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Chapter 1 

 

Introduction 

 

1.1 Materials: Science and synthesis 

Historically, one of the fundamental elements in the development of humankind is the 

field of materials, it is even associated with the name to the ages of civilizations of humankind. 

The scientific journey of humankind started with the discovery of fire (plasma?) and continued, 

we observed many breakthroughs in this journey, from a discovery of a wheel to the rockets to 

take humankind to the space, from the smallest chip on electronic devices to the massive 

structures built on earth, throughout this journey, materials are strangleholds, owing to 

extensive research, new tools and approaches for research and developed interdependence 

between scientific research and technical development.  

In the last few decades, with industrial advancements and increasing demands, the field 

of material has expanded. The modern technologies of energy sources, aerospace, 

semiconductors and the like, are dependent on material science and research. The dependency 

and demands for materials are increasing day by day. The source of all materials is the earth, 

the processing of raw materials converts them into use for application development. Innovation 

in the field of material processing is most necessary. Of course, materials science is limited but 

has endless possibilities, in a view of future requirements, improvement in the properties of 

existing materials (functionalization) with various processes as well as finding a new range of 

materials such as composite, alloys are going to be essential for the continued growth of 

humankind. Traditional methods are insignificant for the functionalization of the materials and 
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to tune the properties of the materials as per requirements, along with this, the composite 

formation and surface modification were complex processes (Fig. 1-1). 

The fabrication methods for materials are needed to be revised, since, with 

advancement in material research, the modern physicochemical material synthesis techniques 

overcome the high temperature and subsequent high-cost requirement of conventional thermal 

techniques and now the methods based on non-thermal plasma are starting a revolution for 

material synthesis by reducing process complexity of physicochemical methods. Non-thermal 

plasma-based techniques have also impacted the properties of the materials,  

Material properties requirement is subject to the field of the possible use of perspective 

materials. Materials having sound electrical (e.g. conductivity), mechanical (e.g. strength), 

chemical (e.g. stable or inert), optical properties are always in demand for various applications. 

Considering a sustainable future and current scenario, fulfillment of the increasing need for 

energy and environment monitoring should be addressed on a priority with the help of materials.  

 Materials such as metal oxides, polymers specifically conducting polymers and carbons 

have proved their wide applicability with extraordinary chemical, physical, electrical and 

mechanical properties. Detailed study and advancement in these materials will be helpful to 

solve current problems and also futuristic application development.  

 

Fig. 1-1 The modern approach for functionalization of materials. 
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1.1.1 Metal oxides: Tin oxide (SnO2) 

 The metal oxides constitute a miscellaneous and intriguing class of materials whose 

properties cover the entire range from metals to semiconductors and insulators due to different 

structural geometries and electronic structures. A wide variety in the chemical, physical and 

electrical properties of metal oxides has made metal oxides exciting material for basic research 

and technological applications.1) Semiconducting property of several metal oxides has made 

them the most useful in electronics and optoelectronics applications. 2) Tin oxide also is known 

as stannic oxide (SnO2) belongs to this family having high electrical conductivity and optical 

transparency enabling its use in a wide range of applications. 3) 

 SnO2 has one stable phase having a tetragonal arrangement of the atoms as shown in 

Fig. 1-2. It is an n-type semiconducting material due to oxygen vacancies acting as electron 

donors. In SnO2, the formation energy of tin interstitial and oxygen vacancies is comparatively 

low. 4)  The presence of high electrical conductivity and optical transparency of SnO2 is a result 

of the wide bandgap (3.6 eV) prohibiting interband transitions as well as adsorption of photons 

in visible light, oxygen deficiency, and uniform distribution of electron charge density thus 

high mobility of conduction electrons. 5) Mutual existence of high conductivity and optical 

transparency makes SnO2 differ from other metal oxides.  

 

 

Fig. 1-2 The unit cell of crystalline SnO2 (black spheres represent oxygen atoms). 6) 
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The nanostructures of SnO2 possess great diversity, it is available in the form of 

nanosheets, nanobelts, nanowires, nano diskettes, and nanorods. 7)  Nanostructures of SnO2 

have a great effect on its applicability for applications such as gas sensing, and catalysis as 

surface properties of nanostructured tin oxide plays a vital role due to the increased surface to 

volume ratio. 8) Thus, it’s necessary to study the surface and size-dependent properties of SnO2.  

 Materials which have the effect of ambient gas on its physical or chemical properties 

can be used as gas sensing material. Most of the metal oxides show the changes in their 

properties as the effect of ambient gas, however, SnO2 is widely studied material for gas 

sensing applications owing to its surface sensitive properties. TiO2, for example, increases its 

conductivity due to the formation of bulk oxygen vacancies under reducing conditions and thus 

is categorized as a bulk-sensitive gas sensing material. SnO2 on the other hand, although bulk 

defects affect its conductivity, belongs to the category of surface-sensitive materials. 5)  Gas 

sensors characteristics of SnO2 are summarized in Table 1-I. 9) The gas sensing mechanism of 

SnO2 is debatable, but basically trapping of electrons at adsorbed molecules and band bending 

induced by these charged molecules are responsible for a change in conductivity. 10) Gas 

sensors based on SnO2 require a high temperature for its operation thus during fabricating 

sensors based on SnO2 additional heater assembly is essential. This increases the operation cost 

of the sensors based on SnO2. The high-temperature required for operation is due to the 

absorption of oxygen on SnO2 surface in air. The adsorbed oxygen species on surface captures 

electrons, the charge trapping by oxygen species cause the formation of the depletion layer, 

reducing conductivity. Upon reaction with gases, the electrons are injected resulting increase 

in conductivity. The oxygen vacancies are important for gas sensing response of SnO2, the 

desorption temperature for absorbed oxygen species determines the operation temperature of 

the SnO2. The number of free electrons and electron mobility are important for effective gas 

sensing response of the SnO2. The porosity and size are also effecting parameters for gas 

sensors based on SnO2. 
12)  

SnO2 is also considered as a promising anode material in lithium-ion batteries (LIB) 

due to its high theoretical specific capacity (790 mAh/g), low operating voltage (charge and 

discharge), and cost among other metal oxides. However, a large volume change during charge 
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and discharge process has a big impact on its applicability in LIBs. 13, 14) The process can be 

understood by following chemical reactions. 

SnO2 + 4Li+ → Sn + 2Li2O . . . (1.1) 

Sn + 𝑥Li+ + 𝑥e−  ↔ LixSn (0 ≤ 𝑥 ≤ 4.4) . . . (1.2) 

 In the above processes, transformation stated in Eq. 1.1 is the formation of Sn and Li2O, 

this is an irreversible process. At the second step, the alloying/dealloying process of LixSn 

occurs. Since the first step in irreversible, the formation of Sn causes the change in volume of 

SnO2, leading to pulverization of SnO2 anode electrodes, a mechanical failure of SnO2 

electrodes.  

To overcome the problems with SnO2, the surface processing, synthesis of different 

nanostructures and composite formations are necessary.  

 The synthesis of SnO2 nanostructures with various morphology and size is possible 

with synthesis techniques such as sol-gel method (spherical particles of size 20 nm), 

solvothermal method (spherical particles of size 5 nm), microemulsion method (flower-like of 

size 8 nm), microwave irradiation method (irregular shape of size 25 nm), laser ablation 

(nanowire of diameter 20 nm), chemical vapor deposition (spherical particles of size 5 nm), 

and even biosynthesis methods (spherical particles of size 30 nm),  as per requirement. 

However, these methods need a high temperature to synthesize SnO2 particles (minimum 

150 °C for biosynthesis, maximum 900 °C for laser ablation method). In addition, the above 

methods are based on multi-step progression requiring multi precursors for synthesis. 7, 15, 16) 

Table 1-I Gas sensing characteristics of tin oxide for ethanol, methanol and carbon monoxide.9)  

 Sensor 

response at 

150 ppm  

(Ra/Rg) 

Detection 

limit 

(ppm) 

Operating 

temperature  

(°C) 

Response  

time  

(sec) 

Recovery  

time  

(sec) 

Ethanol 3.2 3 225 165 170 

Methanol 3.5 2 180 140 173 

Carbon 

monoxide 
1.3 50 280 120 137 
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1.1.2 Conducting polymers: Polyaniline (PANI) 

 Polymers are formed by regular repetition of their respective monomers. Until 1977, 

the polymers were known to be insulating materials but the discovery of conducting polymers 

(CPs) gave rise to the entirely new field for material research, owing to the conducting 

properties they are widely referred as synthetic metals. 17) The conductivity of the CPs is subject 

to the doping. The polymers are made up of σ- bond, immobile charges. Certain polymers 

possess π-conjugation along the polymer backbone. The π-conjugation in polymers deliberates 

the mobility requirement to charges which are created by the doping process. 18, 19) The 

applications based on CPs include batteries, supercapacitors, sensors, and light emitting diodes. 

There are many conjugated polymers reported as CPs, out of which polyaniline (PANI) has 

studied widely, PANI is made up of aniline monomer connected to form a backbone of 

alternating nitrogen and benzene rings. PANI possesses good thermal and environmental 

stability, which makes it unique from other CPs. 20) 

 The PANI takes in four different forms depending on the state of nitrogen atoms. 

Figure 1-3 shows different structures of PANI. The physical and chemical properties of PANI 

varies with its structure, the structure variation of PANI is due to the degree of oxidation of the 

nitrogen atoms. The leucoemerldine is fully reduced state, emeraldine is half oxidizer state, 

called as emeraldine base, upon doping this can be converted into emeraldine salt. The 

permigraniline is fully oxidized state of PANI. The emeraldine salt is a most useful form of 

PANI. Its stability and high conductivity upon doping make its perfect state of PANI for 

various application, the properties of PANI can be tuned as required reversibly. 21, 22) 

Table 1-II Physical properties of structures of PANI. 

Name Conductivity (S cm-1) Color 

Leucoemeraldine < 10-5 Yellow 

Emeraldine base < 10-5 Blue 

Emeraldine salt ~20 Greenish black 

Pernigraniline < 10-5 Violet 
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Fig. 1-3 Structures of PANI a) Leucoemeraldine, b) Emeraldine base, c) Emerldine salt, d) 

Pernigraniline. 
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PANI has potential applications in various fields such as tissue engineering, drug 

delivery, supercapacitors, solar cells, and sensors. 23) PANI has been explored widely for its 

gas sensing applications owing to its versatile properties such as electrical conductivity, 

electrochemical properties, and stability. In addition to this, PANI can be synthesized in various 

shapes giving rise to applicability.  

The controlled electrical conductivity with doping level makes PANI suitable material 

for gas sensing applications. The doping level in the PANI can be altered by introducing gases 

to be analyzed and transferring or receiving electrons through it. This transfer phenomenon 

caused a change in electrical conductivity and work function of the PANI. 24) Thus, PANI can 

be effective as chemo-resistive gas sensor and it has been as an effective gas sensing material 

for ammonia at room temperature. As per previous studies for the ammonia sensing mechanism 

by researchers, the ammonia sensing of PANI is a result of protonation/deprotonation of PANI. 

25) The protons on –NH– groups were transferred to NH3 molecules to form ammonium ions 

while PANI turned into emeraldine base form. This process is reversible when the desorption 

of ammonia occurs, PANI goes back to its emeraldine salt form. (Fig. 1-4) In this process, the 

change in conductivity occurs.  

PANI shows the high response to ammonia, PANI based sensors operate at room 

temperature but long time instability and irreversibility are the major problems of PANI based 

gas sensors, making use of PANI based composites or nanostructures may help to overcome 

the drawbacks of the PANI. 26, 27) 
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Fig. 1-4 Ammonia response mechanism of PANI in a reversible process. 27) 
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1.1.3 Carbon materials 

Carbon materials are the most versatile materials, present in various allotropes. The 

great diversity in structural, chemical and physical properties of carbon-based materials come 

from their bonding structure. 

Carbon has three typed of hybridizations, sp, sp2, and sp3. The carbon atom has 4 

valence electrons, 2 electrons in the 2s orbital, and other 2 electrons occupy one 2p orbital each. 

All four valence electrons of carbon actively take part in bonding.  In sp3 hybridization, the 2s 

orbital and three 2p orbitals of carbon are hybridized to form four equivalent sp3 hybrid orbitals 

of equivalent energies, one electron occupying each hybridized orbital. These four orbitals can 

form strong C–C σ bonds when the sp3 orbitals of adjacent carbon atoms overlap. In sp2 

hybridization, three electrons occupy three equivalent sp2 hybridized orbitals with the 2s orbital 

and two 2p orbitals taking part in hybridization. During bonding, the sp2 orbitals form strong 

σ bonds, whereas the p orbital forms a comparably weaker p bond via a side-to-side overlap 

with another π orbital on the adjacent atom, causing the π electrons to be delocalized between 

the two adjacent atoms. The sp2 bonding in carbon is typically depicted as a C=C double bond, 

where the double bond consists of one σ bond and one π bond. The sp1 bonding in carbon 

follows a similar trend, forming two equivalent sp hybridized orbitals with higher σ bond 

energy and two π orbitals with lower p bond energy, resulting in a C≡C triple bond. 28) 

The ratio of sp2 to sp3 determines the properties of carbon materials.  This ratio depends 

on the deposition conditions and post-deposition treatments of carbon materials. Materials 

composed of 100 sp3 bonds are diamond material, known for hardness and wide optical band 

gap. Graphite is an example of 100 % sp2 bonded carbon material recognized for its exceptional 

conducting behavior. Another type of carbon materials is mixed bonded materials, such as 

amorphous and nanocrystalline carbons, they have mixed properties from diamond and 

graphite materials, this includes electrical conductive to insulating, hard to soft and from 

optically transparent to opaque, depending on the ratio of sp2 to sp3. Figure 1-5 is a ternary 

phase diagram for the carbon materials based on bonding. 29) 
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Fig. 1-5 Ternary phase diagram for the classification of carbon materials. 29) 

 

 

 

 

 

 

 



Chapter 1 
 

12 
 

Carbon nanomaterials possess a unique place in an area of material science and research 

due to their exceptional chemical, electrical, mechanical and thermal properties and are being 

used and researched for various applications ranging from sensors, supercapacitors, fuel cells, 

and drug delivery. The era of carbon nanomaterials started with the discovery of fullerene in 

mid-eighties, followed by the discovery of carbon nanotubes. The major breakthrough of 

carbon nanomaterial-related research was the discovery of graphene. 30-33) Figure 1-6 shows 

structures of carbon nanomaterials discussed here. 

 Fullerene zero-dimensional carbon material having a spherical shape composed of sixty 

carbon atoms, consisting of 60 carbon atoms involving 12 membered 5 rings and 20 six-

membered rings. Although fullerene is available in different range symmetries, the C60 is the 

most dominant and stable one and hence widely studied. Fullerenes have photosensitive, 

electron-accepting-transporting with other attractive physical and chemical properties, leading 

use of fullerenes in various areas such as photovoltaics, catalysis, medicinal chemistry, and 

biological applications. 34) 

 Carbon nanotubes (CNTs) are one-dimensional carbon materials having a co-axial 

tubular shape. CNTs have six-membered ring structures discovered by Iijima et al in 1991. 33) 

CNTs have a high length to diameter ratio, the diameters of CNTs is from few to hundred 

nanometers. CNTs possess superior mechanical, electrical, and thermal properties. CNTs are 

widely in use for energy, and sensing applications. 35) 

Graphene is a two-dimensional monolayer of carbon atoms. Graphene has a honeycomb 

lattice formed by a strong covalent sp2 bond. By the hybridization of orbitals of p orbit and s 

orbit, the sp2 hybrid bonds form three angles 120° with each other in one plane. A single layer 

of graphene of thickness 0.34 nm was peeled off from graphite by a simple exfoliation of 

graphite. 32) Graphene, being a two dimensional one atom thick sheet of carbon possess 

extraordinary properties. It is clearly different from other carbon nanomaterials and can be 

called as a parent of nanocarbon materials. 36) Graphene possesses distinctive properties such 

as large surface area (2,630 m2g−1), chemically stability, high charge carrier mobility (250,000 

cm2 V−1), excellent thermal conductivity (5,000 W m−1 K−1) and high electrical conductivity 



Chapter 1 
 

13 
 

(6,000 S cm−1), but graphene has almost zero optical band gap (optical transmittance ~97.7 %). 

The excellent properties of graphene make it an ideal material for next-generation devices. 37) 

Traditionally, graphene has been synthesized by several methods, these methods 

broadly can be categorized into two approaches: the bottom-up approach and the top-down 

approach. The bottom-up approach includes pyrolysis method, epitaxial growth, and chemical 

vapor deposition (thermal and plasma) and the top-down approach includes methods based on 

exfoliation (mechanical, chemical) and chemical synthesis, summarized in Fig. 1-7. 38-40)  The 

bottom-up approach methods are useful to synthesize high crystalline graphene but require 

vacuum systems, a cost and time assisted with vacuum systems are of prime concerns. In 

addition to this, bottom-up methods yield a low quantity of graphene. The top-down approach 

methods are widely used by researchers to yield a high quantity of graphene at a relatively low 

cost but these methods have problems with the low crystallinity/quality and multistep 

processing of graphene. 41, 42)  

The traditional graphene methods are not the best methods for graphene synthesis, as 

there is a trade-off relationship between synthesis amount and quality of synthesized graphene.  

