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DEVELOPMENT AND CHARACTERIZATION OF CARBON BASED 

TEMPERATURE SENSORS 

 

ABSTRACT 

The use of sensors in everyday activities has significantly impacted individuals' 

lives. Sensors are used to monitor and detect environmental inputs, such as 

temperature, humidity, pressure, etc. Temperature sensors are the most fundamental 

sensors, and different types of materials have been developed for various applications. 

This thesis aims to develop a new composite material for temperature sensing 

applications. Within this scope, two carbon-based materials have been used as 

conductive fillers. Firstly, biochar was obtained from the pyrolysis of barley straw 

waste to obtain first conductive filler and commercial graphite was employed as 

second conductive filler. The raw materials and composite films were characterized 

by using XRD, SEM, FT-IR, Raman spectroscopy, Profilometer, Hall effect, and 

DTA-TG instruments. Percolation and co-percolation studies were also carried out to 

investigate the effect of filler concentration and the effect of the combination of two 

conductive fillers on electrical properties, respectively. On the other hand, the 

electrical properties and sensor performance of the films were characterized. The 

performance of sensors was investigated in terms of linearity, long-term stability, 

repeatability, and response/recovery time. As a result of studies, a new composite 

material was successfully used in temperature sensor applications. While graphite-

based samples performed better on glass substrate, biochar-based samples performed 

better on PVC substrate. Moreover, the synergetic effect of two conductive fillers 

positively influenced the overall sensor performance.    

Keywords: Temperature sensors, graphite, biochar, percolation, conductive 

composite. 
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KARBON ESASLI SICAKLIK SENSÖRLERİNİN GELİŞTİRİLMESİ VE 

KARAKTERİZASYONU 

 

ÖZ 

Sensörlerin günlük faaliyetlerde kullanılması, bireylerin yaşamları üzerinde önemli 

bir etkiye sahip olmuştur. Sensörler, çevredeki değişiklikleri izlemek ve tespit etmek 

için kullanılır. Sıcaklık sensörleri en temel sensörlerdir ve farklı uygulama türleri için 

farklı malzeme türleri geliştirilmiştir. Bu tezin amacı, sıcaklık algılama uygulamaları 

için yeni bir kompozit malzeme geliştirmektir. Bu kapsamda, iletken dolgu maddesi 

olarak iki farklı karbon bazlı malzeme kullanılmıştır. İlk olarak, arpa samanı 

atıklarının pirolizinden elde edilen biyokömür ve ikinci iletken dolgu maddesi olarak 

ticari grafit kullanılmıştır. Hammaddeler ve kompozit filmler XRD, SEM, Raman 

spektroskopisi, Fourier dönüşümlü kızılötesi spektroskopisi, Profilometre, Hall etkisi 

ve DTA-TG cihazları kullanılarak karakterize edilmiştir. Dolgu maddesi 

konsantrasyonunun ve iki iletken dolgu maddesinin kombinasyonunun elektriksel 

özellikler üzerindeki etkisini araştırmak için sırasıyla perkolasyon ve ko-perkolasyon 

çalışmaları da yapılmıştır. Öte yandan, filmlerin elektriksel özellikleri ve sensör 

performansı karakterize edilmiştir. Sensörlerin performansı doğrusallık, uzun süreli 

kararlılık, tekrarlanabilirlik ve tepki/iyileşme süresi açısından incelenmiştir. 

Çalışmalar sonucunda yeni bir kompozit malzeme sıcaklık sensörü uygulamalarında 

başarıyla kullanıldı. Grafit bazlı örnekler cam substrat üzerinde daha iyi performans 

sergilerken, biyokömür bazlı örnekler PVC substrat üzerinde daha iyi performans 

sergilemiştir. Öte yandan, iki iletken dolgu maddesinin sinerjik etkisi genel sensör 

performansını olumlu yönde etkilemiştir.   

Anahtar kelimeler: Sıcaklık sensörleri, grafit, biyokömür, perkolasyon, iletken 

kompozit. 
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CHAPTER ONE  

INTRODUCTION 

 

1.1 Background 

Incorporating sensor technologies into nearly every aspect of daily life has resulted 

in numerous benefits for human beings. These technologies have become an 

indispensable component of contemporary society. (Javaid, Haleem, Rab, et al., 2021). 

Sensors are defined as devices that monitor, detect, and convert physical changes in 

the environment into observable electrical signals (Meijer et al., 2014). They enhance 

the observational capabilities of humans and significantly improve the quality of their 

lives in all fields. (Vetelino & Reghu, 2017). Pressure, mass flow, temperature, and 

force sensors are common types of readily available sensors. They are utilized in a 

diverse range of sectors, including automotive, healthcare, aerospace,  and daily living 

(Bhattacharya et al., 2019; Y. Wang et al., 2022). Furthermore, sensor systems are 

integral to the production processes of advanced smart factories and automated 

systems (Javaid, Haleem, Singh, et al., 2021; Kumar, 2018).  

 

One of the most fundamental and critical variables for humans is temperature, 

which is of vital importance to humans and is usually used as one of the main reference 

values for identifying health-related problems (Z. Chen et al., 2016).  Also, measuring 

and controlling temperature with high precision and accuracy is essential for efficiency 

and protection against damage in automation and manufacturing industries (Michalski, 

2001). 

 

The most common commercially available temperature sensors are resistance 

thermometers, thermistors, thermocouples, and infrared thermometers. These types of 

sensors are generally composed of various metals and semiconductors. The general 

principle for measurement of temperature in these devices relies on changes in 

the resistivity of material with temperature. Change in resistance of metal with 

temperature was first mentioned by Humphry Davy in 1821, and the first commercial 
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resistive type thermometer was designed by William Siemens in 1871. Due to their 

simple circuit structure, sensitivity, and long-term stability, they have become the most 

common temperature sensors today. While commercially available contact-based 

temperature sensors have high resolution and precision, they cannot be used in every 

application, such as body monitoring, harsh conditions, complex geometries, etc. (Nag 

et al., 2022b). As the service requirements vary with different kinds of applications, 

the required service conditions have not been met by traditional sensors. The 

increasing demand for sensors in a range of sophisticated applications has prompted 

the development of composites for sensor applications (Chaudhari, 2020; Matthias 

Nau, 2002; Meijer et al., 2014). 

 

Temperature-sensitive conductive composites (TSCC) consist of conductive filler 

and insulating matrix material. Carbon-based materials, conductive polymers, and 

metallic particles are most commonly used as conductive fillers, while polymers and 

co-polymers are preferred as matrix materials. The most frequently utilized substrates 

are composed of ceramics, polymers, textiles, and papers (Arman Kuzubasoglu & 

Kursun Bahadir, 2020a; Q. Li et al., 2017; Matthias Nau, 2002). Due to their 

properties, such as lightweightness, flexibility, and cost-effective productibility, 

TSCCs are considered as alternative materials to conventional rigid materials for 

sensor applications. A considerable amount of research has been conducted to develop 

TSCC by incorporating a variety of conductive fillers into a polymer matrix. (Megha 

et al., 2018; Rahman et al., 2019; Shih et al., 2010). Carbon-based materials are 

emerging as promising candidates for use as conductive fillers in composites, offering 

a range of advantageous properties. (Z. Li et al., 2019).  

 

Carbon-based materials show great promise in enhancing conductivity in electrical 

components, composites, and devices. It is possible that they may improve the overall 

performance and reliability of electrical applications. Their exceptional properties, 

including high electrical conductivity, mechanical strength, and thermal stability, 

distinguish them from other materials utilized as conductive fillers. The chemical 

stability of the carbon-based materials ensures long-term durability and performance 
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in various environmental conditions. These materials maintain their conductive 

properties over an extended period, making them a reliable choice for various 

applications. The excellent thermal stability of carbon-based materials ensures that 

they can withstand high temperatures without compromising their conductivity. This 

makes them suitable for applications that require resistance to heat and thermal stress 

(Jariwala et al., 2013).    

 

As research in this field continues to progress, scientists and engineers are exploring 

new ways to enhance the performance and functionality of TSCCs with novel materials 

and manufacturing techniques (S. Khan et al., 2023). The objective is to develop 

composite materials that can change their conductivity in response to temperature 

fluctuations, thereby creating a vast array of potential applications across diverse 

industries. Recently, carbon-based conductive fillers have been used to make 

conductive composites due to advantages such as giving opportunity for flexibility, 

high conductivity, and chemical stability, etc. (Huang et al., 2019; Q. Liu et al., 2019; 

Tonkov et al., 2022; Wu et al., 2019; Yurddaskal et al., 2017). In this context, sodium 

silicate solution and biochar/graphite were employed as innovative matrix materials 

and fillers, respectively. The sensor performance of composites was investigated under 

heating. This ongoing innovation holds great promise for the future of materials 

science and technology, paving the way for the creation of advanced materials that can 

adapt and respond to changing environmental conditions. 

 

1.2 Organization of Thesis 

The aim of this thesis is to prepare, characterize, and develop a new composite 

material for temperature sensing applications. Sodium silicate solution and two distinct 

conductive carbon-based materials were employed as the fillers and matrix material, 

respectively. The temperature response of graphite and biochar and their synergistic 

effect were investigated. 
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Chapter 2 provides a theoretical background of the temperature sensor technology. 

The working principles, types of temperature sensors, and their materials were 

presented in the second chapter.  It also summarizes carbon-based materials and related 

recent studies. Chapter 3 provides information on experimental studies. The 

fabrication and characterization of the sensors were given in detail. Chapter 4 covers 

the characterization results of raw and composite materials, sensor performance 

results, and discussions on the overall results of the studies. Finally, the general 

conclusions of the study and future plans are given in Chapter 5. 
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CHAPTER TWO  

THEORETICAL BACKGROUND 

 

2.1 Temperature Sensors 

Temperature sensors are devices that can detect the degree of hotness or coolness 

in an object and convert it into meaningful data for humans. When the kinetic energy 

of atoms increases during heating, they can transfer it to their surroundings until they 

become thermodynamically equal in temperature. The transferred energy is referred to 

as “heat,” and the change in kinetic energy of atoms can change the physical condition 

of materials, such as volumetric expansion, increase or decrease in resistance, and 

vapor pressure. The device that measures such physical changes as a function of 

temperature forms the basis of temperature sensors (Fraden, 2010). The most prevalent 

temperature sensors in commercial applications are thermocouples, thermistors, and 

resistance temperature detectors. They are the most common sensors for industry and 

daily life (Vetelino & Reghu, 2017). 

