess the safe 

environment for healthy living. In recent years, a variety of toxic gases such as hydrogen 

sulfide (H2S), carbon monoxide (CO), oxygen depletion (O2), carbon dioxide (CO2), 

ammonia (NH3), benzene (C6H6) have been released from industries [2-3] and 

manufacturing activities from raw materials. Hence it becomes very important to control 

and monitor these toxic gases present in the atmosphere [4] raising a serious concern to 

human life [5].  

In this direction, humidity is much important for human comfort and the environment. 

Water must be the most crucial element on the earth playing a vital role in the existence 

of human life [6]. It exists at varying rates in the gas phase (as water vapour) in air. 

However, a high amount of humidity is also leading to discomfort due to imbalance [7-

9]. Water is a very necessary compound for humans as well as the environment. The 

water molecule breaks into gaseous forms. The gaseous forms in the form of humidity 

obey gas laws. Water is a high dipolar molecule, which condenses and evaporates with 

the temperature of the atmosphere [10]. These water molecules change in the 

atmosphere according to the temperature of the atmosphere and warm air has a better 

capacity to clamp water than does the cold air. The warm air stores more amount of 

energy in the environment [11]. 
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 Meanwhile, it is nearly difficult to harvest, transport, or consume energy without 

any environmental effects. Many researchers have been dedicated to the field of 

nanotechnology to overcome these problems. Various materials are reported at the 

nanoscale to improve human life and the environment field [12]. There are several 

nanodevices available to store energy. Also, there are many ongoing works in this field 

to improve the fabrication, synthesis method and designing of device for its better 

properties. Some of them are shown in Fig.1.2 [13]. Nanomaterials play a vital role in 

diverse applications as these materials exhibit exceptional physical, chemical, and 

biological properties [14].  

1.3 State of the art - Humidity Sensor 

Humidity plays an important role for living organisms and in industrial applications 

as well. It is necessary to measure and control the humidity under dissimilar conditions 

from low temperature to high temperatures. There are various applications of humidity 

sensors as atoms/surface transportation, industrial purpose, medical and 

instrumentation, agriculture, and civil engineering [15-18]. Recently, many technologies 

have been developed in order to improve the humidity sensor manufacturing devices in 

respective fields [19-23] which are shown in Fig.1.3. Additionally, it is very important 

to know the amount of productivity of each sensor related to its standardization 

conditions and its sensing mechanism [24].  

The need for the safety of environmental situations has been important to part in 

various humidity sensors based on the usage of its physical and chemical routes in 

presence of organic/inorganic and hybrid materials [25]. Advancement of humidity 

sensor systems includes enhanced efforts in the improvement of transducer performance 

such as sensing materials [26–31], design [32-35], sensing mechanism [36-39], and 

fabrication methods [40–42]. In this framework, the transducers are the key structures, 

monitored by the accessibility of appropriate developed technologies [43-44]. 

1.3.1 Affecting Parameters 

 Temperature and Pressure  

The affecting parameters of humidity sensor are temperature and pressure. 

Meanwhile, water molecules exist in the gaseous state; it performs in accordance to gas 
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laws and uses partial pressure in a gas mixture just similar to other gases. The ideal gas 

law [45] is given by Eq. 1.1 as: 

𝑃𝑉 = 𝑛𝑅𝑇   ………………………… (1.1) 

where P is defined as the total pressure, V is the volume, n is the number of moles of 

gas, T is total temperature and R is gas constant. The most important gas law for the 

measurement of humidity is Dalton’s law.  According to this law, Dalton thought that if 

a, b and c gases are mixed with known volume and known temperature, then according 

to ideal gas law [46], partial pressure of the individual gas is given by Eq. 1.2 – 1.4: 

  

                𝑃𝑎 =
𝑛𝑎 𝑅𝑇

𝑉
  …………………………….. (1.2) 

𝑃𝑏 =
𝑛𝑏 𝑅𝑇

𝑉
  ……………………….... (1.3) 

𝑃𝑐 =
𝑛𝑐 𝑅𝑇

𝑉
  ………………………….. (1.4) 

These equations are commonly referred to as the “partial pressure” of each gas. 

The overall pressure would be the sum of the partial pressure of individual gas,  

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑎 + 𝑃𝑏 + 𝑃𝑐  ………………………… (1.5) 

Thus, Dalton’s law indicates that the total pressure of the mixture of gases is 

equal to the sum of the partial pressure of the constituent gases, if each were present 

individually at same volume and temperature [47]. 

1.3.2 Measurement of humidity sensor and characteristics 

 The humidity sensing measurement can be done by different modes, but mainly 

it’s measured as Absolute Humidity (AH) and Relative Humidity (RH). There are two 

modes for the measurement of Absolute humidity [48]; the first mode is Parts per 

Million and the second is Dew Point. The ratio of the mass of water vapour in the air to 

volume of air is called Absolute Humidity and its unit is grams per cubic foot i.e. (1 

gram = 1/7000 pound lb.) and is calculated using the relation given in Eqn. 1.6: 

Absolute Humidity (AH) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑢𝑟

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑖𝑟
   ………. (1.6) 

The second mode for the measurement of humidity is Relative humidity. 

Relative humidity is defined as the ratio of the amount of water molecules in the air to 
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the maximum (saturated) water adsorption level that the air can hold at similar 

temperature and pressure [49]. The unit of RH measurement is percentage (%) and it is 

obtained by the relation given in Eqn 1.7: 

Relative Humidity (%RH) =
Q1

Q2

× 100 %  ...................... (1.7) 

where Q1 & Q2 are the amount of moisture content present in a certain volume of air at 

an assumed temperature and the amount of water vapor required to saturate the same 

volume of air at the same temperature [50]. The difference between absolute humidity 

and relative humidity is that relative humidity is temperature dependent quantity hence 

called the relative measurement.  

The relative humidity can be expressed as ratio of partial pressure in air (Pa) to 

the saturated pressure of moisture content in air (Ps) at the similar temperature (both in 

Bar or KPa) as specified in Eqn 1.8. 

Relative Humidity (%RH) =
Pa

Ps
× 100 %  …………….. (1.8) 

Recently, the most commonly used sensors are based on the capacitance and 

resistance i.e. change in capacitance of a dielectric material [51] or the change in 

resistance of a conducting material with the exposure of humidity. The extensively used 

sensing materials for humidity sensing include resistive ceramics materials [52], 

organic/inorganic polymers [53] and polyelectrolytes [54]. But the polymer sensors [55] 

based on structure and having low cost, can measure only a limited characteristic of 

water molecules and show hysteresis with drift at high humidity levels. Also, electrolytic 

sensors [57] require constant flow rate measurement. Infrared spectroscopy can be used 

to measure RH in an infrared hygrometer [58]. Various methods for humidity sensing 

investigations are based on the surface acoustic waves (SAW) [59-60] and microwave 

offsetting. 

There are certain sensor parameters which decide the effectiveness of a specific 

sensor at a particular place. These humidity sensing parameters depend upon the types 

of sensing element and properties of sensing material. The humidity sensing parameters 

are defined as follows and presented in Fig.1.4 [61-64]: 
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 Sensitivity:  The sensitivity of the sensor is defined as the ratio of the change 

in the output signal to that of the input signal. The mathematical form is shown 

in Eq. 1.9. 

Sensitivity = ∆I/ ∆%RH *100  …………………. (1.9) 

 where ∆I is the change in impedance and ∆%RH is the change in %RH. 

 Linearity: The output of sensor should be linear with its input.  

 Less noise: Unwanted signals should be minimized in a good sensor. 

 Response time: The response time of the sensor is defined as the time required 

in reaching the final position (90% of the sensor output) from its initial position 

(10% of the sensor output). 

 Recovery time: Recovery time is the time taken by the sensing element to return 

to its initial value after ramp-wise desorption. 

 Drift: Drift is defined as the change of the sensor output with time at a constant 

input of the sensor. 

 Repeatability: It defines the accuracy of experimental set-up when 

measurements are taken after a long time interval under similar environmental 

conditions. 

 Hysteresis: It is defined as the difference between the output signal and the input 

signal of sensor. 

1.3.3 Types of Humidity sensor 

 The humidity sensors are classified into various groups. The first group contains 

of humidity sensors based on impedance and capacitance. It measures the deviation in 

resistance and capacitance of conducting material as a function of relative humidity 

(RH). The second humidity sensors group is mechanical humidity sensors, which is 

based on strain and mass effects. The third group is optical sensors, which depends on 

the change of the optical indicators in form of reflection, transmission and quenching of 

electromagnetic rays. The last humidity sensor group holds various integrated humidity 

sensors that enclose active-passive and electronic components for linearization, 

standardization and communication [65]. A flow chart concerning the classification of 

humidity sensors established on techniques and strategy is shown in Fig.1.5. 
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1.3.3.1 Ceramic humidity sensors 

 The principle of humidity sensors is based on the surface phenomena and during 

adsorption, the water molecules are directly connected with metal ions on the surface. 

In this ceramics type humidity sensor, two ohmic electrodes are used and the sensor 

response depends on the electrodes of the material. The electronic or ceramic humidity 

sensors are further divided into two parts: resistance-based and capacitance-based that 

is shown in Fig.1.6. In resistive type humidity sensor, the change of impedance is also 

measured with humidity to obtain fast response and better linearity [66]. Electronic 

humidity sensors are especially based on electron contribution from the water molecules 

to semiconducting material [67], the sensing mechanism depends on the contributor 

surface from the adsorbed water molecules. In resistive type humidity sensors ceramic 

coated sensors are used to protect the environment when condensation occurs.  

1.3.3.2 Working principle of electrical (impedance) humidity sensors  

 The possible mechanism shown in Fig.1.7 would be due to the co-adsorption of 

water molecules on the other adsorbate. It seems to be a formation of a water vapor layer 

on the surface due to higher humidity levels. It explains that at low humidity, adsorption 

of water molecules on the metal oxide surface obeys chemisorption and at higher 

humidity levels, all the active sites on the metal oxide surface are occupied by water 

molecules, and later it can be formed as an additional layer on the surface following the 

physiosorption. The free movement of the proton occurs along with the water layer as 

per the diagram and during the physisorption process, the resistance of the film is 

decreased [68]. Further increase in humidity leads to co-adsorption where the water 

molecules try to dislodge the adsorbents occupying the active sites[69]. During the 

chemisorption, resistance drastically decreases while it is being slowed down during 

physiosorption at higher humidity levels and the conductivity change almost ceases 

during co-adsorption.  

 

 

1.3.3.3 Working principle of capacitive type humidity sensors: 

 The mechanism devoted to the electrical response of the sensing element upon 

exposure of humidity is the chemical and physical adsorption of water molecules on the 
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surface of the sensing element. In capacitive type humidity sensor, the relationship 

between the capacitance and the %RH can be expressed by the Eq. 1.10: 

𝐂 = (𝛜𝐫 − 𝐢
𝛄

𝛚𝛜𝟎
)𝑪0   …………………… (1.10) 

where C indicates the conductance and ω represents applied frequency. From the above 

expression, it is clear that the capacitance of the sensing element is proportional to C0 

whereas C is inversely proportional to operating frequency ω [70]. C0 is related to the 

physisorption of water molecules on sensing film, therefore, different adsorption 

processes yield different conduction values. From the formula, it’s obvious that the 

capacitance increases with rising %RH, depending on the frequency.  

Initially, at lower %RH, water molecules are chemisorbed onto the available 

unsaturated nitrogen bonds (hydrophilic group) of the polymer thin film through double 

hydrogen bonding, considered as the first-layer chemisorption of water. In this regime, 

it’s hard for the water molecules to travel independently because of strong attraction due 

to double hydrogen bonding. Successively, proton hopping initiates between adjacent 

hydroxyl groups in the first- chemisorbed layer of water influence more amount of 

energy thus exhibiting a strong electrical resistance. Later on, a few protons available 

on the surface of the polymer film are confined by irregular mobile layers. These protons 

still contribute to the leak conductance C, which ultimately increases the capacitance at 

a low humidity regime. As the %RH increases, the multilayer physisorbed of water 

molecules arises [71-72], forming the physisorbed layer, having water molecules 

attached through single hydrogen bonding on the hydroxyl groups. Consequently, the 

water molecules become transportable, likely to appear as in the bulk liquid. The 

formation of subsequent multilayer physical adsorption and the decomposition of 

physisorbed water causing ionization under an electrostatic field to produce a large 

number of hydronium ions (H3O
+) in the form of charge carriers [73]. Thus charge 

transport on the film took place via the conductivity of the material generated by 

Grotthuss chain reaction. The charge transport expression is given as below: 
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 Finally, at high %RH, the physiosorbed water molecules will penetrate the 

interlayer of the sensing film [74-75].  A large number of prevailing amide groups in 

polymer facilitates proton migration as shown in Fig. 1.8. This leads to a sudden increase 

of capacitance of the material, causing a quite high sensitivity at high %RH which is 

very fruitful for the dielectric constant of the material. 

1..4 Choice of Material 

 There are various humidity-sensitive materials reported, so it’s a very typical 

task to choose the material for sensor purpose. The different sensing materials such as 

metal oxides, metal nanocomposites, and quantum dots are capable in terms of their 

response time, stability and repeatability [72, 73]. Consequently, the present work 

displays the study of nanometallopolymers and quantum dots based sensors at room 

temperature. Polymer gels are significant materials of fundamental and scientific 

concern. Currently, hydrophilic gels are referred to as “hydrogels” and they have drawn 

exceptional attention as absorbers showing their potential to perform absorption and 

desorption. Polymer nanocomposites are cost-efficient emerging materials and known 

for applications as gas/humidity sensors.   

 Quantum dots are generally synthesized with phosphine solvent, which is very 

toxic for human beings. To remove this toxicity, we have used phosphine-free solvents 

for the synthesis of quantum dots. The long-chain capping agents such as oleic acid 

(OA) or oleylamine (OLA) were used to cap the surface of the quantum dots. These 

capping agents reduce the size of quantum dots due to its hexagonal chemical structure. 

Due to the excellent optical and electronic properties, quantum dots have a high surface-

to-volume ratio with active sites for the solid-gas interaction and crystalline nature, 

which is responsible for humidity and gas sensors. 

1.4.1  Polymers 

         Polymer gels are significant materials of fundamental and scientific concern. 

Currently, hydrophilic gels are referred to as "hydrogels" because they draw exceptional 

attention as absorbers showing their potential to perform absorption and desorption, thus 

ensuring their applicability in biomedical engineering [76]. The organic polymers 

display unique properties due to its long length. They are very useful for our living life, 

and applicable in many things, named as plastic. Nowadays macromolecules are of great 
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interest in the field of education and research. Scientifically, the chemistry of 

macromolecules overlaps the disciplines of engineering, science and material physics 

[77]. Moreover, carbon is the main element in chain to develop organic macromolecules. 

The silicon and phosphorus-containing macromolecules are also very important [78]. 

Organic macromolecules are limited and have some drawbacks such as low thermal 

stability, binding interaction, electron transfer process, and healing effect. Hence it is 

very important to remove these drawbacks by developing a new class of material [79]. 

 According to the periodic table, only hydrogen is the univalent element and can 

play the role to replace any groups and is incapable of generating stable macromolecules 

in solution [80]. To improve the structural, electrical, photoelectrical, conductivity, 

stability, magnetic and thermal properties of macromolecules, new class of materials 

have been developed [81]. The combination of metal ions and macromolecules are 

giving both properties active and selective with high stability performance. The first step 

regarding these materials is the successful synthesis of macromolecules containing 

metals or nanocrystals. The essential second step is a comprehensive study by 

characterization tools and the third is application. There are various combinations of 

metal macromolecules, organic metals, inorganic metals, and semi-organic 

macromolecules. There are several types of macromolecules which are described as 

follows:  

Type I:  This type includes linear and cross-linking organic, inorganic, and semi-organic 

metal macromolecule by interacting with each other via covalent bonds. This 

organization was firstly given in 1996. 

Type II: The second type occurs when the metal ions are directly combined with 

polymers and removed from the main chain of the polymers.  

Type III: As a final point, a new method is recently developed for the polymerization 

and copolymerization of metallopolymer monomers (metal-containing). Frontal 

polymerization is one of them, which is a solvent-free and short-time reaction. 

1.4.2 Acrylamide and its polymerization (Polyacrylamide) 

Acrylamide (AAm) was first synthesized in 1949 and used in the paper industry, 

glues, and synthesis of dyes and gels in 1950. Acrylamide with molecular formula 

C3H5NO and IUPAC name prop-2-enamide is a white odourless crystalline solid [82]. 
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Acrylamide is formed in roasting, baking, toasting, frying, and grilling. It is soluble in 

water (2.04 kg/L), ethanol, ether, and chloroform. Acrylamide is unsaturated and highly 

reactive amide with melting and boiling points as 84.5 °C and 136 °C. Acrylamide 

decomposes non-thermally to form ammonia and thermally to produce carbon 

monoxide, and carbon dioxide in nitrogen. Acrylamide-based metabolites are less 

biologically relevant metal ions due to their biological relevance in peptides and proteins 

[83]. Polyacrylamide, or PAM, is a form of acrylamide after polymerization. By the 

polymerization technique, highly structured, branched, and cross-linked variants of the 

polymers can be obtained with properties of the initially created simple polymers [84]. 

The frontal polymerization technique is mainly employed for the conversion of 

monomers to polymer in a confined reaction region under the multi-level system, which 

proceeds above the whole volume. The interaction of acrylamide (AAm) with metal 

nitrate complexes during Frontal polymerization are Mt(NO3)x·4AAm, where Mt = 

Fe(III), Bi(III), Y(III), x = 3; Cu(II), x = 2; Mt(NO3)2·4AAm·2H2O, where Mt = Co(II), 

Ni(II), Zn(II), Cd(II), Mn(II), Ba(II), Pb(II); Pd(NO3)2·2AAm. This method is widely 

used to prepare solvent-free metal-monomer rapidly. 

1.4.3 Nanometallopolymers 

The polymer matrix may be bulk, microstructure, or nanostructure. The 

hydrogels are composed of water-soluble hydrophilic polymer chains with 3D network 

structures linked to each other from side to side with covalent bonds or electrostatic, van 

der Waal and hydrogen bonding [85]. The hydrogels are hydrophilic due to the presence 

of functional groups as –COOH, – SO3H, –NH2, –OH, and –CONH2 which increase the 

adsorption capacity of the macromolecules and these functional groups are intensely 

bind with metal ions [86]. Owing to these structures, the hydrogels are made available 

for a unique property, water adsorbed material from the environment [87]. The metal 

nanomaterials are responsible for stability and enhance the surface morphology of the 

macromolecules. Instead of these, hydrogels also have good biocompatibility and 

environmental friendliness properties; consequently, they showed potential in many 

applications such as biomedical fields, sensors, photocatalytic activity, and purification 

processes. Metal complexes of polyacrylamide are implementing in the production of 

water-soluble polymers that are used in many scientific applications. The types of metal 

complex-based polymers are shown in Fig.1.9. The solid-state chemistry of acrylamide-



Introduction and Aim of Present Work   …………                                                        Chapter 1 

 

 Page 12 

based metabolites with a variety of divalent transition metal ions such as Mn2+, Fe2+, 

Co2+, Ni2+, Cu2+, Zn2+ and Cd2+ [85,88] provide a wide range of applications. These 

metals interact with acrylamide and thus the new materials are formed.  

Nanometallopolymers and 3D confine nanomaterials are emerging polymer 

nanocomposites, which are very cost-effective and advance sensing materials [89-91].  

1.4.4 Quantum dots 

 At the nanometer scale, the energy level changed from continuous to discrete 

energy level because of confinement phenomena. Quantum confinement effects are 

present in many quantum structures [92]. In quantum dots, due to the 3-D confinement, 

the density of states shows discrete energy levels. The energy levels can be observed to 

different values by controlling the shape, size, dot material, and confinement potential 

[93]. The electronic transitions in the discrete energy levels can be used to tailor the 

optical properties of quantum dot nanostructures [94]. Their bandgap energy, 

luminescence wavelength, transition probability, photo absorption, and emission spectra 

can be tuned by adjusting the dot size [95]. 

Quantum dots are very small particles, having a diameter of 2 to 10 nanometers 

[96]. Due to 3D confinement, they show unique optical and electronic properties. In a 

semiconductor bulk material, the valence band and conduction band are separated by an 

energy bandgap and when light is incident on the surface, absorption takes place, the 

electron is excited from the valence band to the conduction band, producing a hole in 

the valence band. After a certain time, approximately 10-8 sec, when the electron returns 

to the valence band, fluorescence is observed during this period [97]. Due to the 

Coulomb attraction, hydrogen-like species are formed in this small time interval; 

because of this the electron and hole don’t move independently [98].  

 Quantum dots are prominent for their high fluorescent intensity. It is at least 

comparable to and sometimes better than the intensity observed in conservative 

fluorescent dyes. In addition, quantum dots have narrow, symmetrical fluorescence 

curves in the visible light spectrum, while organic dyes have A-symmetrical curves with 

a tail trailing into the red region [99]. The fluorescent spectrum of quantum dots have a 

narrower full width half maximum (FWHM, the width of the spectrum at half of the 

peak intensity) than fluorescent dyes, making dots more precise [100]. The formation of 
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quantum dots is already reported by chemical route, sol-gel method, exfoliation of 

nanosheets, hydrothermal and green routes. Our main focus is to synthesize the 

environment-friendly and highly fluorescent quantum dots.  The sol-gel process may be 

the most widely used and developed one among various synthetic powder preparation 

methods [101]. It is commonly used to prepare nanocomposite materials because these 

conversions occur readily with a wide variety of precursors and can be conducted at or 

near room temperature. In addition, the gel products frequently have properties ideal for 

desired applications [102]. Pure nano-composite materials in the form of thin films or 

powders prepared by a sol-gel method or mixed metal oxides lacking nanoparticulate 

phases [103]. The advantages include excellent compositional control, homogeneity on 

the molecular level due to the mixing of liquid precursors, and low crystallization 

temperature. 

1.4.5 Characteristics of Quantum dots 

1.4.5.1 Shape and size-dependent 

The shape and size are very important properties for any material in nanoscience 

and nanotechnology. Researchers have synthesized a variety of materials according to 

their properties. In nanoscience and nanotechnology, these materials found the most 

attention due to their extra-ordinary properties (as optical and electronic properties) 

[104]. The size-dependent properties of semiconductor or quantum dots rise from the 

quantum confinement effect and are shown in Fig.1.10. The properties of 

semiconductors are obvious as the diameter of a nanoparticle approaches the size of 

Bohr-exciton radius.  

The main example for size dependence is CdSe quantum dots which experience 

the quantum confinement special effects when their diameter is less than ∼5−6 nm. Due 

to the size effect the surface-to-volume ratio increases [105]. As this ratio of surface to 

volume increases, the surface properties become dominant over the entire quantum dots.  

1.4.5.2 Bandgap 

The atom emits a photon of light with the same energy equal to the band-gap 

that the atom absorbed. The wavelength of the light also depends on the atom; like if we 

are using iron, the atom emits the green colour. And if we excite an atom by holding 

that in a hot flame, it emits like white light. That is possible because of the way of their 
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arrangement of energy levels. It means that different atom gives different wavelength of 

light. All this is possible because of the quantization that is the energy of an atom is 

quantized or energy levels in an atom have set values. Quantum dots follow the same 

phenomena as they have also the quantized energy levels, as shown in Fig.1.11 [106]. 

Suppose that quantum dots are made from silicon, then it will give out different colours 

of light depending on the size. The smallest dots will give the smallest wavelength and 

big dots will give the higher wavelength. Simply we can say that the smallest dots have 

a bigger band-gap and bigger dots have the smallest band-gap [107]. 

1.4.5.3 Quantum confinement 

The Quantum confinement effect is observed in semiconductor nanocrystals due 

to their reducing size [27,28]. The physical, chemical, and biological properties of the 

material changed from bulk phase to nanoscale [29]. Fig.1.12 shows the transition from 

bulk materials to nanomaterials. Usually, in a semiconductor material, the charge 

carriers have several energy levels and these energy levels are near to each other, 

therefore it is termed as energy bands. All charge carriers tend to inhibit the energy 

levels in the valence band and beyond the energy bandgap, a slight number of charge 

carriers are present in the conduction band [108]. These charge carriers will then be able 

to move to the conduction band by obtaining energy provided to the material in a form 

of heat, electrical field, latent, etc. and they contain holes in the valence band. Such 

electron hole pair is known as exciton.  

The direct energy band-gap semiconductor material, with energy band-gap Eg at 

K = 0 (centered)  in the Brillouin zone, when the size of the material develops similar to 

the exciton Bohr diameter, the electronic properties of the semiconductor materials start 

changing from comparable to bulk state [30]. The mathematical expression for a set of 

energy levels of hole-electron (excitons) can be given by the hydrogenic model in Eqn 

1.11-1.13 [109]: 



Introduction and Aim of Present Work   …………                                                        Chapter 1 

 

 Page 15 

13).......(1........... hole andelectron   theof masses Effective,
111

Re,

)12.1.........(..........)..........(
)(232

)11.1.....(...........)..........(
)(22

**

**

22

2

2

2

0

22

4

,

**

22

2

2

22

4

,

he

he

he

gkn

he

gkn

mm

massexcitonducedKKK

IS
mm

k

n

e
EE

SGC
mm

k

n

e
EE































 

Here K is the wave vector of exciton such that K = ke+kh, Eg is the bulk energy band-

gap of the material. The quantum confinement is divided into three parts, according to 

the connection between microcrystalline radius (R), and the Bohr exciton radius (aB) of 

bulk semiconductor where aB = ae + ah, if  R>> aB. The condition for every regime is 

depicted in Table 1.1. 

1.4.5.4 Density of states   

The density of states is defined as the number of dissimilar states at a specific 

energy level that electrons are acceptable to inhabit, i.e. the number of electron states 

per unit volume per unit energy [110]. The properties of bulk material as specific heat, 

paramagnetic susceptibility, and other electron transport occurrences of conductive 

solids depend on this function [111]. The density of the states is different for 0D, 1D, 

2D, and 3D. The detailed conditions regarding the density of states in terms of wave 

equations and confinements are depicted in Table 1.2, also presented as Fig.1.13. 

1.5 Mechanism-Quantum dots based Humidity Sensor 

The humidity sensing mechanism of carbon-based materials (CNTs, Graphene 

oxide, and Carbon quantum dots) depends on the existence of hydrophilic functional 

groups present on its surface such as hydroxyl groups and is shown in Fig.1.14. The 

sensing mechanism of QDs can be related to the capillary condensation of water 

molecules on the surface of quantum dots, where the conductive water path controls the 

resistance of the material and the current density variations depending on the adsorption 

of relative humidity [112-113]. The presence of different functional groups such as 

epoxide, carboxyl, and hydroxyl in the carbon-based quantum dots structures is essential 

for the physisorption process of water molecules on the surface of sensing element. The 

capacitive-based humidity sensor performs according to the change in capacitance 
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comparative to the change of relative humidity (%RH). For the capacitive humidity 

sensor, the sensing mechanism depends on the active layer of dielectric constant and 

also the collection of water molecules on the surface of the sensing material. Since water 

is a polar molecule, so change in dielectric constant is an essential parameter for the 

assessment of performance of the sensor.  

 For the humidity sensor, the hydrophilic nature of the material is essential. Also, 

the working of a capacitance-based humidity sensor depends on the polarization effect 

due to the dielectric nature of the material and the distance between the electrode areas.  

1.6 Photodetectors and their principle 

Photodetectors are also referred to as photosensors, which sense light or other 

electromagnetic radiations and they are important elements used in optical 

communications, video imaging, security, biomedical imaging, night-vision, motion 

detection, and gas sensing [120]. They possess the property to transform light into 

electrical signals very precisely. Several innovations in optical systems have been 

initiated with advancements in optical detection. Optical radiation detectors find use in 

most photonic applications, medical imaging for determining the output of a laser or any 

other light source [121]. Various optical detectors detect a variety of electromagnetic 

radiations like ultraviolet, infrared, and visible light. Optical detectors are classified into 

two categories: photon detectors and thermal detectors. There is a variety of 

photodetectors that find applications in different fields according to their performance 

parameters for that particular task. 

 Photon detectors sense incoming photon energy and result in a voltage or current 

(due to electron-hole pair) revealing information about the incident light as a function 

of its intensity. Photodetectors can be photovoltaic or photoconductive (both works with 

a bias voltage and are semiconductor-based) depending on the type of material used 

[123]. Thermal detectors work on the principle of converting the energy of photons into 

heat. There is a bit of delay associated with such detectors as time is required for the 

temperature to alter. Thus, these are not the best type for many photonic imaging 

applications.  

1.7. Measurement and characteristics 
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The entire process of photodetection takes place including three major 

mechanisms: light harvesting, separation of exciton, and transport of charge carriers to 

their respective electrodes. Various characteristics define the quality and performance 

of different photodetectors which are given as below: 

1.7.1 Responsivity 

Responsivity is defined as the ratio of generated photocurrent by a device per 

unit area to the incident optical power at any given wavelength. Mathematical 

expression for responsivity is: 

R= Iph / Popt 

where Popt is the optical power on the detection area and Iph output current generated by 

photodetector per unit area. Thus, this factor determines the number of milliamps of 

photocurrent generated with respect to every milliwatt of input signal optical power 

[124].  

1.7.2 External Quantum Efficiency (EQE) 

 The number of carriers generated for every incoming photon defines the external 

quantum efficiency of any photodetector. Mathematical expression is given in Eq. 1.14. 

This factor depends on the structure of photodiode as well as the semiconductor material 

used. Thus, this determines the utilization of captured photons. 

EQE = hν Iphoto / e P   ………….. (1.14) 

where e is the electron charge; Iphoto is the photocurrent; P is the power of incident light 

and hν is the energy of each photon. 

1.7.3 Specific Detectivity 

 The ability to differentiate between noise and the smallest light intensity is called 

as specific detectivity. This is also an important figure of merit for photodetectors and 

its expression is given in Eq. 1.15 as: 

D = √𝐴𝐵 / NEP   …………… (1.15) 

where B is the bandwidth; A is the effective area; and NEP is the noise-equivalent power. 

1.7.4 Dark Current 
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Dark current is the small amount of current that flows in a photodiode even when 

no photons are entering to the device. Practically, dark current is caused due to random 

creation of carriers (electron-hole pairs) inside the depletion region of the photodetector. 

This is often referred to as reverse bias leakage current and this process is observed in 

all diodes [125-126]. 

1.7.5 Photoconductive Gain 

Photoconductive gain is the ratio of number of free carriers (electrons) collected 

per unit time to the number of absorbed photons per unit time. The expression for 

photoconductive gain is given in Eq. 1.16: 

G = Nelectron / Nphoton  ……………………… (1.16) 

1.8 Mechanism for photo detection  

When the light beam is incident on the surface of a material, photons of the ray 

interact with the material causing the generation of the electron-hole pairs. The 

generated electron-hole pairs at different junctions in the sample can easily be separated 

by each other. Due to sufficient excitation energy, the electrons transition from the 

valence band to the conduction band. After the first few cycles of change in resistance, 

the photoresponse of the nanomaterial gets stabilized. This may also be possible due to 

the combined effect of slight photodegradation and an increase in the concentration of 

electron-hole pairs [124-126]. The representative curve exhibits the sawtooth wave 

characteristic which implies that the response changed subsequently with time and is 

repeatable. In the light region, material follows a dramatic drop in resistance value. 