 

  

Fig. 1-6. Carbon nanomaterials as per dimensions a) 0D – Fullerene, b) 1D – Carbon 

nanotube, and c) 2D – Graphene. 
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Fig. 1-7 Classification of graphene synthesis methods. 
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1.2 Material functionalization: Composites 

 Composite can be simply defined as a material formed by combining two or more 

materials to alter/modify the properties of constituent materials or to have unique properties by 

combinations due to synergetic effect. Composites are not fully manmade, even some natural 

things are present in the form of the composite such as wood, formed by a cellulose fiber and 

weaker substance lignin, making it stronger material. Cellulose and lignin, both are weak 

materials but together they form a stronger material. Use of composite and research in the field 

of composite has increased exponentially mostly due to the requirements of special properties 

and after understanding limitations of single component materials, for example, for aerospace 

applications, high strength to weight ratio, high corrosion, and temperature resistance are 

important requirements from material properties, traditional materials cannot fulfill all the 

requirements. Nowadays, composites are the prime part of aerospace, automobile and other 

manufacturing industries replacing traditional single component materials.  

 With technological advancements and increasing demands, a need for new composite 

materials has been observed and thus wide research has been carried out on the composite 

materials focusing on composite fabrication methods, controlling properties for specific 

applications, and mechanism behind special properties.  

Laboratory synthesis methods of the composite can be realized in two different 

approaches, ex-situ approach, and in-situ approach. In ex-situ approach, presynthesized 

constituent materials are bind together by means of some physical processes (grinding, mixing) 

to get a composite and in the case of in-situ methods, synthesis of composite carried out by 

using precursors of constituent materials followed by chemical processes to get a composite 

material. Both approaches have some advantages and disadvantages, but in comparison, the in-

situ approach offers better composite material properties over ex-situ approach. Numerous 

composites have been proposed by researchers such as composites based on metal oxides-

polymers, metal-oxide-metal, metals-polymers, polymer-carbon and metal oxide-carbon for 

their potential applications in various fields.  
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1.2.1 Tin oxide - Polyaniline composite (Sn-PANI) 

 Composites based on metal oxide and polymers have been studied widely mainly for 

gas sensing applications to overcome the drawbacks such as high operating temperature 

requirement of metal oxide based sensors, and irreversibility of polymer-based sensors.43-45)  

(i) Composite synthesis 

The synthesis methods for SnO2-polyaniline composite have been achieved by ex-situ 

and in-situ methods. 46-49) PANI being a conducting polymer, its electrical conductivity is 

sensitive to the dopants, increase in conductivity of PANI has observed as an effect of SnO2 

addition by researchers. 50)  

(ii) Composite properties 

  The gas response studies of Sn-PANI composite revealed that the sensor performance 

in terms of sensitivity, operational temperature requirements, selectivity, response time and 

recovery time can be improved. Though metal oxides need a high temperature for their 

operation, however, when combined with PANI, it was observed that the sensor based on Sn-

PANI can operate at room temperature. 51) 

  As observed by L.Yang et al., the sensor composed of Sn-PANI composite had a high 

surface to volume ratio compared to constituent materials, which provides more adsorption 

sites for the sensing and facilitates the adsorption and diffusion of the target gas molecules, 

thus leading to enhanced the response and accelerated the response and recovery. 52) It has been 

reported that p-type PANI and n-type SnO2 forms p/n heterojunction in Sn-PANI composite. 

The formation of p/n heterojunction results in efficient charge movement at the interface and 

reduced activation energy and enthalpy for adsorption of gases. 52-55) Similar trends of 

improvement in an ammonia gas sensing properties has observed by N. Deshpande et. al as an 

effect of SnO2 incorporation in PANI to form Sn-PANI composite. 47)  They proposed that 

when Sn-PANI composite get exposed to ammonia, which permeated into PANI matrix freely, 

some of the NH3 molecules might reach into the depletion region, which is surrounding the 

SnO2 crystallite and act as a dielectric between the PANI and SnO2 border. The depletion region 

field might polarize the ammonia molecules, and in turn provide a positive charge to PANI 



Chapter 1 
 

17 
 

molecules, which can become mobile on its transfer to the central N atom of PANI molecule. 

So in all this process creates some free holes on PANI molecules, which increase the hopping 

conductivity of the film, and therefore make the composite film relatively more conducting 

electrically as stated by N. Deshpande et. al. 

 Most of the researchers studied in-situ methods for gas sensing applications, it will be 

interesting to check gas sensing response of Sn-PANI composite fabricated by ex-situ methods 

as ex-situ methods are relatively easy and low-cost methods.  
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1.2.2 Tin oxide-Graphene composite  

 As a 2D material, graphene not only provides a material platform to explore the physics 

and developing applications based on 2D materials but also acts as a building block to construct 

material assemblies and integrated devices from the bottom up. 56) 

(i) Composite synthesis 

 In the last few years, wide researches have been devoted to exploring the synthesis 

methods and applications of tin oxide-graphene (SnO2-graphene) composite. It has proved its 

applicability for various applications such as supercapacitors, lithium-ion batteries, gas sensing, 

photocatalysis, and water purification. 57-62) In spite of its applicability for various applications, 

the big issue research community has been facing is the synthesis of SnO2-graphene composite, 

mainly due to the synthesis methods for the graphene.  

 The synthesis approach for SnO2-graphene composite is highly graphene synthesis 

oriented as SnO2 can be synthesized by simple chemical routes at atmospheric pressure and 

relatively low temperature as compared to the graphene. The synthesis approach for SnO2-

graphene composite or binding of SnO2 to graphene can be realized in two ways: ex-situ 

binding or in-situ binding (Fig. 1-8). Ex-situ binding involves mixing of presynthesized SnO2 

and graphene, in some cases, the graphene has been functionalized by non-covalent π-π 

stacking or covalent C-C coupling prior to mixing to enhance the processability of the 

composite. 63) The graphene used in these methods is often synthesized by traditional graphene 

synthesis methods, these methods (CVD, epitaxial growth) need a low pressure and high 

temperature to yield the high-quality graphene which increases the cost, the common method 

of graphene synthesis for SnO2-graphene composite is modified Hummer’s method, offering 

high yield but low-quality graphene. The ex-situ binding methods for SnO2-graphene 

composite are easy but have serious issues with distribution of SnO2 particles on graphene 

sheets. 64) 

 On the other hand, the in-situ methods for SnO2-graphene composite have extensively 

studied as these methods do not have problems with the distribution of SnO2 particles on 

graphene sheets and can offer control over size, the shape of SnO2 particles, composite 
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assembly and the overall process of composite formation (Fig. 1-9). In-situ binding methods 

involves simultaneous reduction of graphite oxide (GO) and tin chloride (SnCl2 or SnCl4), the 

reduction of GO is carried out by modified Hummer’s method, which yields graphene at 

atmospheric pressure and doesn’t need high temperature, however, multi-step processing and 

quality of graphene were the major issues. 65-67) 

  

 

  

 

Fig. 1-8 Approaches for binding of SnO2-graphene composite. 63) 
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Fig. 1-9 Different structural assemblies of SnO2-graphene composite with respect to the 

graphene synthesis approach. 65) 
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(ii) Composite properties 

 J. Liang et. al studied the formation of SnO2-graphene composite by in-situ approach 

for anode material for Li-Ion battery application, using modified Hummer’s method and in-situ 

synthesis of SnO2. 
68) In another study by A. Dhanabalan et. al for anode material for Li-Ion 

battery application, the synthesis was carried out by mixing SnO2 precursors with 

presynthesized graphene followed by in-situ binding of SnO2 binding. 69) In the case of SnO2 

anodes in Li-ion batteries pulverization of SnO2 is a big issue leading to loss of electrical 

contact and thus poor cycle performance. Graphene has a high theoretical capacity of 744 mAh 

g−1 as an anode material, however, agglomeration and re-stacking minimize its performance. 

Above researchers found out that the SnO2-graphene composite can overcome the problems of 

SnO2 and graphene, this is due to the high specific area of graphene acted as an additional 

accessible area for electrolyte ions, and adsorption of Li+ ions on its surface resulting in better 

charge transfer kinetics, on the other hand, incorporation of SnO2 prevented restacking and 

agglomeration of graphene. Since the graphene acted as a barrier to avoid the aggregation of 

SnO2 and a buffer to prevent the volume expansion of SnO2. In a review studies by Y. Deng et. 

al, it was reported that the small size of SnO2 nanoparticles in SnO2-graphene also contribute 

for the better outcomes. 70) 

 Next, the applicability of SnO2-graphene composite as a gas sensing material has been 

studied comprehensively in order to overcome problems with gas sensors based on pure SnO2 

such as high operating temperature, low selectivity. Graphene’s high specific surface area, 

exceptional conductivity, and high carrier mobility are the ideal properties to be gas sensing 

material but large-scale production, no optical band gap, and unavailability of functional 

groups in intrinsic graphene are issues. 71) F. Meng et. al studied the SnO2-graphene composite 

to response at parts per billion (ppb) level concentration of benzene which was 200-fold lower 

than SnO2 based benzene sensor (1 ppm), attributed to increasing in absorption sites due to the 

incorporation of graphene. 72) The adsorption of benzene is analogous to mend the π-conjugate 

system of graphene, which may provide more active sites. The synthesis process was based on 

in-situ approach. Z. Abideen et. al investigated the gas sensing response of SnO2-graphene to 

various gases (C6H6, C7H8, CO, CO2, and H2S), synthesizing composite by in-situ loading SnO2 
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particles on graphene and observed improved sensing performance as a result of composite 

formation. The reason behind improved sensing performance was accredited to the formation 

of a heterojunction between p-type graphene and n-type SnO2. In the heterojunctions, the work 

functions of SnO2 and graphene are 4.55 and 4.60 eV, respectively and the Fermi energy of 

SnO2 is lower than that of graphene. According to the study, upon the generation of 

graphene/SnO2 heterointerfaces, electrons will flow from SnO2 to graphene, ultimately 

equilibrating the Fermi level. This charge transfer will form a potential barrier at the 

heterojunctions, causing the vacuum energy level and the energy band to bend. As a first 

possibility, the initial transfer of electrons from SnO2 to graphene will develop a surface 

depletion region on the SnO2 surface. As the initial resistance increases, the same change in 

resistance upon introduction/removal of a target gas will lead to higher sensitivity. As a second 

possibility, the electrical current across the SnO2/graphene interfaces will provide an additional 

change in the resistance. The reducing gases and oxidizing gases will react with adsorbed 

oxygen, which provides and remove electrons, respectively. 73) Similar improved sensing 

characteristics of SnO2-graphene have observed by other researchers also, however, in spite of 

improved characteristics, the traditional synthesis methods for the composite were complex 

mainly due to problems associated with graphene synthesis. 74-75) 

 The applications of SnO2-graphene based composite are not limited to the above-

discussed topics only, it is necessary to investigate the possible applications of SnO2-graphene 

composite and mechanism associated with it to tune it for the best outcome. However, 

decreasing process complexity in the synthesis of SnO2-graphene composite is need of an hour.  
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a) 

b) 

Fig. 1-10 Schematic illustration of a) heterojunction between graphene and tin oxide, b) gas 

sensing response of graphene-tin oxide composite for oxidizing and reducing gases. 73)   
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1.3 Plasma processing 

 A plasma can be defined as partially or fully ionized gas containing electrons, ions, and 

neutral atoms and or molecules. The plasma processing is a plasma-based material processing 

technology that aims at modifying the chemical and physical properties of a surface, however, 

with years of research and studies, it hasn’t been limited to the surface processing, expanding 

its field to nanomaterial synthesis, waste treatment and even bioprocesses utilizing interactions 

of plasma constituents with solids, liquids, and gases. Figure 1-11 gives insights of broadened 

areas of atmospheric pressure plasma processing and advantages of plasma processing.  

 

 

Fig. 1-11 Atmospheric pressure plasma processes and advantages.  
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1.3.1 Atmospheric pressure plasma surface treatment 

 In last few years, the atmospheric pressure plasma (APP) has gained a lot of interest 

from researchers and industry for surface treatment due to easy operation, process simplicity, 

low cost as compared to low-pressure plasma and applicability for surface treatment of almost 

all materials. The APP can be driven at ambient air and the temperature is almost a room 

temperature, the highly reactive process is given because the electron temperature is high 

nevertheless the low gas temperature. 76) 

 The APP induces several distinctive reactions and the mechanism of these reactions has 

not understood fully. However, it is well known that the APP produces several reactive species 

when APP generated at ambient air. In addition to this, various wavelength lights are also 

emitted from molecules, or atoms excited as an effect of APP, especially, 10-400 nm of 

wavelength light ultraviolet/vacuum ultraviolet gives very high energy to an irradiation 

material and results into excitation, ionization, and dissociation. The APP can also be called as 

non-equilibrium plasma as it contains relatively high energized electrons compared to the gas 

temperature (Te >>Tg). Several factors are crucial in the case of APP surface treatment, such 

as the distance between APP source and material, as reactive species generated in the APP has 

a limit over transmission distance. Short lifetime species such as electrons, VUV, and reactive 

chemical species cannot travel a longer distance, thus material to the APP distance is important.  

 The effect of APP on the material surface morphological and chemical properties has 

studied comprehensively and found that the APP can modify surface morphology and surface 

chemistry effectively. Y. Kusano et. al studied the effect of the APP on glassy carbon and 

improved the adhesion of glassy carbon films. 77) In another study, the surface roughness was 

increased by M. Costa et. al by the APP treatment. 78) H. Watanabe et. al extensively researched 

the APP treatment to modify surface properties of carbon nanowalls (CNWs) and found that 

hydrophobic and hydrophilic properties of CNW surface can be controlled effectively by APP 

treatment. 79)  
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1.3.2 In-liquid plasma for nanomaterial synthesis 

 Vast researches in the field of atmospheric pressure plasma (APP) have opened doors 

of numerous applications based on APP, the in-liquid plasma-based material synthesis is one 

of them. The in-liquid plasma nanomaterial synthesis method is based on the non-equilibrium 

chemistry offered by the plasma-liquid interaction. This technique can be used to synthesize 

metal nanoparticles, alloys, metal oxide nanoparticles, carbon materials, and composite 

materials. 80) 

As stated by D. Mariotti et. al, the low-temperature plasma limits the agglomeration 

and enables the formation of crystalline nanomaterials by selective heating. 81)  The mechanism 

of nanomaterial formation consists of several steps, at first, due to plasma discharge, precursor 

material undergoes rapid reduction without external reducing agents followed by nucleation 

and finally formation of nanoparticles. The reduction of precursors might be due to the 

energized radicals, and ions present in the plasma. Besides this, numerous physical and 

chemical processes at the gas phase, liquid phase, and gas-liquid interface play a role in 

nanomaterial formation. 82) However, the exact mechanism behind nanomaterial synthesis 

using in-liquid plasma is still unclear. The plasma parameters have to evaluate to control the 

size and shape of synthesized nanoparticles along with the synthesis conditions. 83) 

The in-liquid plasma process for nanomaterial synthesis is simple, operated at normal 

temperature and pressure, thus can be utilized for rapid nanomaterial synthesis. The non-

equilibrium chemistry offered by plasma has a big role in this material synthesis process, in a 

conventional process, molecules get enough energy for reaction by colliding with other 

particles or with walls but in non-equilibrium plasma, necessary energy is supplied by photons 

or electrons generated in the plasma.  
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A pioneering study by Hagino et. al showed that the in-liquid plasma nanomaterial 

synthesis method can be used for graphene synthesis using alcohol as a single precursor at 

atmospheric pressure without providing external heat. 84)  It was also reported that the graphene 

synthesized by in-liquid plasma has a high synthesis rate compared to other conventional 

methods. The in-liquid plasma method yielded high crystalline graphene. The experimental 

assembly was simple as shown in Fig. 1-12, two electrodes were positioned to form a sandwich 

between gas and the liquid phase. As shown in Fig. 1-12 (a), one electrode was placed in a gas 

phase (Ar gas) while other submerged in liquid (ethanol). The plasma was generated in between 

two electrodes making it 3 phase plasma (gas phase, liquid phase, and gas-liquid interface 

phase). The three-phase plasma generation provided rich plasma chemistry, high energy 

electrons generated atomic species in a gas phase and radical generation from the liquid phase 

(from alcohol). The reaction between the gas phase generated species and liquid phase 

generated radical from alcohol gave products in the non-equilibrium state. The reaction was 

found to be plasma induced Diels-Alder reaction as stated by Hagino et. al. Figure 1-12 (b) 

shows the formation mechanism of graphene based on the GC-MS analysis of residual liquid.  

 T. Amano et. al. extensively studied the tradeoff relationship between synthesis rate, the 

crystallinity of graphene, type of alcohol, and type of electrode, and found that lower molecular 

weight alcohols synthesize high crystalline graphene when combined with graphite electrode, 

however, a rate of synthesis found to be lower in that case. 85)  

In another study, as reported from A. Ando et. al, hydrocarbons (n-hexane and benzene) 

can synthesize graphene at higher synthesis rate than alcohols due to easy graphitization of 

long-carbon chain alcohols in in-liquid plasma. However, hydrocarbons also yielded 

amorphous carbons and graphite-like structures along with graphene. 86) 

 In summary, the in-liquid plasma method for graphene synthesis offers high-quality 

graphene synthesis at atmospheric pressure, relatively low temperature with the high rate of 

synthesis compared to conventional graphene synthesis methods.   
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a) 

b) 

 

 

Fig. 1-12 a) In-liquid plasma for graphene synthesis, b) Synthesis model based on GC-MS 

study of residual liquid. 84)    
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1.4 Objectives and composition of this dissertation 

To overcome the drawbacks and to make use of beneficial properties of materials 

efficiently, much attention has to provide for surface modification and composite formation of 

the materials. The composite materials have versatility in the properties and their properties 

can be tuned as per requirements. The composites of SnO2-PANI, and SnO2-graphene have 

been of great interest due to the synergetic effect and the wide range of applications such as 

gas sensing materials, Li-ion batteries, fuel cells, supercapacitors, and electrochemical sensors, 

thus its necessary to find easiest synthesis method for these composite, along with this, the 

evaluation of different approaches for composite synthesis is also important.  