 

2.1.1 Thermocouples 

Thermocouples are the most utilized type of temperature sensor, primarily due to 

their extensive temperature range applicability, low cost, and straightforward 

operational characteristics. Thermocouples are comprised of two distinct electric 

conductors joined at one end (Figure 2.1). This connection point, known as a 

"junction," enables the generation of voltage or potential difference in accordance with 

temperature fluctuations (Matthias Nau, 2002). This physical phenomenon was 

discovered by Johann Seebeck and is called the Seebeck effect or thermoelectric effect. 

According to Seebeck's theory, the flow of heat through a conductor gives rise to a net 

movement of electrons from the region of higher temperature to that of lower 

temperature. This phenomenon is known as electromotive force (EMF) (Ravindra et 

al., 2018). Thanks to the Seebeck effect, the temperature can be determined by 

measuring the amount of electricity generated. In summary, a thermocouple is a device 

that facilitates the conversion of thermal energy into electrical energy. 
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Figure 2.1 Basic schematic of a thermocouple 

 

2.1.2 Thermistors 

The term "thermistors," which combines the terms "therm" (thermal) and "resistor" 

(resistance), refers to substances whose resistance varies with temperature. The 

defining feature of a thermistor, a thermally sensitive resistor, is its ability to alter its 

electrical resistance in response to changes in temperature. Thermistors can be 

classified in accordance with the temperature coefficient, as either negative 

temperature coefficient (NTC) or positive temperature coefficient (PTC) devices, 

depending on the changes in the sensor material’s resistance against temperature 

change (Figure 2.2) (Webster & Eren, 2018). 

 

Metals, including iron, titanium, chromium, manganese, copper, and cobalt, are 

used to make NTC thermistors. When the temperature rises, these devices show a 

monotonic decrease in electric resistance. NTC thermistors generally have non-linear 

characteristics, and due to these characteristics, the sensitivity of sensors varies with 

temperature. Despite the inherent non-linearity of NTC thermistors, it is possible to 

achieve good linearity by using a thermistor-resistor network or incorporating 

innovative materials (Macklen, 1991). 

 

PTC thermistors can be classified into two distinct categories: silicon-based PTC 

thermistors and switching-type PTC thermistors. Silicon-based thermistors have 

nearly linear behavior and resistance-temperature characteristics related to the bulk 

properties of silicon. They have a sensitivity of 0.7 to 0.8 % °C–1. The second type of 
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thermistors is switching-type PTC thermistors. The composition of these materials is 

a mixture of lead, barium, and strontium titanates. While they show NTC 

characteristics at low temperatures, they exhibit PTC characteristics with increasing 

temperatures (Rajanna, K., Nayak, 2004). The temperature at which the switching 

occurs for this particular thermistor varies between 80 and 240℃ , and after this 

switching temperature, the PTC characteristic becomes dominant (Webster & Eren, 

2018). 

 

Figure 2.2 Representation of NTC and PTC behavior as a function of temperature 

 

2.1.3 Resistance Temperature Detectors (RTD) 

Resistance Temperature Detectors (RTDs) are a typical tool used for temperature 

measurement. The temperature measurements with these electrical temperature meters 

are more accurate than other counterparts. It is established that specific metals exhibit 

a predictable alteration in their electric resistance in response to temperature changes. 

The metal's electrical resistance rises with temperature, and electric resistance drops 

with decreasing temperatures. This feature is the main principle for temperature 

measurement via RTDs (Webster & Eren, 2018). 
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The mobility of the conduction electrons or electron cloud determines a metal's 

electrical conductivity. The electrons in a metal flow toward the positive pole when a 

voltage is applied. Imperfections in the crystalline structure of metals impede mobility; 

this impediment is defined as resistance. Grain boundaries, dislocations, and absent 

lattice atoms are examples of some defects in the crystal structure. Dislocations cause 

a constant resistance because they are not temperature-dependent phenomena. The 

mobility of the conducting electrons is restricted by the metal lattice's atoms which 

oscillate more due to increasing temperature. As the oscillation of atoms increases, the 

linear resistance of the system increases. By measuring the resistance of the material, 

the temperature can be calculated by mathematical approximations (Leigh, 1988). 

 

In the case of metal-based transducers, the most commonly utilized metals are 

copper, nickel, and platinum, which are typically employed as sensing materials for 

RTDs. Copper is typically utilized within a temperature range of -100°C to 100°C, 

offering a cost-effective solution. In addition, Nickel and its alloys are used due to 

their higher resistivity and temperature coefficients of resistance (TCR). However, 

they exhibit non-linear and strain-sensitive fluctuation in electrical resistance with 

temperature. Due to its higher melting point (around 1769°C), corrosion resistance, 

and a well-established temperature coefficient of resistance, Platinum is a popular 

choice for accurate temperature measurements between –260°C and 1000°C. Although 

platinum is not the most sensitive metal, its long-term stability makes it the most 

widely utilized material for developing RTDs. (Childs, 2001). 

 

2.2 Conductive Materials for Temperature Sensors 

The most important component of a temperature sensor is the material that is 

responsible for detecting temperature changes. Various materials have been used based 

on the mechanism and temperature range of the sensor to accurately sense temperature 

fluctuations (Y. Su et al., 2020). As aforementioned, pure metals are the most 

frequently utilized materials that are sensitive to temperature changes. These materials 

include platinum (Pt) (Y. Su et al., 2020), nickel (Ni) (Lichtenwalner et al., 2007), 

copper (Cu) (Husain & Kennon, 2013), gold (Au) (Hammock et al., 2013), and 
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aluminum (Al) (Yoon et al., 2016) in various forms such as films or wires. In addition, 

other commonly used temperature-sensitive materials are liquid metals and 

semiconductors (Aslinezhad, 2020; Q. Wang et al., 2015).  

 

On the other hand, various other materials can exhibit electrical conductivity, such 

as thermo-sensitive polymer conductive pastes, temperature-sensitive conductive 

composites (TCSS), and conductive polymer-based materials (Phadkule & Sarma, 

2023a).  Recently, there has been a great deal of research into the development of 

conductive composites with carbon-based additives which are sensitive to temperature 

changes (Nag et al., 2022a; Turkani et al., 2018; N. Wang et al., 2022a). These 

materials are graphene, graphene oxide (GO), reduced graphene oxide (rGO), graphite, 

and carbon nanotubes (CNTs), which are highly versatile and provide significant 

advantages and unique properties when incorporated into the matrix material. In 

particular, their excellent conductivity, heat resistance, strength, and chemical stability 

make them essential components in the field of sensor design and development (C. 

Wang et al., 2019). Incorporating carbonaceous materials into sensors improves 

overall functionality and ensures accurate and precise detection of various stimuli 

(Choi et al., 2016; Y. Khan et al., 2016). Their ability to conduct electricity and 

withstand high temperatures makes them suitable for sensor applications in demanding 

environments. Furthermore, these materials offer resistance to corrosion and 

degradation, ensuring the longevity and endurance of the sensors. Also, giving the 

opportunity to use the flexible matrix make them attractive materials for sensor 

applications where harmonic and flexible applications are required (C. Wang et al., 

2019).  

 

2.2.1 Carbon-based materials 

Carbon is an essential structural component of all living beings and is among the 

most pervasive elements on Earth. Furthermore, carbon is distinctive in that it is the 

sole element within the periodic table that can exist in various allotropic forms, 

encompassing structures from zero-dimensional to three-dimensional., resulting from 

its versatile hybridization abilities.  
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Carbon can exist in both crystalline and amorphous structures (Inagaki & Kang, 

2016). The term "crystalline form of carbon" is used to describe the ordered and regular 

arrangement of carbon atoms within a material. In contrast, the amorphous form of 

carbon lacks a defined structure and is characterized by a higher degree of disorder. 

The two forms of carbon exhibit distinctive properties and are applicable in various 

scientific and technological disciplines. The crystalline forms of carbon are fullerene, 

diamond, and graphite, which exhibit strong and consistent bonding between their 

atoms, giving rise to hardness and conductivity. On the other hand, the amorphous 

forms of carbon, coal, charcoal, and lamp black possess a more random arrangement 

of atoms, resulting in their diverse properties and flexibility in different environments 

(Mathur, 2016). Understanding the differences between these two forms of carbon is 

crucial for researchers and engineers to harness their distinct characteristics for 

specific purposes. Moreover, the groundbreaking discoveries and advancements in 

different forms of carbon (graphene, carbon nanotube) have unlocked numerous 

possibilities for developing innovative materials and Technologies (Dai, 2006). The 

most widely used carbon-based materials for sensor applications are graphene, GO, 

CNT, graphite, and carbon black. Recently, biomass-derived carbon materials also 

have been getting attention due to their abundance, sustainability, giving the ability to 

modification of properties (Malode et al., 2023; Tiwari et al., 2022; L. Wang et al., 

2014). 

 

2.2.1.1 Graphite 

One alternative hybridization pattern for the bonding electrons is possible when the 

carbon atoms form hexagonal rings. Each layer, known as a graphene sheet,  is indeed 

a molecule with stable covalent bonds (Mathur, 2016). Graphite exhibits anisotropic 

properties, exhibiting superior electrical and thermal conductivity in the direction 

parallel to its graphene layers. This is attributed to the delocalized electrons within the 

layers, which facilitate the movement of electrons. However, the conductivity 

perpendicular to the layers is poor due to the weak van der Waals interactions between 

layers. The electrical conductivity of graphite allows it to be utilized as 
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electrochemical electrodes and electric brushes.   Due to its anisotropic nature, the 

layers of carbon in graphite can readily slide against each other, making it an effective 

lubricant and material for pencils (Chung, 2002).  