However, when light is turned off, the material almost regains its original state which is 

also a requirement of photoconductive nanomaterial. The highly sensitive polymer 

nanocomposite has the presence of a narrow optical band gap which provides the larger 

surface area. Due to this reason the active sites of the material are responsible for the 

electron-hole pair generation through photon-phonon interaction. This phenomenon 

leads to enhanced photoconductive properties of the material. 

 

1.9 Need for Gas Sensor 

Gas sensors are very important for factories and manufacturing industries to 

detect the leakage of gases. The gas sensors are generally applicable to detect the toxic 
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or explosive gases concentration. Various uses of gas sensors vary across a wide range 

from industrial to domestic applications; for example monitoring air pollution, chemical 

processes, and exhaust from combustion engines [44]. Over the past 20 years, a great 

deal of research effort has been directed towards the development of small dimensional 

gas sensing devices for practical applications ranging from toxic gas detection to 

manufacturing process monitoring [49]. The increasing demand is for better gas sensors 

with higher sensitivity and greater selectivity. Intense efforts are being made to find 

more suitable materials with the required surface and bulk properties for use as gas 

sensors [50]. Metal oxides semiconductors exhibit unique electrical and optical 

properties which are responsible for gas sensing performance. The high surface-to-

volume ratio, dangling bonds, high adsorption/desorption capacity, and porosity of the 

materials enhance the sensing behaviour. Generally, metal oxides and nanocomposites 

combination of transition and post-transition metal oxides (ZnO, CdO, WO3, Fe2O3, 

ZnO/TiO2, BN QDs‒ZnO etc.) have been used for gas sensing. 

1.9.1 Gas sensing mechanism: 

The sensing mechanism is devoted to the surface adsorption and desorption of 

the LPG, which involves the migration of adsorbed oxygen species. The sensing 

principle depends on the change in electrical resistance corresponding with input owing 

to the electronic exchange of charges. When the gas interacts with the surface of the 

sensing element it leads to the electron transfer between LPG and the surface. Initially, 

the surface of the sensor is free from the absorbed LPG molecules, the atmospheric 

oxygen molecules get attracted to the sensing element and form the chemisorbed on the 

surface. The oxygen species then interact with the conduction band electrons. During 

this process, the transfer of an electron from the conduction band to the chemisorbed 

oxygen occurs which is shown in Fig.1.15. The electrons concentration of the materials 

at the surface decreases which indicates a drastic increase in the resistance of the sensing 

film (sensing curve). After that, an equilibrium state is reached between the sensing 

surface adsorbed oxygen and atmospheric oxygen molecules through the above 

chemisorption process.  

1.10 Synthesis of nanometallopolymers 

For the synthesis of nanometallopolymers, materials scientists have used a 

variety of tools such as the Frontal polymerization technique. In this process, firstly the 
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front of monomer is ignited and this front actions towards the bottom. The second 

method is chain-growth condensation polymerization. In this polymerization an active 

centre is generated and monomers can be polymerized in a very short span of time to 

form large molecular weight with some by-products. The second tool includes the 

polycondensation, in which the molecules join together and form the condensate with 

some byproducts such as water and methanol. Another technique includes ring-opening 

polymerization, in which terminus of a polymer chain attack on the cyclic monomer and 

form the longer chain, the reactive centre may be free radical, cationic or anionic. Then 

comes the electro-polymerization, in which conducting polymer is synthesized on the 

conducting substrate.  Another one is ionic polymerization, in which the active ionic 

centres are in chemical equilibrium with an exchange rate, which is far faster than the 

propagation rate. Further, the radical polymerization should be discussed, in which 

polymerization occurs by the successive addition of the active species. Some post-

synthesis methods are also reported for metallopolymers such as polymer modified by 

combining metal centres or ions. In the processing of the metallopolymers, there are 

various reactions taking place such as Suzuki, Sonogashira and Heck coupling reaction.  

1.10.1 Frontal Polymerization 

In Frontal polymerization, the acrylamide monomer is converted into polymer 

in a localized reaction zone and this is short time and solvent free method. Frontal 

polymerization happens in a definite arrangement with suitable thermo-physical 

properties, which are extremely exothermic and has low heat conductivity factor. The 

heat changed during the polymerization of one monomer layer was consumed in the 

activation of the next layer. Thermal wave proceeds in a narrow temperature range close 

to the adiabatic heating of the reaction medium. The possible reaction mechanism for 

the Frontal polymerization is shown in Fig. 1.16. The Frontal polymerization is three 

types:  

1.10.2 Thermal Frontal Polymerization:   

Here, an external source is used to initiate the front for polymerization. In this 

technique, the contained reaction is determined by an external UV source. 

1.10.3 Isothermal Frontal Polymerization:  
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Here, the gel effect happens when the monomer and initiator diffuse into a 

polymer unit. Thermal frontal polymerization starts when the heat source associates with 

the solution of monomer and thermal initiator. 

1.10.4 UV exposure Forntal Polymerization:  

This is the technique in which the UV exposure has been used for the external 

source. It has a faster polymerization rate, and the source of energy is in exothermic 

form of polymerization, raising the temperature and increasing the rate of reaction at 

this zone.  

1.11 One-pot method: 

The first time kinetic growth method was introduced by LaMer and Dinegar, 

who defined how the formation of mono-disperse colloids quantum dots is dependent 

on nucleation. In this method, the rapid growth of colloidal quantum dots has been 

explained. By this method, Alivisatos and Bawendi explained the one-pot or hot 

injection method of synthesizing quantum dots. Presently, the one-pot or hot-injection 

method is one of the most common routes for the synthesis of nanomaterial. This method 

involves the formation of consistent nuclei by the quick injection of organometallic 

substances into a warm solvent. During the reaction process, it also contains some 

surfactants and ligands to avoid quantum dots from agglomeration. The ligands are 

alkylphosphine oxides or trioctylphosphine, long-chain carboxylic acids or oleic acids, 

and long-chain amines groups (oleylamine). Once nucleation process has happened, a 

consistent diffusion-controlled progress is perceived through the solution.  During this, 

the larger quantum dots produce very slowly than the smaller quantum dots, subsequent 

in a size effect. As the progress of the quantum dots improves, the bigger QDs continue 

to produce while the lesser QDs liquefy due to their greater chemical potential.  The 

average particle size of the quantum dots increases and the concentration of the particle 

decreases till the point of saturation. The hot-injection or one-pot method is 

predominantly effective because in this method the high level of control of particles 

permitting rapid nucleation separated from the growth stage. Using this method, 

increasing the temperature, surfactants concentration, and reaction time decides the 

various sizes of quantum dots.  

1.12 Literature survey  
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The international and national developments in the field of humidity sensors 

have been summarised year-wise through a literature survey in Table 1.3. Many research 

papers have been reported about polymer composite sensors. Researchers have 

investigated polymer nanocomposites and quantum dots as sensors. The drawbacks of 

the reported sensors are high cost, low sensitivity, high response, and recovery times. 

So it’s necessary to develop efficient nanomaterials which can remove these drawbacks. 

1.13 Motivation 

In recent years, the size-dependent properties as physical and chemical of 

semiconductor nanomaterials have more attention in the Nanotechnology field. It is 

valuable to recognize a suitable and effective route for the fabrication of nanoparticles 

that reveal the novel physical and chemical properties. In this concern, the size-

controlled nanoparticles are to be developed through a low toxic, eco-friendly, and easy 

route.  

 The polymer gels play an important role as humidity and gas sensors due to their 

hydrophilic nature, reactive bonds, and high porosity nature. Many more sensing 

materials have been reported based on polymers and polymer composites. Metal-based 

polymer nanocomposites are of great interest due to their electrical properties. Some 

drawbacks have been observed during the literature survey. Those are the high response 

and recovery times of the sensing device. To overcome this problem, 

nanometallopolymers (transition metal contains acrylamide polymers) are introduced in 

the present research work for humidity sensors. Acrylamide gels are highly hydrophilic 

and are good adsorbent material for humidity. Nano- metals have shown an important 

role in providing the stability of the material. As observed from the literature, the size is 

reduced and sensing performance increases. Quantum confinement is one of the main 

phenomena, which shows the unique electrical and optical properties of nanomaterials. 

Due to confinement, the surface-to-volume ratio increases as the size decreases. In the 

case of quantum dots, the particles are confined in three dimensions.  

 Presently, researchers are focused on the quantum dot as humidity and gas 

sensors and developed many sensors. The functional groups and high surface-to-volume 

ratio have promising properties towards sensing performance. This is the new class of 

nanomaterials for application in sensing devices. Additionally, the response, recovery 

times, and selectivity of any sensors are very important phenomena. Quantum dots-
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based humidity and gas sensors received popularity because of their improved sensing 

parameters with their size.   

 1.14 Objective of present work  

Few limitations of organic metallopolymer about their sensitivity, lifetime 

stability, and high sensitivity with stable structures of Quantum dots nanocrystals 

motivated us to make their monohybrids in the future for further novel sensing 

application. Nanometallopolymers and quantum dots are easy processable, cost-

effective materials with excellent sensing capabilities. 

The objective of this thesis is to develop highly sensitive humidity and gas 

sensors based on nanometallopolymers and quantum dots. The developed sensors 

witnessed a significant improvement in sensors parameters such as sensitivity, recovery 

times, repeatability, and long-term stability of sensors. These materials have excellent 

adsorption and desorption capacity, which enhanced the sensing response and recovery 

times. Also the nanometallopolymers including polymer acylamide have shown 

excellent properties with high sensing response.  

Additionally, we have tried to develop a flexible humidity sensor using PET 

substrate. These flexible sensors may be used for the detection of the moisture level in 

baby diapers. 

The objectives of the thesis are: 

 To synthesize nanometallopolymers and quantum dots by using chemical 

method.  

 To fabricate thin and thick films of synthesized nanometallopolymers and QD 

as a sensing element on alumina and glass substrates.  

 Physical characterization of synthesized films using SEM, TEM, XRD, PL, etc., 

and their applications in humidity and gas sensors. 
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1.13 Outline of the Thesis 

This thesis contains seven chapters and a brief outline of the thesis is as follows: 

Chapter 1 reports a comprehensive study of the recent accomplishments in the field of 

sensors. Presently, the enthusiastic technological advancement of modern appliances 

raises a serious concern of environmental deterioration and release of toxic gases bad 

for human health. There is a great need to develop miniaturized & highly sensitive gas 

and humidity sensors for the precise monitoring of toxic gases and humidity in the 

atmosphere. Recently, a variety of such sensors are available for the industry as well as 

domestic applications. This chapter presents the fundamentals introduction, hierarchical 

development, and significance of the sensors. 

Chapter 2 presents the nanostructured Ni(NO3)2(AAm)4.2H2O thin film as an electrical 

humidity sensor. For this purpose, films were prepared by spin-coating method to 

investigate the adsorption/desorption of humidity at room ambient. The sensing element 

was investigated through X-ray Diffraction (XRD), Scanning Electron Microscope 

(SEM), Transmission Electron Microscope (TEM), and UV–Vis absorption techniques. 

XRD exhibited the crystalline nature of the nanomaterial thin film and evaluated the 

average crystallite size as 30 nm. SEM showed highly porous nanostructures of different 

sizes distributed throughout the film. The energy band-gap of the film was estimated as 

4.034 eV. TEM image revealed the nanoparticles having sizes in the range of 4-21 nm 

and SAED confirmed the crystalline nature of the material. The film was further 
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employed for humidity sensing i.e., impedance-based electrical humidity measurement 

which gave a maximum average sensitivity of 37.79 MΩ/%RH at room temperature.  

Chapter 3 reports the development of CdS/ polyacrylamide nanocomposite as a flexible 

humidity sensor, which has been fabricated by the facile spin-coating technique on PET 

(polyethylene terephthalate) substrate. The morphological, optical and crystalline nature 

of CdS/polyacrylamide nanocomposite were investigated using SEM, TEM, XRD, 

DSC, FTIR, UV-Visible, and Particle size analyser. Characteristic surface area and pore 

volume were estimated using BET analysis whereas the hydrophilicity of the sample 

was investigated using contact angle measurement. The fabricated sensor showed an 

outstanding humidity sensing response with good linearity in the humidity ranging from 

11 %RH to 95 %RH. The average sensitivity of nanocomposite was calculated as 125.57 

nF/%RH and may be utilized for moisture detection of commonly used baby diapers 

with alarm. The simulated & optimized computer model of the synthesized composite 

(Cd-S & Polyacrylamide) using density functional theory and performed several 

analyses. HOMO-LUMO and correspondingly obtained other electronic parameters 

were studied, which revealed that band gap of the synthesized composite material tends 

to decrease upon increasing the level of water molecules owing to be better humidity 

sensing mechanism, and therefore it is applicable for humidity sensors.  These results 

show the establishment of the crucial fact that the developed composite material is 

suitable for moisture absorbent behaviours. 

Chapter 4 reports the preparation of Cu0.8Zn0.2Sb2AAm-polymer nanocomposite 

synthesized via frontal polymerization technique with its humidity sensing and 

photoconductive behaviour. The surface texture was examined using Scanning Electron 

Microscopy (SEM) analysis. X-ray diffraction and Transmission Electron Microscopy 

(TEM) studies confirm the crystallinity of as-fabricated nanocomposite thin film-based 

sensing elements. The surface area, particle size, optical absorbance and thermal 

stability of as-fabricated thin film were successively investigated using Brunauer–

Emmett–Teller (BET), Particle size analysis, Ultra-Violet absorption, Fourier 

Transform Infrared spectroscopy (FTIR), Thermogravimetric analysis, X-ray 

photoelectron spectroscopy (XPS) and Differential Scanning Calorimetric analysis 

(DSC) respectively. Humidity sensing characteristics were also investigated via the 

capacitive performance of Cu0.8Zn0.2Sb2AAm film with the exposure of moisture. The 
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average sensitivity (S) of the as-fabricated sensor was found to be ~168.477 pF/%RH at 

an optimum frequency of 20 Hz. The sensor exhibited a rapid response and recovery 

time of 4.6 sec and 5.6 sec with persistent stability of 96 % after 60 days. Thus, 

Cu0.8Zn0.2Sb2AAm polymer-based capacitive humidity sensor ensures its potential 

towards reliable and safer use in the detection of humidity levels as well as a 

photoconductor. 

Chapter 5 describes the sustainable, cost-effective and rapid synthesis of gram derived 

carbon quantum dots (GCQD) employed as capacitive humidity sensors. Synthesis of 

GCQDs C-1 & C-2 at different carbonization temperatures has been performed by the 

pyrolysis method. Crystallinity of as prepared GCQDs was confirmed by XRD and TEM 

analysis revealing the average particle size 5.5 and 2 nm for C-1 & C-2 respectively. 

Optical properties of samples were further analysed by UV–visible and 

photoluminescence meter which gave the band-gap as 3.82 and 4.20 eV. Compositional 

analysis of GCQDs was confirmed by using XPS analysis. GCQDs were subjected to a 

sensing test at frequency 20 – 2 MHz. The C-2 gave an enhanced sensing performance 

with an average sensitivity of 254.861 pF/%RH. Also, the sensor showed a rapid 

response and recovery times of  7.3 & 4.7 sec respectively. Theoretical modelling has 

been performed to further look into the insight of interaction between functional group 

of GCQDs and water vapour molecules. Transient parameters such as charge density, 

HOMO-LUMO gap, electron clouds and H-bonds were calculated using B3LYP hybrid 

functional at 6-31g diffused and polarised basis set. This study provides insight 

chemistry of GCQDs with water molecule towards an efficient humidity sensor 

development. 

Chapter 6 reports the facile, low-cost, and phosphine-free synthesis of Indium selenide 

(InSe) QDs (QDs via one-pot synthesis. The particle size analysis revealed the average 

particle size of  InSe QDs as ~13 nm. Optical properties of as-synthesized QDs were 

investigated using photoluminescence and UV absorption spectrum. InSe QDs exhibited 

an excitation wavelength of 370 nm and two major absorption peaks at ~405 and 432 

nm. The optical bandgap of the QD was estimated as 2.2 eV. The recombination time of 

the InSe QDs was also calculated as 6.41ns from the time-resolved photoluminescence 

(TRPL). The formation of QDs is confirmed using transmission electron microscopy 

(TEM) showing the presence of spherical particles within a size regime of 2-4 nm. The 
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XRD pattern matched well with the standard tetragonal chalcopyrite InSe QDs structure. 

The sensing film was made up by a spin-coating method and fabricated InSe QDs film 

was further employed as an LPG and humidity sensor. The ratio of Rg/ Ra for the LPG 

was found as 4.41. For humidity, the average sensitivity of the sensing film was 

calculated as 8.89 MRThe sensing response and decay times of the InSe 

quantum dot were calculated as 5.3 sec & 13.2 sec. No ageing effect was observed and 

results were found 97.5 % reproducible.  

Chapter 7 summarizes the study of synthesis, characterization, humidity and gas 

sensing properties of nanometallopolymer and quantum dots. Also, this chapter provides 

the guidelines for further research work in the field of nanodimensional material as a 

humidity and gas sensor. 
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Tables: 

Table 1.1. Shows the confinement types with their conditions 

Confinement types Condition Equation 
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Table 1.2. The confinement structure with their wave equation conditions  

Structure Confinement Conditions 
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Table 1.3 The international and national developments in the field of sensors 

summarised year-wise thorough literature survey 

S.No. Year Author Sensing Material Sensitivity Respons

e  

time 

Recove

ry 

time 

Ref. 
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1.  2005 M.A. 

Zanjanchi et 

al. 

Zeolite - 

 

2 min 

 

4 min [134] 

2.  2007 J.M. Corres 

et al. 

PDDA/Poly R-478 - 300 ms - [133] 

3.  2011 Z. Zhao et al. Silica sol-gel film 0.087 

dB/%RH 

45 s 70 s [132] 

4.  2012 P.J. Rivero et 

al. 

LbL polymeric 

coating loaded with 

Ag NPs 

0.943 

nm/%RH 

20 min 38 min [131] 

5.  2013 L. Xia et al. HEC/PVDF 0.196 

dB/%RH 

58 s 89 s [129] 

6.  2013 J. Lee MWCNTs 930 Ω 680 s 380 s [130] 

7.  2013 J.Lee. et al. MWCNTs in a 

PAA matrix in a 

ratio 1:4 

930 Ω 680 s 380 s [135] 

8.  2014 P. Hu et al. Chitosan film 13.5 pm/%RH 43 s 97 s [128] 

9.  2015 B.C.Yadav CuO 0.85 μW/%RH - - [127] 

10.  2015 D. Zhang et 

al. 

Tin dioxide/reduced 

graphene oxide 

(RGO) 

146.53 pF 102 s Several 

s 

[137] 

11.  2016 Y. Wang et 

al. 

Graphene 

oxide/PVA 

0.193 dB%RH 73 s 65 s [126] 

12.  2017 N. Irawati et 

al. 

PMMA/ PMLR/ 

ZnO 

0.1746 

dBm/%RH 

256 s 80 s [125] 

13.  2018 Y. Pang GO modified poly 

(3,4 

ethylenedioxythiop

hene) 

4.97% 31 s 72 s [124] 

14.  2018 Y.Pang et al. GO modified with 

poly (3,4 

ethylenedioxythiop

hene) 

4.97% 31 s 72 s [136] 

15.  2020 H. Bi et al. Fe–GO 5.18 pF/%RH 31 s 11 s [138] 
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Figure: 

 

Figure 1.1: Schematic diagram of the present environmental challenges and needs 

of the sensor. 

 

 

Figure 1.2: Representation of importance of sensors in our daily life 
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Figure 1.3: Role of humidity sensors in diverse fields 

  

 

Figure 1.4: Humidity sensors affecting parameters   
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Figure 1.5: Classification of humidity sensors  

 

 

 

Figure 1.6: Classification of ceramic humidity sensors 
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Figure. 1.7: Impedance based humidity sensing mechanism  

 

 

Figure 1.8:  The schematic presentation of humidity sensing mechanism; three 

regions as low, middle, and high-level %RH 
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Figure 1.9: Classification of metal complex polymers. 

 

 

Figure 1.10: Color and size-dependent property of quantum dots. 
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Figure 1.11: Bandgap energy levels from bulk to quantum dots. 

  

 

Figure 1.12: Display the comparison between energy levels of bulk and 

nanomaterial with Bohr radius and exciton of an atom 
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Figure 1.13: Quantum confinement of the nanomaterial with density functions. 

 

 

Figure 1.14: Quantum dots based humidity sensing mechanism.  
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Figure 1.15: schamatic for LPG sensing mechanism. 

 

 

Figure 1.16: Frontal polymerization (left) and its three dimensional process. 
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Figure 1.17: Schematic of the nucleation stage of quantum dots in the framework of 

the LaMer model (left), Representation of the simple synthetic apparatus preparation 

of quantum dots. 
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CHAPTER 2 

Development of a reliable room 

temperature humidity sensor using 

nanostructured nickel polyacrylamide 

 

 

 

 

 

 

 

 

 

 

 

  

The present chaper reports the nanostructured Ni(NO3)2(AAm)4.2H2O thin 

film as an electrical humidity sensor. Films were created using the spin-

coating method to investigate the adsorption/desorption of humidity at room 

temperature. The sensing element was investigated through X-ray diffraction 

(XRD), Scanning Electron Microscope (SEM), Transmission Electron 

Microscope (TEM) and UV–Vis absorption techniques. XRD exhibited the 

crystalline nature of the nanomaterial thin film and evaluated average 

crystallite size as 30 nm. SEM showed highly porous nanostructures of 

different sizes distributed throughout the film. The optical energy band-gap 

of the film was estimated as 4.03 eV. TEM image revealed the nanoparticles 

having sizes in the range of 4-21 nm and SAED confirmed the crystalline 

nature of the material. The film was further employed for electrical humidity 

sensing measurement, which gave a maximum average sensitivity of 37.79 

MΩ/%RH with response and recovery times of 15.15 sec & 75.25 sec at room 

temperature. 
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2.1 Introduction 

Polymer gels are significant materials of fundamental and scientific concern. 

Currently, hydrophilic gels are referred to as "hydrogels" and they draw exceptional 

attention as absorbers showing their potential to perform absorption and desorption, thus 

ensuring their applicability in biomedical engineering [1-2]. Polyacrylamide (PAAm) 

gels are obtained by cross-linking copolymerization of acrylamide monomers. Since the 

monomers are solid during polymerization temperature [3-4], acrylamide based on 

hydrogels exhibits inhomogeneous cross-linking distribution. These are produced by the 

polymerization of acrylamide (C3H5NO) by the hydration of acrylonitrile. 

Experimentally [5-6] as well as theoretically [7-8] it has proved that PAAm has unique 

properties of being soluble in water and hence can be used for the treatment of industrial 

water. AAm is also dissolved in water. Using AAm as a ligand, new functional materials 

– metalloplymers composed of metal ions chemically bonded to a polymer chain – can 

be synthesized. 

Polymer nanocomposites are cost-effective emerging materials and known for 

applications as gas/humidity sensors [9] working at room temperature. The acrylamide 

complexes of some transition metal nitrates M(NO3)2·4(CH2=CHC(O)NH2)·2H2O were 

discovered and further characterized [10]. These materials undergo frontal 

polymerization. The structures of such compounds were studied with Co (II), Ni (II), Zn 

(II) and Cu (II) complexes [11]. The presence of double bond makes it possible for the 

complexes of acrylamide to polymerize. The solid-state chemistry of complexes 

M(NO3) 2.4AAm. 2H2O (M = Fe (III), Co (II), Ni (II), Zn (II), and Cu (II)) shows the 

behavior of the central atom and thus meaningfully influences the reactivity of the 

double bond of AAm [12]. Thus, frontal polymerization of metal nitrate complex 

originated, even though the reaction conditions were varied. Metal ions are well known 

for reserve polymerization processes [13]. These metal-containing polymers have 

various applications like solar cells, chips, and energy storage devices. Its applicability 

for sensors makes it a promising candidate for the detection of humidity. 

Humidity is a sensible health parameter for human life, industrial processes and 

environmental balancing. Humidity has acquired such special attention because these 

vapours consist of highly reactive dipolar molecules which get condensed on or 

evaporate from the surface even with slight variations in the temperature of the 
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environment (this high polarity is due to the differences in electronegativity of the 

hydrogen and oxygen atoms) and hence controls almost all the environmental 

phenomenon. Therefore, humidity monitoring is quite essential for mankind. 

Humidity sensors are transducers that give a signal for the amount of water 

(H2O) vapour into measurable parameters in terms of %RH, absolute humidity, dew 

point etc. [14]. Therefore, the aim of present work is to synthesize nickel nitrate 

polyacrylamide using the Frontal polymerization technique and fabricate thin film for 

humidity detection at room temperature. An impedance-based electrical sensing set-up 

was used for measuring the humidity.  

 In the frontal polymerization technique [15], the confined zone of reaction 

propagates in an unstirred medium. The synthesis of polyacrylamide cross-linked with 

bisacrylamide provides information about the dense gels, which signifies the separation 

of levels. The majority of the research has concentrated on fluid monomers such as 

triethylene glycol dimethacrylate (TGDMA), methacrylic acid, and methyl methacrylate 

acid. Firstly, Pojman et al. reported in 1996 about the frontal polymerization and the 

transition metal-containing element nitrate polyacrylamide complexes [16] were 

discovered by Savostyanov et al. maintaining frontal propagation without the addition 

of an initiator. Fortenberry et al. considered in 1995 the effect of particle size dispersal 

and initial density on the front velocity and temperature [17-18]. Frontal polymerization 

synthesis has lots of advantages. High temperatures associated with frontal 

polymerization (> 200°C) can affect smaller reaction time and the capability to 

synthesize products that would phase-separate and retain longer reaction time. It is a 

well-ordered method where waste products can be reduced [19]. Frontal polymerization 

can be used to synthesize polyacrylamide materials cheaply, rapidly and without solvent 

[20-21]. 

2.2. Experimental details 

2.2.1 Synthesis method 

The solid-state polymerization of Ni(NO3)2·4AAm·2H2O (acrylamide 

(CH2=CH-CONH2) reveals that the nature of the central atom considerably influences 

the reactivity of the double bond of acrylamide (AAm) [10]. The thermal 

transformations of this metal-containing monomer yield a polymeric product. 
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Crystalline Ni (NO3)2·3H2O was ground and mixed with acrylamide at a molar ratio of 

1:5 and transferred into a test tube glowing with argon for one minute, after that the tube 

was sealed. After a certain time, the temperature of the reaction mixture dropped 

markedly and water was released. Then a thin wire or needle was used to transfer the 

desired water into the sealed tube containing the monomer and to release pressure. The 

monomer was dissolved in the tube containing water where the reaction propagated for 

10 min. The process was repeated and polymerization took place. The resulting 

homogeneous blue paste was then obtained and dried in a desiccator over P2O5 for a day 

before being washed with benzene to remove the excess AAm. Elemental analysis data 

and some characteristics of the as-prepared Ni (II) nitrate acrylamide complex of 

transition metal nitrates are depicted in Table 2.1. The schematic for the frontal 

polymerization is shown in Fig. 2.1 whereas the flowchart for the synthesis is shown in 

Fig. 2.2. 

2.2.2. Fabrication of sensing element 

 The films were deposited on glass substrates using a spin coating technique. For 

this purpose, these substrates were initially washed with laboratory detergent (Extran) 

followed by deionized water, isopropyl alcohol and acetone by plunging them in an 

ultrasonic cleaner (WUC-A02H) for around 15 min each. These cleaned glass substrates 

were dried in an electric oven (METREX) at a temperature of 100°C for 20 min. The 

obtained powder of Ni (II) nitrate PAAm was ground and dissolved in deionized water 

with sonication for 24 hrs to form a green gel. A small puddle of this gel was dropped 

on the substrate and spun at 1000 rpm using a spin coater to obtain a thin film of Ni 

nitrate PAAm. Finally, these films were dried on a hot plate (AMBASADOR) at 50°C 

for half an hour. 

2.2.3. Sensing set-up 

 The electrical humidity sensing set-up based on impedance is shown in Fig. 2.3 

which consists of a humidity-controlled glass chamber. The humidity was maintained 

by the static method using saturated aqueous solutions of K2SO4/KOH for 

humidification/dehumidification and %RH was measured using a standard hygrometer 

(HTC-1). Here the sensing element was fixed using silver electrodes which were further 

connected to the Impedance Analyzer (Wayne Kerr Precision Component Analyzer, 
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6440B) through connecting wires. The variations in %RH were measured in terms of 

electrical impedance and the corresponding sensing response is plotted in Fig. 2.9. 

2.2.4. Characterization techniques  

 For the investigation of Ni (II) nitrate PAAm, various characterization 

techniques were employed to study its structure and morphology as a sensor. SEM 

(JEOL, JSEM-6490LV) analysis was carried out for the morphological investigation. 

TEM (FEI-G2 SPIRIT, Netherland) analysis of the dilute solution was done to reveal 

the structural information. Crystalline nature and phase formation were investigated 

using X-ray diffractometer X’Pert Pro recording system (PANalytical, Netherlands) by 

using CuKa radiation (λ = 1.546 Å). The Zeta nanosizer (Nano-ZS90) was used for 

obtaining the particle diameter. The UV-Vis spectrophotometer (Evolution 201) was 

used to obtain absorption spectrum and optical band-gap calculation. The thermal 

investigation was done using a Thermogravimetric analyser (PERKINELMER STA 

6000). 

2.3. Results and discussion 

2.3.1 SEM Analysis 

 Morphological investigation of the film has been carried out at 5 µm and 1 µm 

scales using a Scanning Electron Microscope and is shown in Fig. 2.4 (a & b). It can be 

observed from the images that the surface exhibits highly porous morphology. The 

dimensions of these pores are several hundred nanometers. The porous voids on the 

surface act as active centers for the adsorption/desorption of water molecules, and hence 

are suitable for humidity detection. 

2.3.2 TEM Analysis 

A TEM image of Ni (II) nitrate PAAm at 200 nm scale is shown in Fig. 2.5 (a), 

where the inset displays the SAED pattern of the material. The magnification and 

voltage were 13000 × and 200 kV. It can be observed from the figure that there are 

spherical grains. The minimum diameter of the grain is 4.5 nm. Also, the concentric 

rings observed by the SAED show the diffraction pattern. This regularity in diffraction 

pattern confirms the polycrystalline nature of the material where the minimum 

crystallite size as calculated from XRD is 4.8 nm, which is confirmed by TEM. 
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2.3.3 XRD analysis 

 Fig. 2.5 (b) depicts the XRD pattern of Ni (II) nitrate PAAm powder, which 

reveals its phase and formation. The instrument was operated using power: 45 kV, 40 

mA and scanning parameters: from 20° to 60°; typical 2θ step size: 0.008°. The 

diffraction pattern shows good agreement with the diffraction data from JCPDS 45-

0142. The diffraction peaks at 20.45°, 21.87°, 24.92°, 26.56°, 27.65°, 30.70°, 33.43°, 

35.94°, 41.83°, 44.99° and 54.80° correspond to the lattice planes (201), (220), (31-1), 

(002), (112), (400), (42-2), (24-1), (200), (111) and (53-2) of Ni (II) nitrate PAAm 

crystals. The minimum crystallite size as calculated from Debye Scherrer Formula was 

4.8 nm from (31-1) peak whereas the average crystallite size was found as 30 nm. 