The plasma processes offer numerous benefits in material processing such as fast, cost-

effective and efficient processing. The in-liquid method for material synthesis has more 

advantageous than any other material synthesis processes. Nanographene synthesized by in-

liquid plasmas can be synthesized at a high speed and has high crystallinity. If the in-liquid 

plasma method can be applied to the SnO2-graphene composite formation, it can synthesize 

composites at low cost and easily. The APP surface treatment contributes to control/alter 

surface structural properties effectively thus it was thought that the plasma processes can be 

employed effectively for surface modifications and tuning material properties for desired 

applications. The surface structure and chemical properties of the carbon films are crucial for 

gas sensing applications. Surface roughness has a vital role in the improvement of gas sensing 

characteristics of carbon films, the increase in surface roughness can contribute towards an 

increase in overall surface area for gas adsorption for better sensitivity. 

The structures and properties of SnO2, polyaniline, and carbon materials are described 

in Section 1.1 along with the advantages and disadvantages of these materials. In Section 1.2, 

the definition of composites and their formation approaches have explained. The author 

emphasizes the superiority of composites over component materials. In addition to this, the 

problems with current composite formations approaches have been discussed. Section 1.3 

describes the plasma processes for material syntheses and surface modifications. The 

applicability of the in-liquid plasma method has been discussed in details.  



Chapter 1 
 

30 
 

In Chapter 2, various material synthesis and evaluation methods are described. The 

plasma diagnosis tools are also discussed.  

In Chapter 3, an ex-situ approach for the formation of SnO2-polyaniline (Sn-PANI) 

composite and its gas sensing response are discussed. The Sn-PANI composite was synthesized 

by blending materials together and their ammonia and humidity sensing response have shown. 

The Sn-PANI composite has shown the better gas sensing response than PANI based sensors. 

A study of surface morphology, crystal structure and chemical composition of Sn-PANI 

composite was carried out to check the applicability of the ex-situ method for Sn-PANI 

composite synthesis.  

In Chapter 4, the modification of surface and bulk properties of carbon films has shown. 

An effect of deposition conditions on the surface and bulk properties of magnetron sputtered 

carbon films have been discussed. The changes in the properties were monitored by 

morphological, microstructural observations. The effects of deposition conditions on optical 

and electrical properties of carbon films have been presented. Next, the applicability of the APP 

for the surface modification of carbon films was studied. As a result of APP treatment, the 

chemical modification of the surface of carbon occurred. It was realized that APP promoted the 

surface oxidation as well selective removal of sp2 clusters. The changes in the optical and 

electrical properties as a result of surface modification by an APP surface treatment have been 

illustrated.  

In Chapter 5, a synthesis method for SnO2-graphene composite formation based on in-

liquid plasma developed by dispersing SnO2 nanoparticles in ethanol has been discussed. In 

this chapter, a hybrid approach for composite formation by in-liquid plasma method has been 

proposed.  A uniform distribution of SnO2 nanoparticles on graphene sheets was achieved. As 

found from the microstructural and crystallographic analyses, the SnO2 dispersion caused the 

formation of disorder and less crystalline graphene. The chemical composition analysis from 

showed SnO2 and graphene functional groups indicating the formation of SnO2-graphene 

composite. This chapter focusses on a simple, low cost, atmospheric pressure and room 

temperature operation of in-liquid plasma assisted hybrid approach for graphene-based 

composite formation.  
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In Chapter 6, the in-situ binding of SnO2 nanoparticles to graphene sheets by in-liquid 

plasma method has been discussed. The SnO2-graphene composite was fabricated at the low 

temperature and atmospheric pressure in a single step processing using SnCl2 in ethanol as the 

only precursor. The structural observation showed the uniform distribution and formation of 

SnO2 nanoparticles of size around 2-3 nm. Microstructural and crystallographic studies have 

shown confirming the formation of well-crystalline materials. This chapter focusses on the 

facile, low cost, one-step method for the SnO2-graphene composite synthesis by the in-liquid 

plasma assisted in-situ binding.  

  Finally, the results and discussions in the present study are summarized, and the future 

scopes are described in Chapter 7. 
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Chapter 2 

 

Experimental setups and material 

evaluation methods 

 

2.1 Synthesis methods 

2.1.1 Synthesis of SnO2 nanoparticles (sol-gel method) 

The SnO2 nanoparticles used in this study as a component material for the composite 

formation in this study were synthesized by sol-gel method. The sol-gel method is a flexible 

technique to synthesis materials at low temperatures. 1) The sols are solid particles in liquid and 

gels are a continuous network of the particles with pores filled with the liquid. Synthesis of sol-

gel involves hydrolysis of precursors, condensation to form particles, gelation and drying to 

obtain the final product. 2) 

The sol-gel method is one of the well-known and established as a method for metal 

oxide nanoparticle synthesis. The sol-gel method is an excellent tool to deploy a controlled 

architecture in material chemistry to fabricate metal oxide nanostructures. The sol-gel method 

offers control over various structural and chemical properties of metal oxides. 3) The formation 

of metal oxide by sol-gel method encompasses successive steps, at first, the metal precursor 

undergoes the hydrolysis to yield the metal hydroxide solution, followed by condensation 

which leads to the formation of three-dimensional gels. 4) Afterward, the obtained gel is 

subjected to the drying process. The schematic of the process has been shown in Fig. 2-1. The 

factors involved in these steps contribute towards determining the shape and the size of 

synthesized metal oxide particles such as choice of solvent, additives, aging time, and heat 

treatments. 5) 
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In the sol-gel synthesis of SnO2 nanoparticles in this study, an aqueous solution of 

SnCl2.2H2O was used as a precursor. A 0.1M solution of SnCl2.2H2O was prepared using a 

distilled water. The solution was heated at 60°C and stirred for 15 min. With continued stirring, 

1M NaOH was added to the solution dropwise until the solution turned the pH of 8. Persistent 

stirring of the solution with 400 rotation-per-minute (rpm) was carried out at 60°C for another 

2 hours. After 2 hours of stirring, the solution changed its color from white to gray indicating 

the formation of SnO2. The final product was cleaned several times with water and ethanol to 

remove impurities and then filtered to obtain a precipitate. The precipitate was air-dried and 

later, annealed at 400°C for 2 hours to a fine powder of SnO2 nanoparticles.  

 

Fig. 2-1 Schematic of the sol-gel process for metal oxide synthesis. 
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2.1.2 Synthesis of Polyaniline (chemical oxidative method) 

 The polyaniline (PANI) can be synthesized by electrochemically or chemically induced 

oxidative polymerization. 6) In the present study, the polymerization of aniline monomer was 

carried out by the chemical oxidative method. This process consists of oxidation of aniline 

monomer followed by coupling of charged aniline monomers to get the polymer (PANI).  

 The choice of monomer in the oxidative polymerization process depends on the electron 

donor properties and high oxidation tendency of the monomer. Aromatic amines, phenols, and 

thiophenols or sulfur- and nitrogen-containing heterocycles due to the presence of electron 

donor substituent in benzene or heterocyclic ring fulfill the requirements of monomer 

properties. Oxidation of monomer takes place under the action of the inorganic (or organic) 

oxidizing agent. During this process, cation or cation radical sites are generated in monomer 

(polymer) molecule, thus initiating the polymer growth. In the case of aniline, the oxidized 

nitrogen-containing structure attacks the phenyl ring of another aniline molecule and 

substitutes one proton of the ring. Both the ring and nitrogen-containing structure lose one 

proton; after that, monomer units bind with each other, and the chain becomes longer. A wide 

range of oxidants is used in the chemical synthesis of PANI. As a rule, compounds with high 

oxidation potentials exceeding +1.0 V (persulfates, dichromates, cerium (IV) salts, aurates) are 

employed. This is associated with the fact that the onset of the propagation of the polymer 

chains in acidic media requires overcoming energy barrier corresponding to an oxidation 

potential of +1.05 V. Once the propagation starts, the oxidation potential of the reaction 

decreases. In the chemical synthesis of PANI, persulfates (having an oxidation potential of 

+2.01 V) are used most widely. 7, 8) 

 The stepwise chemical oxidative polymerization of aniline has been proposed by 

researchers. It includes 1) oxidation of nitrogen atom of monomer followed by oxidation of 

end nitrogen atom of oligomer and polymer; 2) addition of a monomer in the “nitrogen-carbon” 

fashion as a result of chain reaction (electrophilic substitution of the proton in the aromatic ring 

of monomer by oxidized polymer fragment). 9) 
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In the present study, synthesis of PANI was carried out using an aqueous solution of 

aniline as precursor and ammonia peroxydisulphate (APS) as an oxidant. The PANI was doped 

by H2SO4 to improve electrical properties of the PANI as the PANI chain contains alternative 

single and double bonds leading to form a broad electron conjugation, dopants are requiring to 

inject electrons or remove electrons. The schematic of the chemical oxidative method for 

polyaniline synthesis has been shown in Fig. 2-2. 

 

Fig. 2-2 Schematic of the chemical oxidative method for polyaniline synthesis. 
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2.1.3 Deposition of carbon films (Closed field unbalanced magnetron 

sputtering) 

 Among various deposition techniques for carbon films such as laser ablation, ion 

plating, and magnetron sputtering, carbon film deposition by magnetron sputtering offers 

homogeneous deposition with process simplicity. 10) In the present study, carbon films were 

deposited by the closed field unbalanced magnetron (CFUBM) sputtering process.  

In the sputtering process, materials are evaporated by the bombardment of energetic 

ions on the target surface. Film structures are strongly correlated with the plasma density of 

magnetron sputtering as plasma properties, the degree of plasma confinement, ion energy, 

plasma density, plasma temperature, substrate temperature, and substrate position are the key 

parameters for the controllable film deposition. 11)  Conventional magnetron sputtering suffers 

low deposition rate due to low ionization in the plasma and confinement of the plasma in the 

only target region. 12) In an unbalanced magnetron, the plasma is not confined in the target 

region resulting in increased ion bombardment but it’s difficult to maintain the uniformity of 

the deposited films.  This issue led to the development of the CUFBM sputtering system. In 

CFUBM sputtering system, since unbalanced magnetron is facing each other, the magnetic 

field lines between magnetrons form a closed trap for the electrons in the plasma and form a 

dense plasma in the substrate region. 13)   

In the deposition process of carbon films by CFUBM sputtering process, glass 

substrates were used. The background pressure in the sputtering chamber was maintained at 

3×10-5 Torr before introducing sputtering gas of Ar gas with a flow rate of 80 sccm. The glass 

substrate with a size of 20-mm2-squared shape was placed in a rotary sample holder at the 

center of the chamber (Fig. 2-3). The graphite targets with a total area of 80 cm2 were applied 

by a radio-frequency (rf) power. The films were deposited with various discharge powers (1200, 

1600 and 2000 W) for different power density values (15, 20, and 25 W/cm2). The film 

thickness was controlled at a constant of 180 nm by the deposition time. The glass substrates 

were cleaned ultrasonically in a mixture of acetone and alcohol prior to deposition. 
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Fig. 2-3 The schematic of closed field unbalanced magnetron sputtering system. 11) 
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2.1.4 Synthesis of graphene and graphene-based composite (the in-liquid 

plasma method) 

 The in-liquid plasma used in this study utilizes the micro hollow cathode method. 14-16) 

The electrode above the liquid surface is an electrode using a micro hollow cathode, and the 

tip of the electrode above the liquid surface is cylinder-shaped. By applying a voltage to the 

electrode above the liquid surface, electrons are emitted from the inside of the electrode and 

accelerated to the inside of the electrode below the liquid surface. Due to the electric field, the 

repulsion and acceleration of electrons in opposite direction take place. An iterating repulsion 

of electrons leads to a constant collision with neutral particles contributing towards maintaining 

the discharge. The micro hollow cathode method provides a higher current density than the 

ordinary discharge thus the discharge sustaining current turn out to be low. In this study, a non-

equilibrium atmospheric plasma having a high electron density or more is generated in the 

micro hollow region at the tip of the electrode above the liquid surface. 17, 18)  

Figure 2-4 (a) is a schematic diagram of the in-liquid plasma device used in this study. 

17) A pure Ar gas was flown into the glass reactor at atmospheric pressure with a flow rate of 6 

standard-liter-per-minute (slm) to fill the upper part of the glass reactor above the liquid surface. 

The electrodes were positioned as shown in Fig. 2-4 (a) to make three phase system. In the case 

of the upper electrode, a distance between the liquid surface and electrode was 10 mm and the 

liquid inside the liquid was 10 mm below from the liquid surface. As shown in Figure 2-4 (a), 

a 9 kV was applied to the electrode above liquid surface and electrode inside liquid via the 

liquid level ethanol with a 60 Hz AC power source to generate the in-liquid plasma. A 

chronological discharge then was ensued between high-density plasma and electrode was 

immersed in liquid through the gas-liquid interface. The solution changed its color to black 

within a few minutes of plasma discharge. The upper gas phase electrode has a micro hollow 

cathode structure, and the generated nonequilibrium atmospheric pressure plasma reaches the 

lower liquid phase electrode. Decomposition of ethanol occurred due to the plasma discharge 

to form graphene (Fig. 2-4 (b)).  After 30 min of the discharge, the synthesized material was 
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collected by filtering the black colored solution with the suction filtration using a membrane 

filter with pore size of 1 μm and dried at 60°C for 15 min.  

For a composite synthesis, similar process parameters were utilized with the dispersion of 

SnO2 or SnO2 precursors.   

a) 

 

b) 

Fig. 2-4 a) The in-liquid plasma apparatus used in this study, and b) A state of art plasma 

discharge and formation of graphene. 
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2.1.5 Low temperature atmospheric pressure plasma surface treatment 

 The atmospheric pressure plasma (APP) surface treatment was carried out to modify 

the surface of magnetron sputtered carbon films. Figures 2-5 (a, b) show a schematic 

illustration of the bottom and the side of the APP source set above carbon films. The plasma 

plume was extended to about 6 mm from the exit and the exit slit was 20 ×1 mm. In previous 

studies, the characteristics of this source were analyzed by vacuum ultraviolet absorption 

spectroscopy. The plasma density was 2 × 1016 cm-3. 19)  

As deposited films (power density: 25 W/cm2, thickness: 180 nm, size: 10 mm x 10 

mm) were treated by the APP operated with Ar gas flow of 2 slm. The high voltage of 60-Hz 

alternative current was applied with a voltage of 9 kV to the APP source. The substrate to 

source distance was maintained at 3 mm. The plasma treatment was uniform for the entire film 

surface by scanning. The effect of plasma exposure time was studied by varying treatment time 

(1, 3, 4 and 5 minutes). Figure 2-5 (c) shows the schematic of the APP surface treatment of 

carbon films. 

 

a)       b) 

 

Fig. 2-5 a) Schematic illustration of the bottom and b) the side of the APP source. 

 

(cont.) 
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c) 

 

Fig. 2-5 c) Schematic illustration of the APP surface treatment of carbon films. 
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2.2 Plasma diagnosis  

2.2.1 Optical emission spectroscopy (OES) 

 Plasma in a liquid has been investigated using imaging and OES technique enabling the 

measurement of basic plasma parameters, discharge morphology, gas temperature, electron 

density, and excitation temperature. 20)  

The plasma can be diagnosed optically by observing the light emission from excited 

species in the plasma. The excited atoms and ions in the plasma create a distinctive emission 

spectrum explicit to each element. This emission is a result of the collision of constituents of 

plasma (charged and neutral particles, electrons and ions). The collision of electrons with atoms, 

molecules, and radicals takes place, the particles at the electronic excited level emit light of a 

specific frequency by the transition to the lower level. The kind of light emitting particles 

(elements/species) can be identified from the wavelength depending on the energy state. 21) 

 In the emission spectrum, the intensity depends on the concentration of elements 

present and given by equation 2.1,  

𝐼𝑥 ∝ 𝑛𝑒𝑛𝑋 ∫ 𝜎𝑋(𝜀) 𝑣(𝜀)𝑓𝑒(𝜀)𝑑𝜀 = 𝑘𝑒𝑋𝑛𝑒𝑛𝑋    … (2.1) 

where ne is the electron density, nX is a concentration of element (X) present, 𝜎𝑋(𝜀) is the 

collision cross section for the electron impact excitation of X as a function of electron energy 

𝜀, 𝑣(𝜀) is the electron velocity and 𝑓𝑒(𝜀) is the electron energy distribution function, 𝑘𝑒𝑋 is the 

excitation rate coefficient for excited elemthe ent (X*) by electron impact on the element (X). 

Under a condition where 𝑘𝑒𝑋  and ne values unchanging, the obtained emission intensity is 

proportional to density. However, these values depend on the experimental conditions.  