 

The atomic structure of graphite is composed of layers, wherein the atoms are 

arranged in a hexagonal configuration. (Figure 2.3). These layers are arranged in a 

specific sequence known as the AB sequence. The hexagonal unit cell of graphite 

consists of a layered structure with lattice spacing between two identical sheets with 

c:6.70 Å, and a:2.46 Å. Also, the distance between the two adjacent layers is d = 3.35 

Å (Mathur, 2016).  

 

 

Figure 2.3 Crystal structure of Graphite (Mathur, 2016) 

 

The layer structure of graphite provides unique properties and characteristics 

essential for its various applications. This distinct layer structure influences its 
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conductivity, thermal conductivity, mechanical strength, and lubricating properties. 

Graphite's versatility and usefulness in a diverse range of fields can be attributed to its 

specific layer arrangement, making it a valuable material for numerous applications 

(Mathur, 2016).  

 

2.2.1.2  Graphene and Graphene Oxide 

Graphene is the fundamental component of a range of carbon-based substances. It 

is a crystalline material comprising just one atom thick, arranged in a two-dimensional 

lattice structure. It is the main component of all other graphitic forms of carbon, such 

as (0D) fullerenes, one-dimensional (1D) carbon nanotubes, and three-dimensional 

(3D) graphite (Figure 2.4) (Mathur, 2016; Saba et al., 2019). 

 

Figure 2.4 Graphene and other graphitic carbon derivatives (Geim & Novoselov, 2009) 

 

The distinctive lattice structure of graphene endows it with remarkable mechanical 

strength and flexibility, enabling its utilization in many applications. Graphene's 

remarkable properties stem from the 2p orbitals creating bands known as π states that 
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spread out across the carbon sheet, making up graphene. The distinctive characteristics 

of graphene, including its high electrical and thermal conductivity, have generated 

considerable interest within the scientific community with regard to its potential 

utilization in a range of advanced technological applications, such as electronics, 

energy storage, and medical devices. The unique structure of graphene allows for 

maximum electron mobility, making it an ideal material for high-performance 

electronic devices. Its exceptional thermal conductivity also makes it promising for 

heat dissipation and thermal management systems applications. The remarkable 

mechanical properties of graphene, including high tensile strength and flexibility, open 

up possibilities for developing advanced composites and materials with superior 

performance characteristics. The ultrathin nature of graphene provides an attractive 

basis for developing flexible and transparent electronic devices, including 

touchscreens and wearable sensors. (Geim & Novoselov, 2009; Rao et al., 2009).  

 

Various techniques can be employed to synthesize graphene, affording a wide range 

of possibilities for production. These methods include chemical vapor deposition 

(CVD), which comprises the deposition of carbon atoms onto a substrate within a 

controlled environment. (Chae et al., 2009). Another method is chemical exfoliation, 

where graphene is obtained by exfoliating graphite using chemical processes (Parvez 

et al., 2015). Mechanical exfoliation of graphite is another technique where graphene 

layers are separated from graphite by physically peeling them off (Fukada et al., 2012).   

Epitaxial growth is a method where graphene is grown on a crystal substrate, allowing 

for high-quality graphene to be produced (Tetlow et al., 2014). Reduction of graphite 

oxide involves the reduction of graphene oxide to graphene through chemical and 

thermal processes (Pei & Cheng, 2012). Unzipping carbon nanotubes (CNTs) is a 

method in which graphene is obtained by unzipping carbon nanotubes, resulting in 

graphene nanoribbons (Y. S. Li et al., 2016). Pyrolysis is a technique where graphene 

is produced by heating carbon-containing precursors in an inert atmosphere (Amirov 

et al., 2015). Successive intercalation involves the intercalation of graphite layers with 

guest molecules, leading to the formation of graphene. Grafting is a method where 

functional groups are attached to graphite, allowing for the synthesis of functionalized 

graphene.   Self-exfoliation of graphite oxide is a technique where graphene oxide is 
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exfoliated to obtain graphene (L. Chen et al., 2012). Each of these methods provides a 

distinctive approach to synthesizing graphene, offering researchers a diverse range of 

options to select from in accordance with their particular requirements and objectives. 

     

The utilization of graphite oxide as a precursor has facilitated the exploration of 

novel avenues for the advancement and large-scale manufacturing of graphene-based 

materials. Graphite oxide is regarded as a promising initial material for the cost-

effective and efficient production of graphene-based materials on a large scale. One of 

the most commonly employed techniques for the synthesis of graphene is the 

exfoliation of graphite oxide in a liquid phase. The process entails the treatment of 

graphite powder with potent oxidizing agents to generate graphite oxide, which is then 

subjected to sonication to expand and exfoliate the oxidized layers. This results in the 

separation of the layers of graphite oxide, forming thin sheets of graphene. This 

approach enables the fabrication of superior-quality graphene at a reduced cost. 

Liquid-phase exfoliation is particularly favored for its simplicity and scalability in 

producing graphene from graphite oxide. By using graphite oxide as a precursor, 

researchers and manufacturers can optimize production processes and reduce costs 

associated with graphene production. The liquid-phase exfoliation method offers a 

versatile and efficient way to obtain graphene from graphite oxide with less complexity 

and resource consumption. This approach enables the fabrication of graphene in 

diverse forms and dimensions, rendering it a promising candidate for various 

applications across diverse sectors, including electronics, energy storage, and 

biomedical engineering. (Dimiev & Eigler, 2016). 

 

2.2.1.3  Carbon Nanotube 

Carbon nanotubes (CNTs) are unique nanomaterials with cylindrical structures with 

hollow interiors. The structures in consideration are constituted by carbon atoms that 

are arranged in a network of hexagons on the surface. The bonding between these 

carbon atoms in CNTs is characterized by sp2 hybridization, which is the same bonding 

pattern found in graphite (Georgakilas et al., 2015). Although carbon nanotubes are 

produced by rolling graphene sheets, it is crucial to acknowledge that these two 
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materials exhibit distinctive properties that differentiate them from one another. For 

instance, properties such as electrical conductivity and mechanical strength also vary 

between the two materials due to their different structures and compositions (Ando, 

2009; Papageorgiou et al., 2017). Two principal categories of carbon nanotubes are 

distinguished: single-walled (SWCNTs) and multi-walled (MWCNTs) (see Figure 

2.5). Single-walled carbon nanotubes (SWCNTs) are formed by wrapping a single 

layer of graphene sheets around a central core of carbon atoms, resulting in a hollow 

cylindrical structure. Multi-walled carbon nanotubes (MWCNTs) are produced 

through a process of repeated rolling of graphene sheets or a single layer of graphite 

into cylinders within each other. The diameter of these nanotubes is typically greater 

than 100 nanometers. (Karimi et al., 2015; Malhotra et al., 2015).  

 

 

                            (a)                                                            (b)      

Figure 2.5 (a) Single walled carbon nanotube (SWCNT) and (b) Multi walled carbon nanotube 

(MWCNT) (Ribeiro et al., 2017) 

         

CNTs display remarkable properties, including exceptional tensile strength, a vast 

surface area ranging from 50 to 1315 m2/g, superior electrical conductivity, and an 

aspect ratio exceeding 1000. These properties render CNTs highly attractive for 

utilization in a variety of applications within the fields of nanotechnology and 

materials science. The outstanding tensile strength of CNTs enables them to withstand 

high levels of mechanical stress, making them ideal for use in structural materials and 
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composites that require exceptional durability. Additionally, the large surface area of 

CNTs allows for increased interactions with surrounding molecules, making them 

suitable for adsorption, catalysis, and sensing applications. The high electrical 

conductivity of CNTs makes them valuable for use in electronics, such as in 

conductive inks, sensors, and energy storage devices. The considerable aspect ratio of 

CNTs is a key factor in determining their distinctive properties, including their 

exceptional mechanical properties and high thermal conductivity. These 

characteristics render CNTs highly versatile materials with a variety of potential 

applications across numerous industrial sectors. (Aqel et al., 2012; Peigney et al., 

2001; Yee et al., 2019).   

 

2.2.1.4  Carbon Black 

Carbon black is a form of carbon commonly found in powder form, consisting of 

tiny spherical particles. These particles have a surface area exceeding 1000 square 

meters per gram, a particle size smaller than 50 nanometers, and a density lower than 

2.25 grams per cubic centimeter, which is the expected density for graphite 

(Besenhard, 2007).  These particles are produced on a large scale through the process 

of vapor phase pyrolysis and controlled partial combustion of heavy hydrocarbons in 

gaseous or liquid form (Uddin et al., 2017). It is widely utilized in various commercial 

and consumer goods, including automotive components, tire manufacturing, colorants, 

synthetic materials, energy storage devices, and sensing technology (Long et al., 

2013). In the industry, carbon black can be produced through four main manufacturing 

processes. It can be made by oil and gas furnace processes, and thermal and channel 

processes. Among these, the furnace process is the most widely utilized method for 

creating tiny particles of carbon black. In this process, heavy fuel or coal oil is 

introduced into a hot gas stream for incomplete combustion. The gases produced in 

the furnace reactor, such as carbon monoxide and hydrogen, can be used to generate 

heat or electricity. This particular process is well suited to high-volume production 

because of its ability to achieve high yields and effectively control particle size. 

(Drogin, 1968; Kühner & Voll, 2018).   
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2.2.1.5  Biochars  

Population growth, advances in technology, and the trend towards 

commercialization have all significantly contributed to increasing the need for fossil 

fuels. This surge in demand has led to more fossil fuel use, resulting in higher levels 

of pollution and greenhouse gas emissions that harm the environment. Fossil fuels, 

which are a finite resource and require millions of years to form, are being rapidly 

depleted due to human societies' constant reliance on them worldwide. This 

overconsumption of fossil fuels has caused a gap to develop between the demand for 

these resources and the available supply, especially within a global expanding 

economy. Consequently, this situation is predicted to lead to an increase in the price 

of products derived from fossil fuels in the near future. (Lead et al., 2001).   

 

The overconsumption of products made from fossil fuels has resulted in a dual 

problem characterized by the depletion of petroleum-based resources and the 

accumulation of synthetic materials in the environment and food chain. These 

synthetic materials, primarily composed of polymers, play a significant role in 

contributing to environmental degradation through their manufacturing, usage, and 

disposal, ultimately leading to pollution by introducing non-biodegradable substances 

into the soil and toxic emissions into the atmosphere. The heavy reliance on fossil fuels 

for materials, goods, and procedures hinders the progress towards building a 

sustainable future (John & Thomas, 2008).  