Crystallite size plays a very important role in sensing as the decreasing aspect ratio 

provides more dangling bonds for the adsorption of water molecules.  

2.3.4 Particle Size Analysis 

 The particle size distribution curve obtained from the Zeta nanosizer (Nano-

ZS90) is shown in Fig. 2.6 (a). Here, the dilute solution of the precursor is analyzed by 

a dynamic light scattering system using the principle of Brownian motion of particles. 

The corresponding data is plotted and it can be observed that there are two ranges of 

particles. The minimum range of particles is between 3-23 nm and the other range of 

particles is between 90-250 nm.  

2.3.5 UV–Vis absorption spectroscopy 

 The optical absorption spectrum of Ni (II) nitrate polyacrylamide film is shown 

in Fig. 2.6 (b). It can be observed from the figure that the material exhibits absorption 

in the ultra-violet range (< 350 nm). The variation of optical absorbance coefficient (α) 

relative to photon energy (hν) (known as Tauc plot) is shown in the inset of Fig. 2.6 (b). 

From this plot, the optical energy band gap of the material can be calculated using the 

relation given in Eqn. 2.1. 

Eg = hchn   ………….. (2.1) 

Where h is Planck's constant, n is transition frequency, c is the speed of light and n, the 

exponent, characterizes the nature of band transition. The optical band-gap is calculated 

by extrapolating the straight-line part of the Tauc curve to α = 0 and thus the estimated 

optical energy band-gap of the sensing element is obtained as 4.03 eV. 
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2.3.6 TG-DTA Analysis 

 According to the thermogravimetric (TG) curve, shown in Fig. 2.7 (a), the sharp 

changes at 304.6 °C, 317.01 °C and 462 °C devoted to the decomposition of bonds and 

breaking of intermolecular hydrogen bonding. The maximum portion of weight loss is 

between 230-650 °C where 25.22% of weight loss occurs till 400 °C and the major loss 

of 41.55% occurs till 650 °C. The product is formed at 650 °C. From the DTA curve as 

shown in Fig. 2.7 (b), the formation of polyacrylamide occurring through several peaks 

is confirmed. One peak at 81°C exhibits an endothermic reaction and the degradation is 

commenced at 120°C. The subsequent curve reveals the decomposition of the sample.  

2.3.7 Electrical humidity sensing 

 Surface morphology is an important characteristic of the sensor. The electrical 

humidity sensing mechanism depends on the adsorption of water molecules on the 

porous surface of the sensing element and the conduction of H+ ions throughout the 

sensing surface [25]. The electrical humidity sensing response is shown in Fig. 2.8 (a-

d). Fig. 2.8 (a) shows the humidity sensing characteristics at room ambient where 

impedance was plotted against the corresponding change in %RH from 10 to 90 %RH. 

Fig. 2.8 (a) shows that the %RH varies in three major regions: less humid (10-20 %RH), 

humid (20-75 %RH), and high humid (75-90 %RH). Initially, the chemical adsorption 

of water molecules takes place at the surface of the sensing element. Chemisorption 

occurs when Ni ions interact with water molecules to form hydroxide ions on the surface 

of a sensing element. In this process, two hydroxyl ions collected the water molecules, 

forming H3O
+ ions, and thus proton transfer began, i.e. water molecules collected on the 

sensing element's surface formed a chemisorbed layer performing proton conduction, 

and further propagation occurred via physisorption of water molecules forming weaker 

bonds. Here, the formula for the sensitivity is defined as 

Sensitivity = ∆I/ ∆%RH *100 

where ∆I is the change in impedance and ∆%RH is the change in %RH. Average 

sensitivity is calculated by taking the average of all measured sensitivities ranging from 

10 to 90 %RH. Increasing the aspect ratio of the material is an important factor for a 

good sensor. The wide optical band–gap (4.034 eV) of material is also a very important 
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factor for desired sensitivity. Fig. 2.8 (a) shows that the maximum sensitivity of the 

sensing element is found as 37.77 MΩ/%RH in the range of 10 to 90 %RH. 

 The repeatability of results is also a very important factor for a good sensor. It 

can be determined by observing the output of sensing in the same environmental 

conditions frequently. Repeatability of the sensing element is shown in Fig. 2.8 (b) and 

it was found that the results were ∼95% reproducible, which shows its relatively stable 

behaviour. The sensitivity observed over the entire range from 10-90 %RH, in this case, 

was 33.27 MΩ/%RH. 

 The other important parameter of the sensor is the ageing effect. It is the 

distribution of sensor outputs when performance is repeated under similar conditions 

after a long time. Here the ageing effect measurements were taken after three and four 

weeks and plotted in Fig. 2.8 (c). It was found experimentally that Ni(II)nitrate PAAm 

was moderately stable, having very less effect on ageing. Fig. 2.8 (d) shows the response 

and recovery times of the sensing element. The response time is defined as the time 

necessary to reach 10% of the final sensor output after stepwise adsorption of humidity, 

whereas the time taken by the sensing element to return to 10% of its initial value after 

a ramp-wise desorption is called as recovery time. The response and recovery times of 

the sensing element were calculated while measuring sensitivity and found as 15.1 and 

75.2 sec respectively. The response time is fast as the film is most sensitive in the less 

humid range where recovery time is relatively slow as the film is less sensitive in the 

highly humid range. All the measurements were taken at room ambient (temperature 

~300 K and atmospheric pressure 1 bar).  

 The electrical humidity sensing monitors the change in electrical impedance with 

respect to the change in humidity level. This phenomenon is well described via 

Grotthuss chain reaction and shown in Fig. 2.9. This chain reaction plays a vital role in 

the physisorption of water molecules on the surface of thin films. When this film is 

exposed to the humid environment, adsorption of the water molecules on its surface is 

initiated. The electrostatic interaction is so intense that it breaks one of the O-H bonds 

of the H2O molecule and, consequently, metal ion M+ and OH- are bonded chemically. 

Thus, the initial layer is chemisorbed. The hydronium ion, H3O
+ is formed during the 

decomposition of water molecule which acts as a charge carrier. In the higher humidity 

range, H3O
+ ions will further hydrate into H+ ions and H2O molecules. This H2O 
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molecule is weakly bonded with one of the hydroxyl groups. Therefore, at room 

temperature and in a humid atmosphere, protons are the dominant charge carriers. The 

number of physisorbed water layers and hence the concentration of H+ ion increases 

with the increase of water vapor. With the increase in humidity, the charge carriers in 

the form of hydronium ions also increase consequently. In high humid regions, water 

condensation occurs inside pores and a high decrease in impedance is observed. 

2.4 Conclusion 

 We successfully investigated the humidity sensing ability of Ni (II) nitrate 

PAAm complex and used it in electrical humidity sensing based on impedance variation. 

The crystalline nature of the material was confirmed by XRD analysis. The minimum 

crystallite size as calculated from the Debye Scherrer formula was 9 nm and the average 

size was 13 nm. This polycrystallinity was revealed using TEM (SAED) and crystallite 

size was evaluated using a Particle Size Analyzer. A wide optical band-gap of 4.03 eV 

was found by the UV–vis Spectrophotometer. The average sensitivity of the film was 

found as 33.27 M/%RH for impedance-based humidity sensing. The response and 

recovery time for the electrical mode calculated as 15.11 sec and 75.25 sec. Also, the 

ageing trial confirmed that the material was quite stable after a long time.  
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Tables: 

 

Table 2.1 Elemental analysis data of Ni(II) nitrate AAm complex 

Complex Color Tm, K Elemental analysis,  

wt % (found/calcd) 

C H N Mt 

Ni(NO3)2·(AAm)

4. 

2H2O 

Light 

green 

351–352 28.6

/29.

7 

4.8/5.

2 

16.7/15.

2 

11.7/11.

1 
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Figures: 

 

Figure 2.1 Schematic for frontal polymerization reaction technique. 

 

 

Figure 2.2 Block diagram for synthesis of Ni(II) nitrate polyacrylamide (PAAm) 
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Figure 2.3 Schematic of the experimental set-up for the electrical humidity sensor.  

 

Figure 2.4  SEM image showing surface morphology of nickel nitrate polyacrylamide 

at (a) 5 µm and (b) 1 µm scales presenting porous nature. 

 

Figure 2.5 (a) TEM image of Ni(II)nitrate PAAm where the inset shows the 

diffraction pattern of atoms obtained by SAED (b) Powder XRD pattern of 

Ni(II)nitrate PAAm 

(a) (b)

200 nm

(a) (b)
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Figure 2.6 (a) Particle size distribution curve obtained from Nano-ZS90 showing the 

minimum range of particles between 3-23 nm (b) The absorption spectrum along with 

Tauc plot of the Ni(II)nitrate PAAm film where the estimated optical energy band-gap 

is 4.03 eV. 

 

 

Figure 2.7 The graph between temperature (°C) and (a) weight% showing the TGA; 

(b) heat flow (nW) showing the DTA of the material 

(a) (b)

(a) (b)
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Figure 2.8 Variation of impedance in accordance with %RH to show (a) sensing 

response (sensitivity of 37.79 MΩ/%RH), (b) repeatability test (c) Ageing effect after 

3 and 4 weeks, and (d) response time (15.1 s) and recovery time (75.2 s). 

 

 

Figure 2.9 Schematic of Grotthuss chain reaction showing the interaction of surface 

morphology with humidity 
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CHAPTER 3 

Polyacrylamide decorated CdS 

nanoparticles based flexible humidity 

sensor for baby diaper alarm: 

Experimental and theoretical study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Solvent-free synthesis of nanocomposite for humidity sensor is gaining 

immense interest to fulfill the criteria for its practical application. Herein, 

present chapter reports the development of CdS/ polyacrylamide 

nanocomposite as a flexible humidity sensor, which has been fabricated 

by the facile spin-coating technique on PET (polyethylene terephthalate) 

substrate. Morphological, optical and crystalline nature of 

CdS/polyacrylamide nanocomposite were investigated using SEM, TEM, 

XRD, DSC, FTIR, UV-Visible and Particle size analysis. Characteristic 

surface area and pore volume were estimated using BET analysis 

whereas the hydrophillicity of the sample was investigated using contact 

angle measurement. As fabricated sensor showed an outstanding humidity 

sensing response with good linearity in the humidity ranging from 11 

%RH to 95 %RH. The average sensitivity of nanocomposite was 

calculated as 125.57 nF/%RH and may be utilized for moisture detection 

in commonly used baby diaper with alarm. The simulated & optimized 

computer model of the synthesized composite (CdS & Polyacrylamide) 

using density functional theory was performed and analyzed. HOMO-

LUMO and correspondingly obtained other electronic parameters were 

studied, which revealed that band gap of the synthesized composite 

material tends to decrease upon increasing the level of water molecules 

owing to better humidity sensing mechanism, and therefore it is 

applicable for commercial humidity sensor.  
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3.1 Introduction 

Humidity sensing plays a crucial role in monitoring all physical and biological 

processes in human life. Balancing the concentration of water vapour present in the 

environment as well as inside the human body is crucial for its functioning [1]. 

Presently, several kinds of humidity sensors are trending for their multifunctional 

applications such as switch-based sensing devices, breath analyzers and skin touched 

humidity sensors. Proper surveillance on the diaper wetting process is important to 

assess the humidity level inside baby diapers [2]. Such application requires a sensor 

with high sensitivity, long-term stability, low response and rapid recovery times with 

ease in the synthesis methods [3].  

Multifunctional application of humidity sensor particularly for baby diaper 

should inherit the characteristics: (i) disposable and recyclable (ii) flexible (iii) 

nontoxic (iv) humidity monitoring at low detection limit (v) environment friendly and 

cost-effective [4]. Hence, our priority is to choose the sensing material which is a good 

absorber for water molecules [5]. For this purpose during the previous few years, the 

preparation of polymers like polystyrene, polyacrylamide, sodium alginate, and 

chitosan for instance the matrix to maintain mineral nanoparticles were involved with 

wide consideration [6,7].  

From the recent reports, it can be stated that existing humidity sensors have 

two primary concerns; first, less sensitive with high response & recovery time and 

secondly, high working temperature [8,9]. Presently reported humidity sensors are 

suffering from the incapability of sensing at higher temperatures [10]. At room 

temperature, humidity sensors are not highly sensitive for the full range (10-95 %RH). 

Acrylamide polymer gel is a three-dimensional network with a high length structure. 

The high hydrophilicity and water adsorbing capacity of polyacrylamide play an 

important role in humidity detection [11]. The polymer matrix may be bulk, 

microstructure or nanoparticles. The hydrogels are composed of water-soluble 

hydrophilic polymer chains with 3D network structures linked to each other from side 

to side with covalent bonds or electrostatic, van der Waal and hydrogen bonding, etc 

[12,13].  The hydrogels are hydrophilic due to the presence of functional groups as –

COOH, – SO3H, –NH2, –OH, and –CONH2 which increase the adsorption capacity of 

the macromolecules and these functional groups are intensely bind with metal ions 
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[14]. Owing to these structures, the hydrogels are made available for a unique 

property, water adsorbed material from the environment [15]. The metal nanomaterials 

are responsible for stability and enhance the surface morphology of the 

macromolecules. Instead of these, hydrogels also have good biocompatibility and 

environmental friendliness properties, consequently, they showed potential in many 

applications such as in biomedical fields, sensors, photocatalytic activity, and 

purification processes [16,17].  

Here, the synthesis of a condensed phase of the metallopolymers by frontal 

polymerization has been reported in detail [18,19]. The frontal polymerization 

technique is mainly employed for the conversion of monomers to polymer in a 

confined reaction region under the multi-level system, which proceeds above the 

whole volume. The interaction of acrylamide (AAm) with metal nitrate complexes 

during Frontal polymerization are Mt(NO3)x·4AAm, where Mt = Fe(III), Bi(III), 

Y(III), x = 3; Cu(II), x = 2; Mt(NO3)2·4AAm·2H2O, where Mt = Co(II), Ni(II), Zn(II), 

Cd(II), Mn(II), Ba(II), Pb(II); Pd(NO3)2·2AAm. This method is widely used to prepare 

a solvent-free and rapid synthesis of metal-monomer [20]. This synthesis method uses 

the exothermicity of polymerization technique whereas metal nitrate as starting 

material. In this direction, the first stage might include the combination of the 

dislocation of the chemical conversion front along with the combination of reagents in 

conjugate reactions by the known reactions of organic and inorganic formation routes. 

During this process, the metal-monomers can assist as a front reactor zone [21]. 

Flexible humidity sensor devices are gaining immense interest in modern 

sensing applications [22]. Flexible electronic substrates like polyethylene terephthalate 

(PET), have attracted special attention due to their special advantage as wearable, light 

weight, good mechanical stability, and unambiguous structural properties. ITO coated 

PETs are also showing excellent electronic properties [23]. PET substrates are highly 

flexible and cheaper, mainly derived from plastic carbon-based. Previous researches 

on flexible substrates were established [22] with various fabrication methods (Inkjet-

printing, lithography, spin coating).  

 In this chapter, we present CdS polyacrylamide nanocomposite as a humidity 

sensor (baby diaper water level detection and wetting process). The metal 

nanoparticles by the simple chemical route and then polymerization of 
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macromolecules via frontal polymerization techniques are incorporated for controlling 

the chain of acrylamide during the polymerization. The ITO-coated PET substrate was 

used, which is more efficient for flexible humidity sensors based on capacitive 

structure. The synthesized composite (CdS & Polyacrylamide) was simulated & 

optimized by using the computer model of density functional theory. HOMO-LUMO 

and correspondingly obtained other electronic parameters were studied, which 

revealed that the bandgap of the synthesized composite material tends to decrease 

upon increasing the level of water molecules owing to better humidity sensing 

mechanism, and therefore it is apt for electrical humidity sensing. 

3.2 Synthesis method 

CdS-polyacrylamide nanocomposite is synthesized by solvent-free Frontal 

polymerization technique. Initially, cadmium nitrate (Cd(NO3)2) and host monomer 

acrylamide (CH2CHCONH2)4(H2O)2 were mixed with thiourea (sulphur source), as  

prepared mixture was transferred in a glass tube to perform frontal polymerization. 

Ammonium persulfate (NH4)2S2O8) was used as an initiator for the polymerization 

which upon addition turn the white appearance to a yellowish form. The collected 

powder was washed with ethanol and ether several times in order to remove excess 

acrylamide. Thus, obtained powder was kept drying in an inert atmosphere giving a 

CdS-polyacrylamide nanocomposite fine yellowish powder. 

  The chemical reaction involved during the synthesis is shown in Fig. 3.1: 

3.2.1 Experimental Set-up  

The set-up for assessing the humidity sensing capability of sensing material is 

well displayed in Fig. 3.2, which consists of an impedance analyzer (Wayne Kerr 

Precision Component Analyzer, 6440B), Keithley (6517 B) based graphical user 

interface for plotting humidity sensing characteristics at different humidity levels. The 

water vapour content inside the chamber was retained by the static process using 

saturated aqueous solutions of K2SO4/ KOH [20]. Precise measurement of relative 

humidity (%RH) was done using a hygrometer (HTC-1). Silver paste based 

interdigitated electrodes were imprinted on the sensing film, connected through the 

wires with an impedance analyzer. The whole sensing experiment was performed at an 

ambient temperature. 
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3.2.2 Fabrication of sensing element and physical characterization:  

 Fig. 3.3 shows the procedure for fabrication of the PET-based flexible 

humidity sensor. The deposition of sensing material over PET substrate was carried 

out by using the spin coating method. The sensing film was further dried at 30°C for 

20 min before its use for humidity sensing. The two-point contacts (electrodes) were 

made using silver paste on the PET substrate with an intermediate distance of 1 mm. 

As fabricated sensing film on PET substrate exhibited a better adhesion compared to 

the glass and FTO based substrate which confirmed better compatibility towards 

flexible device applications [24]. 

 The surface texture of sensing material has been carried out by using FESEM 

(FEI Nova NanoSEM 450), analysis. Average particle size distribution was estimated 

from particle size analysis (Nano-ZS90 Malvern Instruments, UK). The porosity and 

surface area were investigated by BET analysis (BELSORP-Mini II, Japan). The 

crystallinity of the CdS and CdS-Polyacrylamide nanocomposite were investigated 

using High-resolution Transmission Electron Microscopy (HRTEM) (JEOL-2100 F 

and FEIG2 SPIRIT, Netherland) and X-ray Diffractometer, X’Pert Pro recording 

system (PANalytical, Netherlands). The thermal analysis of nanocomposite was 

performed using a Thermogravimetric analyzer (PERKINELMER STA 6000). 

3.3 Results and Discussion 

3.3.1 Morphological analysis (Field emission scanning electron microscopy) 

FESEM images of CdS-Polyacrylamide nanocomposite with different 

magnifications are shown in Fig. 3.4 (a-d). The presence of cubical structure in the 

branch like arrangement can be easily seen from Fig.3.4 (a). A magnified image of the 

sample confirms the formation of ideal cubical shaped nanostructures in Fig. 3.4 (b). 

The possible reason for the uniaxial growth in the form of a cube can be accounted on 

the basis of nucleation of the material in an upward direction due to low- pressure 

zone. Thus, cubical nanostructure provides a high surface area in the form of active 

adsorption sites responsible for the high sensitivity of the sensing film. The presence 

of unsaturated moieties on the surface of CdS-Polyacrylamide nanocomposite 

facilitates fast adsorption and desorption of water molecules over the sensing film.   
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3.3.2 Particle Size analysis: 

       The variation in particle size is plotted using Zeta nanosizer and is well shown in 

Fig. 3.5 (a). The aqueous solution of CdS-Polyacrylamide was ultrasonicated for 30 

min and further subjected to the DLS (dynamic light scattering) analysis. The 

distribution of the size of nanoparticles is plotted with an appearance of three major 

peaks. The consecutive peak range of nanoparticles was found at 3.4 nm, 11.2 nm 

and 69.4 nm.   

3.3.3 BET (Brunauer–Emmett–Teller) analysis: 

The surface area and characteristic pore volume of synthesized CdS 

nanocomposite were measured using the Brunauer–Emmett–Teller analysis. Fig. 3.5 

(b) shows the nitrogen adsorption and desorption isotherm with the characteristic 

distribution of pore volume (inset  Fig.3.5 (b)). From BET analysis, the specific 

surface area (S), pore volume (Vp), and pore diameter (Dp) were estimated as 58.33 

m2g-1, 16.878 m2g-1, and 0.1974 cm3g-1 respectively. This surface area of 

nanocomposite is essentially enthusiastic to the branch associated with cubes 

structured morphology.  

3.3.4 FTIR Analysis: 

FTIR spectra of as developed polymer nanocomposite is exhibited in Fig. 3.5 

(c). The presence of surface groups and the absorption bands are observed in form of 

stretching vibrations of the hydroxyl group (–OH) at 3449 cm-1 and amine groups 

(NH2) at  3210-3352 cm-1. Peaks at 2927 cm-1 and 2409 cm-1 are the signatures of -

CHO and CH2 functional groups at the surface. Availability of other functional groups 

such as ketone (C=O), amine (N-H), C-O, C-C, and -C-N (nitrile) were also confirmed 

from FTIR peaks. These groups were solely responsible for enhancing the surface 

activity of the sensing material and improving the sensing capability of CdS-

Polyacryamide nanocomposite.  

3.3.5 TEM and HRTEM analysis: 

Fig. 3.5 (d) and (e) depicts the TEM and HRTEM images of the CdS-

Polyacrylamide solution at 100 nm scale comprising bulk particles with a size of about 

~ 20-60 nm. At a 20 nm scale, it can be observed that the metal is decorated over the 

host polymers which confirms the polycrystallinity of the sample. 
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3.3.6 XRD analysis: 

The XRD patterns of CdS-Polyacrylamide is shown in Fig. 3.5 (f). From the 

diffraction pattern, it’s obvious that polyacrylamide has a major diffraction peak at 2θ 

= 26.4° which corresponds to the plane (111) as confirmed from the standard 

diffraction pattern (JCPDS No. 10-454). The diffraction peaks at 27.1, 42.6 and 52.4° 

belong to the (111), (220) and (311) planes respectively [25]. The appearance of noise 

depicts the amorphous and polycrystalline nature of the CdS-Polyacrylamide 

nanocomposite.   

3.3.7 X-ray photoelectron spectroscopy (XPS) Analysis: 

 The chemical composition of CdS-Polyacrylamide nanocomposite is 

confirmed by analyzing XPS spectra. XPS spectra of CdS-polyacrylamide and 

recorded data are shown in Fig. 3.6 (a-i). The binding energies of the Cd, S, C, N and 

O elements with their equivalent atomic weight % are displayed in Fig. 3.6 [26]. The 

full scan of XPS spectra is displayed in Fig. 3.6 (a). The characteristic peaks of 

cadmium and sulphide are displayed in Fig. 3.6 (b & c) which correspond to binding 

energies 405, 412, 162 and 168 eV. Cadmium and sulphur are having two states of 

energy levels i.e., oxidation states of Cdd5/2, Cdd3/2, S2P3/2 and S2P1/2. XPS spectra 

reveal the presence of C, O and N in CdS-Polyacrylamide. The C-O peak exhibits 

binding energy of corresponding energies of 532 eV whereas the (C–C, C–O) and 

(O–C-O) corresponds to the binding energy value of 285 eV shown in Fig. 3.6 (d-e). 

The presence of nitrogen is also shown in Fig. 3.6 (f) and the binding energies are 

found to be 400 eV and 402 eV [27]. Fig. 3.6 (g and i) corresponds to the histogram 

plot of atomic weight %, binding energies and peak respectively.  

3.3.8 Electrical Humidity-Sensing Performance  

The humidity sensing characteristics of CdS-Polyacrylamide based sensor is 

measured at an ambient temperature. Saturated salt solution of K2SO4 and KOH 

solutions were used to maintain the humidity level inside the glass chamber [28]. 

K2SO4 solution was used to increase the %RH concentration of the flexible sensing 

element and KOH was used to decrease the %RH concentration of the sensing 

element [29]. Fig. 3.7 (a) shows the variation of sensing film resistance with time at 

different humidity concentrations. It is evident from the plot that the resistance offers 



Polyacrylamide decorated CdS nanoparticles based flexible humidity ……………           Chapter 3 

 

 Page 76 

by the sensing film is increasing with increasing the humidity level (10 % to 95 % 

RH) over a span of time.  

 The corresponding capacitance and impedance values at each humidity level 

were recorded using an impedance analyzer. Variation of capacitance corresponding 

to %RH is also plotted when subjected from lower to higher frequencies (20 Hz, 100 

Hz, 3000 Hz, 8000 Hz, and 10000 Hz) and are well displayed in Fig. 3.7 (b). It is 

clear from the curve that the capacitance increases with humidity but decreases with 

the increasing frequencies [30]. The respective variation of capacitance with %RH 

were recorded for both increasing and decreasing processes. From Fig 3.7 (c), it can 

be observed that the relative (%RH) drastically varies from 32 %RH to 95 %RH, 

capacitance rate rises monotonically in the same manner. Inside the humidity 

chamber, the relative humidity rises with the capacitance of the CdS-Polyacrylamide 

based sensor and extended a higher capacitance value [31].  

 The accountable reason for this sensing characteristic is the adsorbed water 

molecules present on the surface, which allows the polarization resulting in an 

enhanced dielectric constant of the sensing material. This phenomenon affects the 

nature of capacitance [29]. It can be seen from curve given in Fig. 3.7 (b) that in all 

frequencies, the best linearity was found in 45 %RH to 95 %RH for sensing 

characteristics, at the lowest frequency of 20 Hz.  The value of capacitance varies 

with relative humidity in all frequency regime, but in the higher frequency regime, 

the drastic change in the value of capacitance is negligible and because self-

governing of humidity [32]. The humidity level can be seen infecting at lower 

frequencies beyond 10000 kHz. As reported in previous work, the ideal capacitive 

sensor should inherit the characteristics i.e. capacitance is independent of applied 

frequency. In low humidity levels, the adsorption of water molecules is very less, 

which acts as ideal conditions for a capacitive humidity sensor. The reason behind 

this is the deviation of the direction of the electric field slowly at low frequencies 

with the presence of space-charge polarization in adsorbed water molecules. The 

direction of the electric field flips abruptly at a higher frequency so that the 

polarization of the adsorbed molecules cannot interact with it, later the dielectric 

resistance is small and independent of humidity (%RH). From the data, the value of 

capacitance changes from 91 nF to 14531 nF, which provides the average sensitivity 
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of the sensing material S ~ 125.57 nF/%RH, the detailed sensitivity for each 

humidity regime is shown in Table 3.1. At lower frequency 10000 Hz, a very small 

change from 73.96 nF to 5160 nF in capacitance as compared to other frequencies, 

and the sensitivity was found as S ~45.49 nF/%RH from the entire range of 10 to 

95%RH. Impedance based characteristics in increasing and decreasing mode at the 

same frequencies are also shown in Fig. 3.7 (d) and (e). Impedance based sensing 

curve shows the gradual decline in impedance with the humidity with increasing 

frequency (20 Hz, 100 Hz, 3000 Hz, 8000 Hz, and 10000 Hz). Fig. 3.7 (f) displayed 

the hysteresis curve in adsorption and desorption mode at 20 Hz frequency.  

 The hysteresis is a disadvantage for any sensor [29] including the capacitive 

humidity sensor, because of the alteration of the sensing material, which adversely 

influences the performance of the sensor. The hysteresis curve reveals that the 

sensing characteristic is influenced by the consecutive change between relative 

humidity and capacitance [2]. From Fig. 3.7 (f), hysteresis was calculated as 3 %RH 

for CdS-Polyacrylamide nanocomposite by Eqn. 3.1:   

)(%

tantan

RH
ySensitivit

adsorption
ceCapaci

desorption
ceCapaci

Hysteresis





 
………… (3.1) 

Fig. 3.8 (a-f) displays other very essential parameters of the capacitive 

humidity sensor response at logarithmic scale, sensitivity curve by a linear fitted, 

logarithmic scale with time, stability and response, and recovery time. Fig. 3.8 (a) 

shows better linearity of the logarithmic coordinate curve (blue line) with the 

logarithmic coordinates (red line) and a linear curve in the whole range 10 to 95%RH. 

Fig. 3.8 (b) exhibits the sensitivity calculation by linear fitting data in increasing mode 

at 20 Hz and the average sensitivities of the CdS-Polyacrylamide nanocomposite are 

125.57 nF/%RH, 65.36 nF/%RH, 55.68 nF/%RH, 51.42 nF/%RH, and 45.49 nF/%RH 

respectively. Table 3.1 shows the calculated sensitivities in three regions 10-30 %RH, 

30-50 %RH and 50-95 %RH. Fig. 3.8 (c) displays the humidity sensor response at a 

logarithmic scale with time exhibiting a non-linear curve from 10-95 % RH. The 

stability of the capacitive humidity sensor stability curve at 20 Hz frequency is shown 

in Fig. 3.8 (d). We have examined the parameter of flexible humidity sensing elements 

at 20 Hz under different relative humidity as 15%, 35%, 55%, 75%, and 95% for 60 

days. From Fig. 3.8 (d), the humidity sensing remained frequent every 5 days. The 
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response and recovery times are very important parameters and are shown in Fig. 3.8 

(e). The response and recovery times were calculated as different frequencies with 

%RH and average sensitivity inset in the figure. The response and recovery times were 

calculated as 33 sec and 12 sec. Fig. 3.8 (f) shows the sensitivity response histogram 

in three regimes at different frequencies with %RH and average sensitivity in the inset 

of the figure. The I-V measurement of the sensor at different %RH levels is shown in 

Fig. 3.9 (a). The slope of graph between current and voltage increases at each relative 

humidity (RH) level. The linear I-V characteristics show the ohmic contact of the 

sensing device and electrodes. Fig. 3.9 (b) shows the application of humidity sensors 

for the detection of water molecules inside the chamber. The hydrophilicity of a 

sensing material can be tested through the contact angle measurement among the 

water droplets on the sensor surface. From Fig. 3.9 (b), it can be observed that the 

contact angle between surface and water droplet is lesser than 90° confirming the 

hydrophilic nature of the sensor. The sensing device with electron transfer during the 

humidity condition is displayed in Fig. 3.9 (d).   