 In the present study, the gas phase plasma diagnosing has been focused to identify 

elements present in the plasma and to improve author’s understandings of mechanism and 

operation. The optical emission from the in-liquid plasma was obtained in the gas phase region 

close to 3 mm above the liquid surface. The plasma emissions were measured using multi-

channel Ocean optics HR-4000 spectrometer in the range between 200 and 900 nm.  
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2.2.2 Electrical diagnosis (Parameters for plasma processes) 

 Plasma generation is subject to the energy supply to neutral gas to form the charge 

carriers. Electrons and ions are produced in the gas phase when electrons or photons with 

sufficient energy collide with the neutral atoms and molecules in the feed gas. Any volume of 

a neutral gas always contains a few electrons and ions that are formed. These free charge 

carriers are accelerated by the electric field and new charged particles may be created when 

these charge carriers collide with atoms and molecules in the gas or with the surfaces of the 

electrodes. This leads to an avalanche of charged particles that is eventually balanced by charge 

carrier losses so that a steady-state plasma develops. 22) Since the electric field and electric 

parameters have a key role in the plasma generation, it is necessary to pay attention to electric 

parameters for the plasma process.  

 In the present study, three different plasma processes have been studied, magnetron 

sputtering for carbon film deposition, atmospheric pressure plasma for surface treatment of 

carbon films and in-liquid plasma for graphene-based composite formation.  In the case of 

magnetron sputtering, a radio frequency power of 13.56 MHz as applied and equally distributed 

using the single matching network with varying power density. It has been observed that 

electric parameters have a great effect on the plasma parameters (concentration of species in 

the plasma) contributing to deposition of carbon films. 23) In the case of APP source for surface 

treatment, the APP source was connected to the 60 Hz AC high voltage power-source driven 

by 9 kV0-p. Plasma behavior is strongly electric parameter dependent, thus the same parameters 

were used throughout the study. 19)  In the case of in-liquid phase plasma, a 9 kV was applied 

to the upper and electrode and a lower electrode with 60 Hz AC power source to generate the 

in-liquid phase plasma. In this process, by applying a voltage to electrodes, electrons are 

emitted from inside electrodes and accelerated to the inside of opposing electrode. The current 

density in the discharge is higher in this arrangement compared to other. In addition to this, the 

plasma generation is in the liquid is strongly dependent on the conductivity of the liquid. 24)  
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2.3 Material evaluation methods  

2.3.1 Scanning electron microscopy (SEM) 

The surface morphological observations of materials are important not only for the 

academic point of view but also for manufacturing and application development based on these 

materials. Scanning electron microscope (SEM) offers an easy way to observe the surface 

morphology of the materials with minimum efforts for the preparation of the sample, from low 

to high magnification without destruction to the material.  

When an electron beam directed towards material with highly concentrated electrons 

irradiated on the material, the surface of the material emits secondary electrons, backscattered 

electrons, X-rays, cathode luminescence, and Auger electrons (Fig. 2-6 (a)). Secondary 

electrons which are of energy less than 50 eV are generated even deeper than material surface 

but among them, only those are generated close to sample surface (~10 nm) are able to get out 

of the surface into the vacuum. With the detection of these electrons, it is possible to acquire 

information about the surface shape and distribution of the materials.  

The essential components of SEM include electron gun, electron lenses, a sample stage, 

detectors, and data output devices. An electron beam of diameter (~10 nm or less) originated 

from the electron gun converged by focusing lens and an objective lens. The deflection coil 

facilitates the 2-D scanning of the material surface by an electron beam. Detectors convert the 

data obtained (secondary electrons, backscattered electrons) into electric signals. After the 

amplification of the electric signal, it sends to the display unit. The scanning on the display unit 

is in synchronization with the electron beam. Dependable brightness variation with respect to 

secondary electrons enables the formation of the SEM image. An observation of atoms is not 

possible by the SEM as the resolution of the SEM is only 0.5 nm. The spatial resolution of the 

SEM is electron beam diameter dependent. A finely focused electron beam can generate a sharp 

SEM image. In the case of carbon materials, the electron beam aberrantly disseminates inside 

the sample, barring the performance of the SEM. The electron beam penetrates deeper in the 

case of carbon materials resulting in the generation of the information other than surface and 

backscattered electrons. The penetration of the electron beam and the diameter are depending 
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on the accelerating voltage thus, the choice of an optimum voltage for each sample can offer a 

good resolution of the SEM image of the material surface. In the case of conductive samples, 

such as sputtered carbon films, the disseminated electrons after the penetration into the material 

get absorbed after losing their energy and flow through the material, due to this charging of 

material occurs. Due to the charging of the material, a deflection of electron probe over the 

material surface gets by the repulsive forces from charged potential occurs leading the 

formation of a distorted image. To overcome this, the number of electrons flowing through 

sample should be equal to a number of electrons exiting the sample, this can be done by 

applying conductive tape to the sample.  

Figure 2-6 (b) shows the SEM image of the SnO2. This image was taken using an 

accelerating voltage of 15 kV, the emission current 10.1 μA and with a working distance of 

7011 μm by an instrument SU8230 Hitachi High Technology Corporation. Grains in order of 

several tens of nanometers are observed. It is thought that each one of these was a SnO2 

nanoparticle.  
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a) 

 

 

b) 

 

Fig. 2-6 (a) A principle of the SEM, and (b) SEM image of SnO2. 
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2.3.2 Energy dispersive X-ray spectroscopy (EDS or EDX) 

 The EDS offers the elemental or chemical analysis of the sample. When an electron 

beam directed towards material with highly concentrated electrons irradiated on the material, 

the surface of the material emits secondary electrons, backscattered electrons, X-rays, cathode 

luminescence, and Auger electrons (Fig. 2-7 (a)). The chemical analysis in the EDS is a result 

of detection of X-rays emitted by a material after the electron beam irradiation. A line 

identification in emitted X-ray spectrum gives the qualitative analysis (elements present) of the 

material and the line intensity measurements enable quantitative analysis (concentration of the 

elements present) of the material. 

 The EDS system contains an X-ray detector, a pulse processor and multiple channel 

analyzer as basic components of the system. The EDS produces the map or element distribution 

by the simple use of scanning electron beam and measuring intensities of emitted X-ray lines 

(characteristic X-rays). The intensities of X-rays are measured by counting photons. The spatial 

resolution of EDS depends on the penetration and spreading of the electron beam used for 

irradiation. ED spectra in a graphical form contain x-axis as X-ray energy and y-axis as counts 

per channel. With the addition of X-ray spectrometer, the SEM instrument can be used for EDS 

analysis, thus the sample preparation for EDS analysis is the same as the SEM. The 

backscattered electron analysis from SEM gives an image with compositional contrast, and the 

EDS enables elemental identification of the sample. The stationery electron beam can give the 

localized elemental information, and the map of elemental distribution can be generated by 

defining elements prior to scanning. 

Figure 2-7 (a) shows EDS spectra of the SnO2-graphene composite containing only 

carbon, oxygen and tin, and Fig. 2-7 (b) shows the EDS mapping of the SnO2-graphene 

composite.   
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a) 

 

b) 

 

Fig. 2-7 a) Sample EDS spectra of SnO2-graphene composite and b) Sample element 

mapping by EDS of SnO2-graphene composite. 
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2.3.3 Atomic force microscopy (AFM) 

 The AFM is a unique characterization tool to get a 3D profile of the material surface at 

a nanoscale. The AFM uses a sharp probe (tip) of Si usually to measure the forces between the 

probe and the material surface. The force (Van der Waals interactions) measurements are 

carried out at a very short distance of 0.2 nm to 10 nm. The sharp tip in the AFM is supported 

by a supple cantilever and the tip is placed at end of the cantilever. The force between tip and 

material surface depends on the stiffness of the cantilever and distance between tip and material 

surface. The force is a product of cantilever deflection and stiffness of the cantilever and given 

by Hooke’s law. During measurements, if the stiffness of the cantilever is less than surface then 

the bending of cantilever occurs, and deflection gets recorded. 

 The AFM system contains a sharp tip, cantilever, laser diode, and position sensitive 

photodiode. The position of these instruments is as shown in Fig. 2-8 (a). During the scanning 

of the sample surface by the tip, the bending of the cantilever is measured by the position 

sensitive photodiode to produce a map of the material surface. This process is called as a laser 

assisted beam bounce method. The AFM used two scanning modes, contact mode and non-

contact mode respectively. In a contact mode, the deflection of the cantilever is constant and 

in a non-contact mode, the tip oscillates at the resonant frequency and the amplitude of 

oscillation is constant. These modes have some disadvantages such as surface destruction, low 

resolution, distorted image formation to name a few. Thus, a tapping mode imaging is generally 

used, it’s the combination of the above two modes. The typical AFM resolution in x-y-direction 

is 1 nm and in z-direction its 0.1 nm. The sample preparation for AFM is simple with few 

requirements such as a flat and rigid substrate, and immobile sample. 

Figure 2-8 (b) shows the typical AFM data obtained for APP treated carbon films. The 

topography of the surface was easily observed with AFM analysis. The roughness development 

was observed in the APP treated sample by AFM analysis.  
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a) 

b) 

Fig. 2-8 a) A principle of the AFM and b) Sample AFM data of APP treated carbon film. 
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2.3.4 Transmission electron microscopy (TEM) 

 The TEM offers the structural analysis at the atomic level. In the TEM, the entire 

sample surface and/or localized area can be analyzed The resolution of the TEM is 0.2 nm 

which is almost equal to the separation between two atoms in a solid. Through TEM, 

morphological (size, shape, arrangement), crystallographic, and compositional information can 

be acquired, which makes it a unique material characterization technique.  

 In the TEM, an electron beam is transmitted through a thin sample, some of the 

electrons pass through the sample called as unscattered electrons (direct beam) (Fig. 2-9 (a)). 

The detection of elastically scattered electrons and unscattered electrons is important for the 

formation of the TEM image.  With magnification and focusing arrangement using lenses, the 

detection of the signal is carried out to get the final image.  

 The TEM consist of multiple and multistage lens systems (converging lens, an objective 

lens, intermediate lens and projector lens) as shown in Fig. 2-9 (b). With filament heating and 

an increasing electron accelerating voltage of the electron gun, the electron beam is generated. 

The TEM operates at the high accelerating voltage (several tens kV to several hundred kV). 

The wavelength of the electron beam is accelerating voltage. With increasing accelerating 

voltage shorter wavelength of the electron beam, the higher energy of electrons can be obtained 

to get the better resolution. An emitted electron beam from the electron gun is collected by a 

converging lens and irradiated on the material. A condenser aperture in between focusing lens 

and sample adjusts the light quantity of the electron beam. The position of the converging 

diaphragm should be at the center of the optical path. After passing through the material, the 

electron beam goes to the objective lens, as a result, the enlargement takes place. After this 

phase, the intermediate lens and projector lens enlarges the image again to get the final TEM 

image. In this process, the objective lens has an important role, the contrast of the image is 

increased by inserting an objective aperture into the back focal plane of the objective lens. The 

final image can be seen on the fluorescent screen. The sample preparation for TEM is very 

important. For the TEM analysis, a thin material sample is needed. In the present study, the 
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TEM grid made up of copper was used to deposit material on it. The TEM grid had a supporting 

amorphous carbon film with holes to get suspended material.  

 Figure 2-9 (c) is a TEM image and Fig. 2-9 (d) is a High Resolution (HRTEM) image 

of the SnO2-graphene composite. The high contrast spots in the image (Fig. 2-9 (d)) were 

identified as a SnO2. Such an image contrast is due to the interaction of electron beam and 

material. In the HRTEM, denser areas and elements containing heavier elements appear darker 

due to scattered electrons in the material. The scattering from the crystal planes causes the 

diffraction contrast depending on the orientation of the crystalline area.  The left corner in the 

image of Fig. 2-9 (d) shows dark and bright lines. These lines can be counted for an estimation 

of a number of layers of graphene.  

 

a) 

 

Fig. 2-9 a) Electron beam interaction with the material, 

 

 

 

(cont.) 
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b) 

c)          d) 

Fig. 2-9 b) Principle and working of the TEM, c) TEM image of SnO2-graphene composite, 

and d) HRTEM image of the SnO2-graphene composite. 
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2.3.5 X-ray diffraction (XRD) 

X-rays are the form of electromagnetic radiation of wavelength ranging from 0.01 to 

10 nm. X-rays can be generated by accelerating electrons at a high speed towards the target 

material and colliding them with the target material. Upon collision of high-speed electrons 

and target material, the electrons give up their energy after interacting with orbital electrons or 

nucleus of the target material’s atom, the energy given up by electrons after 

collision/interaction is in the form of photons and heat. The X-ray photons can be categorized 

as Bremsstrahlung or characteristic X-rays. The characteristic X-rays can be used to identify 

the particular element. The wavelength of the characteristic X-rays is related to the structure of 

the electron orbit of the target material’s atom.  

In the powder diffraction, the characteristic X-rays is utilized. A crystal is made up of 

a periodic arrangement of the atomic groups with spatial lattices at an interval of several 

angstroms. Upon incident X-rays with the same wavelength on the crystal, the scattering of X-

rays in a specific direction occurs, this phenomenon is known as diffraction of X-rays. The 

diffraction is atomic arrangement dependant thus the atomic arrangement can be studied on the 

basis of the diffraction pattern. In absence of atomic order arrangement, such as amorphous 

materials, the broad scattering peaks appear. As shown in Fig. 2-10 (a), the X-rays of 

wavelength λ incidents at atomic arrangement plane at an angle θ with respect to atomic 

arrangement plane with interplanar spacing d.  In this, the X-rays are called as incident X-rays 

and the angle is called as an incident angle. Upon incidence X-ray waves, the part of X-rays 

get reflected and part of getting transmitted, here, if an angle of incident is equal to the angle 

of reflectance then it establishes the constructive interference and remains in the phase as the 

difference between the paths of the waves is equal to the integer multiple of the wavelength of 

incident X-rays. The path difference between the two waves can be given by 2dsinθ. The 

Bragg’s law gives for constructive interference.  

2d sinθ = n λ       … (2.3) 

here, n is an integer, the condition is called as Bragg’s condition, if followed then diffraction 

occurs in specific relation and if λ ≤ 2d then diffraction doesn’t occur.   
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 A vast crystallographic data can be generated from the diffraction spectra obtained from 

the XRD, crystallographic structure analysis and unit cell calculations, quantitative 

determination of phases by whole-pattern refinement, determination of crystallite size from 

peak broadening, determination of crystallite shape from peak symmetry to name a few. Phase 

identification is done by comparing acquired XRD data (peak position and peak intensity) with 

a data set provided by a Joint Committee on Powder Diffraction Standards (JCPDS)/ 

International Centre for Diffraction Data (ICDD). Crystallite size measurement is carried out 

on the basis of Scherrer’s equation, this equation gives the relationship between the spread of 

the diffraction line width and the crystallite diameter. Crystallite sizes smaller than 100 nm 

creates broad diffraction peaks. The Scherrer’s equation is given by,  

𝐷 =
(𝑘 ∙ 𝜆)

(𝛽 ∙ cos 𝜃)
    … (2.4) 

here, D is crystallite size, k is Scherrer’s constant, λ is wavelength, β is half the width of 

diffracted X-ray and θ is Bragg angle.   

 Figure 2-10 (b) shows the XRD pattern of the SnO2 obtained by R-AXIS7 FR-E 

(Rigaku Corporation, Japan) instrument operating at 45 kV and 45 mA using CuK line (k = 

1.54 Å). The camera length is 70 mm. A mark tube with 0.5 mm outer diameter and 0.01 mm 

inner diameter was used as a sample holder.  
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a) 

b) 

 

Fig. 2-10 a) Bragg’s condition, and b) XRD pattern of SnO2. 
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2.3.6 X-ray photoelectron spectroscopy (XPS) 

 Considering the future application development based on materials studied in this work, 

the surface properties of materials were of deep interest. In order to understand the physical 

and chemical interactions at the material surface, the XPS analysis was carried out. The XPS 

analysis was used to identify elemental composition, chemical states and electronic states of 

the elements in the materials.  

The principle of the XPS is an effect of the photoemission process (Fig, 2-11 (a)). When 

an X-ray photon of energy hν is bombarded on the atom or molecule, the absorption of X-ray 

photon takes place, as a result of absorption, a photoelectron gets ejected. The kinetic energy 

(K.E.) of the ejected photoelectron depends on the energy of the absorbed photon (hν) and the 

binding energy of the electron (B. E). The K.E. measurements of ejected photoelectron can 

reveal elemental composition, their chemical state, and B.E. of the electrons. The B. E. of 

electron also called as Fermi lever in the case of solids depends on several aspects such as kind 

of element which ejected the electron, the orbital from which electron ejected and the chemical 

environment (chemical state) of the atom which ejected an electron. During measurement, XPS 

spectra are obtained by measuring K. E. and number of electrons ejected from zero to ten 

nanometers of the material surface upon X-ray irradiation. The B.E. of the electrons can be 

calculated based on measured K.E., the work function φs as its constant has to be determined 

beforehand by calibration. Following equation gives the relation between B. E. and K, E. of 

the electron, known as conservation of energy equation.   

B.E.= hν – K. E. - φs    … (2.5) 

There are standard data available in tabular format B. E. values of elements and orbits, 

it's possible to identify the elements by comparing experimental results with standard data 

easily. The choice of X-ray sources is based on the energy resolution of the spectrum as X-ray 

line width directly affects the resolution. Al Kα (1486.58 eV) and Mg Kα (1253.56 eV) are 

commonly used.   