 

Two key influences on advancing cutting-edge materials and products are 

renewability and versatility. As the amount of waste, pollution, and greenhouse gases 

continues to rise, increasing attention is being paid to creating materials that not only 

come from waste sources but are also capable of being renewed naturally. Within this 

framework, biochars are a great candidate as an alternative to other carbon derivatives 

(Bahari & Krause, 2016). Biochar is the residue that is left behind as a solid product 

following the process of biomass pyrolysis. Biomass pyrolysis involves subjecting the 

biological material to elevated temperatures in the complete absence of oxygen, 

resulting in its thermochemical decomposition. This results in the creation of biochar, 
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a carbon-rich material with various potential applications (Lehmann & Stephen, 2015). 

One of the most remarkable advantages of biochar is its ability to be customized in 

terms of various properties such as surface area, porosity, surface charge, and 

elemental content. This feature allows biochar to exhibit exceptional performance 

across a wide range of research fields, including energy materials and environmental 

remediation (Fan et al., 2018; Qin et al., 2020). Biochar is a substance rich in carbon 

that shows promise in boosting the strength and heat-resistant qualities of polymers 

when used as a filler. This natural material has the ability to improve the general 

performance of polymer-based products through the enhancement of their mechanical 

properties. In addition to increasing durability, biochar can be used to improve the 

thermal strength of polymers, making them more suitable for applications that require 

high temperatures (Adeniyi et al., 2023; Petousis et al., 2024; Velmurugan G et al., 

2024). 

 

Incorporating biochar into polymer formulations can help reduce the reliance on 

traditional fillers that may be harmful to the environment. Incorporating biochar into 

polymer composites can help improve the overall performance and longevity of the 

resulting products. Manufacturers can create more environmentally friendly and 

sustainable products by using biochar as a filler (Rajendran, Palani, Arunprasath, et 

al., 2024; Rajendran, Palani, Shanmugam, et al., 2024; Rajendran, Palani, 

Veerasimman, et al., 2024).  

 

2.3 Carbon-based conductive composites 

Conductive composites are materials that can detect temperature changes through 

variations in resistance. They are gaining significant interest due to their properties, 

such as sensitivity, lightweight nature, flexibility, and cost-effective manufacturing 

process (Takei et al., 2015; Yang et al., 2015; Yokotaa et al., 2015). They generally 

consist of conductive fillers in the polymer matrix. This kind of composite typically 

exhibits ohmic-contact electrical behavior. The conductive composites can show linear 

or nonlinear resistivity behavior as the temperature increases. The gradient of the 
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curves is related to the sensitivity of the sensor and the temperature coefficient of 

resistance (TCR), described by the following equation: 

TCR (α) = 
𝛥𝑅/𝑅0

𝛥𝑇
 x 100 

where ΔR = R-R0, R, and R0 are the resistance of the composite at any temperature 

and initial temperature, respectively. ΔT is a deviation in temperature with time (N. 

Wang et al., 2022b). 

 

The temperature-sensitive conductive composite consists of a complex network of 

conductive pathways created by conductive fillers dispersed throughout a matrix. The 

conductivity of this network depends mainly on the amount of conductive fillers 

present and its distribution in the matrix (N. Wang et al., 2022b). As filler 

concentrations increase, the particles begin to contact each other and establish a 

conductive network in the composite. The electrical conductivity of the structure can 

rise sharply at a critical filler concentration. (Figure 2.6). This critical point is called 

the percolation threshold and shows the insulator-to-conductor transition point in 

terms of conductivity (McLachlan et al., 1990).  

 

Figure 2.6 Shematic illustraiton of percolaiton theory (Ram et al., 2017) 
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The electrical behaviors of conductive composites are greatly influenced by 

changes in temperature. The change in resistivity is primarily due to the mismatch 

between the thermal expansion coefficients of the filler and the matrix material. As the 

temperature increases, the distance between two adjacent particles increases, and this 

causes a rise in the resistance of the composite (Király & Ronkay, 2015). Also, the 

shape, size, and concentration of filler can affect the resistance of the composite 

structure (Nagata et al., 1998). 

 

Much research has focused on developing temperature-sensitive conductive 

composite materials, which involve integrating various types of conductive fillers like 

carbonaceous materials, electrically conductive polymers, and metallic particles into 

compatible and insulating polymer matrices. These materials are frequently employed 

as fillers due to their exceptional properties. Carbon-based materials such as carbon 

nanotubes (CNT), graphene, carbon black (CB), and graphite are frequently used as 

conductive fillers due to their remarkable electronic and mechanical characteristics 

and chemical stability. These materials have unique properties that make them ideal 

for enhancing the conductivity and overall performance of various composites. Some 

of the carbon-based temperature-sensitive conductive composites studies are listed in 

Table 2.1. 

 

Table 2.1 Recent studies about Carbon-based temperature sensors. 

Conductive 

Material 

Matrix 

Material or 

Substrate 

Measurement 

Range (℃) TCR (℃-1) Reference 

Graphite PDMS 30-110 0.042 

(for 25 wt.%) 

(Shih et al., 

2010) 

rGO PU 30-80 0.0134 (Trung et al., 

2016) 
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Table 2.1 continued 

CNT Polymer tape 20-70 -0.0126 (Karimov et 

al., 2012) 

GO PEDOT:PSS 25-100 0.0109 (Soni et al., 

2020) 

rGO PET 30-100 0.006345 (G. Liu et al., 

2018) 

Activated 

Carbon 

PET 35-50 - (D. Liu et al., 

2023) 

CB PVC 25-45 0.00148 

(for 6 wt.%) 

(Xiao et al., 

2021) 

CB Kapton tape 28-50 0.00375 (Ali et al., 

2019) 

Graphene P(VDF-TrFE) -20-300 0.025 (Mahmoud & 

Al-Bluwi, 

2020) 

CNT Epoxy 25-160 - (Neitzert et 

al., 2011) 

CNT TPU 30-100 - (G. Zhu et al., 

2022) 

SWCNT SEBS 16-55 0.0145 (C. Zhu et al., 

2018) 

GNWs PDMS 40-120 0.214 (Yang et al., 

2015) 

rGO PHB 20-70 0.008 (Dan & Elias, 

2020) 
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Table 2.1 continued 

CNT XSBR 30-100 0.01636 (Lin et al., 

2022) 

Graphite SS solution 25-100 -0.0479 

(for 15 wt. %) 

(Ozgur Yasin 

Keskin & 

Erol, 2023a) 

(Current 

Study) 

 

 

 

This study represents the production, characterization, and application of Graphite-

Biochar/Sodium Silicate solution (SS solution) composite temperature sensors. SS 

solution was used as matrix material distinctly from the literature. Graphite and 

biochar were used as conductive materials. Sensor performance of Graphite/SS, 

Biochar/SS, and Graphite-biochar/SS composites was investigated between 25-100 

℃. 

 

2.3.1  Sodium Silicate Solution 

Sodium silicate solution (Na2.SiO3.xH2O), also known as water-glass, sodium 

metasilicate, soluble glass, silicate of soda, or liquid glass, is a liquid substance that 

contains dissolved glass and possesses characteristics similar to water. It consists of 

anionic silicate, sodium cations, and water (Figure 2.7). These solutions are derived 

from mineral resources and are considered essential chemicals because of their 

outstanding properties, such as strong adhesion, ability to form films, cost-

effectiveness, and versatility. They serve as a standard example of inorganic polymer 

mixtures with both electrolyte and polymer properties, acting as an electrolyte solution 

(Matinfar & Nychka, 2023; Yang, X., Zhu, W., & Yang, 2008).  
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Figure 2.7 Schematic representation of Sodium Silicate structure (Matinfar & Nychka, 2023) 

 

It typically appears as white or gray-white lumps or powder when dry and easily 

dissolves in water and alkalies but remains insoluble in alcohol and acids. Its versatility 

and solubility make it a popular choice in various industrial applications and processes. 

They are widely used as sealants, binders, deflocculants, emulsifiers, and buffers in 

various industries such as abrasives, casting, construction, and silicate production. 

These sodium silicate solutions play a vital role in improving the performance and 

efficiency of many processes in these industries (Owusu, 1982).  
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CHAPTER THREE  

-EXPERIMENTAL PROCEDURE  

 

3.1 Materials 

In this study, graphite and biochar were used as conductive material, and SS 

solution was used as matrix material. Graphite powder was purchased from 

Grapheneexpress. Biomass wastes were obtained from local barley producers to 

produce biochar, and SS solution was purchased from REFSAN. Glass and Polyvinyl 

Chloride (PVC) were used as substrate. 

 

3.2 Methods 

3.2.1 Production of Biochars 

Biomass waste carbon materials were produced with pyrolysis of biomass waste. 

The production steps of biochars are given in Figure 3.1.  

 

Figure 3.1 Production steps of biochar 

 

Initially, biomass waste was placed in a stew and partially oxidized in an oven at 

450°C for one hour. The resulting biochars were subjected to ball milling in order to 

reduce their size and subsequently pyrolyzed in an oven under inert conditions for one 

hour at 800°C, to increase the crystallinity of the biochar.   
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3.2.2 Preparation of Coatings 

Commercial Graphite (Gr) and produced biochar (Bc) powders and their 

combinations with SS solution matrix material were used to develop temperature 

sensors. Sample abbreviations and ratios are listed in Table 3.1. To determine electrical 

conductivity percolation thresholds, 1-15, 20, 25, 30 wt.% graphite and 5, 10, 15, 16, 

17, 18, 19, 20, 25, 30 wt.% biochar filled composites coating mixture were separately 

prepared in beakers. The mixtures were then stirred with a magnetic stirrer for 1 hour 

at room temperature. Subsequently, the beakers were kept immersed in an ultrasonic 

bath for 30 minutes to obtain more homogenous filler distribution. The samples were 

abbreviated as XGr (X: 10-20%, Gr:graphite), YBc (Y:20-30%, Bc:biochar), and XGr-

YBc (for combination of graphite and biochar).  