3.3.9 Application of as-developed humidity sensor of moisture/ wetness in the 

Baby diaper with an alarm system 

 Extensive wetting of diapers is a serious issue observed in widely used diapers 

for babies. They feel happy to pull around the humid consignment for long periods, 

but after a long time’s damaged wet diapers can be a reason for painful red rashes, 

harmful and unhappy babies with their parents. Nowadays, researchers have been 

dedicated to developing a smart baby diaper fixed with a moisture detection sensor 

with an alarm system. These diapers can detect the moisture levels at different levels 

and send the output signals from inducting device. Hence signals were collected or 

notified to smartphones. In baby diapers, the superabsorbent polymer hydrogel 

(sodium polyacrylate) is already used, which soaked the moisture level inside the 

diaper. This super-absorbent polymer is originated in a disposable way, which is eco-

friendly. The polyacrylate shows excellent absorbent properties, when the hydrogel is 

wet, the material increases and develops slightly conductive.  

 As per the literature review, we have synthesized the hydrophilic 

CdS/polyacrylamide nanocomposite-based sensor with superior humidity sensing 

performance. A new approach has been proposed for the alarm system inside the 
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diaper, the alarm level investigated at different mL such as 20 mL, 15 mL, 10 mL, 5 

mL, and 2 mL. Fig. 3.10 (a-i) shows that the CdS / polyacrylamide is a good humidity 

sensor for monitoring the performance of baby diaper soaking. Fig.3.10 (a) displays 

the humidity adsorption and desorption curves, and corresponding response and 

recovery times are also shown in Fig. 3.10 (f-j). At 2 mL the sensing material also 

responding with less response and recovery times. This is the indication of sensing 

material that can be used as a sensing alarm inside the diaper. 

3.4 Photoconduction properties: 

Fig. 3.11 (a-d), represents the photodetection properties of CdS/polyacrylamide, 

which provides the way of research in the field of light systems inside the diaper. This 

is a new approach to develop the LDR incorporated in a baby diaper.  Photodetection 

studies are carried out in the presence of a light source with λmax of 365 nm. The 

photodetection is done under ambient atmospheric conditions and illumination 

intensity is controlled by using the Newport optical power meter [33]. The important 

parameters of the photodetector device are the responsivity (R), detectivity (D), linear 

dynamic range (LDR) and the noise equivalent power (NEP) whose relations are given 

in Eqn. 3.2-3.5 respectively.  

R =  
Iph−Id

APinc
 A/W    …………….. (3.2)                              

𝐷 =  √
𝐴

2𝑒𝐼𝑑
𝑅 𝐽𝑜𝑛𝑒𝑠      …………….. (3.3)                        

                                   𝐿𝐷𝑅 = 20 log (
𝐼𝑝ℎ

𝐼𝑑
)     …………… (3.4)          

                                              𝑁𝐸𝑃 =  
𝐼𝑑

𝑅
      …………… (3.5) 

The responsivity of the device is generally defined as the ratio of the 

photocurrent to the optical power per unit area of the device surface. On analyzing our 

sample, responsivity of the photodetector device was found to be 43.939 mA/W, 

15.904 mA/W, 8.115 mA/W and 1.435 mA/W for the optical light intensity of the 40 

μW/cm2, 150 μW/cm2, 375 μW/cm2 and 2.3 mW/cm2. The next important parameter 

of the photodetector device is the detectivity, which is defined as the responsiveness of 

the photodetector towards the low-intensity light signals. Detectivity of the 

photodetector device was best found to be 2.940×1011 Jones at the illumination 
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intensity of 40 μW/cm2. Linear dynamic range of the photodetector device is a 

significant property of the photodetector device, which tells us about the linear 

property of the photodetector device. The maximum LDR of the device is found at 2.3 

mW/cm2 with a value of 43.331 dB. Noise equivalent power of the device is the 

required power, which can generate the photocurrent to the level of the dark 

current[34]. Best NEP is found at 40 μW/cm2 with the value of 9.529×10-8 W, which 

is the minimum among the other intensities of the illumination.  By these parameters, 

we can fix the LDR (light dependent resistor) system inside the baby diapers and this 

will be very helpful. For this purpose, the data has been shown in Fig. 3.11 and 

detailed parameters are discussed in Table 3.2. 

3.4.1 Sensing Mechanism:  

From the characterization techniques, it can be observed that the CdS-

Polyacrylamide nanocomposite is highly hydrophilic due to the presence of a hydroxyl 

group. The humidity sensing mechanism explained by the Grouthuss chain reaction is 

shown in Fig. 3.12 (a). In a low humid region, the adsorption capacity is very high and 

water molecules are separated into two parts as OH- and H+. The OH- ions interact 

with the metal ions on sensing elements and chemically bonded with each other 

through chemisorption. During this process, the protons are released, but not active in 

this stage. When the humidity increased in the next level, the second layer of water 

molecules layer formed due to physically adsorbed protons. From Fig.3.12 we can 

observe that the first layer of water molecules is less systematic than the second layer 

because of the presence of one hydrogen bond nearby [35]. At higher humid regions, 

the among water molecules released and made hydronium ions (H3O+) layers which 

are called as the second physisorption of layers. The arrangement of the water 

molecules during the adsorption might slowly vanish and protons freely move inside 

through compressed water by the Grotthuss mechanism [35–37]. At a low humid 

region, a minimal number of water molecules resides on the surface of the sensing 

element and resulting in the low humidity response observed in Table 3.1. As a high 

humid region, the humidity increases, and the hopping of protons become easier [38].  

Due to the conduction of protons the response of humidity increases, which can be 

observed in Table 3.1.  
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3.5 Theoretical studies 

3.5.1 DFT Studies 

The results obtained from the DFT based simulation studies of the interaction 

between water molecules and the composite material are summarized in Table 3.2 (for 

electronic properties), Table 3.3 (for thermochemical properties) and Table 3.4 (for 

interaction distances). 

 We have first performed the orbital analysis by analyzing the HOMO-LUMO 

orbitals to demonstrate the atoms and corresponding orbitals involved in the electronic 

transitions during the interaction studies. Gaussian 09 software was used to carry out 

the calculations at b3lyp/lanl2dz basis set [39]. Fig. 3.13 represents the HOMO & 

LUMO orbitals and the corresponding HOMO-LUMO gap is also mentioned whereas 

the donor & acceptor regions are represented in Fig. 3.13. We have used the discovery 

studio software to visualize the donor-acceptor regions [40]. 

 From Fig. 3.14 we can observe that as the concentration of the water molecules 

around the composite is increasing the bandgap tends to decrease and hence we can 

say that our material has very high sensitivity towards humidity as the gap tends to get 

minimized as demonstrated in Fig. 3.15. This trend was obtained using Microsoft 

Excel [41]. Further, we calculated various other parameters such as Band Gap (ΔE), 

Electron Affinity (EA), Ionization Potential (IP), Electronegativity (µ), Chemical 

Potential (χ), Chemical Hardness (η), Chemical Softness (σ) and Nucleophilicity Index 

(ω) for thorough investigation upon the electronic properties of the synthesized 

composite as well as upon its interaction with water molecules [42,43]. Eqn. 3.6 – 3.13 

were used in the calculation of different electronic parameters: 

ΔE = ELUMO – EHOMO     ….. (3.6) 

EA = –ELUMO      ….. (3.7) 

IP = – EHOMO      ….. (3.8) 

µ = – (
𝐸𝐻𝑂𝑀𝑂+𝐸𝐿𝑈𝑀𝑂

2
)     ….. (3.9) 

χ = (
𝐸𝐻𝑂𝑀𝑂+𝐸𝐿𝑈𝑀𝑂

2
)     ….. (3.10) 

η = (
𝐸𝐿𝑈𝑀𝑂− 𝐸𝐻𝑂𝑀𝑂

2
)     .... (3.11) 
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σ = 
1

η
       .... (3.12) 

ω =–
µ2

2η
       ..... (3.13) 

From Table 3.5, it can be seen that there is a gradual increment in all the 

thermochemical parameters and thus they represent that the computational study of the 

synthesized composite is consistent with the obtained experimental findings. Eqn. 3.14 

and 3.15 were utilized in extracting various thermochemical parameters: 

H = E + Zero Point Correction Energy + Enthalpy Correction Energy ….. (3.14) 

G = H – TS    ….. (3.15) 

We also calculated the interaction distances of each O-atom from each water 

molecule from both the core elements (Cd & S) of our composite to understand the 

nature of interactions occurring upon stabilization of the system during the interaction 

studies. Table 3.5 and Fig. 3.16 represents the same. This representation was obtained 

using UCSF-Chimera software [41]. 

3.6 Conclusion 

 CdS/Polyacrylamide nanocomposite was prepared via frontal polymerization 

techniques for humidity sensing application. The flexibility of the as-developed 

humidity sensor was utilized for the moisture detection in a commonly used baby 

diaper with alarm. The simulated & optimized computer model for the synthesized 

composite (Cd-S & Polyacrylamide) using density functional theory were performed. 

HOMO-LUMO and correspondingly obtained other electronic parameters were 

studied, which revealed that bandgap of the synthesized composite material tends to 

decrease upon increasing the level of water molecules owing to be better humidity 

sensing mechanism, and therefore it is apt for electrical humidity applications. We 

also calculated several electronic parameters in order to understand their variations 

with an increasing number (concentration) of water molecules. Further, the 

thermochemical data reveals that the composite system is stable and humidity (H2O) is 

absorbed well onto its surface as the thermodynamic values keep on increasing as the 

concentration of water molecules is increased. Since we have synthesized a metal (Cd) 

based absorbent composite, Cd plays a crucial role in the absorbing phenomena. In 

order to validate this, we calculated the distances of all the water molecules from Cd 



Polyacrylamide decorated CdS nanoparticles based flexible humidity ……………           Chapter 3 

 

 Page 83 

atom and found that it lies within the interaction ranges and hence the theoretical 

studies also are in support of our findings. These results lay the establishment of the 

crucial fact that the developed composite material is suitable for absorbent behaviours 

and can be employed for further applications. 
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Tables: 

Table 3.1. Average sensitivities of CdS-Polyacrylamide at different frequencies in 

three regions 

Frequency Low humidity 

region (10-30 

%RH) 

Mid humidity 

region (30-50 

%RH) 

High humidity 

region (50-95 

%RH) 

Avg. sensitivity 

(nF/%RH) 

20 Hz 10.28 59.97 306.47 125.57 nF/%RH 

100 Hz 5.25 41.35 149.49 65.36 nF/%RH 

3000 Hz 2.96 17.69 146.40 55.68 nF/%RH 

8000 Hz 0.69 16.74 136.84 51.42 nF/%RH 

10000 Hz 0.14 0.93 135.4 45.49 nF/%RH 

 

Table 3.2. Represents the photoconduction parameters at different power 

P
o
w

er
 (

W
) 

Ip
 

Id
 

o
n

 
o
ff

 
ra

ti
o
 

(I
p

/I
d

) 

R
es

p
o
n

si
v
it

y
 

(A
/W

) 

L
D

R
 (

d
B

) 

D
et

ec
ti

v
et

y
 

(J
o
n

es
) 

N
E

P
(W

) 

4.00E-

05 1.0964E-07 4.1874E-09 26.1841 

43.9396

4 

28.360

8 

2.9403

E+11 

9.5298E-

08 

1.50E-

04 1.4550E-07 2.3611E-09 61.6240 

15.9043

8 

35.795

0 

1.4173

E+11 

1.4846E-

07 

3.75E-

04 1.8541E-07 2.8141E-09 65.8887 8.11555 

36.376

2 

6.6245

E+10 

3.4675E-

07 



Polyacrylamide decorated CdS nanoparticles based flexible humidity ……………           Chapter 3 

 

 Page 90 

2.30E-

03 1.99E-07 1.36E-09 

146.742

5 1.43558 

43.331

1 

1.6860

E+10 

9.4688E-

07 

 

Table 3.3. Table representing the electronic properties of the composite without and 

with interaction from water molecules 

S. 

No. 

Electronic 

Parameters 

Composition 

Only 

Composite 

Composite 

+ 1 H2O 

Composite 

+ 2 H2O 

Composite 

+ 3 H2O 

1 EHOMO (eV) -6.25 -6.33 -5.89 -5.75 

2 ELUMO (eV) -5.47 -5.59 -5.19 -5.16 

3 Band Gap(ΔE) (eV) 0.78 0.74 0.70 0.59 

4 Electron Affinity 

(EA) (eV) 

5.47 5.59 5.19 5.16 

5 Ionization  Potential 

(IP) (eV) 

6.25 6.33 5.89 5.75 

6 Electronegativity (µ) 

(eV) 

-5.86 -5.96 -5.54 -5.45 

7 Chemical Potential 

(χ) (eV) 

5.86 5.96 5.54 5.45 

8 Chemical Hardness 

(η) (eV) 

0.39 0.37 0.35 0.29 

9 Chemical Softness 

(σ) (eV) 

2.56 2.70 2.85 3.44 

10 Nucleophilicity Index 44.03 48.00 43.84 51.21 
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(ω) (eV) 

12 Dipole Moment 

(Debye) 

7.806 4.990 4.869 2.616 

 

Table 3.4. Table representing the thermochemical properties of the composite without 

and with interaction from water molecules 

S. 

No. 

Thermo- 

-chemical 

Properties 

Composition 

Only 

Composite 

Composite 

+ 1 H2O 

Composite 

+ 2 H2O 

Composite 

+ 3 H2O 

1 Total Internal 

Energy(E) 

(Hartree) 

-553.882 -630.329 -706.761 -783.158 

2 Enthalpy (H) 

(Hartree) 

-553.683 -630.125 -706.554 -782.954 

3 Gibbs Free 

Energy(G) 

(Hartree) 

-553.751 -630.209 -706.636 -783.040 

4 Heat Capacity 

(CV) (cal/mol-K) 

56.247 66.72 66.918 67.272 

 

  Table 3.5. Interactions distances with water molecules 

S. No. System Interaction Distances 

1 Composite - 
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2 Composite + 1 H2O Cd: 3.205 Å 

S: 4.753 Å 

3 Composite + 2 H2O Cd: 3.783 Å, 4.917 Å 

S: 3.249 Å, 6.390 Å 

4 Composite + 3 H2O Cd: 5.477 Å, 7.245 Å, 8.813 Å 

S: 3.172 Å, 5.928 Å, 6.811 Å 
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Figures: 

 

 

Figure 3.1: Flow chart illustration of Chemical reactions involved during the 

synthesis of CdS/Polyacrylamide. 
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Figure 3.2: Schematic of humidity sensing set-up. 

 

 

Figure 3.3: Schematic for the fabrication of sensing element. 
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Figure 3.4: (a-d) FESEM images of CdS-Polyacrylamide nanocomposite at 

different magnifications. 

 

Figure 3.5: (a) DLS spectra of CdS-Polyacrylamide nanocomposite (b) BET analysis 

of CdS-Polyacrylamide nanocomposite (c) FTIR analysis of CdS-Polyacrylamide 

nanocomposite (d & e) TEM analysis at 100 nm scale HRTEM inset inside, the 
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polymer layer shows at 20 nm (f) XRD diffraction pattern of CdS-Polyacrylamide 

nanocomposite. 

 

 

Figure 3.6: (a) XPS analysis of the CdS/polyacrylamide nanocomposite: (a) full scan 

data; (b) Cadmium (3d) element, (c) sulphur (S2p) element, (d) Oxygen  (O1s) 

element, (e) carbon (C 1s) element, (f) nitrogen (N1s) element, (g) atomic weight% 

ratio of elements, (h) histogram showing the binding energies  and (i) Peak area of 

elements 

(a)

(b)

(c)

(d) (e) (f)

(g) (h) (i)
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Figure 3.7: (a) The sensing response at different %RH (b) Variation of 

capacitance corresponding to the %RH at different frequencies in increasing mode 

(c) Variation of capacitance corresponding to various %RHs at different 

frequencies in decreasing mode (d) Impedance variation with %RH in increasing 

mode at different frequencies (e) Impedance variation with %RH in decreasing 

mode at different frequencies (f) Hysteresis curve  

 

 

Figure 3.8: (a) The capacitive humidity sensor response at logarithmic scale 

with respect to relative humidity (b) linearly fitted sensitivity curve in three 

(a)

(b)
(c)

(d) (e) (f)(e)

(c)
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regimes at 20 Hz (c) sensor response at logarithmic scale concerning time (d) 

capacitive stability curve at 20 Hz frequency (e) capacitance sensing response 

and recovery times (f) The sensitivity response histogram in three regimes at 

different frequencies with %RH and average sensitivity inset in the figure. 

 

 

Figure 3.9: (a) I-V characteristics at different relative humidity (b) Humidity 

performance in a baby diaper (c) hydrophilic nature of the sensing material (d) 

device structure and during humidity interaction through the electron transfer process 
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Figure 3.10: (a-e) shows the curves between resistance corresponding with time at 

different mL, (e-j) exhibit the response and recovery time equivalent with ml (k-l) 

variation in  resistance inside the humidity chamber in baby diaper and flexibility of 

the substrate. 

(a) (b) (c)

(d) (e) (f)

(g) (h)

(i)

(j)

(k) (l)
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Figure 3.11: (a-d) Photoconduction studies of CdS/polyacrylamide at different 

power, the change in current in dark and light-medium, responsivity at different 

power. 

 

Figure 3.12: Humidity sensing mechanism at different regions 

(a) (b)

(c) (d)
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Figure 3.13: HOMO-LUMO Orbitals. 

 

 

Figure 3.14: Electron donor & acceptor regions 



Polyacrylamide decorated CdS nanoparticles based flexible humidity ……………           Chapter 3 

 

 Page 102 

 

Figure 3.15: Band gap vs number of water molecules (b) HUMO –LUMO of the 

water molecules. 

 

 

Figure 3.16: Interactions distances with water molecules 

 

 

(a)

(b)
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CHAPTER 4 

Fabrication of Cu0.8Zn0.2Sb2-polyacrylamide 

nanocomposite via frontal polymerization 

and its relevance in moisture sensing and 

photodetection  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In present chapter, we have reported the preparation of Cu0.8Zn0.2Sb2AAm-

polymer nanocomposite synthesized via frontal polymerization technique with 

its humidity sensing and photoconductive behaviour. The surface texture was 

examined using Scanning Electron Microscopy (SEM) analysis. X-ray 

diffraction and Transmission Electron Microscopy (TEM) studies confirm the 

crystallinity of as-fabricated nanocomposite thin film-based sensing element. 

The surface area, particle size, optical absorbance and thermal stability of as-

fabricated thin film were successively investigated using Brunauer–Emmett–

Teller (BET), Particle size analysis, Ultra-Violet absorption, Fourier 

Transform Infrared spectroscopy (FTIR), Thermogravimetric analysis, X-ray 

photoelectron spectroscopy (XPS) and Differential Scanning Calorimetric 

analysis (DSC) respectively. Humidity sensing characteristics were also 

investigated via the capacitive performance of Cu0.8Zn0.2Sb2AAm film with the 

exposure of moisture. The average sensitivity (S) of as-fabricated sensor was 

found to be ~168.477 pF/%RH at an optimum frequency of 20 Hz. The sensor 

exhibited a rapid response and recovery time of 4.6 sec and 5.6 sec with 

persistent stability of  96 % after 60 days. Thus, Cu0.8Zn0.2Sb2AAm polymer-

based capacitive humidity sensor ensures its potential towards reliable and 

safer use in the detection of humidity levels as well as a photoconductor. 
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4.1 Introduction 

 Polyacrylamide polymer structure is just like a polyethylene chain with an amide 

group attached at an end. PAam is synthesized by 

polymerization of acrylamide (C3H5NO), a compound obtained by the hydration of 

acrylonitrile. The dissolved monomers (acrylamide) are induced to polymerize through 

the action of free-radical initiators. The highly reactive amide (NH2) group and the 

polymer can be chemically modified to produce a positively charged cationic polymer 

or a negatively charged anionic polymer[1-3]. Ionic polymers are especially useful in 

separating metals from residues in various mineral-processing and metallurgical 

operations. Due to its flocculating nature, PAam is a globally used synthetic polymer in 

different applications such as removal of toxic ions during water treatment, paper 

making industry, petroleum sector, soil conditioning, etc[4-7]. 

 The vitality of these PAam’s becomes more prominent with the development of 

metal-polymer complex. The rapid development of metal incorporated polymer 

complexes revived the modern polymer industry with more advanced materials. The 

complexion of metal ions with polymeric ligands affects the properties of parent 

polymer drastically[8]. From the technological aspect, the thermal stability of polymers 

matters a lot for their high-temperature application. Insertion of metal ions in the 

polymer matrix generates many charge carrier ions thus increasing the rigidity of 

polymer chains raising the glass transition temperature of the material. Metal-doped 

polyacrylamide extensively harvested in water-soluble polymers synthesis. The 

different metal-polymer complex has been successfully synthesized by doping transition 

metal ions with divalent nature such as Fe2+, Co2+, Cu2+, Mn2+, Ni2+, Zn2+, and Cd2+ 

possessed a better chemical and thermal stability[9-12]. These metallopolymers have 

the functionality of polymers as well as metals enabling their feasibility in various 

industries such as memory devices, humidity sensors, gas sensors, solar appliances, and 

light-emitting devices. Based on the precursors, different methods of production of 

metallopolymers (metal-containing polymers) have been reported yet. The preparation 

method proceeds in three steps;  

 The interaction of the metal with compound (MXn) with functionalized 

polymers means carboxyl-containing polymers and the analogous 
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transformation is defined as when the main polymer chain remains untouched 

with the metal compound.  

 In the second step polycondensation of appropriate precursors; when metal ions 

are combined into and removed from the main chain of polymers annihilation. 

 In the last step recently, a new method was developed for polymerization and 

copolymerization of metallopolymer monomers (metal-containing). 

Metallopolymers are based on transition metals, and it’s obtained through the 

above methods. 

 Recently, a single metal-based polymer complex has been harvested for 

humidity sensing via electrical mode as well as optoelectronic mode[13]. Several charge 

carriers are a crucial factor in determining the sensing characteristic of a material[11, 

13]. Allocating in the metal sites with isovalent dopant ions will certainly strengthen the 

synergistic effect between metal ions and host polymer. Zinc–antimony binary system 

is one of the best thermoelectric materials due to its low lattice thermal conductivity 

stable at intermediate temperatures[14, 15]. This alloy contains a higher degree of 

atomic disorders with whole concentration. Doping of Cu in the Zn–Sb alloys enhances 

the whole concentration, leads to a higher carrier concentration. Besides, an atomic 

radius of Cu is compatible with the Zn-Sb polymorph could be easily accommodated in 

interstitial gaps in the Zn–Sb lattice, this facilitated disruption in the lattice stability and 

reduction in the lattice thermal conductivity[14, 16, 17]. Cu-Zn-Sb-based ternary system 

fulfils the goals of technological as well as humidity sensing needs. This ternary system 

incorporation in the polymer matrix will improve thermal properties as well as better 

sensing capability as a humidity sensor. 

 For the detection and control of humidity wide numbers of materials are 

reported. These materials also played an important role in environmental monitoring for 

the atmosphere, seed storage, agriculture, chemical field, biomedical, electronics 

processing, and food industry, as well as used in daily life, such as air conditioners and 

hospitals, etc.[18-20]. A large number of sensing materials has been exploited towards 

humidity sensing mainly include organic polymers, metal oxides, polymer/inorganic 

nanohybrids, and polymer electrolytes (polyelectrolytes), every material has its 

inheriting property responsible for humidity adsorption and desorption[21-25]. 

Nowadays the photodetection properties are also thoroughly investigated along with 
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humidity sensing behaviour [26-29]. Some of the nanomaterials show extraordinary 

behaviour of responding to both humidities as well as a photo. In recent years to 

minimize the wastage of energy and improve energy-saving practices, photoconduction 

has been studied for different nanomaterials [26, 28, 30]. The literature survey based on 

other metal oxides humidity sensors has been depicted in Table 4.1 [31-38]. 

 Here in the present chapter, we have used ternary metal-doped acrylamide 

composite for the photoconduction behaviour and humidity sensor for the measurement 

of moisture. Since previous investigations were focused only on single metal-doped 

complexes but here a stable ternary system for humidity sensing has been reported for 

the first time. This will provide an insight into the implementation of the ternary system 

in sensing applications.   

4.2 EXPERIMENTAL DETAILS 

4.2.1 Synthesis Method 

 The synthesis was performed in two phases; initially, the metal complex with 

polyacrylamide was prepared via frontal polymerization, and then the sensing film of 

Cu0.8Zn0.2Sb2AAm was fabricated using the spin coating technique. 

4.2.2 Preparation of Cu0.8Zn0.2Sb2AAm via Frontal polymerization 

The preparation of monomer of Cu0.8Zn0.2Sb2 nitrate acrylamide complex was 

carried out by the modified procedure (Fig. 4.1). Initially, the transition metal nitrates 

embedded in acrylamide complexes were prepared. For this Cu(NO3)23H2O (0.77 g, 

2.2610-3 mol), Zn(NO3)26H2O (0.136 g, 0.5610-3 mol), Sb(NO3)3 (1.74 g, 5.6610-3 

mol)  and acrylamide (AAm) (2.0 g, 4.2310-3 mol) were taken and mixed uniformly to 

maintain a metal into acrylamide polymer mole ratio 1:5 in an inert atmosphere. After 

the washing of the homogenous mixture, a green paste was obtained and it was dried in 

a desiccator for one day over P2O5. Further, rewashed the paste with methanol and ether 

to remove the excess AAm(acrylamide). Dried again in a desiccator for 24 hrs to a 

constant weight and found the fine paste of Cu0.8Zn0.2Sb2AAm. After the preparation of 

the monomer now Cu0.8Zn0.2Sb2AAm sample was used for the frontal polymerization 

technique, the acrylamide complex was pressed as a pellet with the fixed dimensions; 

the diameter d of the pellet was 0.5-0.8 cm, height h = 1.2-1.5 cm, and density ρ = 

1.45±0.02 g cm-3. Further, this pellet was placed in a glass test tube. To initiate the 
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polymerization, the bottom region of the test tube with the sample was immersed by 0.2 

cm into the bath with wood alloy as the heat carrier for 10-15 sec at 130 C. The reaction 

rate was monitored from the movement of the front of the coloured zone in time. After 

that, the powder was washed several times with methanol and ether until the removal of 

excess AAm and then dried in a vacuum at room temperature for 24 hrs. Thus, 

Cu0.8Zn0.2Sb2AAm powder was obtained for further characterization and application of 

humidity sensors. 

4.2.3 Experimental set-up for photoconduction measurement  

 The room temperature photoconduction properties of the prepared samples have 

also been recorded through Keithley’s 6517B source measuring unit (SMU) in the 

resistance mode at an illumination intensity of ∼ 100 mW/cm2. Fig. 4.2 shows the 

schematic diagram of a photoconductive device based on Cu0.8Zn0.2Sb2AAm 

nanomaterial. 

4.2.4 Fabrication of thin film  

A thin film-based sensing element was fabricated by spin coating technique 

which is well depicted in Fig. 4.3. The uniformity in the deposition of the film is 

influenced by key parameters such as rotation of the spinner, temperature, and viscosity 

of the solution. Initially, borosilicate substrates having dimensions uniform 1.5 × 1.5 

cm2 were treated in an ultrasonic cleaner (WUC-AO2H) by using de-ionized water, 

isopropyl alcohol, and acetone as a cleansing agent. The solution was coated on the glass 

substrate using the spin coater (METREX RC100, India) with the angular rotation of 

2000 rpm and further dried for 30 min at 60 ˚C for drying. The fabricated film was 

further annealed at 200 ̊ C for 2 hrs in a tubular electric furnace for the complete removal 

of organic components. Probe contacts were developed on both the ends of thin film 

using a silver paste with a copper wire connecting with them acts as electrodes. Thus, 

this film was employed as a sensing element for the detection and measurement of 

humidity.  
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4.3 RESULTS AND DISCUSSION 

4.3.1 Morphological Investigation (SEM analysis) 

The porous surface morphology of a thin film is a key feature for humidity 

sensing applications. Surface morphology of as-fabricated Cu0.8Zn0.2Sb2AAm thin film 

was investigated using SEM (JEOL, JSEM-6490LV) at different magnifications shown 

in Fig. 4.3 (a-d). It was confirmed from images that the surface morphology of the 

Cu0.8Zn0.2Sb2AAm thin-film possesses a highly porous structure with intermediate voids 

on the surface particularly responsible for characteristic adsorption and desorption of 

humidity. The high surface to volume ratio decides its applicability for humidity sensing 

since a higher ratio facilitates the increase in active sites of the material which regulates 

the desorption /adsorption of humidity [13, 40, 41]. Accordingly, the mesoporous nature 

of the Cu0.8Zn0.2Sb2AAm thin film exhibits a higher surface area solely responsible for 

the high sensitivity of the sensor at ambient temperature. The presence of active sites on 

the surface comprised of dangling bonds encourages high sensitivity in a short period. 

This solely favours the strong adhesion of water vapours that comes in contact with the 

surface[12, 42]. 

4.3.2 BET (Brunauer–Emmett–Teller) Analysis 

 The porosity and surface area are the critical parameters that affect the sensitivity 

of a material implicitly. So the responsible surface area of Cu0.8Zn0.2Sb2AAm thin film 

and corresponding pore size distribution was estimated from N2 adsorption/desorption 

isotherm by BET method at 77 K (AUTOSORB-1 instrument (Quantachrome, USA)). 

For Cu0.8Zn0.2Sb2AAm thin film, the specific surface area was found to be 2.0 Sep/m
2g–

1; whereas the pore volume and pore radius were estimated at 0.0084 V/cm3 g–1 and 82.4 

Å respectively, which is shown in Fig. 4.5 (a-b).  

4.3.3 Transmission electron microscopy (TEM) analysis 

Fig. 4.6 shows the TEM image of Cu0.8Zn0.2Sb2AAm thin film at 20 nm scale 

with an inset SAED image showing the circular fringes. These circular fringes reveal 

the periodic distribution among the crystal giving a well-defined diffraction pattern. 

TEM image confirms the well-defined crystalline nature of metallopolymer with oval-

shaped voids on the surface Cu0.8Zn0.2Sb2AAm.  

4.3.4 Particle size analysis 
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 The particle size of an aqueous solution of Poly-CuZnSbAAm complex was 

analyzed through Zeta nanosizer (Nano-ZS90) and the resultant data is plotted as shown 

in Fig. 4.7(a). The particle size analysis is attributed to the dynamic scattering of light 

phenomena. From Fig. 4.7(a) the particle size distribution curve shows that the peaks 

are divided into two major intensities, first one is the peak of the particles at ~ 21 nm 

range with the neighbouring peak at 50 nm.  