 The XPS studies were performed using Escalab 220i apparatus by VG Scientific and 

Al Kα radiation (photon energy: 1486.6 eV). The angle of out-coming photo-electrons from 
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the surface was 90 degrees. Spectral data were fitted by an assumption of a peak-line shape of 

Gaussian-Lorentzian functions with Shirley background subtraction. Figure 2-11 (b) shows 

XPS spectra of the carbon film. For C 1s peaks, fitted peaks were assigned to O-C=O (288.5 

eV), C-O-C (286 eV), C-C (sp3) (284.8 eV) and C=C (sp2) (284 eV) bonds. 25) Peak positions 

of C-C (sp3), C-O-C and O-C=C were fixed by using a position of C-C (sp3) as standard. After 

fitting, binding energies of whole spectra were aligned by the shift at correspondence with 284 

eV for a fitted position of C=C (sp2). The C 1s spectrum of carbon film having a high 

concentration of sp2 carbon usually have broad and asymmetric tail towards higher B.E along 

with possible satellite features and in the case of high concentration of sp3 bonded carbons, C 

1s has a symmetric shape with a shift towards higher B. E.  
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a) 

 

b) 

Fig. 2-11 a) The photoemission process (principle of XPS), and b) XPS spectra of the carbon 

film. 
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2.3.7 Near-edge X-ray absorption fine structure spectroscopy (NEXAFS) 

 The NEXAFS offers element specific spectroscopic studies to detect exact bonds in the 

molecules. The NEXAFS principle is related to the X-ray absorption coefficient depending on 

the photon energy at a fixed angle of illumination in the photoemission process. When X-rays 

incident on a material surface, the part of X-rays gets absorbed, the amount of absorption with 

increasing X-ray energy can reveal edge structures as absorption increases at edge structures. 

In this case, X-rays need to have enough energy as B. E. of the electron for the excitation of an 

electron within the material.  The small oscillations can be observed overlaid on the edge step. 

These oscillations get reduced with an increase in the X-ray energy. The oscillations, which 

occur relatively close to the edge (within about 40 eV) are known as NEXAFS.  

In the present study, the carbon films were analyzed using NEXAFS measurement, to 

quantify the sp2-C bonding fraction. The NEXAFS experiments were carried out at the Aichi 

Synchrotron Radiation Center, Japan, on the beamline 7U with an energy resolution of 0.1eV 

at the carbon K edge. The NEXAFS spectra were corrected in the total electron yield (TEY) 

mode, with an energy step of 0.5 eV. The intensity of the incident photon beam (I0) was 

measured using a Si photodiode. The absorption signal was given by the ratio of Is/I0, where Is 

was the out-coming electron intensity from the sample. Highly oriented pyrolytic graphite 

(HOPG) was used as a reference sample of 100% sp2-C. All the spectra were measured at an 

incident angle of 54.7° from the sample surface, which is known to be a magic angle to suppress 

the effects of X-ray polarization. The typical carbon NEXAFS spectra show 2 prominent peaks, 

centered at 284.8 eV and at 288.4 eV. The peak at 285.0 eV is originated due to the 1s → π* 

transition of sp2 bonded carbon and the peak at 289.0 eV is originated due to the 1s → σ* 

transitions of sp3 bonded carbon. 26) (Fig. 2-12). For calculation of percentage (%) of the sp2 

fraction, an estimation was made by the following equation. 23) Spectral intensities A for sample 

and G for graphite, which was assumed 100% sp2 carbons, were obtained by integral over an 

energy range from 280 to 320 eV. 

𝑠𝑝2(%) =
𝐴𝜋∗

𝐴𝜋∗+𝜎∗
 ÷  

𝐺𝜋∗

𝐺𝜋∗+𝜎∗
  … (2.6)                                   
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Fig. 2-12 NEXAFS spectra of the carbon film. 
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2.3.8 Fourier transform infrared spectroscopy (FTIR) 

 Infrared spectroscopy is the study of interactions between matter and electromagnetic 

fields in the IR region. IR spectroscopy is a very powerful technique which provides fingerprint 

information on the chemical composition of the sample. The FTIR spectrometer operates on a 

principle called Fourier transform.  

 In the FTIR spectra, the peak position is exploited for qualitative identification as each 

chemical functional group displays peaks at a unique set of characteristic frequencies. In the 

present study, the FTIR spectroscopy was probed to study chemical compositions of SnO2-

PANI, SnO2-graphene composites. Mutual presence of absorbance bands of component 

materials in an FTIR spectrum was taken as an indication of the formation of the composite. 

For the measurement of the FTIR spectra, since all the samples in the present study were in the 

powder form, a KBr method was chosen. Alkali halides become plastic and form a transparent 

sheet in IR region when subject to pressure. 0.5% sample was mixed in 40 mg fine KBr powder 

and crushed for about 10 minutes to get a fine powder of mixture and put into die set for pellet 

formation. A pressure of 22 MPa was applied for 5 minutes to form transparent pellets. The 

background measurement was carried out using a KBr pellet only.  

Figure 2-13 shows the FTIR spectra of SnO2-graphene composite, a mutual absorbance 

bands related to SnO2 and graphene were observed in the composite FTIR spectra.  

Fig. 2-13 The FTIR spectra of SnO2-graphene composite. 
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2.3.9 Raman spectroscopy 

 In the present research, Raman spectroscopy has been employed for microstructural 

analysis of carbon materials and composites. Raman spectroscopy is a spectroscopic technique 

based on Raman effect. Raman effect of Raman scattering is an inelastic scattering of the 

photon by molecules which are excited to higher vibrational or rotational energy levels. When 

a monochromatic light (laser) is irradiated on the substance, the laser interacts with molecular 

vibrations, phonons or other excitations in the system resulting into the shift of energy of laser 

photons either up or down. In this interaction, Raman scattering has a wavelength different 

than irradiated monochromatic light. The wavelength difference is associated with the energy 

content of the molecular vibrations of the substance, Raman scattering with different 

wavelengths can be obtained from substances with different molecular structures.  

 Raman spectroscopy is equipped with a light source (laser source), spectrometer and 

detector. The Raman spectrum consists of a Raman shift (wavenumbers) on the horizontal axis 

and an intensity on the vertical axis. The Raman shift is a shift in wavenumbers from the 

excitation wavelength. The peak position, peak intensity, and peak FWHM provide key 

information about the crystallinity, stress to name a few.  Raman spectroscopy is a non-

destructive characterization tool with easy sample preparation, however, Raman analysis is a 

surface analysis tool thus it's important to pay attention towards surface contamination of the 

samples.  

 Raman spectroscopy can be used effectively for the microstructural analysis of the 

crystalline, nanocrystalline and amorphous carbons. The main Raman features of different 

carbon structures appear in the range 1000 and 1700 cm-1. 27) The Raman spectrum is 

considered to depend on the clustering of the sp2 phase, bond disorder, presence of sp2 rings or 

chains, and the sp2/sp3 ratio. 28) Raman spectrum of carbon films consisting of three peaks, 

namely D (1350 cm-1) and G (~1540 cm-1) and an additional peak around 1188 cm-1. D peak 

arises due to graphitic disorder and G peak represents the graphitic band. 27) The peak around 

1188 cm-1 can be assigned to mixed sp2 – sp3 bonds. In the case of graphene, the most prominent 

Raman bands of graphene are the G-band and 2D-band ones appearing at 1580 cm−1 and 2700 
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cm−1 respectively. The G-band peak is an indication of a six-membered ring structure in the 

graphene sheets. The 2D-band peak is also a characteristic peak of the graphene. 29) The peaks 

at 1337 cm−1 and 1605.3 cm−1 are referred to as D-band and D'-band, respectively. An 

occurrence of these peaks is due to the structural disorder of six-membered rings. This disorder 

is mainly from the imperfections in the edge region of the graphene. It has been reported that 

nanographene domain size can be calculated from the peak parameters of the G band peak and 

D band peak. The formula for the calculation is stated below. 30)  

𝐿𝛼 = (2.4 × 10−10)𝜆𝐼
4 (

𝐼𝐷

𝐼𝐺
)

−1

 . . . (2.7) 

where, 𝜆𝐼 is laser wavelength and ID and IG are the integrated intensities of the D band peak 

and G band peak. 

The Raman spectrum of the graphene has been shown in Fig. 2-14. The Raman spectra 

were acquired using a Renishaw inVia Raman microscope equipped with a 532 nm laser source. 

The laser was focused on a sample surface with a spot size of around 1 μm with the power of 

0.5 mW. Spectra were calibrated using reference Si spectra measured at room temperature with 

a Raman shift of 520.3 cm−1. Detailed study of microstructure was carried out by comparing 

the Raman spectrum on the basis of intensity, position, and width of the peaks. A curve fitting 

on the basis of these parameters was carried out.  
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Fig. 2-14 Raman spectra of graphene. 
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2.3.10 Optical spectrophotometry  

 A spectrophotometer is a photometer for the measurement of optical properties of the 

materials as a function of light source wavelength. When exposed to an ultraviolet light source, 

an energy transition in the molecules occur as a result of absorption of energy. The relation 

between absorption and wavelength of the light source can distinguish special features and 

compositions of the materials. In the present study, a spectrophotometer operating in the energy 

range 200 ~2500 nm was used to study the optical band gap of the materials. For the sample 

preparation for powder materials, about 1 mg of powders were dispersed using homogenizer 

for 20 minutes in 8 ml ethanol.  The measurement of absorbance was carried out then using 

formula stated below the absorption coefficient was calculated,  

𝐴 = log10
𝐼0

𝐼
= 0.43𝛼 ∙ 𝐿      … (2.8) 

here, A is the absorbance, α is the absorption coefficient, I0 is the intensity of the incident light, 

I is the intensity of transmitted light and L is the path length. The optical band gap was 

calculated from the absorption coefficient (α). the Tauc gap is an intercept Eg derived from a 

Tauc plot, which has the quantity hν (the energy of the incident light) on the horizontal axis 

and the quantity (αhν)1/2 on the vertical axis.  

√𝛼ℎ𝜈 = 𝐶(ℎ𝑣 − 𝐸𝑔) … (2.9) 

Figure 2-15 shows the Tauc plot showing (αhν)1/2 vs. energy, the extrapolation of the 

straight line to (αhν)1/2 = 0 axis gave the value of band gap of the SnO2 in the present study. 

Fig. 2-15 The Tauc plot and the optical band gap of the SnO2. 
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2.4 Gas sensing measurements  

2.4.1 Sample preparation 

 An inexpensive approach for the sample preparation for gas sensing measurement was 

explained as follows. The sample was prepared in the form of pellets to check the response of 

the materials to the gases.   

 The synthesized materials (SnO2 and PANI) were mixed together by grinding using 

pestle for 20 min. to get as much as uniform mixing of the materials. After the grinding, a free-

flowing powder (200 mg) was transferred to stainless steel die set for pellet formation. The 

powder was placed between two punches in the die set. A pressure of 22 MPa applied for 5 

minutes using hydraulic press machine. The inner diameter of pellet die set was 12 mm. The 

diameter of the pellet formed was 12 mm and thickness was 1.6 mm. These pellets were further 

used for gas sensing measurements. Figure 2-16 shows the pellets formed by the above method 

for sensing measurements. 

In the case of pellets, there was no control over the surface structure formation as well 

as the composition of the components on the surface. However, due to cost-effectiveness pellets 

were utilized for gas sensing measurements.  

Fig. 2-16 Pellet formation for gas sensing measurement. 
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2.4.2 Gas sensing set-up 

 The vast research has been done in the field of gas sensors focusing various aspects and 

aiming better sensing characteristics, the focus of this has been on three main parts, materials 

for sensing, the fabrication of sensing devices and sensing principles. Different sensing 

principles and gas detection methods based on those sensing principles are proposed and 

developed. Sensors can be classified on the basis of their gas sensing principles/operating 

method. Out of various gas sensing methods, such as calorimetric methods, acoustic methods, 

optic methods, methods based on electric variation, methods based on electric variation are the 

most used methods for gas detection. 

 In the methods based on electric variations, a change in electrical properties of gas 

sensing materials is recorded as a response to gas analytes. These methods are simple and 

require the inexpensive fabrication and set up. In this methods, a sensing material is placed 

between conducting electrodes to which voltage is applied and the change in electrical 

properties monitored (resistance, capacitance or conductivity). For this method, metal oxide 

semiconductors, conducting polymers, nano carbons and moisture absorbing materials are ideal 

materials for better gas sensing characteristics as the electric properties are very much sensitive 

to the chemically/physically adsorbed materials on their surfaces. 31)  

 Since the materials under study in this work are conducting polymer, metal oxide and 

nanocarbon and their composites, the method based on electric resistance variation as a gas 

response were utilized. Fig. 2-17 (a) shows the gas sensing set up used in this study. The gas 

response of the Sn-PANI composite was studied in the controlled atmosphere putting sample 

(Sn-PANI composite pellet) inside the gas chamber. The gas set up consist of gas measuring 

chamber made up of glass, a multimeter (Keithley 2000) along with computer, stainless steel 

base plate providing housings for gas inlet, exhaust system and probes, a pumping system for 

exhaust and controlling pressure inside chamber, and gas inlet system to purge measurand gas 

into the gas measuring chamber. The Teflon insulator was used wherever needed, and the 

silicon rubber gasket was fitted on the base plate to avoid gas leakage. The known volume of 

measurand gas was purged into the chamber. The gas concentration was calculated from the 
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known volume of chamber and volume of gas inserted into the chamber. The pellet was 

mounted on the base and electrodes were connected to the pellet and further connected to the 

multimeter. The multimeter was interfaced to a computer through RS-232 port and controlled 

by software provided by Keithley Instruments. 

 The response of the materials was evaluated on the basis following parameters.  

a) Sensor response (S): The response of gas sensing material can be defined as the measure 

of change in the output (resistance) with respect to the change in the input (ammonia 

concentration). In the present work, a sensor response (S) was calculated as the ratio of 

total resistance change to the initial resistance, 

 

𝑆𝑒𝑛𝑠𝑜𝑟 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (𝑆) =  
(𝑅𝑔 − 𝑅𝑎)

𝑅𝑎
   … (2.10) 

 

here, Ra is the resistance of the material in the air (absence of gas), Rg is the resistance 

of the material in presence of gas.  

b) Response time: The response time was taken as a time taken by a sensor to reach to the 

90% of saturation value of electrical resistance in presence of analyte gas (ammonia).  

c) Recovery time: The recovery time was calculated as the time taken by the sensor to 

revert back 90% of the reference value of electrical resistance (resistance in the absence 

of ammonia). (Fig. 2-17 (b)) 
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a) 

 

b) 

Fig. 2-17 a) The gas sensing measurement set-up in the present study, and b) an 

illustration for gas sensing parameters. 
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Chapter 3 

 

Ex-situ binding of Sn-PANI composites 

– Synthesis and gas sensing properties 

 

3.1 Introduction 

 SnO2 being most promising gas sensing material for most of the pollutant gases has 

been studied widely. 1-3) SnO2 is n-type semiconducting material with direct and wide band-

gap of 3.6 eV and possess various physical and chemical properties contributing to its 

captivating gas sensing characteristics. 4) The gas sensors based on SnO2 required elevated 

temperature for operations because of easy adsorption of oxygen species on the surface 

resulting into a decrease in charge carriers at ambient temperature, to avoid this high 

temperature is needed. 5) Due to this, SnO2 based sensing devices need additional heating 

assembly for operation and power, increasing operating cost. In addition, the sensor operation 

at elevated temperatures causes gradual alterations in the SnO2 properties, which diverge gas 

sensing properties of the device based on SnO2 with a period. Therefore, it’s really essential to 

develop a gas sensing device operating at room temperature but having analogous gas sensing 

properties with SnO2. 
6) 

 Gas sensors based on conducting polymers such as PANI is a good alternative to the 

gas sensing devices based on the SnO2. 
7) PANI possesses excellent electrical and 

electrochemical properties and has been a material of interest for gas sensing application. 

Polyaniline attracted more researchers due to its high sensitivity, short response time, low cost 

of fabrication, simple and portable structure and low energy consumption. However, PANI 

shows some drawbacks also, such as long-time instability, irreversibility, and poor selectivity. 
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To make use of excellent properties of PANI, its necessary to overcome the drawbacks of PANI 

based sensors by possible solutions such as doping, or composite formation. 8) 

 To overcome the drawbacks of the materials. In the present study, the author focused 

on the composite formation of SnO2 and PANI considering the synergetic effect due to 

composite formation. The composite formation of SnO2 and PANI has been studied previously 

by few researchers with various techniques such as incorporating SnO2 precursors during 

polymerization of aniline monomer, here called an in-situ method or controlled growth of SnO2 

on PANI deposited films to name a few, and have shown excellent gas sensing characteristic 

to various gases due to synergetic effect and formation of p-n junction between n-type SnO2 

and p-type PANI. 9-13)  

The author has focused on the ex-situ method (mixing of presynthesized SnO2 and 

PANI) for the composite formation of SnO2 and PANI in order to check the applicability of ex-

situ methods for gas sensing applications (Fig. 3-1). A high concentration of ammonia is 

dangerous to human health. the sensing of higher concentration of ammonia in the environment 

is a major concern for preventing hazardous results. 14) The measurement of humidity and 

moisture control are some of the leading factors in the case of manufacturing practices, 

considering this the gas sensing response of Sn-PANI to ammonia and humidity was studied. 

15) 

In the present study, sol-gel synthesized SnO2 and PANI were blended together to form 

composite Sn-PANI by ex-situ method. Various analyses were carried out in order to study 

structural, chemical and morphological properties of component materials and Sn-PANI 

composite. 