 

Table 3.1 Sample abbreviations and definitions 

Filler Concentration (wt %) Sample name 

Graphite 

10 10Gr 

15 15Gr 

20 20Gr 

Biochar 

20 20Bc 

25 25Bc 

30 30Bc 

Graphite – Biochar 

composite 

5-1 5Gr-1Bc 

 

Glass and PVC were used as substrates. The preparations were applied to the 

substrates using the doctor blade technique. The area of the coatings was fixed at 1 x 

0.5 cm2. The deposition was performed and dried at room temperature for 2 hours. The 
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contact wires were affixed to the coatings via the aforementioned mixture and dried in 

an oven at 120 ℃ for 12 h. 

 

3.3 Characterization of Filler and Composites 

3.3.1 X-Ray Diffractometer (XRD) 

X-ray diffraction (XRD) is a fundamental method used to study various types of 

materials, including powders and crystals. This analytical technique is crucial in 

determining the crystalline structure and structural phases present in a material. The 

data obtained from XRD analysis offers valuable insights into the atomic arrangement, 

crystallinity, and phases of a given substance. The diffraction patterns produced by X-

rays interacting with a material can reveal details about the spacing of atoms within 

the crystal lattice. By analyzing these patterns, researchers can identify the specific 

crystal structure of a material and the orientation of its crystalline grains (Epp, 2016). 

The phase analyses of biochar, graphite powder, and powdered SS solution were 

conducted by using a Rigaku D/Max-2200/PC X-ray diffractometer device with Cu-

Kα radiation in the range of 3-90° at 40kV and 30mA. 

 

3.3.2 Raman Spectroscopy 

Raman spectroscopy refers to the phenomenon of inelastic scattering of light when 

interacting with matter. This technique involves measuring the scattered light due to 

the molecular vibrations in the sample. In Raman spectroscopy, the incident light 

interacts with the sample, causing photons to gain or lose energy and resulting in a 

shift in wavelength. This shift in wavelength can provide valuable information about 

the chemical composition and structure of the material being analyzed.  

 

Raman spectroscopy is a powerful analytical technique that is particularly sensitive 

to deviations from translational symmetry in a material. It is most effective in detecting 

covalent bonds that exhibit high levels of symmetry and have minimal or no natural 

dipole moments. These types of bonds, such as carbon-carbon bonds, perfectly meet 
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these criteria, making Raman spectroscopy a valuable tool for studying materials 

composed of these bonds. This spectroscopic method can reveal a wealth of detailed 

information about the structure of such materials, allowing for comprehensive analysis 

and investigation (Yang, X., Zhu, W., & Yang, 2008). Raman spectra of the samples 

were obtained utilising a Raman system with a wavelength of 532 nm (Renishaw 

Raman Spectrometer). 

 

3.3.3 Fourier Transform Infrared Spectroscopy (FT-IR) 

Fourier transform infrared (FT-IR) spectroscopy is a highly effective technique for 

identifying the types of chemical bonds present in a molecule. This is achieved by 

producing an infrared absorption spectrum, which can be considered a molecular 

"fingerprint". Therefore, infrared spectroscopy can result in qualitative analysis of 

every different kind of material. The interpretation of the infrared absorption spectrum 

allows for the determination of the chemical bonds present within a molecule. The 

vibrational frequencies of molecular bonds are dependent upon the elements and the 

type of bond involved. In the case of an individual bond, a number of specific 

frequencies have been identified at which it is capable of vibrating. The absorption of 

light energy results in the excitation of the bond, which in turn increases the frequency 

of molecular vibration. In general, the lowest frequency is associated with the ground 

state, while higher frequencies are linked to the excited states. The energy differential 

between the two states is directly proportional to the light energy, which is, in turn, 

dependent on the wavelength of the light. Especially the FT-IR method is well-suited 

for organic materials. The spectroscopic analysis of the barley straw and SS solution 

was conducted using a Perkin Elmer Spectrum BX instrument equipped with an 

attenuated total reflection (ATR) apparatus within the spectral range of 4000 to 650 

cm-1, with a resolution of 2 cm-1. 

 

3.3.4 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a widely utilized analytical technique that 

is typically employed to analyze the surface structure and characteristics of solid-state 
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samples. This method allows for detailed observation and study of the surface 

morphology of specimens at a high resolution. SEM enables researchers to examine 

the fine details and topographical features of materials with great precision, providing 

valuable insights into their composition and properties. By using SEM, scientists can 

gain a deeper understanding of the surface topography and structure of various 

materials, helping them make informed decisions about their properties and potential 

applications. This technique is especially useful in the fields of materials science, 

nanotechnology, and biological research, where the surface characteristics of 

specimens play a crucial role in determining their behavior and performance.  

 

The scanning electron microscope (SEM) is a powerful tool used to produce three 

main types of signals: secondary electrons, backscattered electrons, and characteristic 

X-rays. Each of these signals provides valuable information about the sample being 

analyzed. Secondary electrons are low-energy electrons emitted from the surface of 

the sample in response to the electron beam. Backscattered electrons, on the other 

hand, are high-energy electrons that are reflected back from the sample. The 

characteristic X-rays, produced when the sample is bombarded with electrons, result 

from the inner shell electrons being displaced within the atoms. These signals work 

together to create a detailed image of the sample's surface, providing information about 

its composition and structure (Ul-Hamid, 2018). In this study, The investigation of 

powder and coating morphology was conducted utilising the Zeiss Gemini 560 

instrument. 

 

3.3.5 Differential Thermal Analysis - Thermogravimetric Analysis (DTA-TGA) 

Differential thermal analysis (DTA) is a scientific method utilized to analyze the 

energy differences between a sample material and a reference material, typically over 

a period of time or as temperature changes. This technique allows researchers to 

observe and compare how the thermal characteristics of the sample material deviate 

from the standard reference material as the conditions are altered. By quantifying these 

energy differentials, scientists can gain valuable insights into the physical and 

chemical properties of the materials being studied. Differential thermal analysis is 
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commonly used in various fields, such as materials science, geology, and chemistry, 

to investigate phase transitions, thermal stability, and reaction kinetics. It is a versatile 

and powerful analytical tool that provides detailed information about the behavior of 

materials under different temperatures or time conditions. By plotting the energy 

differences against time or temperature, scientists can create a thermogram that 

visually represents the thermal behavior of the sample material. This allows for 

identifying key thermal events such as melting points, crystallization, or chemical 

reactions occurring within the material.  

 

Thermogravimetry analysis (TGA) is a method used to analyze samples by 

monitoring the mass of the sample over time or temperature as the sample is subjected 

to a controlled temperature program. By plotting the data of mass loss or percent loss 

against either temperature or time, valuable insights into the chemical reactions taking 

place within the sample can be obtained. These reactions are typically depicted as one 

or more distinct steps, each indicating a change in mass (Brown, 2001).   

 

A Shimadzu 60H model DTA-TG instrument was used for the DTA-TGA analysis 

of barley straw, SS solution, and dried composite mixture. The analysis was performed 

in the 25-700 ℃ range with a heating rate of 10℃/min under air atmosphere. 

 

3.3.6 Surface Profilometry 

In surface profilometry, an instrument is employed to amplify and record the 

vertical motions of a displacement stylus, which is displaced at a constant speed in 

order to measure the surface roughness. The stylus arm is positioned against the 

surface of the specimen, and the stylus is then moved across the surface using a 

scanning traverse unit at a constant speed. As the sample is moved, the stationary stylus 

passes over the surface of the specimen, detecting any surface irregularities by means 

of the transducer. The Ambios Technology XP-2 surface profilometer was used to 

measure the thickness of the coating. 
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3.3.7 Electrical properties 

A current-voltage characteristic of a system is a fundamental concept in electronics, 

illustrating the relationship between electric current and voltage through a chart or 

graph. This relationship between the DC current passing through a device and the DC 

voltage across its terminals is crucial for understanding the behavior of electronic 

components. Engineers rely on these charts to analyze and determine key parameters 

of a device or material, as well as to predict how it will perform within an electrical 

circuit. These characteristics are commonly referred to as I-V curves, denoting the 

standard symbols for current and voltage.   

 

In order to ascertain the current-voltage characteristic of the composite and to 

identify the insulation-conduction transition (percolation threshold) of the composite 

coatings, a Hall Effect device (Ecopia-HMS3000) was employed. The samples were 

prepared with graphite ratios of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 15, 20, 25, and 30 wt%. 

Furthermore, for the biochars, ratios of 5, 10, 15, 16, 17, 18, 19, 20, 25, and 30 wt% 

were employed to ascertain the percolation threshold of the composites. Additionally, 

the percolation threshold of a combination of two materials was investigated to 

ascertain the synergistic effect of the mixture. 

 

3.3.8 Sensor properties 

The performance of the sensors was investigated between 25 and 100℃. The 

samples were heated using a heating device, and the resistance and temperature 

changes were recorded using digital multimeters with data logging options. One of the 

multimeters (UNI-T, UT71D) was equipped with a thermocouple to record the 

temperature change, while the other was used to record the resistance change under 

heating (Mastech Ms8250d Digital Rms Multimeter) (Figure 3.2). The performance of 

the sensors was evaluated in terms of linearity, long-term stability, sensitivity, and 

response/recovery time. 
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Figure 3.2 Test setup for measurement of resistivity change under heating and cooling conditions 
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CHAPTER FOUR  

RESULTS AND DISCUSSIONS 

  

4.1 Phase Analysis 

Figure 4.1 presents the XRD patterns of graphite powder, dried SS solution powder, 

biochar, and composite (30Gr). It is evident that SS powders have an amorphous 

structure, whereas graphite powder exhibits a more crystalline structure. The sharp 

peak observed at 2θ = 26.5° and a small peak at 2θ = 54.5° represents (002) and (004) 

planes of graphite and indicate the typical crystal structure of graphite (JCPDS, 26-

1079) (Ain et al., 2019; Siburian et al., 2018; Tarani et al., 2023). In the composite 

(30Gr), some amorphousness is observed due to the nature of the SS matrix. In the 

case of biochar, the broad band observed between 2θ = 20° and 30° indicates an 

amorphous carbon structure comprising randomly oriented graphitic layers. The sharp 

peak at 2θ = 26.6° can be attributed to the (002) plane of graphite-like structures 

(Dehkhoda et al., 2014; Yan et al., 2021).  