4.3.5 UV-visible absorption analysis  

 UV- visible absorption analysis was carried out using a Spectrophotometer 

(Evolution 201). The absorption spectrum was recorded in the wavelength range from 

190 to 1100 nm. S. Singh et al. reported that the principal band of pure acrylamide 

appears at 197 nm [43, 44], while in our case the characteristic band of CuZnSb 

acrylamide complex has been found at 320 nm due to the complexation between the 

metal ion and polyacrylamide polymer. Here in Fig. 4.7(b), the variation of absorbance 

with the wavelength has been shown with an in situ plot between the optical absorption 

coefficient (α) and photon energy (hν)  known as the Tauc plot. The optical band-gap Eg 

of Cu0.8Zn0.2Sb2AAm thin film was calculated using the formula  

n

gEhAh )(  
 

Where ν is defined as the transition frequency, A is constant and n is the value of allowed 

transitions characteristic to the nature of the material. The direct allowed band transition 

(n = 1/2 and 3/2) corresponds to the indirect allowed the forbidden transition 

respectively whereas n = 2 and 3 relate respectively. Here for this material, the transition 

is the direct allowed type, therefore, n = 1/2 is taken in the above formula for the 

calculation of the optical bandgap. The optical band gap Eg was estimated by 

extrapolating the straight line where α = 0 on the (αhν)2 vs. hν (Tauc plot) curve and it 

was found to be 3.91 eV. 

4.3.6 XRD analysis 

 The influence of incorporating metal ions in the polymer matrix reflects the 

crystalline nature of the host polymer [45, 46]. This influence was investigated through 

the XRD diffraction pattern of Cu0.8Zn0.2Sb2AAm thin film exhibited in Fig. 4.7(c). It 

can be easily observed from the diffraction pattern that the crystallinity of the host 

polyacrylamide decreases with the addition of Cu, Zn, and Sb metal ions [47, 48]. Here, 
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also the high-intensity peaks corresponding to the Cu Zn and Sb were observed at 2 

values of 24.01º, 28.94º, 40.42º and 51.25º respectively. Thus obtained diffraction 

pattern confirms the polycrystalline nature of the Cu0.8Zn0.2Sb2AAm thin film. The 

minimum crystallite was calculated to be 19 nm using Debye-Scherrer's formula. 

4.3.7 IR Spectroscopic Study 

The IR spectroscopic analysis is well exhibited in Fig. 4.7(d). Several peaks in 

IR spectra indicate that the metal atom is coordinated to the oxygen atoms of the 

carbonyl group of the AAm ligand. The partial shift of (CO) vibration bands (1676 cm–

1) towards the longer wavelength region, is in trend with previous transition metal 

complex analysis. The spectra of the complexes contain footprints of vibration bands of 

nitrate anion at 1384 cm–1 ( (NO3) along with stretching and deformation vibration 

bands NH-groups (s NH and as NH at 3184 cm-1 and 3352 cm-1, respectively and NH 

at 1612 cm-1).  The vibrations of vinyl bond: 812 cm-1, 980 cm-1 d (out-of-plane 

deformation mode of =CH2), 1052 cm-1 (stretching mode of =CH–C), are observed in 

the field 810–1000 cm-1. Due to an overlap of the strong CO absorption band with the 

>C=C< band, the latter was not observed in the complex. 

4.3.8 Thermogravimetric Analysis 

Fig. 4.8(a) reveals the thermogravimetric degradation results of 

Cu0.8Zn0.2Sb2AAm, measured from 35 °C to 400 °C in a nitrogen atmosphere. From the 

figure, successive decomposition can be observed with an increase in temperature. There 

are mainly two regions as observed in the curve. Initial weight loss was observed at 35 

°C - 200 °C due to absorption of heat and later on successive evaporation of water vapour 

above 100 °C. Here in this region, the weight loss was observed 44.44% of the initial 

weight. The second major loss was observed during the range of temperature 200-400°C 

due to thermal decomposition for the gases and removal of functional groups like CO, 

OH, and NH2 of the polymer with a degradation observed about 33 % and the final 

thermal decomposition of Cu0.8Zn0.2Sb2AAm occurred beyond 400 °C, caused by the 

thermal deformation of the polymer[46]. This analysis showed that CuZnSb acrylamide 

is more stable than acrylamide with an increased decomposition temperature of 400 °C. 

4.3.9 Differential Scanning Calorimetry (DSC) 
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Calorimetry is particularly useful in the study of crystallization as it provides a 

direct measurement of thermodynamic properties, heat of fusion, melting temperatures, 

etc. Insertion of metal ions within the polymer matrix drastically influences the thermal 

characteristics of the parent polymer. To investigate the thermal behaviour of 

Cu0.8Zn0.2Sb2AAm. The bonded metal ions embedded in polymer matrices produce a 

higher number of charge carrier ions causing rigidity enhancement in the polymer chain 

up to optimum metal salt concentration. Consequently, the glass transition temperature 

reaches a higher value termed Tg which is shown in Fig. 4.8 (a). DSC analysis was 

performed in the temperature range from 35-400 °C in the presence of N2. The DSC 

curve for Cu0.8Zn0.2Sb2AAm is shown in Fig. 4.8 (b). It is noteworthy from the curve 

that the presence of one sharp endothermic with two wider exothermic peaks was 

confirmed at temperatures 81.5 °C, 195 °C, and 238.7 °C respectively.  

4.3.10 XPS (X-ray Photoelectron Spectroscopy) Analysis 

The chemical composition of the Cu0.8Zn0.2Sb2 polyacrylamide nanocomposite 

was confirmed by XPS analysis exhibited in Fig. 4.9(a-f). XPS results show the binding 

energies of the Cu, Zn, Sb, C, N, and O elements with their corresponding atomic weight 

%. Characteristic peaks of the Cu are shown in Fig. 4.9(b) having the binding energy of 

933 eV and 953.3 eV, which corresponds to two states Cu 2p3/2 and Cu 2p3/2 respectively 

[48]. The presence of Zinc (Zn 2p) is also confirmed from Fig. 4.9 (c) which shows the 

binding energies 1022.7 eV and 1045 eV corresponding to energy states Zn 2p3/2 and Zn 

2p½ respectively [47]. Antimony element may also observe in Fig. 4.9(d). The electronic 

states of this element are Sb2O3 and Sb3d3/2, which matches well with the binding 

energies of 532.14 eV and 540 eV [49]. The remaining elements O, C, and N have two 

broad peaks of carbon as shown in Fig. 4.9 (e). The binding energies of 285 eV and 288 

eV confirm the presence of the (C-C, C-O) and O-C=O respectively. Fig. 4.9 (f, g) shows 

the presence of Oxygen and Nitrogen elements with binding energies of  532 eV and 

400 eV which confirmed the energy states O 1S(C-O) and N1s [49]. The histogram plot 

of atomic weight% and binding energies are observed from Figure 4.9 (g, h). 

4.4 Photoconduction Analysis 

  The photoconduction behaviour of Cu0.8Zn0.2Sb2 polyacrylamide nanocomposite 

was investigated under the exposure of white light aiming to its applicability in energy-

saving elements, light-dependent resistors, etc. and the characteristic curve is shown in 
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Fig. 4.10 (a, b). Fig. 4.10 (a) shows the variation of change in electrical resistance 

concerning the time at 100 mW/cm2 power intensity and Fig. 4.10 (b) exhibits the 

photodegradation and saturation in polymer nanocomposite after few cycles of response 

and recovery. This maximum response accompanied by a saturated response may be due 

to the polymeric nature of the metallopolymer nanomaterial. Successive change in 

electrical resistance of the thin film under the illumination of white light was measured. 

On the exposure of light, reduction in resistance exhibits the generation of the excess 

carrier in the Cu0.8Zn0.2Sb2AAm nanomaterial.  

The resistance measurement was executed in two conditions; initially in dark 

conditions and then in light conditions at ambient temperature under the exposure of a 

light beam having power intensity ~ 100 mW/cm2. Hence we can say that the 

nanomaterial performs as a photoconductive material. The photoresponse was evaluated 

by using the following equation: 

% Response  = 
𝑅𝑑−𝑅𝑙

𝑅𝑑
 × 100………………………………(4.1) 

where Rd and Re are the electrical resistance in dark conditions and light conditions, 

respectively. The excess carriers in photoconductive nanomaterials are generated 

simultaneously, they start recombining with nearby counterparts. This change in the 

electrical resistance of the sample can be accounted to the conduction of unrecombined 

photoexcited charge carriers. For a better understanding of the conduction of charge 

carriers, the following equation can be given as    

∆𝑅 =  
𝑙

𝑞𝜇𝑑𝑡∆𝑛
……………………………………….(4.2) 

where l, d, and t are the length, width, and thickness of the sample. q and  are the 

electronic charge and mobility. ∆n is the change in charge carrier concentration in the 

presence of light.  

 When the light beam incident on the surface of a material, photons of the ray 

interacted with the material causing the generation of the electron-hole pairs. The 

generated electron-hole pairs at different junctions in the sample can easily be separated 

from each other. Due to sufficient excitation energy, the electrons transition from the 

valence band to the conduction band. After the first few cycles of change in resistance, 

the photoresponse of the nanomaterial gets stabilized at ~ 17.1%. This may also be 
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possible due to the combined effect of slight photodegradation and an increase in the 

concentration of electron-hole pairs. The representative curve exhibits that sawtooth 

wave characteristic which implies that the response changed subsequently with time and 

repeatable. In the light region, material follows a dramatic drop in resistance value. 

However, when light is turned off, the material almost regains its original state which is 

also a requirement of photoconductive nanomaterial. The highly sensitive polymer 

nanocomposite Cu0.8Zn0.2Sb2AAm has the presence of a narrow optical band gap which 

provides a larger surface area, due to this reason the active sites of the material are 

responsible for the electron-hole pair generation through photon-phonon interaction. 

This phenomenon leads to enhanced photoconductive properties of the material. The 

resistance of material with the presence of light and dark regions can be given by the 

following equation: 

Rl = R0  exp 
−t

τres
……………………………….……(4.3) 

Rd = R0 {1 − exp (
−t

τrec
)}……………………..…..…(4.4) 

where R0 is the electrical resistance in the dark region, 𝜏res and 𝜏rec are the response and 

recovery time respectively. The response time is defined as the time taken to obtain 90% 

of the maximum resistance. Response and recovery time are very important properties 

of any photoconductive device, therefore, we have evaluated the response and recovery 

time of Cu0.8Zn0.2Sb2AAm nanomaterial and found it to be 6.6 sec and 10.24 sec. 

Response and recovery times have been evaluated in the present work which is quite 

good and highly comparable with other reported results. These data have been tabulated 

in Table 4.2. 

4.5 Humidity Sensing Measurement 

The hydrophilic nature of the Cu0.8Zn0.2Sb2 acrylamide favours humidity sensing 

properties. Morphological features of the as-synthesized thin-film strongly encourage 

the adsorption/desorption on the surface.  The presence of mesoporous voids avails more 

chemical affinity towards water molecules [14, 55]. These physical and chemical 

properties of Cu0.8Zn0.2Sb2 acrylamide, in turn, improve the sensitivity of the film.  

To examine the deterministic features of the Cu0.8Zn0.2Sb2 acrylamide thin-film 

sensor, we have tested the sensing characteristics under the frequency range of 20 Hz - 
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2 MHz at ambient temperature. Later on, the humidity-sensing performance of the 

Cu0.8Zn0.2Sb2 acrylamide thin-film sensor was investigated under various levels of 

humidity (%RH) depicted in Fig. 4.11 (a, b).  Since the sensitivity curve, response time 

and recovery time, and stability are the key parameters that authenticate the reliability 

of this material as a humidity sensor hence these parameters were plotted and discussed 

in the manuscript.  

 It has been observed that as the value of operating frequencies raises, there is a 

gradual decrease in the capacitance of the film [56, 57]. The maximum capacitance value 

at 95 %RH was found as10000 pF at a frequency of 20 Hz while the lowest capacitance 

value was found at 20 MHz. The same trend has been observed for both the adsorption 

and desorption processes. It has been observed that as humidity (%RH) increases from 

33 % to 95 %, the value of capacitance increases monotonically in the same trend. Since 

the relative humidity level increases, the output capacitance of the sensor ultimately 

reached a higher value. The responsible cause for this behaviour is the adsorbed water 

molecules which empower the polarization process and due to this polarization, the 

dielectric constant of the sensing element increases. This, in turn, affects the capacitance 

[58, 59]. Among the various test frequencies, 20 Hz exhibits the best linearity for 

humidity sensing characteristics so this frequency was selected for determining the other 

sensing characteristics. The Cu0.8Zn0.2Sb2AAm polymer nanocomposite sensing film 

shows the liner curve from the 70-95 %RH in increasing mode and 95-75 %RH in 

decreasing mode at 20 Hz frequency which are shown as an inset in Fig. 4.11 (a & b). 

In Fig. 4.11 (c & d), the normalized sensor response with the exponential data fitting 

curves as a function of  %RH for nanocomposite at 20 Hz frequency has also been 

provided.    

 The dependency of capacitance and frequency were thoroughly enquired under 

the influence of different %RH values well depicted in Fig. 4.11 (a). The variation of 

capacitance with operating frequency excellently exhibits a characteristic trend [58-60]. 

It is obvious from the curve that the capacitance (C) changes with increase in frequency. 

Interestingly, the level of decrease in capacitance value is faster at a higher %RH level 

compared to the lower %RH values. The capacitance value increases with (%RH) in the 

range of lower frequency regime (below 2 kHz) and in the higher frequency range, the 

change in capacitance is almost negligible and becomes independent of humidity 
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conditions[61]. Humidity seems to be ineffective at a frequency beyond 2 kHz. Ideal 

capacitive sensor inherits this property i.e. the value of capacitances is independent of 

applied frequency. In low humidity conditions sensing material absorbs a small quantity 

of water, thus serving as a favourable circumstance for an ideal capacitive sensor [61, 

62]. This is because the electric field direction changes gradually at low frequencies with 

the appearance of space-charge polarization in adsorbed water when the frequency is 

high, the electrical field direction changes so fast that the polarization of the adsorbed 

water cannot be connected with it, and hence the dielectric constant is small and 

independent of relative humidity. 

 From Fig. 4.12 (b), it can be observed that the value of capacitance is influenced 

by the frequency (20 Hz - 2 MHz). The relative humidity (10 to 95 %RH) affects the 

sensitivity of material which varies following the frequency variation. It can be easily 

seen that at 20 Hz frequency, the capacitance increases rapidly with the relative humidity 

and the value of capacitance changes from 3.5 pF to 9486 pF which gives the average 

sensitivity S ~ 168.477%. On the other hand, at 2 MHz frequency, a minute change from 

3.6 pF to 4.59 pF in capacitance was found which corresponds to the sensitivity S 

~0.004% across the RH range of 10%–95%. Thus the major difference in the sensitivity 

was observed at 20 Hz as the optimum frequency for this sensor and is well shown in 

Fig. 4.12 (b). The sensitivity of the humidity-dependent capacitive Cu0.8Zn0.2Sb2 

acrylamide thin-film is defined as [57]: 

  Sensitivity =  
Cfinal−Cinitial

RHfinal−RHinitial
  ……………………….…..(4.5) 

Where Cfinal and Cinitial are the capacitive values at final and initial %RH levels 

respectively. Fig. 4.12(b) shows that the frequency affects the sensitivity of the material. 

Fig. 4.12 (c) shows the humidity sensor response curve between capacitance and time. 

The linear coordinate curve is shown as a blue line while logarithmic coordinates are 

shown as a pink line. There is a non-linear curve in the whole range (10−95 %RH). Fig. 

4.12 (d) displays the sensitivity calculation by linear fitting data of the adsorption curve 

at 20 Hz, as we know the sensor response curve shows the exponential change between 

capacitance and humidity [21, 63].  The humidity is linearly fitted into three regions 10-

45 %RH, 45-75 %RH, and 75-95 %RH, and the values of the slope obtained are shown 

in Table 4.3.  
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4.5.2 Response and recovery 

Response and recovery times are the essential demands which significantly 

define the performance of a humidity sensor. Sensors with short response and recovery 

time are the best for application and commercialization. Time taken by a sensor to 

accomplish ~90% of the total capacitance change is defined as the response time in case 

of adsorption or termed as the recovery time in case of desorption of the water vapours 

[10, 56, 64]. Both response and recovery times were plotted in Fig. 4.13 (a). 

Accordingly, the sensor response time (humidification from 10 %RH to 95 %RH) and 

the recovery time (desiccation from 95 %RH to 10 %RH) were calculated as 4.6 sec and 

5.6 sec respectively. In comparison to the conventional polymer-based humidity sensors, 

the Cu0.8Zn0.2Sb2 acrylamide thin-film sensor has proven better [55-62, 64]. These 

exceptional characteristics are contributed because of repeating units of the monomer 

CH2CH(CONH2). The nitrogen forms hydrogen bonds with water molecules resulting 

in a strong hydrophilic nature and can form aqueous solutions of very high 

concentration. Polymers are generally gel forms and due to their gel-like properties, 

these polymers are widely employed as flocculants in the removal of suspended particles 

from sewage and industrial effluents. 

4.5.3 Stability 

Stability is a very important parameter for any sensor. The reliability of any sensor 

for a long-term operation corresponds to its stability over a certain duration of time. We 

have monitored stability characteristics of sensing elements operating at a frequency of 

20 Hz under different %RH values e.g. 15%, 35%, 55%, 75%, and 95% for 60 days.  

The humidity sensing parameters were repeated every 10 days and data have been 

plotted Fig. 4.13 (b). The stability curve shows a 4% variation in the capacitance at this 

operating frequency. This exhibits the consistent sensing capability of polyacrylamide 

film suitable for the purpose for which it was fabricated. 

4.5.4 Sensing Mechanism 

The mechanism devoted to the electrical response of the sensing element upon 

exposure to humidity is the chemical and physical adsorption of water molecules on the 

surface of the sensing element. Particularly concern to capacitive based humidity sensor 
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the relationship between the capacitance and the %RH can be expressed by the following 

equation; 

C = (ϵr − i
γ

ωϵ0
)𝐶0………………………………………(4.6) 

Where c indicates the conductance and ν represents applied frequency. From the above 

expression, it is clear that the capacitance of the sensing element is proportional to C0 

whereas C is inversely proportional to operating frequency [56, 58-61, 64]. C0 is related 

to the physisorption of water molecules on sensing film such that different adsorption 

processes yield different conduction values. From the formula, it’s obvious that the 

capacitance increases with rising RH, depending on the frequency.  

Fig. 4.14 shows the humidity sensing mechanism, despite the minimal surface 

area of thin-film, the presence of metals provides more surface-active sites in the form 

of M+ ions to bond with the OH- causing the formation of initial chemisorption on the 

sensor surface. Initially, at lower %RH, water molecules are chemisorbed onto the 

available unsaturated nitrogen bonds (hydrophilic group) of the sensing film through 

double hydrogen bonding, considered as the first-layer chemisorption of water. In this 

regime, it’s hard for the water molecules to travel independently because of strong 

attraction due to double hydrogen bonding. Successively proton hopping initiates 

between adjacent hydroxyl groups in the first- chemisorbed layer of water influence 

more amount of energy thus exhibiting a strong electrical resistance. Later on a few 

protons available on the surface of the polymer film are confined by irregular mobile 

layers. These protons still contribute to the leak conduction c, which ultimately increases 

the capacitance at a low humidity regime. As the %RH increases, the multilayer 

physisorbed water molecules arise [36,50], forming the physisorbed layer, having water 

molecules attached through single hydrogen bonding on the hydroxyl groups. 

Consequently, the water molecules become transportable, likely to appear as in the bulk 

liquid. The formation of subsequent multilayer physical adsorption and the 

decomposition of physisorbed water causing ionization under an electrostatic field to 

produce a large number of hydronium ions (H3O
+) in the form of charge carriers. Thus 

charge transport on the film took place via the conductivity of the material generated by 

a Grotthuss chain reaction. The charge transport expression is given as below; 

H2O →  H+ + OH− 
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H2O +  H+ →  H3O+ 

H2O + H3O+  ↔  H3O+ +  H2O 

Finally, at high %RH, the physisorbed water molecules will penetrate the interlayer of 

the sensing film. A large number of prevailing amide groups in polymer facilitate proton 

migration.  This leads to a sudden increase of capacitance of the material, causing a quite 

high sensitivity at high %RH, which is very fruitful for the dielectric constant of the 

material. 

4.6 Conclusion 

  Cu0.8Zn0.2Sb2AAm based capacitive humidity sensor was successfully fabricated 

using a spin coating technique and the photoconduction behaviour of the material was 

also investigated. The presence of mesoporous morphology of the fabricated thin-film 

energized the sensing capability of film. The wide bandgap of 3.91 eV felicitates better 

conduction accompanied by a synergistic interaction between metal Cu-Zn-Sb ternary 

phase and PAAm boost the sensitivity as well as photoconductivity of the thin film based 

sensing element. Cu0.8Zn0.2Sb2AAm-polymer interfaces exhibited the photoconduction 

behaviour revealing response and recovery time of 6.6 sec and 10.24 sec. Humidity 

sensing characteristics on film surface were evaluated by the capacitive performance of 

Cu0.8Zn0.2Sb2AAm based thin film humidity sensor. The Average sensitivity (S) was 

found to be ~168.477 pF/%RH at an optimum frequency of 20 Hz. The thin-film-based 

sensor exhibits a rapid response and recovery time of 4.6 sec and 5.6 sec respectively, 

with a 96% sensitivity retention after 60 days. Thus, Cu0.8Zn0.2Sb2AAm polymer-based 

capacitive humidity sensor provides an insight measure for a stabilized ternary system 

based on polymer nanocomposite for humidity sensing and photoconduction 

application.  
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Tables: 

Table 4.1. A detailed literature survey of other humidity sensing materials with %RH.  

S.No.S S.No. Materials Sensitivity Range (%RH) Ref. 

1. . SnO2 Nanostructures  0.01 pF/%RH 11-96 [32] 

2.  Fe–GO  5.18 pF/%RH 10-95 [33] 

3.  Au/PVA 11.38 pF/% RH 11.3−97 [34] 

4.  Polyimide 24.5pF/% RH 16−90 [35] 

5. . Graphene oxide 46.253pF/% RH 15-95 [31] 

6.  Modified MWCNT 

(Dispersed in NMP) 

6.41 pF/%RH 10-90 [39] 

7.  Tin dioxide/reduced 

graphene oxide 

(RGO) 

146.53 pFRH 25-95 [37] 

8.  MoS2 modified SnO2  156.97 pF/%RH 11-95 [38] 

9.  Cu0.8Zn0.2Sb2AAm 

nanocomposite 

150.75 pF/%RH 10-95 Present 

work 

 

Table 4.2 Comparative study of response and recovery times 

Material name Synthesis Method Response 

time 

Recovery 

time 

Reference 

MoS2 Chemical vapour 

deposition 

20 sec 10.97 sec  [50] 
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SnSe Chemical vapour 

deposition 

8.2 sec 5.3 sec [51] 

WS2 Chemical vapor 

deposition 

51 sec 88 sec [52] 

Phosphorus Electrochemical 

exfoliation 

15 sec 30 sec [53] 

V2O5 Hydrothermal 

method 

65 sec 75 sec [54] 

Cu0.8Zn0.2Sb2AA

m nanomaterial 

Frontal 

polymerization 

6.6 sec 10.24 sec This work 

 

Table 4.3. Sensitivity at different frequencies of Cu0.8Zn0.2Sb2AAm polymer 

nanocomposite 

Frequency Low humidity 

region (10-45 

%RH) 

Mid humidity 

region (45-75 

%RH) 

High humidity 

region (75-95 

%RH) 

Avg. sensitivity 

(pF/%RH) 

2*101 Hz 3.890 45.466 456.076 168.477 pF/%RH 

2*102 Hz          2.801 3.562 66.980 24.447 pF/%RH 

2*103 Hz 1.890 2.145 4.961 2.998 pF/%RH 

2*104 Hz 0.161 0.552 5.990 2.234 pF/%RH 

2*105 Hz 0.002 0.006 0.041 0.016 pF/%RH 

2*106 Hz 0.001 0.004 0.009 0.004 pF/%RH 
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Figures: 

 

Figure 4.1 Flow chart for the synthesis of polymer nanocomposite 

(Cu0.8Zn0.2Sb2AAm). 

 

Figure 4.2 Schematic diagram of Photoconduction set-up. 

Energy

(h)

Anode

Keithley 6517 B

Cathode

(Cu0.8Zn0.2Sb2AAm) 

nanocomposite
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Figure 4.3 Schematic presentation of the preparation of Cu0.8Zn0.2Sb2AAm film by the 

spin coating method. 

 

Figure 4.4 SEM images showing the morphology of Cu0.8Zn0.2Sb2AAm thin-film 

possess a highly porous rigid structure with few cracks and pores on the surface with a 

different scale. 

(a) (b) 

(c) (d) 

Cracks 
Pores 

Pores Pores 
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Figure 4.5 (a) adsorption-desorption isotherms of (Cu0.8Zn0.2Sb2AAm) (b) Pore radius 

distribution curves relative to variation in the pore volume. 

 

 

Figure 4.6 (a) The TEM image of Cu0.8Zn0.2Sb2AAm thin film (b) SAED pattern of 

Cu0.8Zn0.2Sb2AAm. 

 

(a) (b) 
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Figure 4.7 (a) The particle size distribution curve shows that the peaks are divided 

into two major intensities. (b) The optical absorbance spectra of the fabricated film in 

the wavelength range of 190-1100 nm where inset shows the Tauc plot (c) XRD 

pattern of Cu0.8Zn0.2Sb2AAm, confirms the crystalline nature and the presence of Cu, 

Zn and Sb with their characteristic peaks. (d) IR spectra of Cu0.8Zn0.2Sb2AAm thin 

film. 

 

Figure 4.8 (a) TGA (b) DSC curves of Cu0.8Zn0.2Sb2 polyacrylamide in an argon 

atmosphere with the heating rate of 10 °C per minute. 

(a) (b)

(c) (d)

(a) (b)
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Figure 4.9 (a) XPS analysis of Cu0.8Zn0.2Sb2 polyacrylamide nanocomposite  (b) 

Copper (Cu 2p)  element (c) zinc (Zn 2p) element (d) Antimony (sb 3d) element (e) 

Carbon (C 1s) element (f) Oxygen (O 1s) element (g) Nitrogen (N 1s) element (h) 

Atomic weight % of elements (i) Histogram for binding energy of the nanocomposites. 

 

 

Figure 4.10 (a-b) Photoconduction behaviour of Cu0.8Zn0.2Sb2AAm nanomaterial. 

 

(a) (b) (c)

(d) (e) (f)

(g)
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Figure 4.11 Humidity sensor response curves at room temperature (a) Variation of 

capacitance corresponding to the variation of %RH in increasing mode at different 

frequencies (20 Hz to 2 MHz). (b) Capacitive humidity sensor curve at different 

frequencies in decreasing mode (c & d) Normalized response with exponentially fitting 

data function for increasing mode and decreasing mode 

(a) (b)

(d)

(c)
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- 

Figure 4.12 (a) Variations of capacitance curve with frequency at different %RH (10 

to 95 %RH) for Cu-Zn-Sb PAam thin-film based humidity sensor at room temperature. 

(b) The sensitivity response at different test frequencies at 25 °C with %RH (c) 

Humidity sensor response at logarithmic scale (d) Linearly fitted curve for the 

sensitivity calculation 

 

Figure 4.13 (a) Response curve showing response time 4.6 s and recovery curve 

showing recovery time (b) Stability curve of sensing element at different %RH  

(a) (b)

(c)

(d)

(a) (b)
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Figure 4.14 The schematic presentation of humidity sensing mechanism on the surface 

of film; three regions as low, mid and high level of %RH 
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CHAPTER 5 

Improved humidity sensing response of 

roasted gram derived carbon quantum dots  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Herein, we have reported the sustainable, cost-effective and rapid 

synthesis of gram derived carbon quantum dots (GCQD) employed as 

capacitive humidity sensor. Synthesis of GCQDs C-1 & C-2 at different 

carbonization temperature has been performed by pyrolysis method. 

Crystallinity of as prepared GCQDs were confirmed by XRD and TEM 

analysis revealing the average particle size 5.5 and 2 nm for C-1 & C-2 

respectively. Optical properties of samples were further analysed by UV–

visible and photoluminescence meter which gave the band gap as 3.82 and 

4.20 eV. Compositional analysis of GCQDs were confirmed by using XPS 

analysis. GCQDs were subjected to sensing test at frequency 20 – 2 MHz. 

The C-2 gave an enhanced sensing performance with an average sensitivitiy 

of 254.861 pF/%RH. Also, sensor showed rapid response and recovery times 

of  7.3 & 4.7 sec respectively. Theoretical modelling has been performed to 

further look into the insight of interaction between functional group of 

GCQDs and water vapour molecules. Transient parameters such as charge 

density, HOMO-LUMO gap, electron clouds and H-bonds were calculated 

using B3LYP hybrid functional at 6-31g diffused and polarised basis set. 

This study provides an insight chemistry of GCQDs with water toward an 

efficient humidity sensor development. 
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5.1 Introduction 

 Carbon quantum dots (CQDs) are quasi-spherical shaped structures in the size 

less than 10 nm. CQDs are mainly self-possessed of sp2 carbon containing nitrogen, 

oxygen and newly doped heteroatoms. It emerges as a versatile carbonceous 

nanomaterial due to its unique chemical, physical and biological features [1,2]. Carbon 

quantum dot (CDs) was accidentally discovered by Xu et al. in 2004 [3]. They observed 

the exceptional fluorescence properties while developing the single-walled carbon 

nanotube (SWCNTs). Later on, further studies were conducted on the synthesis of 

carbon quantum dots with improved photoluminescence (PL) characteristics. CQDs due 

to their high aqueous solubility and strong luminescent characteristics are used in nano 

lights [3]. Photoluminescence of CQDs is highly efficient for application in bioimaging/ 

drug delivery and biosensors development [4]. CQDs acts as electron acceptors and 

donors as a result of their excellent electronic properties[5,6]. 

 CQDs are generally synthesized by two approaches: Bottom-up and top-down; 

in the bottom-up method, organic molecules like folic acid, gelation and citric acid has 

been used as preliminary material to comprehensive carbon quantum dots [6-7]. In the 

top-down approach, the petroleum coke prepared by oxidation process with H2SO4 and 

KMnO4 has been used to synthesize CQDs [8]. Both techniques are quite hazardous for 

humans as well as the environment due to the involvement of toxic solvents [9]. To 

overcome the above-said drawbacks of the previously reported synthesis techniques of 

CQDs, researchers have put a significant effort towards the preparation of CQDs without 

using any organic compounds, particularly termed as green synthesis [10-14]. Lu W. et 

al. have reported the formation of carbon quantum dots via the green synthesis method 

for Hg2+ detection [15]. This group also investigated in the field of sensitive detection 

of metal oxides by using the microwave-assisted green synthesis route and developed 

the fluorescent carbon quantum dots from wheat flour [16]. Zhou J et al. reported the 

green synthesis of CQDs from watermelon peel for their application in cell imaging 

probes [17]. In 2013 Ramanan V et al. used green synthesis for the preparation of 

fluorescent carbon quantum dots [18]. One-step synthesis method and hydrothermal 

method using orange juice [19] were used for the synthesis of CQDs. Liu W et al. in 

2017 prepared carbon dots derived from rose-heart radish via green synthesis for Fe3+ 

detection and cell imaging, Pandey S et al. in 2013 synthesised CQDs at room 
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temperature [20-22]. In arrears to the promising properties, CQDs have been widely 

used in applications as, optical and electrical [23], solar cell [24], photocatalyst [25], 

bioimaging [26] and humidity sensors [27]. Carbon-based materials are of immense 

interest in humidity sensing due to their exceptional physical, chemical and electrical 

properties. Humidity plays a vital role in health monitoring, manufacturing, food 

packaging, and testing processes [28]. A lot of research work has been reported for 

carbonceous material towards humidity sensing application [29-30]. Recently, it has 

been reported that ~ 80% of the humidity sensors market is dominated by capacitive 

type humidity sensors. Such types of humidity sensors accompany many advantages like 

low power intake and high output signals as compared to other humidity sensors [31]. 