Fig. 3-1 Ex-situ binding method for composite formation. 
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3.2 Experimental 

3.2.1 Synthesis of PANI 

 PANI was synthesized by chemical oxidative polymerization of aniline. Acid dopant 

plays a vital role in altering physical and chemical properties of PANI such as conductivity, 

solubility, and crystallinity, H2SO4 doped PANI synthesized here using ammonium 

peroxydisulfate (APS) as an oxidizing agent. 16) 

In the synthesis process, a 0.5M solution of double distilled aniline was made in a 

distilled water solvent, 1M H2SO4 as a dopant was added to the solution and placed in an ice 

cavity. 0.5 M APS as an oxidizing agent was also added drop by drop to above solution till a 

black-green turbid solution was obtained. The whole procedure was carried out under constant 

magnetic stirring for 6 hours at a low temperature, as this reaction was highly exothermic. The 

precipitate was filtered using gravity filtration method, washed several times with distilled 

water and then dried at 60° C for 12 hours to obtain a dark green powder. The dark green color 

of synthesized material is an indicator of the formation of emeraldine salt (ES) form of PANI, 

which is a conducting in nature.  

3.2.2 Synthesis of SnO2  

SnO2 was synthesized by a sol-gel method. 17) A 0.1M solution of SnCl2.2H2O was 

prepared using a distilled water. The solution was heated at 60°C and stirred for 15 min. With 

continued stirring, 1M NaOH was added to the solution dropwise until the solution turned the 

pH of 9. Persistent stirring of the solution with 400 rotation-per-minute (rpm) was carried out 

at 60°C for another 2 hours. After 2 hours of stirring, the solution changed its color from white 

to gray indicating the formation of SnO2. The final product was cleaned several times with 

water and ethanol to remove impurities and then filtered to obtain a precipitate. The precipitate 

was air-dried and later, annealed at 400°C for 6 hours. 

 

 



Chapter 3 
 

81 
 

3.2.3 Synthesis of Sn-PANI composite 

The composite of SnO2 and PANI was synthesized by simple blending method, ex-situ 

binding method. A fine powder of SnO2 and PANI were mixed together in 50:2 weight ratio 

and ground for 15 minutes with a pestle to get mixture fine mixture of SnO2 and PANI, further 

used an Sn-PANI composite.  

3.2.4 Pellet preparation 

 The Sn-PANI composite was used in a pellet form to study the gas sensing response of 

the Sn-PANI composite. 200 mg composite powder was developed in the form of 12 mm 

diameter pellet of thickness around 1.5 mm. For the pellet formation, a pressure of 22 MPa 

applied for 5 minutes using hydraulic press machine.  

 

 

 

 

a)       b) 

 

Fig. 3-2 Actual pictures of as-synthesized materials a) synthesized dark green colored PANI 

powder, b) tin oxide powder, 

(cont.) 
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c) 

 

 

Fig. 3-2 Actual pictures of as-synthesized materials c) pellets of the composite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 
 

83 
 

3.3 Results and discussion 

3.3.1 Surface morphology 

 Figure 3-3 shows SEM images of the as-synthesized PANI (Fig. 3-3 (a)), SnO2 (Fig. 3-

3 (b)), and composite (Fig. 3-3 (c)). The SEM image of SnO2 shows irregularly shaped particles 

with irregular size distribution. The SEM image of PANI shows tubular shaped PANI. In the 

case of composite surface morphology from Fig. 3-3 (c), well distributed SnO2 particles in the 

PANI matrix were observed.  

a)       b) 

c) 

 

Fig. 3-3 Surface morphology of materials a) PANI, b) SnO2, and c) composite. 
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3.3.2 Chemical composition 

 Figure 3-4 shows FTIR spectra of the composite. The FTIR spectra of Sn-PANI 

composite consists of characteristic transmittance bands of SnO2 and PANI. In the FTIR spectra, 

the band around 668 cm-1 is due to the antisymmetric Sn-O-Sn mode in SnO2 which confirms 

the presence of SnO2 in the composite. 18) The band at 1018 cm-1 is due to C-O stretch, the C=C 

band appeared at 1461 cm-1 and the transmittance band due to C=N appeared at 1580 cm-1, 

these are due to the quinoid and benzenoid rings. The peaks at wavenumbers 2853 cm-1 and 

2924 cm-1 are due to the C-H mode. These are the characteristic bands of the PANI as reported 

in the literature. 19) The co-existence of characteristic peaks of SnO2 and PANI indicated the 

presence of these materials in the SN-PANI composite.  

 

Fig.3-4 FTIR spectra of the Sn-PANI composite. 
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3.3.3 Crystal structure analysis 

 Figure 3-5 shows the XRD spectrum of the PANI (Fig. 3-5 (a)), SnO2 (Fig. 3-5 (b)) and 

Sn-PANI composite (Fig. 3-5 (c)). For PANI, the characteristic peak appeared at 26° 

corresponding to (200) crystal plane. In SnO2 and Sn-PANI XRD spectra, the peaks associated 

with tetragonal SnO2 appeared and matched with those peaks along (1 1 0), (1 0 1), (2 0 0), (2 

1 1), (2 2 0), (3 1 0) and (2 0 2) crystal planes, position matched well with (JCPDS File 41-

1445). 

On comparing the SnO2 and composite XRD spectra, in the case of the composite, 

peaks were slightly shifted from their respective standard positions and a diffraction peak 

representing PANI didn’t appear. The crystallite size of SnO2 found to be 23.75 nm determined 

by Scherrer’s equation, which was also similar in the case of Sn-PANI composite suggesting 

no crystallographic changes in the materials as a result of ex-situ binding of SnO2 and PANI.  
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a)       b) 

c) 

 

Fig. 3-5 XRD spectra of a) PANI, b) SnO2, and c) Sn-PANI composite. 
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3.3.4 Ammonia sensing properties of Sn-PANI composite 

The response of Sn-PANI to the ammonia gas was studied on the basis of change in 

electrical resistance of the Sn-PANI composite pellet when exposed to ammonia with a period 

of time. For the gas sensing measurements, the pellet of the composite was placed in measuring 

chamber, 100 ppm ammonia gas was introduced in the chamber to check the deviation in 

electrical resistance of the pellet with two probe method. The several gas-sensing cycles were 

recorded in order to examine the response of Sn-PANI composite to the ammonia at room 

temperature.  

The significant change in the electrical resistance of Sn-PANI composite was recorded 

using two probe method when it was exposed to ammonia gas as shown in Fig. 3-6. For the 

first cycle, the initial resistance of Sn-PANI composite was 43 kΩ. When 100 ppm ammonia 

gas was exposed to the pellet, the resistance of pellet was recorded as 228 kΩ and when pellet 

was exposed to air, the resistance decreased to 63 kΩ. On repeating sensing cycles with a 

constant ammonia concentration, it was observed that the initial resistance for each cycle went 

on increasing and response resistance went on decreasing. The initial resistance could not come 

back to an initial value (43 kΩ). This could be due to the trapping of ammonia molecules on 

the surface of the composite. The sensor response of Sn-PANI was observed as 4.32. The 

response time was about 1.5 minutes and the recovery time was about 15 minutes, the sensor 

response, response time and recovery times were calculated as described in section 2.4.2. The 

author thinks the response time and recovery time are not adequate but better than sensors 

based on PANI.  

In another study of ammonia sensing response of H2SO4 doped PANI was observed as 

0.498 which is less from the sensing response of Sn-PANI composite. In the same study 

response, time and recovery time were also reported. 20) SnO2 doesn’t show any gas sensing 

response at room temperature. In comparison, Sn-PANI composite has shown better gas 

sensing characteristics reported data of ammonia sensors based on PANI. The PANI has an 

important role in the sensing mechanism of the Sn-PANI composite. Due to the synergetic 
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effect caused by SnO2 and PANI blending, relatively good sensitivity than reported data of 

ammonia sensors based on PANI and SnO2 alone was observed. 

The sensing mechanism Sn-PANI is governed by the protonation/deprotonation 

phenomena. The resistance of Sn-PANI composite increased because of the undoping or the 

reduction of charge carriers by adsorption of ammonia on the surface of the pellet. 21) Ammonia 

gas molecules withdraw protons from N+–H sites to form energetically more favorable NH4+ 

due to which PANI was changed from the emeraldine salt state to the emeraldine base state, 

leading to the reduced hole density in the PANI and thus an increased resistance. 22, 23) 

When the pellet was exposed to air; the reversible nature was recorded. NH4+ 

decomposes to form NH3 and resistance recovered. Due to the physisorption of NH3 on the 

pellet surface, the initial resistance couldn’t have recovered. 24, 25)  

 

 

Fig. 3-6 Electrical response of Sn-PANI composite to 100 ppm ammonia. 
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3.3.5 Humidity sensing properties of Sn-PANI composite 

The response of Sn-PANI composite to the humidity was determined as a function of 

the change in the electrical resistance of the Sn-PANI composite with respect to percent 

humidity in the measuring chamber.  The same procedure as ammonia sensing was followed 

to check the humidity response of the Sn-PANI pellet. As shown in Fig. 3-7, the significant 

change in the electric resistance of the Sn-PANI composite was observed.  

The humidity response of Sn-PANI is a result of chemo/physisorption of water vapor. 

The resistance of Sn-PANI pellet decreased as a result of increased humidity and increased 

with decreasing humidity. This is due to chemically adsorbed water molecules on the surface 

of Sn-PANI pellet with the formation of hydroxyl groups. These hydroxyl groups are adsorbed 

on metal cations on the surface and have high charge carrier density and strong electrostatic 

fields, thus providing protons. Due to movement and the reaction with surface oxygen, protons 

form another hydroxyl group on the surface. 26-28) Next, the physical adsorption of the second 

layer happens to lead to the multilayer formation on the surface of the pellet. Singly bonded 

water vapor molecules become mobile and form continuous dipoles and electrolyte layers, 

resulting in a decreased resistance. 29) Upon decreasing humidity, the exact reverse effect 

(increase in resistance) was observed.  

The initial resistance of composite was 1.2 MΩ and when the humidity reached its 

maximum value (90%) the resistance was recorded 51 kΩ. In the case of decreased humidity 

when humidity was 20% the resistance was recorded 1.1 MΩ. This decreased resistance for 

20% humidity might be due to the trapping of water molecules on the surface of composite 

material. 
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Fig. 3-7 The electrical response of Sn-PANI composite to humidity. 
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3.4 Conclusion 

 The ex-situ approach for SnO2-Polyaniline composite formation was used to make Sn-

PANI composite. The ex-situ approach for Sn-PANI composite found to be an easy method for 

the composite formation.  

The surface morphology of the SnO2, PANI and Sn-PANI was observed through SEM. 

The SnO2 surface contained grains with irregular size and shape, in the case of PANI, tubular 

shape of PANI was observed. The surface morphology as observed from SEM of Sn-PANI 

showed distributed SnO2 in PANI. The crystallographic properties were studied from the XRD. 

In the Sn-PANI spectra, the peaks related to SnO2 were slightly shifted from their respective 

standard positions and a diffraction peak representing PANI didn’t appear. The crystallite size 

of SnO2 found to be 23.75 nm which was also similar in the case of Sn-PANI composite 

suggesting no crystallographic changes in the materials as a result of ex-situ binding of SnO2 

and PANI. From the FTIR, the mutual existence of SnO2 and PANI in the Sn-PANI was 

detected.  

 Next, the gas sensing responses of Sn-PANI composite to 100 ppm ammonia and 

humidity were studied. The responses of Sn-PANI to the ammonia gas and humidity were 

studied on the basis of change in electrical resistance of the Sn-PANI composite pellet when 

exposed to ammonia and humidity. The Sn-PANI composite showed an excellent response 

(4.32) to 100 ppm ammonia at room temperature due to the synergetic effect of SnO2 ex-situ 

binding. However, the author thinks that the response time and recovery time were not suitable 

for ideal sensor operation. In addition to this, the recovery of the sensor found to worsen with 

multiple cycles In the case of humidity response of Sn-PANI composite, it showed a very good 

response to the low levels (up to 45%) of humidity but for the higher level humidity, the 

composite showed a low response. The author believes that the adsorption of water molecules 

on the pellet surface caused a low response to the higher level of humidity. The simple method 

of ex-situ binding method for Sn-PANI composite formation can be used effectively to achieve 

the higher sensor response but need to improve other parameters.  
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Chapter 4 

 

Surface and bulk modifications of 

magnetron-sputtered carbon films by 

post treatments of atmospheric pressure 

plasma 

 

4.1 Introduction 

Carbon materials are low cost, abound in nature and versatile materials. They possess 

a rich diversity of their structural forms such as i) crystalline form (diamond, graphite, fullerene, 

ii) amorphous carbon films, iii) carbon nanoparticles, iv) engineering carbons with more or less 

disordered microstructures based on that of graphite.1) 

The diversity of unique properties and versatility of structures in carbon materials arise 

from their bonding structure as carbon is able to exist in three hybridizations, sp3 (diamond), 

sp2 (graphite) and sp. 1, 2) In addition to the ratio of sp2 (graphite-like) to sp3 (diamond-like), 

degree of clustering of sp2 phase also plays a vital role in the case of physical properties of the 

carbons.3) Thus, in order to utilize carbon materials for various applications efficiently, to 

control structural properties of carbon materials by controlling sp2/sp3 ratio and degree of 

clustering of sp2 phase desirably and effectively needs to control an optical band gap and 

electrical conductivity for photovoltaic solar cells and gas sensing applications.4)  The ratio of 

sp2 and sp3 in the carbon film is governed by deposition techniques and on the process 

parameters during the deposition.5) A range of deposition techniques has been developed to 

deposit carbon films. The most common industrial process is the magnetron sputtering enabling 

adaptable and precise control of the microstructure and properties of the film.6) Film structures 

are strongly correlated with the plasma density of magnetron sputtering as plasma properties, 
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the degree of plasma confinement, ion energy, plasma density, plasma temperature, substrate 

temperature, and substrate position are the key parameters for controllable film deposition.7) 

Furthermore, the structure control techniques such as heat treatment, reactive ion bombardment, 

polishing, low pressure/temperature plasma are proposed by many researchers. Atmospheric 

pressure plasma (APP) treatment can be employed to control/alter surface structural properties 

effectively.8) Constituents of plasma (ions, radicals, UV light) play a very essential role in the 

modification of properties of the materials by changing surface morphology, microstructures, 

and compositions. The APP treatment was reported for its simplicity and the numerous 

advantages for modification of surface properties.9, 10) For carbon materials, there are reported 

advantages such as adhesion improvement of glassy carbons, modifying hydrogen storage 

properties of carbon nanotubes, increasing the surface energy of carbon fibers.11-13) The author 

employed the Ar APP surface treatment to promote the chemical modification of materials.  

The aim of this study to discuss in detail the structure control process of magnetron 

sputtered carbon films and the effect of structure control on optical and electrical properties of 

carbon films. The films were deposited by CFUBM process by varying power density and 

treated by post APP treatments. The effect of structure control on film’s optical and electrical 

properties was analyzed by optical spectrophotometry and current-voltage (IV) measurements.  
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4.2 Deposition of carbon films 

Amorphous carbon films were deposited on the substrate by the CFUBM magnetron 

sputtering process. The background pressure in the sputtering chamber was maintained at  

3×10-5 Torr before introducing sputtering gas of Ar gas with a flow rate of 80 sccm (working 

pressure: 6×10-3 Torr). The glass substrate with a size of 20-mm2-squared shape was placed in 

a rotary sample holder at the center of the chamber (Fig. 4-1). The graphite targets with a total 

area of 80 cm2 were applied by a radio-frequency (rf) power. The films were deposited with 

various discharge powers (1200, 1600 and 2000 W) for different power density values (15, 20, 

and 25 W/cm2). The film thickness was controlled at a constant of 120 nm by the deposition 

time. The glass substrates were cleaned ultrasonically in a mixture of acetone and alcohol prior 

to deposition. 

The optical properties were measured using a spectrophotometer (V670, JASSO) in the 

ultraviolet-infrared spectral range, 200 - 2500 nm. Sheet resistances were measured at room 

temperature by 4 probe method using source-measure-units (Agilent B2901). The distance 

between each probe was set at 1 cm. 
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Fig. 4-1 The schematic of closed field unbalanced magnetron sputtering system. 
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4.3 Effect of power density variation on carbon films 

4.3.1 Deposition rate 

The effect of power density variation on the deposition rate is shown in Fig. 4-2. An 

increase in deposition rate with increasing power density was observed. The observed increase 

in deposition rate suggests the enhancement in Ar ion bombardment on the target resulting in 

increasing sputtered species with the rise in power density, which is characteristic of CFUBM 

magnetron sputtering process. The magnetic field lines between the magnetrons form a closed 

trap for electrons in the plasma. Few electrons, therefore, lost to the chamber walls and dense 

plasma is maintained in the substrate region, leading to high levels of ion bombardment.14)  

 

Fig. 4-2 A relation between the deposition rate of carbon films and power density during 

deposition. 
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4.3.2 Surface morphology 

Surface morphology of as-deposited films with varying power density was observed by 

SEM. Figure 4-3 (a-c) represents SEM images of the films. No change in the surface 

morphology was observed as an effect of power density variation.  

a)                        b) 

 

c) 

 

Fig. 4-3 The surface morphology (SEM image) of as-deposited films with varying power 

density. (a) 15 W/cm2, (b) 20 W/cm2, and (c) 25 W/cm2. 
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4.3.3 Microstructure of carbon films 

Raman spectrum was recorded to check the effect of power density variation on film’s 

structural properties. Figure 4-4 (a) represents the recorded Raman spectrum for films 

deposited by varying power density. 