 

Figure 4.1 XRD patterns of  biochar, graphite, composite and dried SS solution powder 
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4.2 Spectroscopic Analysis 

Figure 4.2 illustrates the Raman spectra of the biochar, SS solution, graphite, and 

composite. The graphite and biochar exhibited the characteristic peaks associated with 

graphitic materials. The 1340 cm⁻¹, 1577 cm⁻¹, and 2673 cm⁻¹ represent the 

characteristic D, G, and 2D peaks of graphitic materials, respectively. The D band is 

associated with defects in the carbon lattice and edge defects, while the G band is 

related to the vibration of in-plane carbon atoms. Additionally, the 2D peak located at 

2673 cm⁻¹ is significantly influenced by crystallinity and the number of graphene 

layers (Ferrari & Robertson, 2000; Yu et al., 2022). Regarding the SS solution, the 

region at 400-700 cm-1 indicates the bending vibrations of the Si-O bonds. The peak 

at 800-950 cm⁻¹ associated with symmetric stretching vibrations of the Si-O bonds in 

the silicate tetrahedral. The main peak at 950-1100 cm⁻¹ corresponds to symmetrical 

and asymmetric stretching of the Si-O-Si bridges in a silicate network, varying in 

oxygen content (Halasz et al., 2010; Ozgur Yasin Keskin & Erol, 2023b). Concerning 

composite (30Gr), it is clear that there are no more peaks than the main peaks of SS 

solution and graphite. 

 

Figure 4.2 Raman spectra of biochar, SS solution, graphite, and their composite (30Gr) 
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4.3 FT-IR Results 

The FT-IR spectra of barley straw and SS solution are shown in Figure 4.3. Firstly, 

in the spectrum of barley straw, the broad peak in the range of 3000-3700 cm-1 can be 

attributed to the O-H stretching vibrations in cellulose (Oh et al., 2005). The signals at 

2919 cm-1 and 2850 cm-1 represent the C-H stretching vibrations of CH2 and CH 

groups in cellulose and hemicellulose (Ozgur Yasin Keskin et al., 2024). The peak at 

1730 cm-1 is associated with the C=O stretching vibrations of ester groups in 

hemicellulose and other carbonyl-containing groups (Uma Maheswari et al., 2012). O-

H bending vibrations of water molecules are reflected in the peak at 1630 cm-1 (De 

Rosa et al., 2010). The peak at 1420 cm-1 can be related to the shearing or bending 

vibrations of CH2 in cellulose and hemicellulose (O. Yasin Keskin et al., 2020). The 

small shoulders at 1316 cm-1 and 1371 cm-1 correspond to the C-H bending vibrations 

in cellulose and hemicellulose (Uma Maheswari et al., 2012). The C-O stretching 

vibrations of lignin are represented in the peak at 1250 cm-1 (Obi Reddy et al., 2009). 

The small shoulder at 1150 cm-1 is related to the C-O-C asymmetric stretching 

vibrations in cellulose and hemicellulose (Uma Maheswari et al., 2012). The strong 

peak at 1030 cm-1 is associated with the C-O stretching vibrations in cellulose and 

hemicellulose (Dalmis et al., 2020). As for the SS solution, the broad peak between 

3700-2400 cm-1 is related to O-H stretching vibrations in silanol groups (Si-OH) and 

water molecules present in the solution (Morterra & Low, 1973). A small peak around 

1650 cm-1 corresponds to the bending vibrations of water molecules . The intense peak 

between 900-1200 cm-1 is associated with the stretching vibrations of Si-O-Si bonds 

in silicate anions. The peak at 860 cm-1 can be related to the symmetric stretching 

vibrations of Si-O bonds (Chukanov & Chervonnyi, 2016). 
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Figure 4.3 FT-IR spectrum of barley straw and SS solution 

 

4.4 Morphology Analysis 

Figure 4.4 shows the surface and cross-section morphology of barley straw, 

graphite, biochar, and coatings. Figures 4.4a and b show the surface and cross-section 

of raw barley straw. As shown in Figure 4.4a, barley straw has some protrusions on 

the surface, which can be related to the silica bodies on the outer shell. On the other 

hand, barley straw showed the typical structure with vascular bundles (Fig.4.4b) 

(Agbagla-Dohnani et al., 2003). Graphite particles are demonstrated in Figure 4.4c. 

The shape and size of graphite particles are highly variable. While flake graphite 

particles have a plate-like configuration, microcrystalline particles display an 

extensive range of morphologies. (Rew et al., 2017). On the other hand, Figure 4.4d 

presents the morphology of biochar particles. The image shows that biochar particles 

generally have plate-like structures with irregular shapes and smaller particle sizes 

than graphite (Dong et al., 2024; K. Su et al., 2023). Figures 4.4e and 4.4f illustrate 

the graphite-based and biochar-based coatings, respectively. In contrast to the variable 

morphology of the biochar and graphite particles, the coatings displayed a smooth and 

homogeneous surface morphology, indicative of the effective adhesion of the SS 
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matrix to the particles. In addition, the surface morphology of sample 5G-1B is given 

in Figure 4.4g. Clearly, coatings with a combination of graphite and biochar particles 

also have a smooth surface (Verma et al., 2023).  

 

Table 4.1 Elemental composition of samples. 

 Elemental Composition (wt. %) 

Sample Na  Si C O K Ca Cl 

Barley Straw - 1.1 51.3 44.8 2.5 0.4 - 

30Gr 23.2 18.5 13.3 42.1 - - - 

25Bc 12.6 20.4 20.8 41.2 1.5 0.6 0.3 

5G-1B 22.9 14.2 11.3 49.0 0.1 - - 

 

The elemental compositions of barley straw and the coatings are listed in Table 3.2. 

Barley straw mainly consists of C, O, and a minor amount of Si. On the other hand, 

graphite-based samples included three major elements (Na, Si, C, and O), while 

biochar-based samples contained four major elements (Na, Si, C, and O) with three 

minor elements (K, Ca, and Cl). 
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Figure 4.4 SEM images of (a) Barley straw, (b) Cross-section of barley straw, (c) graphite, (d) biochar, 

(e) Sample 30Gr, (f) Sample 25Bc, (g) Sample 5G-1B 

Elemental mapping of samples were given in Figure 4.5. Figure 4.5a and b 

represents the elemental distribution of composite coating of 20Gr and 30Bc. As seen 

in image Carbon (C), Sodium (Na), and Silicon (Si) distributed homogeneously. 
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(a) 

 

  

  

(b) 

Figure 4.5 Elemental mapping of (a) 20Gr and (b) 30Bc 

 

4.5 Thermal Analysis 

Figure 4.6 presents the thermal analysis of the dried composite, and barley straw. 

Figure 4.6a presents the thermal analysis of the dried composite (30Gr). To ascertain 

the suitability of composite as temperature sensors, it is important to understand their 

thermal behavior in the composite. In particular, for the working range of the sensors 

(25-100 ℃), it is of the utmost importance that the sensor materials do not exhibit any 

weight loss or degradation in terms of stability and repeatability following the drying 
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process. As illustrated in Figure 4.6a, no significant weight loss was observed until 

approximately 180 ℃. In particular, within the 25-100 ℃ range, the composite 

mixture did not exhibit any weight change. The first peak at nearly 185 ℃ can be 

related to the evaporation of absorbed water by graphite and chemically bonded water 

in SS. The second peak at almost 680 ℃ can be associated with the melting of silica 

catalyzed by Sodium and the formation of bulk silica (Le & Le, 2021).  

 

(a) 
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(b) 

Figure 4.6 TG curves of (a) Dried composite, (b) barley straw 

 

Figure 4.6b shows the thermal analysis of barley straw in the range of 25-850 ℃. 

The first mass loss is due to water evaporation, with a weight loss of 7.11% (Ridzuan 

et al., 2016). The largest weight loss of 47.6% is related to the decomposition of 

cellulose, and the rest of the weight loss (16.48%) is associated with the residual fiber 

content (Saravanakumar et al., 2013). After 800℃, no more weight loss was observed, 

and 800℃ was determined as pyrolyzing temperature in terms of crystallinity and 

conductivity. 

 

4.6 Surface Profile 

The surface profile of sample 30Gr composite coating is illustrated in Figure 4.7. It 

is evident that the coating does not have a smooth surface. On the contrary, coatings 

displayed irregularities on the surface, and the thickness of coatings was in the range 

of 50-100µm. Additionally,  an accumulation was observed at the edge of the coatings 
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due to the edge effect. However, beyond the edges, the surface profile remained until 

the end of the coating. 

 

Figure 4.7 Surface profile of 30Gr 

 

4.7 Electrical Properties 

The percolation threshold in conductive composites denotes the critical 

concentration of conductive filler particles where the composite undergoes a transition 

from insulating to conductive behavior. This phenomenon holds significant 

importance in the optimization and comprehension of electrical conductivity within 

composite materials, particularly in fields such as electronics, sensor technologies, and 

electromagnetic shielding. Achieving a precisely controlled percolation threshold is 

paramount for the development of sensors capable of ensuring sensitivity and stability 

in diverse applications, including environmental monitoring and biomedical sensing 

(Vieira et al., 2022). 

 

Figure 4.8 illustrates the electrical conductivity of graphite-based composites, 

biochar-based composites, and their combination. Figure 4.8a depicts the electrical 

conductivity of graphite-based composites. As observed in Figure 4.8a, the samples 
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exhibited high resistivity, or insulating behavior, until 7 wt. %. Following this, a 

notable increase in conductivity was observed in the mixture. As previously stated, the 

instantaneous rise in conductivity signifies the percolation threshold of the mixtures. 