These sensors are capable of measuring the humidity level via induced charge in the 

dielectric constant of hygroscopic layers. Capacitive based humidity sensors are the 

combination of two interdigitated electrodes (IDE) enclosed by a dielectric layer, which 

is responsible for humidity changes. The humidity sensor is very important for human 

comfort and the environment, due to the increasing demand in industry, agriculture and 

daily life [32]. 

 From the sensor point of view, the surface morphology is very important for 

validating any sensing material. High sensitivity requires the availability of a surface 

functional group and a wide optical bandgap of the sensing material. Being motivated 

by these accomplishments, we have reported a green synthesis method for synthesizing 

highly fluorescent carbon quantum dots. It is synthesised by modified pyrolysis [33] of 

gram peels and further tested as a humidity sensing material. Carbon quantum dots have 

unique characteristics like the presence of large oxygen-contained functional group on 

the surface and a large surface to volume ratio responsible for high humidity sensing. 

Humidity sensing can be possible because of the adsorption of water molecules and the 

formation of hydrogen bonds in CQDs through the surface oxygen-contained groups 

facilitating electron movement among the water molecules and carbon quantum dots. 

The novelty of this work relies on the facile, cost-effective and eco-friendly 

synthesis of fluorescent GCQDs derived from the waste peel of gram with its application 

in electrical humidity sensors in a sustainable, cost-effective and non-toxic approach. 

GCQDs shows a higher sensitivity compared to other metal oxides and 

metallopolymeric materials reported so far. Modern sensors are facing the problem of 



Improved humidity sensing response of roasted gram derived carbon quantum………      Chapter 5 

 

 Page 139 

large response and recovery times. In this regard, improved sensing characteristics was 

achieved from the CQDs derived from the waste peel of easily available gram. Also, we 

have performed a theoretical study regarding the interaction of water molecules on 

GCQDs surface using DFT based B3LYP hybrid functional at 6-31g diffused and 

polarised basis set. Theoretical results were found in close agreement with experimental 

data obtained from humidity sensing by GCQDs. The literature survey related to 

capacitive carbon-based humidity sensors has been carried out and tabulated form in 

Table 5.1 which founds the significance of carbon-based humidity sensors.  

5.2 Experimental Methods 

5. 2.1 Preparation of GCQDs 

The synthesis of gram peel derived carbon quantum dots (GCQD) was 

performed by the modified pyrolysis method [33]. Initially, roasted grams were 

purchased from the local market and subsequently peeled off to get the peels. As 

collected gram peels were kept in a crucible and further subjected to the carbonization 

process at two different temperatures 200°C and 450°C for 8h in a digital furnace 

(METRIX). The roasted gram peels were pyrolysed at 200°C and 450°C, coded as C-1 

and C-2 respectively. The brownish coloured gram peel turned dark black after the 

carbonization process. The dark black shells were finely grounded with mortar pestle to 

obtain a fine black powder. Thus 0.001g of the fine powder of each sample C-1 and C-

2 were dissolved in 15 ml DI water and stirred for 15 hr to get a homogeneous and 

transparent solution. This solution was filtered through 0.22 μm pore filter paper and the 

filtrate was collected with an appearance of the light brown colour solution. The 

formation of CQDs was physically confirmed by illuminating both samples under UV 

radiation. C-1 showed the dark sky blue colour, whereas C-2 exhibited the light blue 

colour. The schematic for the synthesis of  CQDs is depicted in Fig.5.1. 

5.3 Physical Characterization 

 The structure and average size distribution of GCQDs were analysed by 

Transmission electron microscope (TEM) (JEOL-2100F). The optical properties of 

GCQDs were characterized using photoluminescence spectroscopy 

(Spectroflouorimeter-Flouorolog–FL3-11). UV absorption studies were performed 

using UV–Vis spectrophotometer (Evolution 201) in the wavelength range from 190 to 
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1100 nm.  XPS has been carried out by the instrument (PHI 5000 Versa Probe II, FEI 

Inc. spectrometer), which reveals the chemical composition of as-synthesized GCQDs. 

The Raman analysis was carried out by the instrument (UniRAM confocal micro Raman 

mapping system). 

5.3.1 Theoretical Studies 

During the theoretical study, the distance between water molecules and GCQD 

structures were kept as close as 3Å and then the whole system was put under geometry 

optimization using B3LYP hybrid functional at 6-31g diffused and polarised basis set 

of Gaussian 09 software package. 

5.4 Results and Discussion 

5.4.2 Fourier Transmission Infrared Spectra Analysis (FTIR) 

The FTIR spectra of GCQDs (C-1 & C-2) is shown in Fig. 5.2 (a). The broad 

peak of the hydroxyl group is found at a range from 3300 cm-1 - 3400 cm-1 [41], revealing 

the presence of vibrational stretching and hydrogen bonding. It can be observed that the 

intensity of the hydroxyl bond of C-1  is lesser intensity than C-2,  resulting in the larger 

number of OH- groups present on the surface of GCQDs (C-2). Some other groups such 

as N-H stretching signifying the conjugation of amine groups, sp3 hybridization, C-H 

bonds were also confirmed the stability of GCQDs. The additional groups C=O carboxyl 

bond represent the more oxygen and carbon bonding, N-H  bending and Alkene group 

(C=C) are observed in C-2. From the results, we can conclude that the C-2 is better 

GCQDs as compared to C-1 and may enhance the properties of the GCQDs. 

5.4.3 X-Ray Diffraction Analysis 

The XRD patterns of the GCQDs (C-1 & C-2) are shown in Fig. 5.2 (b). The 

lattice spacing values are different in both GCQDs. The C-1 shows lattice spacing of 

graphene (002) [42] while C-2 shows the two peaks at (002) and (101). Both samples 

reveal an intense characteristic peak with a position that corresponds to the interplanar 

spacing of ∼ 3.77 Å, particularly the distance between  (002) planes of bulk graphite 

(3.34 Å). Therefore, GCQDs have a carbon structure [43].  

5.4.4 X-ray Photoelectron Spectroscopy (XPS ) Analysis 
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Fig. 5.2 (c & d) shows the elemental analysis of gram CQDs of sample C-2. The 

XPS graphs of the optimized C-2, confirms the existence of carbon and oxygen in 

synthesized as quantum dots. Deconvulated peaks in XPS at the positions 285.8 eV, 285 

eV and 287 eV correspond to available bonds between C-C, C-O and C=O respectively 

[44]. The pronounced peak at 285.8 eV reveals the sp2 graphitic structure of as-

synthesized GCQD. No traces of impurities were found in the XPS analysis which 

confirms the purity of as-synthesized GCQD. 

5.4.5 High-Resolution Transmission Electron Microscopy (HR-TEM ) 

The particle size distribution of GCQDs can be seen through TEM images of C-

1 and C-2 which are well shown in Fig. 5.3(a-f). TEM image of C-1 presented in Fig. 

5.3 (a) exhibits the uniform size distribution of particles. Histogram plot of particle size 

ranges 2-10 nm and most of the particles have an average size of 5.5 nm as shown in 

Fig. 5.3 (c). From Fig. 5.3 (d,e,f) the TEM images of the C-2 confirmed the uniform 

particle size distribution of the gram quantum dots at 20 nm scale. From Fig. 5.3 (f), it 

is confirmed that the size of the particles lies in the range of 2-8 nm. Small particle size 

is a peculiar demand for sensor application owing to the reason that as the size of 

particles decreases, the surface to volume ratio increases. Herein, it can be concluded 

that both samples C-1 and C-2 are suitable for humidity sensing application. 

5.4.6  UV- Absorption Spectroscopy  

Fig. 5.4 (a) shows that the absorption spectra of the C-1 and Tauc plot in the 

inset revealing an energy band gap of 3.82 eV.  Fig. 5.4 (b) shows the absorption spectra 

of C-2 which corresponds to the 4.2 eV bandgap. These absorption peaks also give the 

information that synthesized material is of direct bandgap type. The characteristic 

energy band gap was calculated using the formula [29]. The conclusion of UV-Vis 

absorption displays that two peaks exist with and optical band gaps 3.82 eV and 4.2 eV, 

which might be allotted to π-π* electronic transitions. 

5.4.7 Photoluminescence Spectroscopy (PL) Studies 

Photoluminescence is the prominent characteristic shown by the quantum dots. 

It is the optical emission spectra that show the size-dependent properties and also 

characteristic symbols of quantum confinement. The GCQDs shows two emission 

spectra at 454 nm for sample C-1 and second is 428 nm for sample C-2 respectively with 
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an exciting wavelength (λex) of 360 nm. The aqueous solution showing two colours in 

UV light chamber placed as inset image in Fig.5.4 (c,d). Therefore, on varying the 

excitation wavelength the gradual shift in emission is obvious. Hence we can say that 

the PL mechanism is dependent on the size and surface of the quantum dots. Also, 

transition spectra are dependent on the excitation wavelength. PL spectra exhibit blue-

shift among quantum dots. This may be due to the enhanced surface area present in 

GCQDs [45]. Thus C-2 shows a better luminescence property as compared to C-1. 

5.4.8 Raman Analysis 

The Raman analysis of carbon quantum dot (C-1 and C-2) are shown in Fig. 5.5 

(a & b). Raman peaks confirmed the presence of bond stretching carbon quantum dots. 

From Fig.5 (a) the positions of bands (D & G) for sample C-1 are 1340 cm−1 and 1358 

cm−1 and for sample C-2, these D and G are 1549 cm−1 and 1587 cm−1 respectively.  The 

concentration of the D-band is relative to the amount of disordered sp2 carbon and for 

the G-band it is proportional to the amount of ordered graphitic sp2 carbon enclosed in 

the evaluated samples. The determination of graphitization degree is confirmed by the 

intensity ratio of ID/IG.  According to this ratio, low value means that the graphitization 

degree is high and the conductivity of the material is also increased [46]. The intensity 

ratio calculated for C-1 and C-2 GCQDs, C-1 gives the ID/IG which is 0.59 and for C-2 

it is 0.32 respectively, which are shown in Fig. 5.5 (a & b). From the Raman analysis, it 

can be concluded that the  C-2 shows the lowest intensity ratio with high conductivity 

[47].  

5.5 Experimental Investigation  

5.5.1 Capacitive Humidity Sensing Characteristics  

 The capacitive humidity sensing characteristics of Gram carbon quantum dots 

based fabricated film deposited on the borosilicate glass. The spin coating method was 

used for the fabrication of the sensing element. Humidity sensing is mainly a surface 

phenomenon that depends on the adsorption and desorption of water molecules. The 

sensing set-up of the electrical humidity sensing already mentioned in our previous 

chapter 4 [30] and the present work shows it in graphical abstract. Initially, the fabricated 

film was dried and to take the increasing mode sensing data inside the chamber, the 

potassium sulphate solution was put in the chamber. This process is called 



Improved humidity sensing response of roasted gram derived carbon quantum………      Chapter 5 

 

 Page 143 

humidification. The decreasing mode data was analysed by dehumidification inside the 

chamber by a saturated aqueous solution of potassium hydroxide. The variations in 

capacitance corresponding with relative humidity (%RH) of the sensing film were noted 

by Impedance Analyser (Wayne Kerr Precession Component Analyser, 6440B) at 

operating temperature 300 K.   

 The sensing characteristics of the fabricated humidity sensor was tested in the 

frequency range of (20 Hz-2 MHz) at ambient temperature. Fig. 5.6 (a & b) shows the 

sensing characteristics of C-1 in increasing mode i.e. 10 – 95 %RH and decreasing mode 

i.e. 95 – 10 %RH. Similar studies were also conducted for C-2 presented in Fig. 5.6 (c 

& d). It can be perceived from the sensing curves that capacitance linearly increases 

with relative humidity at lower frequencies for both C-1 and C-2. From the humidity 

sensing curve, the capacitance increases with the relative humidity in increasing mode 

and decreases with decreasing in relative humidity. 

The sensitivity of the C-1 and C-2 was measured at different frequencies 20 Hz 

- 2 MHz, mentioned in Table 5.2 & Table 5.3. At a frequency of 20 Hz, the highest 

sensitivity was found for both samples. The primary reason for it is the slight change in 

the direction of the electrical pitch at a small frequency which facilitates the space charge 

separation with the adsorbed water molecule. When subjected to high frequency, the 

direction of the electrical field changes quickly, and the separation of the adsorbed water 

molecules could not latch up [48]. Owing to this, the dielectric persistent is minor and 

free with respect to relative humidity. Therefore, high sensitivity was found for both 

samples at low frequency. 

 The maximum value of capacitance remained found at 95 %RH at 20 Hz and the 

lowest capacitance value was found at 10 %RH at 2 MHz for C-1 and C-2 in increasing 

mode. The increasing and decreasing mode shows the capacitance tends to increase from 

45 %RH to 95 %RH. The sensing curve grew exponential with respect to the 

comparative humidity. Similarly, in decreasing mode, the sensor exponentially 

decreases corresponding to the relative humidity. The concerning reason for the higher 

sensitivity of C-2 is devoted to lesser particle size (~ 4-5) nm of the GCQDs.  This is 

due to the enhanced surface area responsible for the increases in the sensitivity of the 

quantum dots. Sensitivity can be calculated from the following equation: 
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Sensitivity =  
Cfinal−Cinitial

%RHfinal−%RHinitial
…………………(5.1) 

Where Cfinal and Cinitial are the capacitive values for C-1 and C-2 samples at final and 

initial %RH levels, respectively.  

 Hysteresis is a crucial drawback for capacitive humidity sensors. It may cause 

distortion of the sensing material owing to water groups and hence, influences the sensor 

performance. The nature of hysteresis curve followed by the sensing depends on the 

successive variation of relative humidity and capacitance value [49]. Hysteresis was 

calculated for both samples (C-1 and C-2) using following equation [50] 

𝐶𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛− 𝐶𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦
  (% 𝑅𝐻) 

where C is capacitance value measured at different %RH during the adsorption and 

desorption mode. According to the calculation, the maximum and minimum hysteresis 

were observed at 95 %RH respectively in both samples (C-1 and C-2). The maximum 

hysteresis value for C-1 is  7.851 %RH and for C-2 is 3.945 %RH. 

 The sensor response was calculated from the range of 15 %RH to 95 %RH for 

both samples C-1 and C-2 at 20 Hz frequency. From Fig. 5.7 (a-d) we can see that the 

normalized response Y displays an exponential fitting of the %RH X, the corresponding 

function also has been depicted as an inset of Fig. 5.7.  

 The graph between capacitance and frequency at dissimilar relative humidity 

values are presented in Fig. 5.8 (a-d). At higher frequencies, the capacitance is negligible 

and independent of the humid atmosphere. From curves, it can be concluded that the 

capacitance values shows maximum at a lower frequency and at high frequency, which 

might be negligible. The capacitance exponential change corresponding with the relative 

humidity. At 20 Hz the values of capacitance vary from 2.64 pF to 8751 pF for C-1 and 

5.28 pF to 10502 pF for C-2. A higher sensitivity was found for C-2 rather than C-1  at 

20 Hz.  

5.5.2 Sensor response and recovery time 

 Rapid sensor response and recovery times are essential factors for any good 

sensor [51]. Fig. 9 (a & b) displays the response and recovery curve where humidity 

varies from 10 %RH to 95 %RH. The response and recovery were estimated by 
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exponential fitting for C-1 and C-2 respectively. For C-1 the response and recovery 

times were found as 13.3 s and 14.1 sec respectively. Similarly, for C-2 the response 

and recovery times were found 7.3 & 4.7 sec respectively.   

5.5.3 Stability Analysis 

The stability of the sensing element was observed at an optimum frequency of 

20 Hz. The curve was tested at various humidity ranges (15, 35, 55, 75 and 95 %RH)[52] 

for both C-1 and C-2. The reliability of the sensor for a long term process depends on 

the stability of the material. A good sensor should have high sensitivity, short response, 

recovery time, and long-time durability. From Fig.10 (a, b) we can say that at 95 %RH 

there is no variation in capacitance of GCQDs based humidity sensor with time and thus 

results are more stable. Also, the changes in capacitance at other humidity levels are 

very less, so GCQDs based sensor shows good stability at the optimum frequency. 

5.5.4  Sensing Mechanism 

The humidity sensing mechanism of carbon-based materials (CNTs, Graphene 

oxide and Carbon quantum dots) depends on the existence of hydrophilic functional 

groups present on its surface such as hydroxyl groups. As we have already explained in 

the synthesis method that GCQDs were dissolved in deionized water and no other 

chemical reagents were used. So GCQDs do not have any type of impurity in the solution 

phase. As synthesized GCQDs have oxygen-contained groups such as COOH and OH 

groups on the surface which show a significant role in the humidity sensing mechanism 

[53]. The capacitive based humidity sensor performs according to the change in 

capacitance comparative to the change of relative humidity (%RH). For the capacitive 

humidity sensor, the sensing mechanism depends on the active layer of dielectric 

constant and also the collection of water molecules of the surface in sensing material. 

Since water is a polar molecule, so change in dielectric constant is an essential parameter 

for the assessment of the performance of sensor.  

 For the capacitive humidity sensor the association between the relative humidity 

and capacitance may be explained by the given equation; 

𝐂 = (𝛜𝐫 − 𝐢
𝛄

𝛚𝛜𝟎
)𝑪0………………………………(5.2) 
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Where C shows the capacitance of the sensing element, and  denotes frequency. From 

the above equation, it is obvious that the capacitance is directly proportional to C0 

whereas, C is inversely proportional to frequency  [Eqn.5.2]. 𝛜𝟎 is permittivity and the 

value of dielectric permittivity of the pure water molecule which is 78.54. For the 

humidity sensor, the hygroscopic nature of the material is essential. Also, the working 

of capacitance-based humidity sensor depends on the polarization effect due to the 

dielectric nature of the material and distance between the electrode areas.  

The sensing mechanism may also be explained by the Grotthuss chain reaction. 

Initially, the sensing component is free from water molecules and when exposed the 

moisture, the surface of sensing element adsorbs water vapour in a larger amount. 

Consequently, there is a change in the dielectric constant value of the sensing film. The 

water molecule breaks into two parts H+ ions and OH- ions. OH- ions interact with metal 

ions to form the chemisorbed layer and hence, a small change in capacitance value was 

observed which is well shown in Fig. 5.11 (a). In mid humidity region, the protons (H+) 

increase the conductivity of the material and forms the physisorption layer. Due to the 

formation of layer, the value of capacitance sharply changed which can be easily 

observed in Fig. 5.11(b). In the high humidity region, the capacitance value rises 

exponentially due to multi physisorbed layer formation on the sensing element. The 

water molecules are singly bonded in the physisorption layer so that these can be easily 

polarized and due to this phenomenon the capacitance increases. Next from Fig. 5.11 (c) 

the protons have the freedom to move inside the layer so one more layer of a physisorbed 

layer formed, which is known as the second physisorbed layer. 

5.6 Theoretical studies 

5.6.1 Interaction of GCQD with water molecule (H2O): 

Carbon quantum dot structures were gradually aligned with one, two, three water 

molecules, etc. The distances between water molecules and CQD structures were kept 

as close as 3Å for keen interception of their mutual interactions and then the whole 

system was put under geometry minimization using DFT based hybrid functional, 

B3LYP using 6-31g** basis set of Gaussian 09 software package [54]. Here, the first 

(*) corresponds to diffused functions whereas the second (*) corresponds to polarized 

functions. The geometry was optimised to lower the interaction energy between water 

molecules and carbon quantum dots. Obtained data was visualised using the Discovery 



Improved humidity sensing response of roasted gram derived carbon quantum………      Chapter 5 

 

 Page 147 

Studio software package [55]. It was also observed that the theoretical calculations 

performed are in sound agreement with the obtained experimental results and thus 

validates our model. 

5.6.2  Hydrogen Bonding Interaction 

Due to the presence of Carbon and Oxygen atoms in CQD, its interaction with 

water could be established only by the presence of hydrogen bonds. To our 

considerations, hydrogen bonding interactions were observed in nearly all the systems 

put under theoretical simulations. Table 5.3 shows the h-bond distances for their 

corresponding number of H2O molecules interaction with CQD and the number of h-

bonds formed, respectively. In the case of a humidity sensor, the formation of hydrogen 

bond is an extraordinary property that validates the existing interaction between water 

molecules and CQD [Fig. 5.12].  

 From Fig. 5. 13 (a-c), it is evident that the water molecules interact with carbon 

quantum dots when aligned at about 3Å and consequently form hydrogen bonds. It is 

also evident from the computational experiment that the interaction occurs by forming 

the layers and thus providing a larger surface area of CQD for better interaction and thus 

owing to the stability of system. 

5.6.3 Electrostatic and Hydrogen Bonding Charge densities 

Fig. 5.13 represents the isocontour surfaces for H-donor/acceptor clouded 

regions at binding sites. These acceptor and donor regions assist in finding the electron-

rich and electron-deficient sites in the GCQD-Water system and thus helps in the 

prediction of possible hydrogen binding sites within the system. These regions represent 

those atoms which have the tendency to donate/accept electrons to achieve stability 

during their geometry optimization. 

Fig. 5.13 shows the isocontour surface distribution of electrostatic charges 

throughout the system leading to the electron transfer between definite pair of atoms, 

and eventually, no distortions in the chemical structures are offered. The values of 

electrostatic potentials are represented using different colours in the isocontour surface 

of the GCQD-Water system Fig. 5.13 (c). The electrostatic potential increases in the 

order of the following colours: red < orange < yellow < green < blue (however, here we 

have only red and blue) and is shown in Fig. 5.13. The blue colour indicates the regions 
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of highest attraction whereas the red colour indicates the region corresponding to the 

highest repulsion in the electrostatic isocontour potential maps of GCQD-Water system. 

5.6.4 HOMO-LUMO Gap 

Fig. 5.14 displays the chemical stability of the GCQD-Water system can be 

estimated from the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest 

Unoccupied Molecular Orbital) energy levels. The HOMO-LUMO gap, also known as 

bandgap (in case of continuous bands) was calculated in order to get an atomistic insight 

of the optoelectronic characteristics regarding the optical activity of GCQD [56, 57]. 

The HOMO–LUMO of the GCQD-Water system are shown in Table 5.5. These energies 

associated with HOMO and LUMO orbitals, reflect the electron-donating and accepting 

tendencies, respectively Fig. 5.15. Some of the other crucial physical and chemical 

parameters such as ionization potential, electron affinity, electronegativity, absolute 

hardness and softness can also be calculated theoretically, at the same level by using 

HOMO and LUMO energy differences and thus can add mode to the theoretically 

calculated databases [58-60].  

5.7 Conclusion  

The gram carbon quantum dots have been successfully synthesized via waste 

gram peels, which is the source of carbon. As synthesized carbon quantum dot is water-

soluble and shows the green and blue luminescent property. We have prepared GCQDs 

at two different temperatures 315 oC (C-1) and 650 oC  (C-2) and the average size of 

GCQDs are 7 and 5 nm, respectively. In UV light samples C-1 and C-2 exhibit green 

and blue emission respectively. The chemical composition of GCQDs was confirmed 

by Raman and XPS analysis. The simple and cost-effective GCQDs showed good 

sensing characteristics. We have used both the samples C-1 and C-2 for the capacitive 

humidity sensor at different frequencies (20 Hz - 2 MHz).  Among C-1 and C-2 based 

sensors, C-2 displays the best result at optimized frequency. The response and recovery 

time for sample C-1 are 13.3 sec and 14.1 sec and for C-2  these are 7.3 sec and 4.7 sec, 

respectively. From the theoretical study, we can conclude that the water molecules easily 

interact with carbon quantum dots. The electrostatic isocontour map shows that the red 

regions represent the most electronegative sites, whereas the blue regions represent the 

most electropositive sites within the CQD-water system. These sites also reveal crucial 

information concerning the regions where the CQD-water system can undergo intra- and 
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intermolecular interactions to attain stability. Since the energy gap between HOMO and 

LUMO is very small and this energy gap is sufficient to give significant information 

about the CQD-water system that it has almost planar geometry and assists in layer-

based interaction and hence tends to decrease the HOMO-LUMO gap.  Thus gram 

carbon quantum dots easily interact with water molecules and are performed as humidity 

sensors. Also,  the theoretical data confirmed the experimental results. 
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Tables: 

Table 5.1.  The literature survey related to the capacitive carbon-based humidity sensor 

S.No.     Sensing material Sensitivity Respons

e time 

Recover

y time 

Referenc

e  

1. MWCNTs in a PAA 

matrix in a ratio 1:4 

930 Ω 680 s 380 s [34] 

2. GO modified poly 

(3,4 

ethylenedioxythiophe

ne) 

4.97% 31 s 72 s [35] 

3. Modified MWCNT 

(Dispersed in NMP) 

6.41 pF/%RH 36 s 32 s [36] 

4. Tin dioxide/reduced 

graphene oxide 

(RGO) 

146.53pF/%R

H 

102 s Several s [37] 

5. GO 37,800% 10.5 s 41 s [38] 

6. Fe–GO 5.18 pF/%RH 31 s 11 s [39] 

7. Graphene oxide -9.5 fF/%RH 5 s - [40] 

8. Gram Carbon 

quantum dot (C-1) 

178.6 pF/%RH 13.3 s 14.1 s  

This work 

Gram Carbon 

quantum dot (C-2) 

254.861 

pF/%RH 

7.3 s 4.7 s 

 

Table 5.2 Sensitivity at different frequencies of gram carbon quantum dots (C-1) 

Frequency Low humidity 

region  

(10-45%RH) 

Mid humidity 

region  

(45-70%RH) 

High humidity 

region  

(70-90 %RH) 

Avg. sensitivity 

(pF/%RH) 

2*101 Hz 1.92 28.43 509.16 179.83 pF/%RH 
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2*102 Hz 0.54 3.319 37.00 13.61 pF/%RH 

2*103 Hz 0.21 1.47 24.40 8.69 pF/%RH 

2*104 Hz 0.04 0.68 1.4 0.706 pF/%RH 

2*105 Hz 0.014 0.02 0.88 0.304 pF/%RH 

2*106 Hz 0.002 0.008 0.096 0.035 pF/%RH 

 

Table 5.3 Sensitivity at different frequencies of gram carbon quantum dots (C-2) 

Frequency Low humidity 

region  

(10-45%RH) 

Mid humidity 

region  

(45-70%RH) 

High humidity 

region  

(70-95%RH) 

Avg. sensitivity 

(pF/%RH) 

2*101 Hz 3.83 56.87 703.96 254.861pF/%RH 

2*102 Hz 0.24 6.63 73.97 26.940 pF/%RH 

2*103 Hz 0.51 0.10 48.81 16.470 pF/%RH 

2*104 Hz 0.12 0.15 2.85 1.020 pF/%RH 

2*105 Hz 0.03 0.04 2.95 1.006 pF/%RH 

2*106 Hz 0.008 0.01 0.192 0.071 pF/%RH 

 

Table 5.4 shows the H-bond distance 

S. No. No. of H2O molecules 

interacting with CQD 

No. of H-bonds 

formed 

H-bond distances (Å) 

1 01 03 1.66807, 1.78109, 2.54097 
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2 02 04 1.68064, 1.81469, 2.15428, 

2.24792 

3 03 07 1.67213, 1.68632, 1.76473, 

1.77330, 1.89765, 2.44036, 

3.01139 

 

Table 5.4 The HOMO-LUMO gap of the carbon quantum dots 

S. No. No of H2O molecules 

interacting with CQD 

HOMO (a.u.)   LUMO (a.u.) 

1 01 -0.20318 -0.09050 

2 02 -0.20422 -0.09293 

3 03 -0.20265 -0.09279 
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Figures: 

 

Figure 5.1 Schematic representation of the preparation of GCQDs using pyrolysis 

technique. 

 

Figure 5.2 (a) FTIR spectra of GCQDs (b) XRD pattern (c) Oxidation state and (d) 

Binding energies curve of C-2. 

(a)
(b)

(c) (d)
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Figure 5.3 (a) TEM image of  C-1 at 100 nm scale (b) HRTEM image of the GCQDs 

at 1 nm scale (c) Particle size distribution curve of C-1 (d) TEM image of C-2 at 20 

nm (e) HRTEM image of GCQDs at 5 nm scale (f) Particle size distribution curve for 

the sample C-2. 

5 nm

100 nm

20 nm

1 nm

(a) (b)

(c)

(d) (e)

(f)

C-1

C-2
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Figure 5.4 UV absorption spectra of GCQDs (a) Absorbance Vs wavelength (nm) plot 

for the C-1 with an energy band gap of 3.82 eV (b) Absorbance Vs wavelength (nm) 

for the  C-2 with an energy band gap of 4.2 eV. (c) Photoluminescence of C-1 with an 

emission peak at 454 nm (d) an emission peak of C-2 at 428 nm. 

 

 

Figure 5.5 (a) Raman spectra of C-1 and (b) C-2 samples. 

C-1
C-2

C-1 C-2
(c) (d)

(a)
(b)

(a) (b)
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Figure 5.6 Sensing characteristics of GCQDs based sensor at different operating 

frequencies (20 Hz -2 MHz)  (a,b) increasing and decreasing mode curve at different 

frequencies of C-1 (c,d) increasing and decreasing mode at different frequencies of C-

2 

 

Figure 5.7 (a) Adsorption and desorption curve with hysteresis of gram carbon 

quantum dot (a) C-1 and (b) C-2. Inset shows corresponding normalized sensor 

response curve. 

 

(a) (b)

(c) (d)
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Figure 5.8 Variation of capacitance with respect to frequencies (a) increasing mode 

(b) decreasing mode of C-1 (c) increasing mode (d) decreasing mode curve of C-2. 

 

 

Figure 5.9 Response and recovery times curve of  C-1 and C-2 

(a)
(b)

(c) (d)

(a) (b)
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Figure 5.10 Variation of capacitance with time (a) stability curve of C-1 (b) stability 

curve of C-2  

 

 

Figure 5.11 Schematic of humidity sensing mechanism of GCQDs 

(a) (b)
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Figure 5.12 Formation of H-bond interaction for (a) one, (b) two and (c) three water 

molecules with GCQDs 

 

Figure 5.13 H-donor/acceptor clouded regions of (a) one, (b) two and (c) three water 

molecules with GCQDs 
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Figure 5.14 The electron cloud densities in the interaction of (a) one, (b) two and (c) 

three water molecules with GCQD. 