  Raman spectrum of carbon films consists of three peaks, namely D (1350 cm-1) and G 

(~1540 cm-1) and an additional peak around 1188 cm-1. D band peak arises due to graphitic 

disorder and G band peak represents the graphitic band. 15) The peak around 1188 cm-1 can be 

assigned to mixed sp2 – sp3 bonds. 16) The detailed study of Raman spectra based on peak 

intensity, position, area, and width can give insights of chemistry and structure of carbon films 

as these parameters are closely related to density, size, and structure of sp2 clusters. 17) To 

determine two spectral components, a curve fitting on the basis of the above parameters was 

conducted and the results are shown in Fig. 4-4 (a). An upshift in position (Fig. 3-4 (b)) and a 

decrease in FWHM (Fig.4-4 (c)) of G band peak was observed with increasing power density, 

which is representing the crystallographic change. The increase in D band peak area was 

observed with increasing power density (Fig. 4-4 (d)). Increases in peak intensity ratio (ID/IG) 

and in peak area ratio (AD/AG) with increasing power density were also observed (Fig. 4-4 (e)). 

The G band peak intensity was constant with varying D band peak intensity. The changes in D 

band peak area, peak intensity area, and peak area ratio can be attributed to increase in number 

and clustering of sp2 sites and further supported by the three-stage theoretical model proposed 

by Ferrari to interpret Raman studies of carbons. In stage 2 of this model, the upshift of G band 

peak position and increase in peak intensity ratio (ID/IG) was associated with ordering and 

increase of sp2 sites.3) Observed rise in sp2 sites is the result of the dependence of the film 

deposition process on power density. In a CFUBM sputtering system, the high-density plasma 

can be generated by increasing power density.21) The graphitic cluster formation in the high-

density plasma resulted in the deposition of sp2 cluster rich film. 
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a)                  b) 

 

c)                                                                      d) 

       

Fig. 4-4 Effect of power density variation on the microstructure of carbon films (a) Raman 

analysis spectrum, (b) FWHM of G band peak vs. power density. (c) The position of G band 

peak vs. power density. (d) Peak intensity & peak area ratio vs. power density, 
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e)                                                                   f) 

 

Fig. 4-4 Effect of power density variation on the microstructure of carbon films (e) Area 

under D band peak vs. power density, f) G band peak position vs. G band peak FWHM. 
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4.3.4 Optical and electrical properties of carbon films 

An effect of structure control on film's optical and electrical properties was studied by 

evaluating the influence of power density variation on the optical band gap (Eg) and a sheet 

resistance of carbon films. The absorbance of films was recorded by using an optical 

spectrophotometer. Based on measured absorbance, the absorption coefficient was calculated. 

Figure 4-5 (a-c) plots a Tauc plot showing (αhν)1/2 vs. energy for the film deposited by power 

density 15, 20 and 25 W/cm2 plotted using Tauc relationship respectively. Figure 4-5 (d) shows 

a decrease in optical band gap with increasing power density. In addition, electrical 

measurements of as-deposited films were performed using the four probe method. Sheet 

resistance was calculated from the measured data. Figure 4-5 (e) represents the sheet resistance 

of the as-deposited films with varying power density. The sheet resistance of the films 

decreased with increasing power density. Observed optical band-gap narrowing and a decrease 

in sheet resistance were closely associated with the graphitic nature of the film with high sp2 

clusters.  

As confirmed from Raman analysis, increasing power density induced the formation of 

the sp2 rich film resulting in a decrease in optical band gap and a sheet resistance of the films. 
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a)       b) 

 

c)       d) 

 

Fig. 4-5 a) Tauc plot of the film deposited by 15 W/cm2, b) Tauc plot of the film deposited by 

20 W/cm2, c) Tauc plot of the film deposited by 25 W/cm2, d) Optical band gap vs. power 

density,  
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e) 

Fig. 4-5 e) Sheet resistance vs. power density. 
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4.4 APP post-treatments of as-deposited carbon films 

As deposited films (power density: 25 W/cm2, thickness: 180 nm, size: 10 mm x 10 

mm) were treated by the APP operated with Ar gas flow of 2 slm. The High voltage of 60-Hz 

alternative current was applied with a voltage of 9 kV to the APP source. The substrate to 

source distance was maintained at 3 mm (Fig.4-6). The plasma treatment was uniform for the 

entire film surface by scanning. The effect of plasma exposure time was studied by varying 

treatment time (1, 3, 4 and 5 minutes). 

 

 

Fig. 4-6 Schematic of atmospheric pressure plasma treatment. 
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4.5 Effect of APP post-treatments on carbon films 

4.5.1 Surface morphology 

An effect of post APP treatment on surface properties of carbon films was studied. 

Figure 4-7 shows the SEM image of plasma untreated film (Fig. 4-7 (a)) followed by plasma 

treated films with varying treatment time for 1, 4 and 5 minutes (Fig. 4-7(b-d)). APP caused a 

change in surface morphology of the films effectively. This is due to removing a part of the 

film by Ar APP treatments. Notably, cavities between neighboring grains were increased with 

the APP treatment time, resulting in a formation of ordered grains. Change in grain density was 

measured as a function of the APP treatment time by calculating a number of grains per unit 

area (200 nm x 200 nm) from the SEM micrographs. From Fig. 4-7 (e), the grain density was 

decreased with increasing treatment time. From these results, the author believes that due to 

the APP treatment, an etching of a disordered part around the well-ordered carbon grains took 

place. 
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a)       b) 

 

c)                   d) 

 

Fig. 4-7 Surface morphology of plasma treated films (a) untreated (b) 1 min. treated (c) 4 

min. treated (d) 5 min. treated, 
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e) 

Fig. 4-7 (e) Grain density vs. treatment time. 
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4.5.2 Surface roughness 

 The effect of the APP treatment on the surface roughness of carbon films was observed 

by AFM in an area of 1 μm x 1 μm and results are shown in Fig. 4-8. The root-mean-square 

(RMS) surface roughness is plotted as a function of the APP treatment time in Fig. 4-8 (d). An 

increase in the surface roughness of carbon films is observed as an effect of the APP treatment. 

An untreated film has RMS surface roughness 1.658 nm; it was increased to 3.091 nm after 3 

min APP treatment. A similar observation of increasing surface roughness also observed in 5 

min APP treated film. The surface roughness of the carbon film increased to 4.373 nm with 5 

min APP treatment. The gradual increase with increasing APP treatment time indicates the 

tenacious destruction of chemical bonds, which contributed to the development of internal 

surface in carbon clusters, here the removal of sp2 clusters has caused the surface roughness 

development.18) 
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a)       

 

b) 

 

 

Fig. 4-8 a) AFM images of surface morphologies of untreated film b) AFM images of surface 

morphologies of 3 min treated film, 
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c) 

 

d) 

 

Fig. 4-8 c) AFM images of surface morphologies of 5 min treated film, d) RMS roughness 

changes as a function of the APP treatment. 
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4.5.3 Chemical structure 

Figure 4-9 shows the NEXAFS analysis of untreated and APP treated carbon films. 

Observation of intense resonances near the X-ray absorption edge can indicate the type of 

bonding. 19) The typical NEXAFS spectra show 2 prominent peaks, centered at 284.8 eV and 

at 288.4 eV. The peak at 285.0 eV is originated due to the 1s → π* transition of sp2 bonded 

carbon and the peak at 289.0 eV is originated due to the 1s → σ* transitions of sp3 bonded 

carbon. The peak at 286.5 eV is arisen due to the absorbed oxygen.20) Figure 4-9 (a) shows 

NEXAFS analysis results for the untreated and 3-minute APP treated sample. Figure 4-9 (b) 

shows a graph of a decrease in sp2 (%) with an increase in treatment time. For the 3, 4 and 5 

minutes treated samples, sp2 (%) decreased from 49 % to 46%, 45%, and 42% respectively. 

The APP treatment removed or modified sp2 clusters with selectively sp3 carbons. Namely, the 

removal or modification of graphitic sp2 bonds is due to the APP surface treatment of carbon 

films. 

Next, XPS studies of as-deposited and 3 min. plasma treated samples were made to find 

any evidence of change in the structural properties at the surface.20) Figure 4-9 (c and d) shows 

XPS spectra corresponding to the C 1s core peak of the as-deposited and plasma treated 

samples. A change in peak shape of the as-deposited and plasma treated samples were obtained. 

To find the cause behind the change in the peak line-shape, the peaks were decomposed into 

each spectral component for each chemical bonding in detail. Figure 4-9 (c-d) represents the C 

1s peak decomposition of the as-deposited sample (Fig. 4-9(c)) and the plasma treated sample 

(Fig. 4-9(d)). The oxygen peaks in CFUBM sputtering deposited amorphous carbon films were 

also observed in similar work previously by other researchers.21) The shape of the peak line 

was changed by the APP treatment. The ratio (O/C+O) increased when films were exposed to 

the APP treatment (Fig. 4-9(e)). Since the APP treatment, the species generated from the APP 

and oxygen-related species caused the oxidization of carbon at the sample surface. Overall, the 

removal or modification of sp2 bonds and atmospheric oxidation due to the radicals/ions caused 

to modify its surface chemically. 
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a)       b) 

 

c)       d) 

 

Fig. 4-9 a) (a) NEXAFS spectra of as-deposited and 3 minutes treated sample. (b) sp2(%) vs 

treatment time, c) XPS peak decomposition of C 1s spectra of as-deposited sample. (d) XPS 

Peak decomposition of C 1s spectra of 3 minute treated sample, 

 

 

                     

(cont.) 

 

 



Chapter 4 
 

115 
 

e) 

 

Fig. 4-9 (e) O/C+O ratio of as-deposited and 3 minutes treated sample from XPS. 
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4.5.4 Microstructure 

Raman spectrum was recorded to check the effect of APP treatment on film’s structural 

properties. Figure 4-10 (a) represents the recorded Raman spectrum for the plasma untreated 

and treated films. Raman spectrum of carbon films consisting of three peaks, namely D (1350 

cm-1) and G (~1540 cm-1) and an additional peak around 1188 cm-1. D peak arises due to 

graphitic disorder and G peak represents the graphitic band. 22) The peak around 1188 cm-1 can 

be assigned to mixed sp2 – sp3 bonds. 16)  

The detailed study of Raman spectra based on peak intensity, position, area, and width 

can give insights of chemistry and structure of carbon films as these parameters are closely 

related to density, size, and structure of sp2 clusters. 23) To determine two spectral components, 

a curve fitting on the basis of the above parameters was conducted. Analysis of this spectrum 

is shown in Fig. 4-10 (b-d) for the area under peak ratio, FWHM, and position of G band 

respectively. From Fig. 4-10 (b), the peak area ratio and D band peak area decreased as 

treatment time increased. This decrease is due to the decrease in size and number of graphite-

like sp2 clusters.24) A decrease in D band peak area indicates an increase of sp2 coordination.18) 

A negligible increase in FWHM was observed. However, no shift in the position of G band 

peak was observed. Thus, unlike power density variation, no crystallographic changes in 

carbon films were caused by the APP treatments.  
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a)       b) 

 

c)       d) 

 

Fig. 4-10 a) Raman Spectra of plasma treated samples. (b) The area under peak ratio vs. 

treatment time. (c) FWHM of G band vs. treatment time. (d) The position of G band vs. 

treatment time. 
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4.5.5 Optical and electrical properties of APP treated carbon films 

The effect of post plasma treatment on the optical and electrical properties by recording 

the optical band gap and the sheet resistance was also studied. Data acquisition and processing 

method were identical, as described previously. Increase in optical band gap was observed with 

increase in the APP treatment time due to the etching of sp2 clusters (Fig. 4-11 (a)). A similar 

trend in the electrical properties of the APP-treated films appeared. The sheet resistance of the 

APP-treated films increased with treatment time (Fig. 4-11 (b)).  

 

 

a)                                                                           b) 

Fig. 4-11 a) Tauc plot of the untreated film, b) Tauc plot of the 1 min treated film, 
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c)          d) 

 

e)             f) 

 

Fig. 4-11 c) Tauc plot of the 4 min treated film, d) Tauc plot of the 5 min treated film, e) 

Optical band gap vs. plasma treatment time, f) Sheet resistance vs. plasma treatment time. 
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4.6 Discussion 

In conventional techniques in control of the film properties of carbon films, deposition 

parameters can be controlled with a wide range of structural and bonding characteristics for the 

bulk of the carbon films.4,5) Meanwhile, surface characteristics are significantly attracted in 

attention for the controls. The author emphasizes that a surface bonding structure of the films 

played a vital role in the case of the APP-treated films. In our experimental results as discussed 

above, the author found that a decrease in sp2 clusters and change in surface morphology upon 

the APP post-treatments. This is also caused a relative change in carbon film’s optical and 

electrical properties. the author believes that the concave features as cavities produced between 

neighboring grains due to the APP post-treatments acted as a barrier for the flow of electrons 

thus increase in sheet resistance was observed.  

From these observations, the optical and electrical properties of the carbon films can be 

changed with the APP post-treatment time. For simplification, Fig. 4-12 shows the schematic 

model of the effect of APP treatment on carbon films. The as-deposited carbon films consisted 

of pure carbons of a percentage of 71% with sp2 content of approximately 48%. The surface 

morphology of the as-deposited carbon film appeared with the tightly filling of smaller grains. 

By the APP post-treatment, the surface was changed in morphology with the sparsely of larger 

grains. Meanwhile, the concentration of oxidized carbons increased and the sp2 content 

decreased to 42%. Therefore, the author points out that the APP post-treatments etched off the 

sp2 contents located at the grain boundaries, leading to the increase in the electrical resistance. 

The author believes that the bulk and surface properties of the carbon films changed as 

an effect of power density variation and the APP treatment significantly. 
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Fig. 4-12 Schematic model changes in film properties due to APP treatment. 
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4.7 Conclusion 

A relationship between surface/bulk structures and optical/electrical properties of 

carbon films deposited by closed field unbalanced (CFUBM) magnetron sputtering process 

was studied. The carbon films were deposited with various discharge powers (1200, 1600 and 

2000 W) for different power density values (15, 20, and 25 W/cm2). Due to the enhancement 

in Ar ion bombardment on the target resulting in increasing sputtered species with the rise in 

power density, the deposition rate was increased with increasing power density. As seen from 

SEM, the surface morphology of the carbon didn’t change with varying power density.  In the 

Raman analysis, an increase in peak intensity ratio (ID/IG) and peak area ratio (AD/AG) with 

increasing power density were observed along with the upshift in the G band peak position 

which confirms the ordering and increase of sp2 sites with increasing power density. Graphitic 

cluster formation in the high-density plasma resulted into the deposition of sp2 cluster rich film. 

This also has an effect on optical and electrical properties of the carbon films, as optical band-

gap of carbon films narrowed and sheet resistance increased with increasing power density 

during deposition.   

In the case of post-deposition atmospheric pressure plasma (APP) treatment, APP 

caused a change in surface morphology of the films effectively. This suggests due to removing 

a part of the film by Ar APP treatments. Notably, cavities between neighboring grains were 

increased with the APP treatment time, resulting in a formation of ordered grains and decrease 

in a number of grains per unit area. From the AFM observations for surface roughness, it was 

observed that the surface roughness of carbon films increased as an effect of the APP treatment. 

The APP treatment modified the film structure chemically, as confirmed from the NEXAFS 

analysis, the APP treatment removed or modified sp2 clusters with selectively sp3 carbons 

as %sp2 decreased with increasing APP treatment time. Further, the XPS results showed that 

the species generated from the APP and oxygen-related species caused the oxidization of 

carbon at the sample surface as O/C+O ratio increased with APP treatment. Overall, the 

removal or modification of sp2 bonds and atmospheric oxidation due to the radicals/ions caused 

to modify its surface chemically. 
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In the case of optical and electrical properties of the APP treated carbon films, the APP 

treatment caused the increase in the sheet resistance as well as the optical band gap of the 

carbon films. 

Consequently, the author developed a technique to control structural, optical and 

electrical properties for bulk and surface of the magnetron-sputtered carbon films, by 

controlling power density variation during deposition and the subsequent APP treatments.   
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Chapter 5  

 

SnO2 nanoparticle bound graphene 

composites - In-liquid plasma assisted 

synthesis using SnO2 dispersed ethanol 

 

5.1 Introduction 

 Graphene-based composites have been produced by incorporating materials in 

graphene. 1,2) The composite formation is categorized into two regimes, ex-situ and in-situ 

binding of two or more materials. The conventional graphene synthesis methods such as 

chemical vapor deposition, epitaxial growth are costly and, require lower pressure and high 

temperature, and possess low growth speed. 3,4) Thus, the composites are limited to realize only 

mixing that these incorporated materials are usually noble metals, conducting polymers, and 

metal oxides. This approach is the easiest approach for composite synthesis but low density 

and non-uniform distribution are major drawbacks, limiting performance. These methods are 

called as ex-situ binding, here. In contrast to the ex-situ binding, it is limited to introduce that 

in-situ binding involves two methods in the case of SnO2. First, in-situ oxidation of tin takes 

place at reaction field existing precursor salt (SnCl2/SnCl4) in presence of pre-synthesized 

graphene. Second, in-situ reduction of graphene oxide takes place in presence of SnO2 

precursor salt. In both approaches, the main focus is on graphene synthesis and parameters 

related to graphene synthesis are crucial to deciding the applicability of synthesis approach. In 

the latter case of in-situ binding, it provides uniform distribution of SnO2 in graphene, however, 

the low speed of synthesis is the major issue. 5) 

In chapter 4, the author described the importance of the non-equilibrium plasma for 

surface modification of carbon films, as an effect of the plasma treatment the optical and 
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electrical properties changed. Upon the plasma treatment, the electrical conductivity of the 

carbon films was decreased. In gas sensing application development perspective, the 

conductivity of the carbon films is crucial. Hence, the author studied graphene-based materials 

as graphene has the highest conductivity. Along with a utilization of the graphene, the author 

thinks that the non-equilibrium in-liquid plasma can play a vital role in the functionalization of 

materials.  