The percolation threshold of the graphite-based samples was determined to be nearly 

7.5 (wt. %). Compared to the literature, lower percolation threshold values were 

obtained with graphite-based samples (Arman Kuzubasoglu & Kursun Bahadir, 

2020b; Phadkule & Sarma, 2023b). This decrease in percolation threshold can be 

explained by the addition of SS solution. When used as a component of the composite 

matrix, sodium silicate can alter the structure and interface between conductive fillers, 

potentially enhancing the formation of conductive pathways. Sodium silicate, when 

used in appropriate concentrations and formulations, can improve the dispersion and 

alignment of conductive fillers within the composite. By facilitating better contact 

between fillers, sodium silicate can reduce contact resistance and promote the 

formation of a percolative network at lower filler concentrations (Chiao et al., 2021; 

Shen et al., 2006).  Similar experiments were performed for biochar-based composites 

(Figure 4.7b). For biochar-based samples, the percolation threshold of samples was 

determined to be nearly 16.5 (wt. %). The conductivity and percolation threshold 

differences between graphite and biochar-based composites can be associated with the 

crystallinity of powders (Bartoli et al., 2022; Kane et al., 2021). 
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(a) 

 

(b) 
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(c) 

Figure 4.8 Electrical conductivities of (a) Graphite, (b) Biochar, and (c) Graphite/biochar-based 

composites 

 

On the other hand, the synergetic effect of biochar and graphite was investigated 

and compared with bare graphite and biochar-based composites (Figure 4.8c). For 

investigation, graphite and biochar were mixed with different ratios and their 

conductivities were measured. As seen in the figure, while sample 5G-OB behaves 

like insulating material, an instantaneous increase was observed in sample 5G-1B. 

After sample more biochar addition to composite, no more increase was observed in 

conductivity. Within this framework, the percolation threshold of graphite/biochar 

samples was determined as 5.5 (wt. %). It is clear that the synergetic effect positively 

affected the conductivity of samples. This phenomenon can be explained by the co-

percolation. In contrast to the conventional percolation theory, which typically 

examines the connectivity of a single type of component, co-percolation extends this 

concept to encompass the interactions between multiple types of components or 
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systems (R. Chen et al., 2013). As previously stated, biochar powders exhibit a lower 

particle size than graphite powders. In this context, biochar particles can act as a bridge 

between graphite particles, filling the gaps between them. Consequently, this 

phenomenon can result in an increase in the total electrical conductivity of the system. 

 

4.8 Sensor Performance 

4.8.1 Graphite Based Samples 

The sensor performance of the samples was investigated in terms of linearity, 

stability, and repeatability. Figure 4.9 shows the response of the sensor as a function 

of temperature. As can be seen, the samples exhibited a decrease in resistance with an 

increase in temperature, demonstrating negative temperature coefficient (NTC) 

behaviour. Furthermore, a linear behaviour was observed in samples under heating and 

cooling conditions.  The increase in conductivity can be explained by an increase in 

the mobility of electrons or more electrons can be excited from the valance band to the 

conduction band (Phadkule & Sarma, 2023b). On the other hand, due to the very low 

thermal expansion coefficient of glass (Kompan et al., 2008), samples exhibit linear 

behavior. As previously stated, the sensitivity of the sensor is typically quantified by 

the temperature coefficient of resistance (TCR). The sensitivities of samples were 

calculated as −0,01/°C, − 0,0479/°C, and − 0,0432/°C for 10Gr, 15Gr, and 20Gr, 

respectively. 
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Figure 4.9 Normalized response of (a) 10Gr, (b) 15Gr, (c) 20Gr samples on glass substrate between 

25–100 °C 
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Figure 4.10 Repeatability of (a) 10Gr, (b) 15Gr, (c) 20Gr samples on glass substrate between 25–100 

°C 

 

Figure 4.10 presents the results of the repeatability tests conducted on graphite-

based samples. Tests were conducted with multiple heating and cooling cycles, with 

the temperature increasing from room temperature to 100 °C. As shown in the figure, 

all samples demonstrated good repeatability between 25 and 100 °C. Upon comparison 

of the samples, evident from the number of cycles increased in direct proportion to the 

reduction in graphite ratio at a fixed time interval. Figure 4.11 presents the results of 

long-term stability tests on samples. The tests were conducted at constant temperatures 

(25-100 °C) for a fixed duration (180 sec.). As can be observed, the samples exhibited 

near-linear behavior at varying temperatures. Moreover, the response and recovery 

time of samples were measured. Figure 4.12 presents the response and recovery time 

of samples. It can be seen that the 10Gr sample shows the lowest response and recovery 

time (30/48 seconds, respectively). With the increasing filler concentration, the 

response and recovery time of samples increased (35/70 seconds for 15Gr and 48/70 

seconds for 20Gr). An increase in response and recovery time can be related to thermal 



48 

diffusion. Graphite has high thermal and electrical conductivity, so increasing graphite 

concentration makes the composite more electrically and thermally conductive. While 

this might seem like it would reduce response and recovery time, the opposite occurs 

because thermal diffusion becomes slower in denser conductive particle networks. The 

composite may take longer to achieve uniform thermal distribution, causing a delay in 

the response of resistivity to temperature changes (Mohammad et al., 2022). 

 

Figure 4.11 Long-term stability of (a) 10Gr, (b) 15Gr, (c) 20Gr samples on glass substrate 
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Figure 4.12 Response and recovery time of (a) 10Gr, (b) 15Gr, (c) 20Gr samples on glass substrate 

 

On the other hand, similar experiments were performed on PVC flexible substrate 

to investigate the potential usage of composite in flexible applications. Figure 4.13 

illustrates the temperature-dependent variation in normalized resistivity for the 

samples under consideration. The samples exhibited NTC behavior, indicating that the 

resistance of the samples decreased with increasing temperature. Furthermore, in 

comparison to the samples on the glass substrate, it is clear that the samples on a PVC 

substrate exhibited non-linear behavior. This phenomenon can be attributed to the 

expansion of the polymer substrate. It is well known that polymers expand with 

increasing temperature, and as they do so, adjacent particles in composite structures 

move away from each other, thereby increasing the resistivity of the composite 

structure (Geng et al., 2022; B. Wang et al., 1997). Conversely, an increase in 

temperature decreases the resistivity of composite material due to an increase in the 

mobility of electrons or a higher number of electrons at the conduction band (Phadkule 

& Sarma, 2023b). This opposition between the substrate and the composite material 

can cause non-linear behavior under heating conditions. Furthermore, in comparison 

to the concentration of graphite, it is evident that the sample with the highest amount 

of graphite exhibits a more linear behavior. This phenomenon can be attributed to an 
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increase in the contact point between adjacent graphite particles in the composite 

structure. 

  

 

Figure 4.13 Normalized response of (a) 10Gr, (b) 15Gr, (c) 20Gr samples on PVC substrate between 

25–100 °C 

 

Figure 4.14 depicts the results of a repeatability test conducted on samples. As 

evidenced by the figure, all samples demonstrated repeatability within a temperature 

range of 25–100 °C. Upon comparative analysis, it became evident that as the 

concentration of graphite increased, the sensors exhibited enhanced repeatability. 

Additionally, some resistivity variations were observed in sample 10Gr, which can be 

attributed to low graphite concentration and deterioration of contact points at the 

composite material after multiple cycles. A comparison of samples on the glass and 

PVC substrates reveals that the samples on glass substrate exhibited superior 

repeatability due to the low thermal expansion properties of glass. Figure 4.15 

illustrates the long-term stability of the samples. As can be observed in the figure, 

while the samples exhibited linear behavior at low temperatures, they did not exhibit 

linear behavior at higher temperatures. When samples are compared, the sample with 
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the highest amount of graphite exhibited the best long-term stability over the given 

time period.  

  

 

Figure 4.14 Repeatability of (a) 10Gr, (b) 15Gr, (c) 20Gr samples on PVC substrate between 25–100 

°C 

 

A comparative analysis of samples on glass and PVC substrates in terms of long-

term stability indicates that samples on glass substrates demonstrate superior stability. 

This phenomenon in samples with PVC substrates can be attributed to the deterioration 

of the substrate over time, which also results in the degradation of the composite 

material. These deformations in the sensor material lead to a change in resistance 

within the structure, ultimately causing instability. Figure 4.16 illustrates the response 

and recovery time of the samples on the PVC substrate. As can be observed in the 

figure, the response time of the sensors increased and the recovery time decreased in 

general with increasing concentration. Increase in response time can be related to the 

decreasing thermal diffusion at denser carbon network (Mohammad et al., 2022). On 
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the other hand, decrease in recovery time can be associated with restriction of thermal 

expansion of PVC substrate by the high concentration of graphite. 

  

 

Figure 4.15 Long term stability of (a) 10Gr, (b) 15Gr, (c) 20Gr samples on PVC substrate 
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Figure 4.16 Response and recovery time of (a) 10Gr, (b) 15Gr, (c) 20Gr samples on PVC substrate 

 

4.8.2 Biochar-Based Samples 

Experiments on temperature-sensing properties were conducted for biochar-filled 

composites coated on glass substrates. 20Bc, 25Bc, and 30Bc samples were chosen 

due to the percolation threshold of biochar samples (nearly 16.5 wt. %). Figure 4.17 

presents the heating and cooling response of biochar-based composite samples on the 

glass substrate as a function of temperature. As seen in the figure, samples exhibited 

linear or nearly linear behavior while heating and non-linear behavior while cooling. 

Also, some degree of deviation was observed for onset and final resistance.  
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Figure 4.17 Normalized response of (a) 20Bc, (b) 25Bc, (c) 30Bc samples on glass substrate between 

25–100 °C 

 

It is evident that natural graphite and biochar exhibit distinct behavior in their heat-

releasing properties, which can be attributed to their varying structures and 

crystallinity. This non-linear behavior can be associated with the crystallinity of 

biochar. The heating and heat-releasing properties of biochar are closely linked to its 

crystallinity. Higher crystallinity generally enhances thermal conductivity, thermal 

stability, and electrical conductivity, making biochar more effective in heat dissipation 

(S. Liu et al., 2022). In comparing graphite and biochar. Consequently, graphite-based 

samples demonstrate a more linear behavior than biochar-based samples on the glass 

substrate. 
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Figure 4.18 Repeatability of (a) 20Bc, (b) 25Bc, (c) 30Bc samples on glass substrate between 25–100 

°C 

 

Figure 4.18 presents the results of the repeatability tests conducted on biochar-

based samples. As illustrated in the figure, the samples exhibited consistent 

performance across from room temperature to 100 °C. Upon comparing the samples, 

it became evident that the number of cycles increased with an increase in biochar 

concentration. This phenomenon can be attributed to the fact that a higher 

concentration of biochar particles results in a greater number of contact points within 

the composite structure, thereby enhancing the overall conductivity of the material 

(Mohd Radzuan et al., 2017). The long-term stability results of the samples are given 

in Figure 4.19. The stability of samples was conducted at a fixed temperature between 

room temperature to 100 °C for a fixed period of time (180 s.). All samples showed 

long-term stability at various temperatures. 
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Figure 4.19 Long-term stability of (a) 20Bc, (b) 25Bc, and (c) 30Bc samples on glass substrate between 

25–100 °C 
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Figure 4.20 Response and recovery time of (a) 20Bc, (b) 25Bc, (c) 30Bc samples on glass substrate 

between 25–100 °C 

 

Figure 4.20 shows the response and recovery times of biochar-based samples. 