 

 

Figure 5.15 HOMO-LUMO molecular orbital structure of gram carbon quantum dots. 
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CHAPTER 6 

One-pot synthesis of phosphine free indium 

selenide (InSe) QDs and their structural 

characterization for LPG and humidity 

sensing  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Present chapter reports the facile, low-cost, and phosphine-free one-pot 

synthesis of Indium selenide (InSe) QDs. The particle size analysis 

revealed the average particle size of  InSe QDs as ~13 nm. Optical 

properties of as-synthesized QDs were investigated using 

photoluminescence and UV absorption spectrum. InSe QDs exhibited an 

excitation wavelength of 370 nm and two major absorption peaks at ~405 

and 432 nm. The optical bandgap of the QD was estimated as 2.2 eV. The 

recombination time of the InSe QDs was also calculated as 6.41ns from 

the time-resolved photoluminescence (TRPL). Formation of QDs is 

confirmed using transmission electron microscopy (TEM) showing the 

presence of spherical particles within a size regime of 2-4 nm. The XRD 

pattern matched well with the standard tetragonal chalcopyrite InSe QDs 

structure. The sensing film was made up by a spin-coating method and 

fabricated InSe QDs film was further employed as an LPG and humidity 

sensor. The ratio of Rg/Ra for the LPG was found as 4.41. For humidity, 

the average sensitivity of the sensing film was calculated as 8.89 

MRThe sensing response and decay times of the InSe quantum dot 

were calculated as 5.3 sec & 13.2 sec. No ageing effect was observed and 

results were found 97.5 % reproducible.  
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6.1 Introduction: 

A wide range of nanomaterials is exploited based on intertwined physics and 

chemistry.  Quantum dots (QDs)  have drawn exceptional interest in modern 

nanotechnology owing to the smallest particle size and high luminescent structures 

superior to the big clusters and bulk solids in terms of optical, chemical, and physical 

properties [1]. Intrinsic emission spectra of a nanomaterial could be changed with the 

reduction of the size of particles or the formation of shells. These intrinsic properties of 

a nanomaterial can be extensively functionalized by the different synthesis routes [2]. 

Numerous synthesis routes are proposed for the successful synthesis of QDs [3]. The 

capping agent plays a vital role in minimizing the size regime, sustaining stability, 

uniform growth, and inhibition of agglomeration of the clusters during the synthesis of 

QDs [4]. The presence of surface ligands controlled the undesirable growth during the 

nucleation process [5]. The excellent properties such as nanometer size, tunable energy 

band-gap, fluorescence, and high surface-to-volume ratio serve as a potential candidate 

for sensing applications. Additionally, the proper selection of an organic surfactant 

protective coating modifies the nanostructured material to shape according to the 

opportunity of surface manufacturing. 

Synthesis of QDs generally involves the highly toxic phosphine-based organic 

solvent. Considerable attention has been paid towards the strategy of preparing QDs 

using a phosphine-free synthesis route [6]. Peng et. al employed the non-coordinating 

solvent for the synthesis of cadmium oxide QDs. Some solvents such as oleic acid and 

octadecene dissolved at room temperature [7]. The boiling point of these liquids is 320 

oC and it is also capable of dissolving the sulfur content. By TOPO solvents, it is very 

difficult to purify the QDs. As we know that, colloidal QDs (QDs) are a kind of 

nanocrystals that are dispersed in their respective solutions [8]. The long-chain capping 

agents such as oleic acid (OA) or oleylamine (OLA) capping on the surface of the QDs 

[9]. This caping agent reduces the size of QDs due to its hexagonal chemical structure. 

Due to the excellent optical and electronic properties, QDs have a high surface area with 

active sites for the solid-gas interaction and crystalline nature [10]. The reported 

solvents play a vital role during the formation of QDs by providing tunable surface 

chemistry, which affects the electric and optical things of the material [11]. 
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The sensing parameters like fast response, recovery, real-time, and high stability 

have a major role in monitoring harmful and explosive gas in the atmosphere [12]. There 

are many kinds of gas/ humidity sensors based on metal oxides, semiconductors, and 

nanocomposites [13]. The sensing properties are enhanced due to some parameters as 

the surface-to-volume ratio of material and its functional groups attached to the surface. 

Liquified petroleum gas (LPG) sensor is a very essential sensing device [7], which is 

used for the exposure of hazardous LPG outflow in many places such as homes, stations, 

cars, storage tanks, and factories. LPG is a combination of flammable vapours such as 

propane (C3H8), butane (C4H10), and hydrocarbon. According to the Occupational 

Safety and Health Administration (OSHA) and (NIOSH) have consistent the LEL of 

propane with butane is 2.2 vol.% and 1.8 vol.% in appearance. LEL is defined as the 

lowermost fraction of the absorption of some objective gas in air, which may be able to 

simply produce fire in the presence of explosive material. Henceforth to escape any 

hazardous condition owing to LPG leakage, sensors to sense LELof LPG are highly 

required. 

A variety of nanostructured materials with different dimensions (nanoparticles, 

nanorods, nanowires) are reported as highly sensitive gas and humidity sensors [14]. 

QDs due to their exceptional photoluminescence, tunable band-gap, surface-to-volume 

ratio, and optical properties are extensively useful for humidity and gas sensing 

applications [15].  

 The present work deals with the synthesis of phosphine-free InSe QDs and their 

application as LPG and humidity sensors.   

6.2 Experimental Details 

6.2.1 Resources 

 Indium chloride (99%), olylamine (98%), oleic acid (capping agent), and 

selenium and these chemicals were purchased from Thermo fisher scientific without 

further purification. 
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6.2.2 Preparation Method 

6.2.3 Selenium solution (Step-1)  

The stock solution of selenium precursor was prepared by dissolving selenium 

powder (0.05 nmol) in 20 ml of olelylamine at a temperature of 120 ℃ for 1 hr. As-

prepared selenium solution was turned into blackish which is shown in Fig. 6.1.  

6.2.4. Preparation of Stock solution (Step-2) 

Indium chloride (4 mmol) and oleic acid (1 ml) were taken into the 

stoichiometric amount and further dissolved in oleylamine (20 ml) with vigorous 

stirring at a temperature of 130 ℃. The temperature of the solution was raised to 250 

℃ for the hot injection of the previously prepared selenium stock solution. For kinetic 

growth of InSe QDs, the stock solution of selenium was injected and uniformly resulted 

in the appearance of the solution to light yellow. InSe QDs were isolated by dissolving 

the solution into n-hexane and further centrifuging at 3000 rpm with n-hexane and 

acetone several times to get a fine powder.  

6.3 Fabrication of Sensing Element 

For the humidity and gas sensor, the fabrication of the sensing element was done 

by using the spin-coating method. The glass substrates were initially cleaned and 

additionally ultrasonicated for 50 min. The washed substrates were laid further in the 

oven for 10 min and placed on a spin coater. A homogeneous solution of InSe QDs was 

dropped on a glass substrate by a micro pipet with a rotation of 1000 rpm. The prepared 

film was dried on the hot plate for 30 min and further used for sensing. 

6.4 Characterization Techniques  

Estimation of the average size distribution of InSe QDs was done using a 

Transmission Electron Microscope (TEM) (JEOL-2100 F). The optical properties of 

InSe QDs were investigated by particle size analysis (Nano-zeta sizer), 

photoluminescence spectroscope (Spectroflouorimeter-Flouorolog–FL3-11), time-

resolved photoluminescence spectroscope (TRPL), and UV absorption studies (UV–vis 

spectrophotometer Evolution 201) in the frequency regime of 190 to 1100 nm. 

Stretching of characteristic bonds was revealed by plotting FTIR transmission spectra. 

Sensing characteristics of InSe QDs were plotted by measuring the impedance and 
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resistance using an Impedance analyzer (Wayne Kerr Precision Component Analyzer, 

6440B) and Keithley Electrometer (6517B).   

6.5 Experimental Set-up 

6.5.1 LPG measurement system 

 The gas sensing system for the experiment is presented in Fig. 6.2. The variation of 

current and time was recorded using Keithley Electrometer (6517B). The capacity of 

the gas container is 3 lt., connected with a gas inlet at the top of the gas chamber and 

outlet of the side of the chamber. The concentration of the gas was measured by a flow 

meter inside the chamber, the whole experiment was performed at room temperature.  

6.5.2 Moisture detection set-up  

 The impedance-based humidity sensing system contains several components as a 

humidity-controlled glass chamber, hygrometer, humidification/ dehumidification 

solutions, and sensing element [16]. The sensing element was connected with two silver 

electrodes, impedance analyzer was used to measure the impedance of the sensing 

element. Saturated K2SO4 and KOH aqueous solutions were used for the 

adsorption/desorption cycles of humidity sensing in the chamber. These solutions 

maintain the humidity level inside the system and a hygrometer was used to measure 

the relative humidity. The experimental setup for humidity sensing is shown in Fig. 6.3. 

6.6 Results and Discussion 

6.6.1  Particle Size Analysis 

The particle size analysis is a technique, which confirms the average particle 

size of the nano range and micro range materials. This technique is based on the 

Brownian motion of the particles and is called the DLS technique. For this purpose, the 

InSe QDs were dissolved in n-hexane and ultrasonicated for 20 min for the homogenous 

solution. Nanozeta sizer instrument was used for the analysis of the particle size 

distribution of InSe QDs[17] and corresponding data has been plotted in Fig. 6.4 (a). 

The curve shows the average size of the InSe QDs lies in the range of 1-13 nm.  

6.6.2 UV-Visible spectroscopy Analysis 

 The optical absorbance spectra of the InSe quantum dot corresponding with its 

Tauc plot are presented in Fig. 6.4 (b). This shows an absorption spectrum in the 
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ultraviolet range and the change of absorption constant corresponding to change with 

its photon energy can be calculated. The optical energy band gap Eg of the QDs can be 

predictable from the relation reported in the published research paper [17]. UV 

absorption spectra of InSe QDs are shown in the wavelength range of the range 200-

800 nm. The characteristic band-gap of the InSe QDs was plotted by extrapolating the 

Tauc plot and is found to be 2.2 eV.  

6.6.3 Photoluminescence (PL) spectroscopy Analysis 

  The Photoluminescence (PL) and Time-resolved photoluminescence (TRPL) 

analysis were also performed to examine the optical properties of the InSe QDs. 

Photoluminescence is the size-dependent property and this is the confirmation of 

quantum confinement. The excitation wavelength at 370 nm[18], showing a strong 

broad emission peak ranging from 400 to 700 nm, with two max positions at ~ 405 and 

432 nm. Hence, a gradual shifting was observed in the curve. From the curve, the blue 

colour may be seen and the inset of Fig. 6.4(c) also confirms the blue colour of the InSe 

QDs which is because of the luminescence. 

  TRPL analysis of InSe QDs has been investigated through the TRPL analyzer. 

From Fig. 6.4 (d) the variation of the PL intensity corresponding with its lifetime has 

been displayed. These deviations in a lifetime can be recognized as an extension in the 

density of states. The transition state will be relative to the density of states 

consequently, the exponential peak is observed from the curve and this shows the 

density of states will be revealed in the energy requirement of the emission lifetime. 

This exciton electron lifetime for InSe QDs was calculated and found to be 6.41 ns and 

this lifetime is also called the recombination time of the QDs. 

6.6.4 TEM, HRTEM and XRD analysis 

Crystal structure and size estimation of QDs were done via TEM analysis. Fig. 

6.5(a) exhibits the morphology of the InSe QDs. TEM images reveal a sphere-shaped 

geometry and size distribution of QDs. From Fig. 6.5 (b) the average size was expected 

around 2-4 nm at 20 nm scale [19]. Fig. 6.5 (c) shows pure InSe quantum dots without 

UV light. The HRTEM images also confirm the presence of QDs at a 5 nm scale. Most 

of the particles show at a 1.0 nm scale, which indicates that the spherical particles are 
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distributed at 1.0 nm scale. The corresponding SAED pattern is shown as an inset of 

Fig. 6.5 (d).  

The crystallinity of InSe QDs film was shown via the X-ray diffraction pattern 

analysis presented in Fig. 6.5 (e). As it can be seen from the pattern that the three main 

comprehensive peaks at 26.94, 46.20, and 54.93 correspondings to the Miller indices 

values are (112), (220), and (312) planes.  The XRD pattern well matches with the 

previously synthesized tetragonal chalcopyrite InSe QDs structure (ICDD 36-1311) 

[20]. According to the pattern, the broad peak at (111) shows the minimum crystallite 

size of the quantum dot which is also confirmed by the TEM analysis.   

6.6.5 LPG Sensor  

The basic principle of the LPG sensing mechanism is the resistive type i.e. 

output change in resistance of sensing element was recorded upon the exposure of target 

gas. The mechanism of any sensor is contingent on the surface morphology and 

availability of the functional group of the sensing element also the capacity of the 

adsorption and desorption of objective gas on the surface. We have reported the LPG 

sensing capability of the InSe QDs. The sensing mechanism of QDs depends on the 

resistance of the material. The change in electrical resistance of QDs with time for 

different LPG gas concentrations is shown in Fig.6.6 (a-f). As we could see from the 

curve that the concentration of LPG increases, the respective parameters such as 

sensitivity, decay, and grow times of the sensor would also increase. The sensitivities 

of InSe QDs for different LPG concentrations are shown in Fig. 6.6 (f). It exhibits the 

linear response for 0.5–2.0 vol.% of LPG, and after that it becomes saturated. Also, the 

InSe QDs respond at a very low LPG concentration below LEL i.e. 0.5 vol.%  resulting 

an inferior surface exposure of LPG molecules, which shows that a small amount of 

LPG increases the resistance maximum. From the sensitivity curve, the maximum 

sensitivity and response of the sensor were found higher at high concentrations & low 

sensitivity at lower concentrations and the data have been tabulated in Table 6.1. The 

lowest response and recovery times are also observed in Fig. 6.6 (b). Therefore, as the 

liquified petroleum gas was turned ON, the response time of the sensing film was 

observed, and when the outlet was opened LPG was in an off state, which indicates the 

recovery of the sensing film. The less response, recovery times, good sensitivity, and 
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high stability properties of the sensing element are responsible for the commercial 

purpose.  

6.6.5.1 LPG Sensing Mechanism  

  The sensing mechanism is devoted to the surface adsorption and desorption of 

the LPG, it involves the movement of adsorbed oxygen species. The sensing principle 

depends on the change in electrical resistance corresponding with input owing to the 

electronic exchange of charges. When the target gas interrelates on the surface of the 

sensing element (InSe QDs) it leads the electron transfer between LPG and surface. 

Initially, the surface of the sensor is free from the absorbed LPG molecules, the 

atmospheric oxygen molecules get attracted to the sensing element and formed the 

chemisorbed on the surface. The oxygen molecule ions species were interrelating with 

the conduction band electrons. During this process, the transfer of an electron from the 

conduction band to the chemisorbed oxygen molecules is shown in Fig. 6.7. The 

electrons concentration of the materials at the surface decrease which causes a drastic 

increase in the resistance of the sensing film. After that, an equilibrium state is reached 

concerning the sensing object adsorbed the oxygen and atmospheric oxygen molecules 

over the beyond chemisorption process. During the chemisorption, the possible reaction 

involved is depicted in Fig. 6.7. From the reactions, when LPG gas has interacted with 

the surface of the material, the gas molecules reacted with the ions surrounding the 

surface. LPG molecules are a combination of hydrocarbons, and they are considered 

owing to covalent bonds between carbon and hydrogen.  

6.6.6 Humidity sensing characteristics 

Fig. 6.8 (a-f) shows the InSe based humidity sensing characteristics with both 

adsorption and desorption modes. The variations in impedance have been recorded with 

changes in humidity from the initial 10 %RH to the final 90 %RH [21]. The deviation 

in impedance corresponding to the humidity of sensing film is divided into three 

regions: low humid region (10–45 %RH), mid humid region (45–70 %RH), and high 

humid region (70–90 %RH). From the curves, impedance decreases as relative humidity 

increases for both adsorption and desorption cycles. The humidity range covered from 

10 %RH to 95 %RH during an experiment at room temperature. As the humidity level 

increases, the impedance changes according to the region and sharp changes may be 

observed in the mid humid region. The impedance decreases slowly in higher humidity 
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regions i.e. 70-90 %RH.  Consequently, we were able to accomplish that the sensor film 

is most sensitive in the mid humid (45-70 %RH) region. The decreasing mode (green 

curve) also follows a parallel pattern[22].  Other significant parameters of the sensor are 

an ageing effect, reproducibility, response, and recovery times [23,24]. The ageing 

effect is defined as the spreading of sensor outputs when the sensor shows repetition 

under the same circumstances after an extensive time. Fig. 6.8 (b)  shows the 

characteristic ageing effect after one, two, and three weeks and it can be seen that the 

InSe based QDs humidity sensor is stable having the least variation in output impedance 

with time [25].  

 Fig. 6.8 (c) shows the linear coordinate curve like a green line while the 

logarithmic coordinate is exposed as a pink line, it can be observed that the non-linear 

curve is found over the range (10–90% RH). The next parameter is the reproducibility 

of the sensor which is very important and defined as reobserving the sensing output of 

the sensor in the same ecological situations. The reproducibility curve of the sensing 

element is shown in Fig. 6.8 (d) and the reproducibility is estimated as 97.5%. Fig. 6.8 

(e) displays the most important parameter response/ recovery times and it was calculated 

as 5.3 sec and 13.2 sec. The sensitivity at every region was calculated from the 

adsorption curve and found as more sensitive in the mid humid region which can be 

seen in Fig. 6.8 (f). 

6.6.6.1 Selectivity and Effect of Humidity on LPG Sensing 

To study the selectivity of the QDs-based sensing element, the different gases 

as humidity, LPG, ethanol, acetone, and carbon dioxide were exposed on the surface. 

The corresponding histogram is plotted in Fig. 6.9 (a) which shows the sensing element 

is sensitive for gases but highly responsive for humidity sensors. To investigate the 

effect of LPG on the humidity sensing curve, the testing was achieved in presence of a 

humidity chamber. The corresponding data were plotted in Fig. 6.9 (b) which shows the 

sensing characteristics with LPG (blue) and without LPG (pink) at 0.5 vol% LPG. From 

the curve, it can be seen that the presence of LPG affects the humidity characteristics of 

the sensor. 

 

6.7 Conclusion  
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 In the present work, the phosphine-free InSe quantum dots have been 

synthesized successfully using the least toxic hot injection route and the films were 

fabricated via the spin coating method. The fabricated InSe QDs film was further used 

for LPG and humidity sensing purposes. The fluorescence was observed in the blue 

range by the UV-light chamber and further confirmed by the photoluminescence 

spectroscopy analysis. The particle size distribution curve gave the average particle size 

of the QDs as ~13 nm. The UV- absorption spectra were taken and calculated optical 

band gap as 2.2 eV. The TRPL analysis exhibited the relaxation time of QDs as 6.14 ns. 

The formation of quantum dots was also confirmed by TEM and HRTEM analysis 

which gave the particle size in the range 2 to 4 nm. XRD pattern revealed the crystalline 

nature of QDs. Further, the fabricated film was used for LPG and humidity sensing. The 

humidity sensing properties were studied in the range 10 %RH to 90 %RH and found 

as the most sensitive i.e. 19.50 MRin the mid humidity range (45-70 %RH). The 

average sensitivity of the sensor was found as 8.89 MRResponse and recovery 

times of the InSe quantum dot-based humidity sensor were found as 5.3 sec & 13.2 sec. 

The sensing element was also exposed with the LPG of various concentrations 0.5 to 

2.0 vol.%. The maximum sensor response was found as 4.41 for 2.0 vol.% of LPG. This 

sensor exhibited the sensor response 2.29 for 0.5 vol.% of LPG which is below LEL. 

The minimum response and recovery times were calculated as 7.5 sec and 6.3 sec. The 

investigated sensing parameters favour this material for the commercial development of 

a humidity sensor at room ambient. 
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Tables: 

Table 6.1 shows the LPG sensing parameters of InSe based sensor. 

Target gas 

concentration 

(vol %) 

Rg/Ra Growth time 

(sec) 

Decay time 

(sec) 

0.5 2.96 7.5 6.3 

1.0 3.40 9.5 9.0 

1.5 3.76 11.0 11.5 

2.0 4.41 12.6 14.0 
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Figures: 

 

Figure 6.1: Schematic for the synthesis of InSe QDs by kinetic growth method 

 

 

Figure 6.2: Schematic for the LPG sensing set-up 
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Figure 6.3: Experimental set-up for  humidity sensing  

 

Figure 6.4: (a) Particle size analysis of QDs (b) UV-Visible absorbance spectra with 

Tauc plot (c) Time-resolved PL spectra of InSe QDs (d) Photolumensence spectra of 

QDs. 

(a) (b)

(c)
(d)
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Figure 6.5: (a) Topological analysis at 20 nm scale (b,d) HRTEM analysis at 5 nm 

scale and 1 nm scale (c) pure InSe QDs without UV light (e) XRD analysis of 

quantum dot (f) fluorescence image of QDs in presence of UV light. 

 

Figure 6.6: (a) LPG gas sensing response of the InSe QDs at different vol.%  (b) 

response and recovery time curve shows the 7.5 sec and 6.3 sec respectively at 0.5 

vol.% (c) repeatability test at 0.5 vol.% (d) sensor response histogram at different 

vol.% (e) response and recovery time at different vol.% (f) linear sensor response. 

5 nm

1 nm

(a) (b) (c)
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Figure 6.7: Schematic for LPG sensing mechanism. 

 

 

Figure 6.8: (a) Humidity sensing response of the InSe QDs (b) ageing effect after one, 

two, three weeks (c) repeatability test (d) response and recovery curve of the InSe QDs 

(e) response and recovery time (f) linear sensor response  

(a) (b)

(d) (e)

(c)

(f)
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Figure 6.9: (a) Selectivity of InSe QDs with other gases (b) effect of humidity 

during LPG sensing. 

 

(a) (b)
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CHAPTER 7 

Concluding Remarks and Scope of 

Further Research 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A study of synthesis, characterization, humidity and gas sensing properties of 

nanometallopolymer and quantum dots are summarized in the present chapter. This 

chapter also provides the guidelines for further research work in the field of 

nanodimensional material as a humidity and gas sensor. 
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7.1 Conclusion 

The field of nanotechnology is one of the most popular areas for current research 

and development in basically all technical disciplines. Another field of interest is metal-

organic frameworks (MOF) which mainly include metallopolymers. 

Nanometallopolymers are emerging polymer nanocomposites which are very cost-

effective and can be used as solar cells, IC chips, and energy storage devices. Polymer 

gels are significant materials for both fundamental and scientific research. Also, 

hydrogels are quite interesting owing to their excellent property of 

absorption/desorption which ensures their applicability in biomedical engineering. 

Acrylamide-based hydrogels can be best suited for versatile applications. 

 During the last few years, the optical and electronic properties of semiconductor 

nanostructures have been of great interest theoretically and experimentally. At the 

nanometer scale, continuous energy levels changes in discrete energy levels due to the 

quantum confinement phenomena. Quantum confinement effects are present in many 

systems e.g. in quantum well, quantum wire and quantum dots. In quantum dots, due to 

the 3-D confinement, the density of states shows discrete energy levels. The energy 

levels can be monitored to different values by controlling the shape, size, dot material 

and confinement potential. The electronic transitions in the discrete energy levels can 

be used to tailor the optical properties of quantum dots. Quantum dots are very tiny 

particles, having a diameter of 2 to 10 nanometers. They have unique optical and 

electronic properties due to their three-dimensional quantum confinement regime. In a 

semiconductor bulk material, the conduction and valence band are separated by a 

bandgap and when light absorption takes place, the electron is excited from the valence 

band to the conduction band, creating a hole in the valence band. After a certain time 

(10-8 sec), when the electron returns to the valence band, fluorescence is observed. 

Because of the small-time lag in the process of light absorption, the electron and hole 

don’t move independently due to the Coulomb attraction and form hydrogen-like 

species. When all the three dimensions of the semiconductor material are reduced to few 

nanometers and the particle becomes smaller than the Bohr radius, the quantum 

confinement effect comes into the scene and in this situation, these nanoparticles are 

defined as quantum dots. Quantum dots (QDs) are compounds with specific 

characteristics like the bandgap of QDs increases when the size of the particle decreases. 
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Also, the colour that QDs emits is directly proportional to its size (smaller dots appear 

blue). Few limitations of organic metallopolymers (sensitivity, stability etc.) have 

motivated us towards QDs to make their nanohybrids for humidity/gas sensing 

applications as the humidity/gas sensors play a vital role in various fields like medical, 

agriculture, industries etc.  

Chapter 1 deals with the fundamental concept of sensors and their comparison 

with the existing sensing devices. Briefly introducing the classification of humidity, gas 

and photosensors, the underlying mechanism and their performance index. A detailed 

overview of current sensor materials (metal oxide polymer composite, metallopolymers 

and quantum dots), strategies of enhancing the performance with their characteristics of 

sensing materials. Also, the sensing mechanism and responsible parameters of sensing 

material have been discussed in detail. The chapter concludes with the concept of 

metallopolymers and quantum dots materials for humidity, gas and photosensors and 

the plausible solutions to overcome the present challenges. The wide literature review 

of the past decade has been tabulated. The multipurpose applications of impedance and 

capacitance-based humidity sensors have also been explained in this chapter. The 

orientation of work, aims and objectives of the present research work are well described 

at the end of the Chapter. Chapter 2 deals with the synthesis of nanometallopolymers 

Ni(NO3)2(AAm)4.2H2O and its fabrication by spin coating. The humidity sensing 

application at room temperature has also been investigated. In Chapter 3 a purpose has 

been completed to synthesize the CdS/polyacrylamide using the frontal polymerization 

route. Further, its film was fabricated using the spin coating technique for the detection 

of humidity at room temperature. A new approach to the application of an as-developed 

humidity sensor to detect the moisture/ wetness in the Baby diaper with an alarm system 

was also investigated in this chapter. Chapter 4 deals with the synthesis of ternary 

metal-doped polyacrylamide as a humidity sensor. Chapter 5 describes the synthesis of 

carbon quantum dots from roasted grams using the pyrolysis method. These quantum 

dots easily interact with water molecules and were utilized as humidity sensors. Also, 

the DFT data confirmed the experimental results. Chapter 6 designates the synthesis, 

characterization and humidity sensing properties of quantum dots such as carbon 

quantum dots and InSe quantum dots. In this chapter the gas sensing properties were 

also investigated.  Chapter 7 deals with a study of synthesis, characterization, humidity 

and gas sensing properties of nanometallopolymer and quantum dots which are 
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summarized in the present chapter. This chapter also provides the guidelines for further 

research work in the field of nano dimensional materials as humidity and gas sensors. 

7.2 Development of a reliable room temperature humidity 

sensor using nanostructured nickel polyacrylamide  

 The humidity sensing ability of Ni(II) nitrate PAAm complex was investigated 

by recording the variation in impedance on exposing the humidity. The crystalline 

nature of the material was confirmed by XRD analysis. The minimum crystallite size as 

calculated from the Debye - Scherrer formula was 9 nm and the average crystallite size 

was 13 nm. This crystallinity was revealed through TEM image revealed the 

nanoparticles having sizes in the range of 4-21 nm. A wide optical band-gap of 4.034 

eV was found by the UV–vis Spectrophotometer. The average sensitivity of the film 

was found as 33.27 M/%RH for impedance-based humidity sensing. The response and 

recovery time for the electrical mode were calculated as 15.11 sec and 75.25 sec. Also, 

the ageing trial confirmed that the material was quite stable after 60 days. 

7.3 Polyacrylamide decorated CdS nanoparticles based flexible 

humidity sensor for baby diaper alarm: Experimental and theoretical 

study 

CdS/Polyacrylamide nanocomposite was prepared via frontal polymerization 

techniques for humidity sensing application. The flexibility of the as-developed 

humidity sensor was utilized for the moisture detection in commonly used baby diapers 

with alarm. The computer model was simulated & optimized for the synthesized 

composite (Cd-S & Polyacrylamide) using density functional theory and performed 

several analyses. HOMO-LUMO and correspondingly obtained other electronic 

parameters were studied, which revealed that the bandgap of the synthesized composite 

material tends to decrease upon increasing the level of water molecules owing to be 

better humidity sensing mechanism, and therefore it is apt for developing an electrical 

humidity sensor. We also calculated several electronic parameters in order to understand 

their variations with the increasing number (concentration) of water molecules. Further, 

the thermochemical data reveals that the composite system is stable and humidity (H2O) 

is absorbed well onto its surface as the thermodynamic values keep on increasing as the 

concentration of water molecules is increased. Since we have synthesized a metal (Cd) 
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based absorbent composite, Cd plays a crucial role in the absorbing phenomena. In order 

to validate this, we calculated the distances of all the water molecules from Cd atom 

and found that it lies within the interaction ranges and hence the theoretical studies also 

are in support of our findings. These results lay the establishment of the crucial fact that 

the developed composite material is suitable for absorbent behaviour and can be 

employed for further applications. 

7.4 Fabrication of Cu0.8Zn0.2Sb2-polyacrylamide nanocomposite 

via frontal polymerization and its relevance in moisture sensing 

and photodetection  

Cu0.8Zn0.2Sb2AAm based capacitive humidity sensor was successfully fabricated 

using a spin coating technique and the photoconduction behaviour of the material was 

also investigated. The presence of mesoporous morphology of the fabricated thin-film 

energized the sensing capability of film. The wide bandgap of 3.91 eV felicitates better 

conduction accompanied by a synergistic interaction between metal Cu-Zn-Sb ternary 

phase and PAAm boost the sensitivity as well as photoconductivity of the thin film-

based sensing element. Cu0.8Zn0.2Sb2AAm-polymer interfaces exhibited the 

photoconduction behaviour revealing response and recovery time of 6.6 sec and 10.24 

sec. Humidity sensing characteristics on film surface were evaluated by the capacitive 

performance of Cu0.8Zn0.2Sb2AAm based thin film humidity sensor. The Average 

sensitivity (S) was found to be ~168.477 pF/%RH at an optimum frequency of 20 Hz. 

The thin-film-based sensor exhibits a rapid response and recovery time of 4.6 sec and 

5.6 sec respectively, with a 96% sensitivity retention after 60 days. Thus, 

Cu0.8Zn0.2Sb2AAm polymer-based capacitive humidity sensor provides an insight 

measure for a stabilized ternary system based on polymer nanocomposite for humidity 

sensing and photoconduction application.  

7.5 Improved humidity sensing response of roasted gram derived 

carbon quantum dots  

The gram carbon quantum dots were synthesized via waste gram peels, which is 

the source of carbon. As synthesized carbon quantum dot is water-soluble and shows 

the green and blue luminescent property. We have prepared GCQDs at two different 

temperatures 315 oC (C-1) and 650 oC  (C-2) and the average size of GCQDs are 7 and 
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5 nm, respectively. In UV light samples C-1 and C-2 exhibit green and blue emission 

respectively. The chemical composition of GCQDs was confirmed by Raman and XPS 

analysis. The simple and cost-effective GCQDs showed good sensing characteristics. 