While sample 25Bc exhibited similar response and recovery times, other samples 

showed differences between response and recovery time. On the other hand, some 

decrease was observed in response and recovery time at 25Bc but again increased at 

30Bc. In comparing graphite and biochar-based samples on a glass substrate, it is clear 

that graphite-based samples exhibited lower response and recovery time. This 

difference can explained by the crystallinity differences between graphite and biochar. 

The thermal and electrical conductivity of carbon-based materials is strongly 

correlated with the crystallinity of carbon-based materials. Due to the high crystallinity 

of graphite, graphite-based samples exhibited better performance in terms of response 

and recovery time (S. Liu et al., 2022). 
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Figure 4.21 Normalized response of (a) 20Bc, (b) 25Bc, (c) 30Bc samples on PVC substrate between 

25–100 °C 

 

Figure 4.21 illustrates the heating and cooling response of the biochar-based 

composite as a function of temperature. As can be seen from the figure, the samples 

exhibited non-linear behavior in response to temperature. Regarding biochar 

concentration, 30Bc is the best sample due to the similar or nearly the same heating 

and cooling response. When biochar-based samples were compared in terms of 

substrate, almost similar behaviors were observed. Compared with graphite on PVC 

substrate, biochar-based samples exhibited better performance in terms of linearity. 

This phenomenon can be explained by the particle sizes of conductive filler. As 

mentioned before, graphite powders have larger particle sizes than biochars’. Under 

heating conditions, the polymer substrate expands, and conductive particles move 

away from each other. Due to the big particle sizes of graphite, the conductive pathway 

can be damaged easily. As for biochar-based samples on PVC substrate, due to small 

particle sizes, they can form more conductive pathway and they can fill the gaps 

between large particles and provide a better conductive pathway for composite. 
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Additionally, the distance between adjacent particles decreases with decreasing 

particle size (Jing et al., 2000; Özmihçi & Balköse, 2013; Xue, 2004). Figure 4.22 

shows the repeatability test of biochar-based samples on PVC substrate. It is clear that 

all samples exhibited good repeatability, but some resistivity change was observed in 

sample 30Bc. In terms of biochar concentration, the number of cycles increased with 

increasing biochar concentrations at a given period of time. These results are also 

compatible with the response and recovery time results of samples. Compared to 

graphite-based samples on PVC substrate, biochar-based samples exhibit better cyclic 

performance. 

  

 

 

Figure 4.22 Repeatbility of (a) 20Bc, (b) 25Bc, (c) 30Bc samples on PVC substrate between 25–100 

°C 
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Figure 4.23 Long-term stability of (a) 20Bc, (b) 25Bc, and (c) 30Bc samples on PVC substrate 

between 25–100 °C 

 

Figure 4.23 depicts the long-term stability test results for biochar-based samples on 

a PVC substrate. It is evident that all samples demonstrated robust stability over the 

specified time frame. A comparison of the performance of the biochar-based sample 

on glass and PVC substrates revealed that they exhibited similar results. Furthermore, 

in contrast to the graphite-based sample on the PVC substrate, the biochar-based 

samples demonstrated superior performance. This phenomenon can be related to the 

smaller particle size of the biochar powders. When subjected to heating and cooling 

conditions, the conductive particles move away from each other. The higher particle 

size of graphite results in an increase in the gaps between the larger particles when 

heated, which causes a fluctuation in resistivity. In contrast, the biochar particles with 

a smaller particle size than graphite and they can fill these gaps between the large 

particles, thereby providing a continuous conductive pathway under the same 

conditions. Moreover, closer contact between particles minimizes the contact 

resistance between adjacent particles, resulting in an improvement in electrical 
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conductivity (Antunes et al., 2011; Király & Ronkay, 2015). This phenomenon 

resulted in better performance in terms of long-term stability in biochar-based samples 

on PVC substrate. 

  

 

Figure 4.24 Response and recovery time of (a) 20Bc, (b) 25Bc, (c) 30Bc samples on PVC substrate 

between 25–100 °C 

 

Figure 4.24 illustrates the response and recovery time of biochar-based samples on 

a PVC substrate. The reduction in sensor response time can be attributed to the 

enhanced rigidity of the samples with increasing biochar concentrations. The thermal 

expansion of the polymer substrate constrains this increased rigidity (Király & 

Ronkay, 2015). The sensors exhibited nearly similar recovery times. 

 

In order to understand the synergistic effect of graphite and biochar, sensor 

experiments were conducted for hybrid composites as well (5Gr-1Bc). Figure 4.25 and 

Figure 4.26 show the test results of hybrid composite on glass and PVC substrate, 

respectively. As can be seen from the figures, the sample showed almost linear 
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behavior under heating and cooling conditions on a glass substrate and non-linear 

behavior on the PVC substrate. However, considering the fluctuation of graphite 

samples on PVC substrate, the combination of graphite and biochar positively affected 

the sensors. The addition of a small amount of biochar prevented fluctuation by filling 

gaps between graphite particles, reducing interparticle distance and providing a 

conductive path (Jing et al., 2000). Both samples exhibited good repeatability, but 

some resistivity changes were observed (Figure 4.25b and Figure 4.26b). 

  

  

Figure 4.25 (a) Normalized response, (b) Repeatability, (c) Long-term stability, (d) Response and 

recovery time of hybrid composite on glass substrate between 25–100 °C 

 

Figures 4.25c and 4.26c illustrate the long-term stability results of the samples. Both 

samples demonstrated favorable long-term stability characteristics. With regard to 

graphite-based samples on a PVC substrate, it is evident that the incorporation of 

biochar has a beneficial impact on the long-term stability of the samples. Conversely, 

the response and recovery times of the samples are illustrated in Figures 4.25d and 

4.26d. As can be discerned from the figures, the samples on a glass substrate 

demonstrate superior response and recovery times. This phenomenon can be attributed 
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to the higher thermal expansion coefficient of the PVC substrate compared to the glass 

substrate. 

  

 
 

Figure 4.26 (a) Normalized response, (b) Repeatability, (c) Long-term stability, (d) Response and 

recovery time of hybrid composite on PVC substrate between 25–100 °C 
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CHAPTER FIVE  

CONCLUSION   

                                                

In conclusion, the utilization of graphite and biochar/SS solution composites in 

temperature sensor applications has been demonstrated to be effective. The findings 

can be summarised as follows: 

1) A novel temperature-sensitive ink that has not been proposed before was 

successfully developed. The findings suggest that SS solution represents an 

appropriate matrix material for carbon-based fillers. 

2) The production of biochar from waste biomass was successfully achieved. The 

graphite and biochar powders were blended with the SS solution in a uniform manner 

and subsequently applied to glass and PVC substrates using the doctor blade technique. 

3) The percolation threshold of the samples was determined as 7.5 and 16.5 (wt. %) 

for graphite and biochar-filled composites, respectively. On the other hand, in order to 

understand the synergetic effect of graphite and biochar, co-percolation studies were 

conducted. The combination of graphite and biochar positively influenced the overall 

performance of the sensors and the conductivity of the composite. The new composite 

structure exhibited a percolation threshold of 6.5 (wt.%), as determined through 

analysis.  

4) The sensor performance of the composites was evaluated in the range of 25-100 

℃. When graphite-based sensors were compared, sensors on glass substrate showed 

overall more compatible performance than samples on PVC substrate. Due to the 

thermal expansion of the polymer substrate and the high particle size of graphite, some 

fluctuations were observed in the resistivity of graphite-based samples on PVC 

substrate. Deterioration of the composite structure also negatively affected the long-

term stability and repeatability of sensors on the PVC substrate. In general, increasing 

the graphite concentration had a positive effect on the overall performance of the 

sensors. 
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5) When comparing the biochar-based sensors, the sensors on PVC substrate 

exhibited better overall performance than the samples on glass substrate. In terms of 

repeatability and response and recovery time of the sensors, the samples on PVC 

substrate exhibited better performance than the samples on glass substrate. Increasing 

the biochar concentration also had a positive effect on the overall performance of the 

sensors. 

6) Compared to graphite and biochar-based sensors, while graphite-based sensors 

exhibited superiority on the glass substrate, biochar-based sensors exhibited better 

performance on the PVC substrate. While the graphite-based sensors exhibited 

fluctuations on the PVC substrate, the biochar-based sensors did not show any. As 

mentioned before, this phenomenon is related to the expansion of the polymer 

substrate, the increase in resistivity, and particle sizes of graphite and biochar. 

7) The synergetic effect of graphite and biochar was also investigated. The results 

indicated that the combination of graphite and biochar had a positive effect on the 

composite structure. Samples showed almost linear behavior on a glass substrate. 

While graphite-based sensors exhibited fluctuations on PVC substrate, the addition of 

only 1 wt. % biochar prevented fluctuations in resistivity. This phenomenon can be 

explained by filling the gaps of graphite particles with biochar particles, thus providing 

a continuous pathway for electron conductivity. 

 

All in all graphite-biochar/SS solution composite coatings on glass and PVC 

substrates were successfully evaluated in temperature sensor applications. The results 

indicate that SS solution is a suitable material for carbon based materials as a matrix 

material in terms of ease of use and homogeneity. As a novelty, the sensors need to be 

encapsulated with a polymer. On the other hand, composite material is suitable for 

miniaturization of sensors. Miniaturization can be beneficial in terms of avoiding 

structural changes and improving electrical properties. 
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