We have used both the samples C-1 and C-2 for the capacitive humidity sensor at 

different frequencies (20 Hz - 2 MHz).  Among C-1 and C-2 based sensors, C-2 displays 

the best result at optimized frequency. The response and recovery time for sample C-1 

are 13.3 sec and 14.1 sec and for C-2 these are 7.3 sec and 4.7 sec, respectively. From 

the theoretical study, we concluded that the water molecules easily interact with carbon 

quantum dots. The electrostatic is a contour map which shows that the red regions 

represent the most electronegative sites, whereas the blue regions represent most 

electropositive sites within the CQD-water system. These sites also reveal crucial 

information concerning the regions where the CQD-water system can undergo intra- and 

intermolecular interactions to attain stability. Since the energy gap between HOMO and 

LUMO is very small and this energy gap is sufficient to give significant information 

about the CQD-water system that it has almost planar geometry and assists in layer-

based interaction and hence tends to decrease the HOMO-LUMO gap.  Thus gram 

carbon quantum dots easily interact with water molecules and were performed as a  

humidity sensor. Also, the theoretical data confirmed the experimental results. 

7.6 One-pot synthesis of phosphine free indium selenide (InSe) QDs and 

their structural characterization for LPG and humidity sensing  

The phosphine-free InSe quantum dots have been synthesized successfully using 

the least toxic hot injection route and the films were fabricated via the spin coating 

method. The fabricated InSe QDs film was further used for LPG and humidity sensing 

purposes. The fluorescence was observed in the blue range by the UV-light chamber and 

further confirmed by the photoluminescence spectroscopy analysis. The particle size 

distribution curve gave the average particle size of the QDs as ~13 nm. The UV- 

absorption spectra were taken and calculated optical band gap as 2.2 eV. The TRPL 

analysis exhibited the relaxation time of QDs as 6.14 ns. The formation of quantum dots 

was also confirmed by TEM and HRTEM analysis which gave the particle size in the 

range of 2 to 4 nm. XRD pattern revealed the crystalline nature of QDs. Further, the 

fabricated film was used for LPG and humidity sensing. The humidity sensing properties 

were studied in the range 10 %RH to 90 %RH and found as the most sensitive i.e. 19.50 
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MRin the mid humidity range (45-70 %RH). The average sensitivity of the sensor 

was found as 8.89 MRResponse and recovery times of the InSe quantum dot-

based humidity sensor were found as 5.3 sec & 13.2 sec. The sensing element was also 

exposed with the LPG of various concentrations 0.5 to 2.0 vol.%. The maximum sensor 

response was found at 4.41 for 2.0 vol.% of LPG. This sensor exhibited the sensor 

response of 2.29 for 0.5 vol.% of LPG which is below LEL. The minimum response and 

recovery times were calculated as 7.5 sec and 6.3 sec. The investigated sensing 

parameters favour this material for the commercial development of a humidity sensor at 

room ambient. 

A chapter-wise outline of the thesis including the sensing nanomaterials, their 

crystallite size, energy band-gap, sensitivity, response and recovery time are depicted in 

Table 7.1. The main aim of our research work carried out was to investigate and fabricate 

a low-cost humidity sensor with high responsiveness than previously reported sensors 

that would be applicable in the multifunctional field. From this table, it can be observed 

that InSe quantum dots is an excellent material for electrical humidity sensing 

application at room temperature. Application of an as-developed humidity sensor based 

on CdS/Polyacrylamide nanocomposite for the detection of moisture/ wetness level in 

the baby diaper with an alarm system has proven an innovative approach.   

7.7 The scope of Further Research Work  

In future, research work for creative and efficient devices, the understanding 

about the role of nanodimensional material at room temperature applications would be 

desirable. This includes a combination of the recovery aspects onto the surface of the 

sensing element.  

 In the present work, the InSe quantum dots has been optimized to improve the 

sensing parameters, due to the high surface to volume ratio while there is scope 

for integration of modifiers like of similar radius or some other less toxic 

quantum dots for reducing the response and recovery times of humidity and gas 

sensor.  

 An effort may also be made for the synthesis of reported materials using other 

methods and their versatile sensing applications. 
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 The dielectric behaviour of these nanometallopolymers and quantum dots may 

be interesting. The effects of other gases at room temperature on the thin films 

of synthesized nanomaterials may be investigated in future.  

 Detailed analysis of the evolution of the surface reactions concerning 

temperature needs to be carried out so that the exact understanding of the 

reaction products from the surface interaction may be possible. 

 The theoretical investigation may be very helpful to investigate the interaction 

between the surface of sensing elements and gases. 
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Tables: 

Table 7.1: A chapter-wise outline of the Thesis 
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Ch. 1 Introduction 

Ch. 2 Ni(NO3)2(AAm)4.2H2O 4.0-21.0 4.03 0.37 94.63 75.25 15.15 

Ch. 3 CdS/polyacrylamide 5.0-3.1 3.50 3.89 125.57 33.00  12.50 

Ch. 4 Cu0.8Zn0.2Sb2AAm 17.3-21.8 3.91 4.45 168.47 5.65  4.65 

Ch. 5 Carbon quantum dots 2.0-10.0 4.20 5.12 254.86 4.75 7.35 

Ch. 6 InSe quantum dots 4.0-6.0 2.20 8.89 261.63 4.32 12.21 

Ch. 7 Conclusion 

 

 

 

 



APPENDIX 

Experimental Methods and Characterization 

Techniques 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The experimental techniques used through the whole work for 

the preparation and characterization of the nanomaterials and 

sensor are over-viewed in this part. The synthesis of 

nanometallopolymer and quantum dots were performed by 

frontal polymerization and one pot method. The sensing film 

fabrication was done by spin coating method. For the 

confirmation of the prepared samples were characterized by, X-

ray Diffractometer, Scanning Electron Microscopy, 

Transmission Electron Microscopy, UV-visible spectroscopy, 

photoluminescence and Particle Size Analysis. Further the 

variation in the impedance corresponding with relative humidity 

was observed by impedance analyzer. 
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A.1 Introduction 

The methodology and various experimental techniques used in the synthesis and 

investigation of nanometallopolymers and quantum dots thin films have been described.  

X-ray diffractometer (XRD) Scanning electron microscope (SEM), Particle Size 

Analyzer, Photoluminescence, Transmission electron microscope (TEM) and UV-vis 

spectrophotometer were used to characterize these films. A large number of experimental 

techniques have been employed for accomplishment the overall evidence about the 

properties as structure, shape, size and topology etc. of the material. Some of the 

experimental techniques which have been used in this thesis work are described in detail 

in this chapter. 

A.2 Methodology of Present Work 

Following steps were carried out for the present investigation; 

1. Synthesis of nanometallopolymers and quantum dots. 

2. Fabrication of the sensing film. 

3. Investigation of the material using different characterization techniques to know 

phase, structure, size, morphology, band gap and surface area etc. of the sensing 

film. The techniques used here are as follows: 

a. X-ray Diffraction (XRD): XRD is used for the study of phase identification 

and structural properties. It is also used to find crystallite size. 

b. Scanning Electron Microscopy (SEM): SEM technique is used to know the 

surface morphology of the nanocomposite thin film. 

c. Transmission Electron Microscopy (TEM): TEM is used to obtain the 

topography of the sample which deals with the internal structure of the 

sample, and its grain distribution and grain diameter. 

d. Particle Size Analyzer: It is used to find out the particle size distribution in 

the sample. 

e. Photoluminescence spectroscopy: It is used for the luminescence property 

of the quantum dots. 
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f. UV-visible Spectroscopy: This spectroscopy will provide information about 

the absorption spectra and the optical band gap of the sample. 

A.3 Synthesis 

A.3.1 Frontal Polymerization Method 

 Synthesis of nanometallopolymers 

For the synthesis of nanometallopolymers, materials scientists has been used a variety 

of tools such as Frontal polymerization technique, in this process first ignite front of the 

monomer and this front actions towards the bottom. The second method is chain-growth 

condensation polymerization, in this polymerization an active centre is generated and 

monomers can be polymerized in a very short span of time to form large molecular 

weight with some by-products, polycondensation, in which the molecules join together 

and form the condensate with some byproducts such as water and methanol, ring-opening 

polymerization, in this method terminus of a polymer chain attack on the cyclic monomer 

and form the longer chain, the reactive centre may be free radical, cationic or anionic, 

electro-polymerization, in this technique, conducting polymer synthesized on the 

conducting substrate, living ionic polymerization, in this process, the active ionic centres 

are in chemical equilibrium with an exchange rate, which is far faster than the 

propagation rate and radical polymerization, in this polymerization polymers are formed 

by successive addition of the active species. Some post-synthesis methods are also 

reported for metallopolymers as polymer modified by combining metal centres or ions. 

In the processing of the metallopolymers, there are various reactions taking place as 

Suzuki, Sonogashira and Heck coupling reaction.  

A.3.2 Frontal Polymerization 

In Frontal polymerization process the acrylamide monomer is converted into polymer 

in a localized reaction zone and this is short time and solvent free method for 

polymerization. Frontal polymerization happens in a definite arrangement with suitable 

thermo-physical properties, which are extremely exothermic and low heat conductivity 

factor. The heat changed during the polymerization of one monomer layer was consumed 

in the activation of the next layer. Thermal wave proceeds in a narrow temperature range 

close to the adiabatic heating of the reaction medium.  The Frontal polymerization are 

three types:  
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 Thermal Frontal polymerization:  The TFP is the technique, in which an external 

source used to initiate the front for polymerization. In this technique, the contained 

reaction is determined by an external UV source.. 

 Isothermal Frontal polymerization: The (IFP) is process in which shows the gel effect 

that happens when the monomer and initiator diffuse into a polymer unit. Thermal frontal 

polymerization starts when heat source associates with solution of monomer and thermal 

initiator. 

  UV exposure Frontal polymerization: This is the technique in which the UV exposure 

used for the external source. It has also faster polymerization rate, and the source of 

energy is in exothermic form of polymerization, raising the temperature and increasing 

the rate of reaction at this zone. A schematic diagram of synthesis of nanometallopolymer 

is shown in Fig.A.1. 

A.3.3 One-pot method: 

The first time kinetic growth method introduced by LaMer and Dinegar, who 

defined how the formation of monodisperse colloids quantum dots is dependent on 

nucleation. In this method the rapid growth of colloidal quantum dots also explained. By 

this method, Alivisatos and Bawendi also explained the one pot or hot injection method 

of synthesizing quantum dots. Presently, the one pot or hot-injection method is one of 

the most common route for the synthesis of nanomaterial. This method involves the 

formation of consistent nuclei by the quick injection of organometallic substances into a 

warm solvent.  During the reaction process it also contains the some surfactant and 

ligands to avoid quantum dots from agglomeration. The ligands that are alkylphosphine 

oxides or trioctylphosphine, long-chain carboxylic acids or oleic acids, and long-chain 

amines groups (oleylamine). Once a nucleation process has happened a consistent 

diffusion-controlled progress is perceived through the solution.  During this the larger 

quantum dots produce very slowly than the smaller quantum dots, subsequent in a size 

effect.  As the progress of the quantum dots improves, the bigger QDs continue to 

produce while the lesser QDs liquefy due to their greater chemical potential.   The average 

particle size of the quantum dots increases and the concentration of the particle decreases 

till the point of saturation. The hot-injection or one pot method is predominantly effective 

because in this method the high level of control of particles permitting a rapid nucleation 

separated from the growth stage. Using this method, increasing the temperature, 
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surfactants concentration, and reaction time and possible to obtain various size of 

quantum dots. A schematic diagram of synthesis of nanometallopolymer is shown in 

Fig.A.2. 

A.4 Fabrication Techniques for Thin Film 

A.4.1 Spin coating method 

 Spin coating is a technique in which a thin layer is coated on a solid platform 

(substrate) using a machine called spin coater (Metrex RC100, India) which is shown in 

Fig. A.3. The spin coater, which is used for thin film deposition having many components 

but mainly a powerful motor, generally which can spin up to 6000 round per minute 

(rpm) and a vacuum pump for holding substrate. In spin coater spinning speed and time 

of spinning are responsible for the thickness of thin films, if time of spinning and rate of 

spinning is increased the thickness of thin film decreased. The coated thin films were 

dried at temperature 150-200°C to eliminate excess solvents from the resulting. The 

required thickness of thin film was obtained by the repeating the process of spinning and 

drying.  

Dispense of the resin plays an important factor in the preparation of thin film. For 

this, the substrate must be cleaned in ultrasonic bath. Then after loading the substrate on 

spin coater, the main task starts. There are two ways to dispense the resin fluid on the 

substrate. They are as follows: 

Static resin: Static dispense is the deposition of a small puddle of resin fluid on the 

center of the substrate. Highly viscous solution and large substrate is needed in this 

process with a higher spinning speed. It also requires a large amount of fluid to cover the 

whole substrate and due to high spinning rate much of the fluid is wasted. 

Dynamic resin: In this process speed of the arm rotator is slow around 500-1000 rpm. 

This is more advantageous than static resins as the chances of void formation are low in 

this method. In this less amount of fluid is required and due to low speed, the wastage of 

fluid around the rotator is less. 
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A.6 Characterization Techniques 

The nanometallopolymers and quantum dots were characterized by various 

characterization techniques which are described as follows: 

A.6.1 X-ray Diffractometer 

X-ray diffraction (XRD) is one of the most important non-destructive tools to 

analyze all kinds of matter ranging from fluids, to powders and crystals. From research 

to production and engineering, XRD is an indispensable method for materials 

characterization and quality control. X-ray diffraction experiment is performed by 

machine called X-ray diffractometer, the photograph of which is shown in Fig. A.3. Here 

crystalline structure causes a beam of incident X-rays to diffract into many specific 

directions. By measuring the angles and intensities of these diffracted beams, a 

crystallographer can produce a three-dimensional picture of the density of electrons 

within the crystal. From this electron density, the mean positions of the atoms in the 

crystal, chemical bonds, crystallographic disorder etc. can be determined.  An X-ray 

striking an electron produces secondary spherical waves emanating from the electron. 

This phenomenon is known as elastic scattering, and the electron is known as the 

scatterer. A regular array of scatterers produces a regular array of spherical waves. 

Although these waves cancel one another out in most directions through destructive 

interference, they add constructively in a few specific directions, determined by Bragg's 

law given in Eqn. A.1: 

2dsinθ = nλ    …. (A.1) 

Here d is the spacing between diffracting planes,  θ is the incident angle, n is any integer, 

and λ is the wavelength of the beam. The schematic diagram for Bragg’s law is shown in 

Fig. A.4. These specific directions appear as spots on the diffraction 

pattern called reflections. X-rays are used to produce the diffraction pattern because their 

wavelength λ is typically the same order of magnitude (1–100 Å) as the 

spacing d between planes in the crystal.  

X-rays are generated in a cathode ray tube by heating a filament to produce 

electrons, accelerating the electrons toward a target by applying a voltage, and 

bombarding the target material with electrons. When electrons have sufficient energy to 

dislodge inner shell electrons of the target material, characteristic X-ray spectra are 
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produced. These spectra consist of several components, the most common being Kα and 

Kβ. Kα consists, in part, of Kα1 and Kα2. Kα1 has a slightly shorter wavelength and twice 

the intensity as Kα2. The specific wavelengths are characteristic of the target material 

(Cu, Fe, Mo, Cr). Filtering, by foils or crystal monochrometers, is required to produce 

monochromatic X-rays needed for diffraction. Kα1 and Kα2 are sufficiently close in 

wavelength such that a weighted average of the two is used. Copper is the most common 

target material for single-crystal diffraction, with Cu Kα radiation = 1.5418Å. These X-

rays are collimated and directed onto the sample. As the sample and detector are rotated, 

the intensity of the reflected X-rays is recorded. When the geometry of the incident X-

rays impinging the sample satisfies the Bragg Equation, constructive interference occurs 

and a peak in intensity occurs.  

The basic component of diffractometer is an X-rays coherent source (Cu Kα, 

0.15418 nm) which provides a beam of X-ray directed towards the crystal (sample) and 

a detector which monitors diffracted beam intensity. Other components are several 

focusing optics, rotating stand sample holder and software. The X-rays diffraction 

software provides an intensity of diffractive X-rays as a function of d-spacing/2θ which 

contains peaks at certain positions. This XRD pattern is a signature of certain materials 

and these signature patterns are provided by International Centre for Diffraction Data 

(ICDD) and Joint Committee on Powder Diffraction Standards (JCPDS). The 

information obtained from this pattern includes types and nature of crystalline phases 

present, structural make-up of phases, degree of crystallinity, amount of amorphous 

content, micro strain & size and orientation of crystallites. The following formulae are 

used to calculate these parameters [2-4]. The crystalline size (D) of crystal was calculated 

by Debye-Scherrer’s formula given in Eqn. A.2 

𝐃 =
𝐊𝛌

𝛃𝐜𝐨𝐬𝛉
      .... (A.2) 

where, constant factor K is nanostructure constant, β is the broadening of diffraction line 

measured at half of its maximum intensity (FWHM) and λ is the wavelength of the X-

ray used (0.15418 nm).  

A.6.2 Scanning Electron Microscope 

 A scanning electron microscope (SEM) is a type of electron microscope that 

produces images of a sample by scanning the surface with a focused beam of electrons. 
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The electrons interact with atoms in the sample, producing various signals that contain 

information about the surface topography and composition of the sample. The most 

common SEM mode is the detection of secondary electrons emitted by atoms excited by 

the electron beam. By scanning the sample and collecting the secondary electrons that 

are emitted using a special detector, an image displaying the topography of the surface is 

created. The photograph of scanning electron microscope used in the reported research 

is shown in Fig. A.5(a). 

 SEM consists of an electron gun of some kind such as Tungsten or Lanthanum 

Hexaborate (LaB6) which acts as the source of electron beam. The filament inside the 

electron gun is heated until a stream of electron is produced. This stream of electron is 

then condensed by first condenser lens, this lens serves two purposes at a time. One, it 

eliminates the high-angled electron from the beam and second, it limits the amount of 

current in the beam. The second condenser lens makes the beam narrower and focused. 

Near the bottom of SEM a set of scanning coils is present that is used to focus the beam 

in the back and forth direction. When this beam hits the spot on the sample surface, it 

removes the secondary electrons and these electrons are detected by the detectors. The 

detectors role is to count the electrons and amplify the current and record it to visualize 

the image based on the number of electrons removed from the particular spot in pixels 

by a computerized system. The working of the SEM is shown in Fig. A.5(b). 

Specimen interaction with the beam 

 Specimen interaction is the process that makes electron microscopy possible. The 

various interactions that occur at the surface of the specimen is shown in Fig. A.6 and 

listed in the following sub-heads: 

Secondary electron emission: The emission of secondary electron is caused when the 

energized electrons strikes the surface of the sample. These electrons transfer some 

energy to the lower energy electrons (usually the K–shell) and this causes the ionization 

of the atoms present at the surface of sample. This electron removed from the surface is 

called as “secondary electron”. This is the most common mode used in the imaging with 

SEM. The brightness of the signals depends upon the number of secondary electrons 

reaching the detector. 
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Backscattered electrons: Backscattered electrons are reflected or backscattered out of 

the specimen interaction volume. This is caused by collision of incident electron to an 

atom which is nearly normal to the incident path. The production of backscattered 

electrons varies directly with the atomic number of the specimen, that is, higher the 

atomic number, higher will the brightness. Backscattered electrons thus can be used to 

detect different chemical composition, by examining the contrast between the areas. 

Cathodo luminescence: When the high energy electrons strike the surface they excite 

the atoms and when these atoms return to their ground state they emit light. This process 

is termed as Cathodo luminescence (CL). In SEM, CL detectors can be used to give 

image in real colour. 

Auger electron: When the electron is removed from the core level of the atom, a vacancy 

is created which is filled by higher energy electron releasing energy which is transferred 

to another electron, which is then ejected as auger electron. Auger electron has a 

characteristic energy feature which is unique for each element. Thus these auger electrons 

are collected and provide useful compositional information of the sample surface.  

A.6.3 Transmission Electron Microscope (TEM) 

 Transmission electron microscopy (TEM) is a microscopy technique in which a 

beam of electrons is transmitted through a specimen to form an image. The specimen is 

most often an ultrathin section less than 100 nm thick or a suspension on a grid. An image 

is formed from the interaction of the electrons with the sample as the beam is transmitted 

through the specimen. The image is then magnified and focused onto an imaging device, 

such as a fluorescent screen, a layer of photographic film, or a sensor such as a charge-

coupled device. TEM provides the image in real time. The image of a TEM machine is 

shown in Fig. A.7 (a). 

 The TEM consists of an emission source, which may be a tungsten filament or 

needle, or a lanthanum hexaboride (LaB6) single crystal source. The gun is connected to 

a high voltage source (typically ~100–300 kV) and, given sufficient current; the gun will 

begin to emit electrons either by thermionic or field electron emission into the vacuum. 

The electron source is typically mounted in a Wehnelt cylinder to provide preliminary 

focus of the emitted electrons into a beam. The upper lenses of the TEM then further 
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focus the electron beam to the desired size and location. The schematic set-up depicting 

different parts is shown in Fig. A.7 (b).  

Description of sample holder 

TEM specimen stage includes airlocks which allow the insertion of the specimen 

holder into the vacuum with minimal loss of vacuum in other areas of the microscope. 

The specimen holders hold a standard size of sample grid or self-supporting specimen. 

Standard TEM grid sizes are 3.05 mm diameter, with a thickness and mesh size ranging 

from a few to 100 μm. The sample is placed onto the meshed area having a diameter of 

~2.5 mm. Usual grid materials are copper, molybdenum, gold or platinum. This grid is 

placed into the sample holder, which is paired with the specimen stage. A wide variety 

of designs of stages and holders exist, depending upon the type of experiment being 

performed. Once inserted into the TEM, the sample has to be manipulated to locate the 

region of interest to the beam, such as in single grain diffraction, in a specific orientation. 

To accommodate this, the TEM stage allows movement of the sample in the XY plane, 

Z height adjustment, and commonly a single tilt direction parallel to the axis of side entry 

bolders. Sample rotation may be available on specialized diffraction holders and stages. 

The various steps involved in the working of TEM are: 

 The electron beam produces a beam of electrons, which is then focused to a thin, 

coherent beam. 

 This beam of electron is further restricted by the condenser lenses which knock 

out the high angled electron. 

 This beam transmits through the specimen and is focused by the objective lenses 

to give an image. 

 The image is then passed by the project lenses to enlarge the image, which then 

strikes the phosphor screen. 

 The darker area represents the presence of few number of electrons transmitted 

through the sample (i.e. the sample must be thick there) whereas the brighter part 

will represent more transmitting electron area. 

Detection of transmitted electrons 
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Following steps are involved in the detection of transmitted electrons and image 

formation: 

Unscattered electrons: These are the incident electrons that are transmitted through the 

sample without any interaction. The image will appear darker if the unscattered electrons 

are few as they vary inversely with the thickness and the image will appear brighter for 

large number of unscattered electrons. 

Elastically scattered electron: There are incident electrons that get deflected from their 

path. The scattering of the electron follows Bragg’s Law (λ = 2d sinθ). Since all the 

incident electrons have same energy and atomic spacing, so they will scatter with same 

angle. These scattered electrons can thus be collected by magnetic lenses to give pattern 

of spots which in turn are very useful in determining the orientation, atomic arrangement 

and phases present in the given sample. 

Inelastically scattered electrons: There are many electrons that interact inelastically 

with the specimen transferring out all their energy to the atoms in the specimen. These 

electrons then transmit through the rest of the specimen. These unscattered electrons can 

be used to provide following information: 

 The inelastic loss of energy is dependent on the element and is unique to the 

bonding state of the element, thus gives the information about composition and 

bonding. 

 The alternate light and dark lines (Kakuchi bands) formed due to inelastic 

scattering; the width of these bands is inversely proportional to the atomic spacing. 

A.6.4 UV-Vis Spectrophotometer 

Ultraviolet and visible (UV-vis) absorption spectroscopy is the measurement of 

the attenuation (weakening of strength) of a beam of light after it passes through a sample 

or after reflection from a sample surface. Ultraviolet and visible light are energetic 

enough to promote outer electrons to higher energy sublevels. The technique is usually 

applied to molecules or inorganic complexes in solution. Absorption measurements can 

be at a single wavelength or over an extended spectral range. UV-vis spectra have broad 

features that are of limited use for sample identification but are very useful for 

quantitative measurements. The concentration of an analyte in solution can be 

determined by measuring the absorbance at some wavelength and applying the Beer-
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Lambert Law. Since the UV-vis range spans the range of human visual acuity of ~400-

750 nm, UV-vis spectroscopy is useful to characterize the absorption, transmission, and 

reflectivity of a variety of technologically important materials, such as pigments, 

coatings, windows, and filters. This more qualitative application usually requires 

recording at least a portion of the UV-vis spectrum for characterization of the optical or 

electronic properties of materials. Electronic orbital of atoms and molecules have 

characteristic energies, giving rise to a set of discrete energy levels. An electron is able 

to change from an occupied orbital to another orbital, gaining or losing energy only in 

amounts exactly corresponding to the difference between two levels. The 

spectrophotometer used here for the determination of optical properties is shown in Fig. 

A.8(a). 

The promotion of an electron from the ground state (lowest possible energy) at 

energy E1 to higher energy state at E2 is possible if the molecule absorbs electromagnetic 

radiation of the corresponding wavelength λ = hc/(E2-E1) (where, c = speed of light, h = 

Planck’s constant). The electron at a higher energy is then said to be in an excited state. 

Excited states usually exist only for very short periods of time (femto seconds to 

microseconds), because the higher energy state is unstable and the extra energy is lost 

through relaxation processes such as emission of light. The typical energy difference 

between the ground and the first excited levels of many molecules corresponds to 

electromagnetic waves of the ultra-violet (UV) and visible regions of the electromagnetic 

spectrum. 

The UV-visible range is only a small part of the total electromagnetic spectrum, 

and is generally defined from wavelengths of 190 nm at the high energy UV end to about 

800 nm at the low energy red end of the spectrum. Light of other regions of the spectrum 

gives rise to different types of transitions and hence different types of spectroscopy. For 

example, IR radiation is usually not energetic enough to cause electronic transitions but 

can excite vibrations of molecules. 

UV-visible spectrophotometers usually measure absorbance, which is the log-

ratio of transmitted (sample in beam) over incident (no sample in beam) intensities. The 

UV-vis photo spectrum of solution is recorded with respect to water placed in the 

reference beam using single beam spectrophotometer. The spectrum is analyzed by 

plotting (αhν)2 vs hν, based on eqn A.3: 
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αhν = A(hν-Eg) n     …. (A.3) 

where, α is absorption coefficient, A is a constant and n is the exponent that depends 

upon the quantum selection rules for the particular material. The value of n characterizes 

the nature of band transition (n = 1/2 and 3/2 corresponds to direct allowed and direct 

forbidden transitions while n = 2 and 3 corresponds to indirect allowed and indirect 

forbidden transitions, respectively). A straight line is obtained when (αhν)2 is plotted 

against photon energy (hν), which indicates that the absorption edge is due to direct 

allowed transition. The intercept of the straight line on hν axis corresponds to the optical 

energy band-gap (Eg). 

 In a standard UV-vis spectrophotometer, a beam of light is split; one-half of the 

beam (the sample beam) is directed through a transparent cell containing a solution of 

the compound being analyzed, and one-half (the reference beam) is directed through an 

identical cell that does not contain the compound but contains the solvent. The instrument 

is designed so that it can make a comparison of the intensities of the two beams as it 

scans over the desired region of the wavelengths. If the compound absorbs light at a 

particular wavelength, the intensity of the sample beam will be less than that of the 

reference beam. Absorption of radiation by a sample is measured at various wavelengths 

and plotted by a recorder to give the spectrum which is a plot of the wavelength of the 

entire region versus the absorption of light at each wavelength. And the band gap of the 

sample can be obtained by plotting the graph between (αhν vs hν) and extrapolating it 

along the x-axis. Ultraviolet and visible spectrometry are almost entirely used for 

quantitative analysis; that is, the estimation of the amount of a compound known to be 

present in the sample. The sample is usually examined in solution form. The working is 

shown in Fig. A.8(b). 

A.6.5 Particle Size Analyzer  

 As the name suggests, Particle Size Analyser is a technique used to measure the 

size of the particles present in the solution. The idea behind this size measurement is 

called Dynamic Light Scattering (also known as PCS-Photon Correlation Spectroscopy) 

which measures the Brownian motion and relates this to the particle size. It does this by 

illuminating the laser and analyzing the intensity fluctuations in the scattered light. The 

photograph of the instrument is shown in Fig. A.9(a). 
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If a small particle is illuminated by a light source such as a laser, the particle will 

scatter the light in all directions. If a screen is held close to the particle, the screen will 

be illuminated by the scattered light. Fig. A.9(b) shows the propagated waves from the 

light scattered by the particles. The bright areas of light are where the light scattered by 

the particles arrive at the screen with the same phase and interferes constructively to form 

a bright patch. The dark areas are where the phase additions are mutually destructive and 

cancel out each other. 

Particles suspended in a liquid are never stationary. The particles are constantly 

moving due to Brownian motion. Brownian motion is the movement of particles due to 

the random collision with the molecules of the liquid that surrounds the particle. An 

important feature of Brownian motion for DLS is that small particles move quickly than 

large particles. As the particles move around, the constructive and destructive phase 

addition of the scattered light will cause the bright and dark areas to grow and diminish 

in intensity or to put it another way, the intensity appears to fluctuate.  
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Figures 

 

Figure. A.1: Frontal polymerization (a) and (b) its three dimensional process. 

 

 

Figure. A.2: Schematic of the nucleation stage of quantum dots in the framework of 

the LaMer model (left), Representation of the simple synthetic apparatus preparation of 

quantum dots. 
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Fig. A.3: Photograph of spin coater (Metrex) used in the preparation of thin film. 

 

Figure. A.4: Photograph of X-ray diffraction setup (X’ Pert PRO PANalytical Ltd., 

Netherlands). 

 

Figure. A.5: Schematic diagram showing the phenomena of Bragg’s law. 
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Figure. A.6 (a) Photograph of Scanning Electron Microscopes (JEOL, JSM-6490LV) 

and its (b) working mechanism. 

 

 

Figure. A.7: Representation of various types of interactions of electron beam with the 

sample surface 

(b)(a)
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Figure. A.8: (a) Photograph of High-Resolution Transmission Electron Microscope 

(Philips T20ST) and its (b) working mechanism 

 

Figure. A.9: Photograph of UV-Visible spectrophotometer (Evolution 201) and its (b) 

working mechanism 

 

Figure. A.10: (a) Photograph of Particle Size Analyzer (Nano-ZS90) (b) Scattering of 

light beam through a particle. 

(a) (b)
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