Individual changes in the properties of component materials such as graphene and SnO2 

are important. Indeed, graphene and SnO2 possess different optical properties, e.g., graphene 

has nearly zero bandgap and on the other hand, the SnO2 has a wide band gap (3.62 eV). The 

zero and wide band gap of graphene and SnO2 respectively limit their use in photovoltaic 

applications. In this regard, bandgap engineering of these materials is needed. 3, 6) Therefore, it 

is required to study in the details for a realization of composite formation and effect of 

dispersion of SnO2 in graphene.  

The in liquid plasma method enables the high-speed graphene synthesis at room 

temperature and atmospheric pressure with the pure alcohol as a single precursor. 7-9) To extend 

the in liquid plasma graphene synthesis method, a facile single process has been developed for 

in situ binding of SnO2-graphene composite with in-liquid plasma method without providing 

external heat.  

In this study, the aim of this work is to develop a hybrid and novel approach for 

composite synthesis based on the in-liquid plasma assisted process at room temperature. Thus, 

the pre-synthesized SnO2 was mixed in a graphene precursor (ethanol) followed by the in-liquid 

plasma treatment.  
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5.2 Experimental details 

SnO2 nanoparticles were synthesized by a sol-gel method. 10) A 0.1M solution of 

SnCl2.2H2O was prepared using a distilled water. The solution was heated at 60°C and stirred 

for 15 min. With continued stirring, 1M NaOH was added to the solution dropwise until the 

solution turned the pH of 8. Persistent stirring of the solution with 400 rotation-per-minute 

(rpm) was carried out at 60°C for another 2 hours. After 2 hours of stirring, the solution changed 

its color from white to gray indicating the formation of SnO2. The final product was cleaned 

several times with water and ethanol to remove impurities and then filtered to obtain a 

precipitate. The precipitate was air-dried and later, annealed at 400°C for 2 hours. The 

schematic of the experimental procedure for SnO2 synthesis by the sol-gel method is shown in 

Fig. 5-1 (a). 

For the composite synthesis, the SnO2 (8 mg) synthesized by a sol-gel method was 

dispersed in 100 ml ethanol for 15 min using homogenizer (Tomy Seiko UR-21P) as SnO2 is 

insoluble in ethanol. This solution of SnO2 and ethanol was then placed in a reactor. Ar gas was 

flown into the reactor at atmospheric pressure with a flow rate of 6 standard-liter-per-minute 

(slm) to fill the upper part of reactor above the liquid surface. Figure 5-1 (b) shows a schematic 

illustration of an experimental apparatus used in this study. The choice of electrodes and 

alcohol precursor was based on the previous studies related to synthesis rate and crystallinity 

of graphene in-liquid plasma assisted graphene synthesis. Combination of graphite electrodes 

and ethanol yields nanographene with high crystalline and rapid synthesis rate of graphene 

synthesis. 8-9) Graphite electrodes (3 mm diameter) were arranged as shown in Fig. 5-1 (b). An 

alternating current (9 kV at 60Hz) was applied to electrodes in order to generate high-density 

plasma between electrodes. A chronological discharge then was ensued between high-density 

plasma and electrode immersed in liquid through the gas-liquid interface. The solution changed 

its color to black within a few minutes of plasma discharge.  

After 30 min of the discharge, the synthesized material was collected by filtering the 

black colored solution with the suction filtration using a membrane filter with pore size of 1 
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μm and dried at 60°C for 15 min. Similarly, graphene was also synthesized using this technique 

(without the addition of SnO2 and keeping all conditions same) and further used to compare 

with the composite. Fig. 5-1 (c) shows the schematic of the experimental procedure for 

composite synthesis. 

The optical properties were measured using a spectrophotometer (V670, JASSO) in the 

ultraviolet-infrared spectral range, 200 - 2500 nm. Optical band gap (Eg) was calculated as 

follows. An absorbance of material was recorded by the optical spectrophotometer. Based on 

measured absorbance, the absorption coefficient was calculated. As plotted with a Tauc plot 

showing (αhν)1/2 vs. energy, the extrapolation of straight line to (αhν)1/2 = 0 axis gives the value 

of band gap. 11) The optical emission from the in-liquid plasma was obtained in the gas phase 

region close to 3 mm above the liquid surface. The plasma emissions were measured using 

multi-channel Ocean optics HR-4000 spectrometer in the range between 200 and 900 nm. 
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a) 

b) 

 

Fig. 5-1 a) Schematic of the experimental procedure for SnO2 synthesis by sol-gel method. b) 

In-liquid plasma apparatus for composite synthesis, 

(cont.) 
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c) 

Fig. 5-1 c) Schematic of the experimental procedure for the composite synthesis. 
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5.3 Results and discussion 

5.3.1 Morphology and elemental distribution 

Figure 2 shows the SEM images of the as-synthesized graphene (Fig. 5-2 (a)), SnO2 

used for dispersion (Fig. 5-2 (b)) and composite (Fig. 5-2 (c)). The graphene’s SEM image 

clearly indicated the formation of a sheet-like structure with an average sheet length in the 

range of hundred to few hundred nanometers (Fig. 5-2 (a)). The surface morphology study of 

sol-gel synthesized SnO2 showed nanoparticles with the irregular size distribution (Fig. 5-2 

(b)). In the SEM image of the composites, flaky graphene sheets and SnO2 particles are clearly 

visible. A uniform distribution of SnO2 nanoparticles on the flaky graphene sheets was 

observed. Figure 5-2 (d) is an EDS mapping of the composite. Through the EDS map, the 

presence of C and Sn and O was observed. In a composite EDS map, the uniform distribution 

of SnO2 nanoparticles on graphene sheets was also confirmed. In EDS mapping for carbon and 

oxygen, appeared excessive carbon and oxygen is from the carbon tape used for measurement. 

The EDS results are in good agreement with SEM observations regarding SnO2 distribution on 

graphene sheets.  

To further identify the microscopic morphology, the composite was investigated by 

TEM-EDX analysis (Fig. 5-3). Similar observations as in SEM-EDS regarding the uniform 

distribution of SnO2 particles in graphene observed from TEM images. The dispersion of SnO2 

in ethanol followed by the plasma treatment resulted in aggregation of SnO2 particles, these 

aggregated nanoparticles were distributed uniformly on graphene (Fig. 5-3 (a)). As observed 

from TEM, the average size of SnO2 nanoparticles is around 30 nm (Fig. 5-3 (b)).  The EDX 

spectra were acquired at two different points (on aggregated SnO2 nanoparticles and graphene 

sheet) on the composite. It confirmed the elemental confirmation of C, O, and Sn (Fig. 5-3 (c, 

d)). The occurrence of Cu is from the membrane used for the observation. 
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a)               b) 

 

c) 

 

Fig. 5-2 Surface morphology (SEM images) of a) graphene, b) SnO2, c) composite, 

 

 

 

                  

 (cont.) 
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d) 

 

Fig. 5-2 d) EDS mapping of the composite. 
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Fig. 5-3 TEM and EDS observations of composite a) low magnification image, b) high 

magnification image, c) elemental line profile based on the EDS results at point 1, d) 

elemental line profile based on the EDS results at point 2. 
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5.3.2 Chemical composition 

The FTIR analysis of the composite was carried out in order to study functional groups 

of the composite. The recorded FTIR spectrum of the SnO2 (a), graphene (b), and composite 

(c) is shown in Fig. 5-4. In the SnO2 spectrum, an absorbance band centered at 673 cm−1 

represents stretch vibrations of tin and oxygen atoms. 12) In the graphene spectrum, the 

absorbance band at 1592 cm−1 is due to the aromatic C=C stretching and 2921 cm−1 arise due 

to the C-H stretch vibrations of the methylene group. A broad peak at 3420 cm−1 is arising due 

to O-H stretch of the carboxylic functional group.  

In an FTIR spectrum of the composite, all associated peaks of graphene and SnO2 

appeared.  A peak at 1162 cm−1 has occurred in the composite spectra. The occurrence of this 

peak is due to the emergence of oxygenated groups may be as a result of SnO2 dispersion (C-

O-C stretching), this indicated that the dispersed SnO2 nanoparticles were interacted with 

graphene chemically. 13, 14) A presence of absorbance bands of SnO2 and graphene indicates the 

formation of SnO2-graphene composite.  

 

 

Fig. 5-4 FTIR spectra of a) SnO2, b) graphene, and c) composite. 
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5.3.3 Microstructure analysis 

Raman spectroscopy is a distinctive and non-destructive tool for the microstructure 

analysis of carbon materials. 15) Figure 5-5 shows recorded Raman spectra of graphene (a), 

SnO2 (b) and SnO2-graphene composite (c). In the case of graphene, typical peaks at 1337 cm−1, 

1570.4 cm−1, 1605.3 cm−1 and 2667.7 cm−1 were clearly found. The most prominent peaks of 

graphene are the G-band and 2D-band ones appearing at 1570.4 cm−1 and 2667.7 cm−1 

respectively. The G-band peak is an indication of a six-membered ring structure in the graphene 

sheets. The 2D-band peak is also a characteristic peak of the graphene. 16) The peaks at 1337 

cm−1 and 1605.3 cm−1 are referred to as D-band and D'-band, respectively. An occurrence of 

these peaks is due to the structural disorder of six-membered rings. This disorder is mainly 

from the imperfections in the edge region of the graphene. 17)  

In Fig. 5-5 (b), SnO2 characteristic peaks are shown, peaks at 327 cm−1, 632 cm−1, and 

724 cm−1 are the A2g, A1g, and B2g modes respectively, arising due to vibrations of tin and 

oxygen atoms. 18) In Fig. 5-5 (c), the Raman spectrum of the composite consists of all the 

characteristic peaks of SnO2 and graphene confirming the formation of SnO2-graphene 

composite. Detailed study of microstructure on the basis of intensity, position, and width of the 

peaks is summarized in Tables 5-I and 5-II.  

Raman G-band peak of the composite was broadened and its position was shifted to a 

higher frequency as compared with pure graphene synthesized by the in-liquid plasma method. 

An intensity of D band increased over SnO2 dispersion leading to an increase in peak intensity 

ratio, which is an indicator of formation of less crystalline graphene with a minimal decrease a 

domain size. The changes in domain size of graphene upon SnO2 dispersion are summarized in 

Table 5-I.  

A 2D band peak in Raman spectra of graphene appears as a result of an absence of 

disorders or defects. 19) Detailed analysis of 2D-band peak parameters of graphene and the 

composite are shown in Table 5-II. As a result of SnO2 dispersion, an upshift in the position 

and the broadening of the 2D band peaks were observed. An intensity ratio of the 2D-band 

peak to the D band peak decreased in the case of Raman spectra of the composite was compared 
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to the pure graphene 2D band. These changes suggest a generation of defects in the graphene 

due to SnO2  dispersion. 20)  

 

 

a)       b) 

 

c) 

Fig. 5-5 Raman spectra of a) graphene, b) SnO2, and c) composite. 
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Table 5-I Variation in G band and D band parameters. 

 G band 

Position 

(cm-1) 

G band 

FWHM 

(cm-1) 

G band 

Intensity 

D band 

Intensity 

ID/IG Domain 

Size 

 (cm-1) 

Graphene 1570.47 35.83 0.83 0.64 0.77 25 

Composite 1575.98 42.19 0.83 0.68 0.82 24 

 

Table 5-II Variation 2D band parameters. 

 Position 

(cm-1) 

Intensity 

(a. u.) 

FWHM 

(cm-1) 

I2D/ID 

Graphene 2667.78 0.84 75.88 1.31 

Composite 2676.08 0.69 80.98 1.01 
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5.3.4 Crystal structure analysis  

The crystal structure of as-synthesized materials was studied by powder XRD. Figure 

5-6 represents recorded XRD patterns of graphene (Fig. 5-6(a)), SnO2 (Fig. 5-6(b)), and 

composite (Fig. 5-6(c)). The XRD pattern of graphene consists of 2 peaks; an intense peak at 

25.2° is due to the (0 0 2) plane of graphite, the position of this peak is slightly lower than the 

reported value (26.5°). The peak at 42.4° is due to (1 0 0) plane 21). Observed peak position in 

recorded XRD patterns corresponded well with the standard JCPDS data of graphene (No. 75-

1621). In the case of SnO2 XRD pattern, diffraction peaks are associated with the tetragonal 

SnO2 structure and their position matches well with standard JCPDS data (No. 41-1445). 22)  

For the composite XRD pattern, all the peaks of SnO2 are clearly distinguishable in the 

pattern and their position is also similar to that of SnO2 XRD pattern, however, in a composite 

XRD pattern, diffraction peaks representing graphene didn’t appear. Table 5-III represents in 

detail analysis of XRD pattern of sol-gel synthesized SnO2 and composite on the basis of 

position and FWHM of the diffraction peaks. The crystallite size was calculated using 

Scherrer's equation. The FWHM of diffraction peaks from SnO2 in composite increased slightly 

compared to pure SnO2, a similar change was observed in crystallite size as well. This indicates 

an increase in crystallinity of SnO2 in graphene. These observed changes in crystallinity and 

size could be due to the plasma treatment. A high temperature in the plasma region may have 

caused the grain growth and grain boundary relaxation resulting change in a size of SnO2 

crystallites. 23)  

 

 

 

 

 

 

 



 Chapter 5 

141 
 

a)       b) 

 

c) 

 

Fig. 5-6 XRD spectra of a) graphene, b) SnO2, and c) composite. 
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Table 4-III Analysis of XRD spectra of SnO2 and composite. 

 (h k l) Position (2θ) FWHM (2θ) Size 

(nm) 

SnO2 

(1 1 0) 26.32 0.686 12.43 

(1 0 1) 33.6 0.758 11.44 

(2 1 1) 51.52 0.792 11.65 

Composite 

(1 1 0) 26.32 0.560 15.22 

(1 0 1) 33.52 0.641 13.55 

(2 1 1) 51.44 0.563 16.45 
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5.3.5 Optical properties 

Figure 5-7 plots a Tauc plot showing (αhν)1/2 vs. energy for the SnO2 and SnO2- 

graphene composite plotted using Tauc relationship (eq. 2). Though SnO2 is a wide gap 

semiconducting metal oxide, dispersion of SnO2 into graphene tailored its optical band gap 

effectively.   

The band gap narrowing was observed in the case of the composite (3.4 eV) as 

compared to sol-gel synthesized SnO2 (3.6 eV). The band gap narrowing could have resulted 

from electronic interaction between SnO2 and graphene sheets.24)  

 

a)       b) 

 

Fig. 5-7 Tauc plot of a) SnO2 and b) composite, 

 

 

 

 

(cont.) 
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c) 

 

Fig. 5-7 c) Optical band gap of SnO2 and composite. 
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5.3.6 Plasma diagnosis 

 Figure 5-8 shows OES spectra obtained when in-liquid plasma was induced in the 

ethanol in absence of dispersed SnO2 nanoparticles (graphene) and in a presence of dispersed 

SnO2 nanoparticles (composite) obtained in the range 200 to 900 nm.  

 For the plasma, emission of OH (310 nm), CH (430 nm), H (488 and 656 nm) and C2 

(474, 516 and 564 nm) were observed in both cases. The author didn’t observe any change in 

the emission peaks as a result of SnO2 dispersion.  

 

Fig. 5-8 OES in the range 200 to 900 nm of the in-liquid plasma synthesis of graphene and 

composite. 
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5.4 Formation mechanism 

The mechanism of graphene formation by in-liquid plasma has been discussed 

previously by our group 8,9). Figure 5-9 shows schematic of SnO2-graphene composite. As a 

result of dispersion of SnO2 nanoparticles in graphene precursor, SnO2 nanoparticles interacted 

with graphene sheets through physisorption/chemisorption, electrostatic binding or charge 

transfer interaction, thus, SnO2 nanoparticles mixed well and are distributed uniformly in 

graphene, covering an almost entire surface of graphene sheets. 25) During the formation of 

graphene, the carboxyl groups at the edge of the graphene may have acted as anchor sites for 

SnO2, as a result, C-O-C band appeared in the FTIR of the composite. The interfacial bonds 

between the SnO2 and graphene lead to producing edge disorders in graphene, which was 

confirmed from Raman analysis. As shown in Fig. 5-9, the SnO2 nanoparticle attached to 

graphene flake (around 100 nm long) and contributed towards preventing restacking of 

graphene, thus SnO2 gave strong diffraction signals suppressing weaker diffraction from 

graphene, as a result, no diffraction peak of graphene appeared in XRD spectra of a composite. 

26) 

In previous attempts of synthesizing SnO2-graphene composite, main focuses were on 

oxidation of tin chloride in the presence of graphene or reduction of graphene oxide in presence 

of SnO2. These approaches successfully synthesized SnO2-graphene composite, however, it’s 

complicated process was a major issue. In the first approach of tin chloride oxidation in 

presence of graphene, the graphene was synthesized in advance by traditional graphene 

synthesis methods by a top-down approach, having low growth speed and high crystallinity of 

graphene but high temperature for synthesis. Reduction of graphene oxide in presence of SnO2 

is a good technique to synthesize graphene at low temperature but a high amount of precursors 

and a low synthesis rate were the major issues. On the other hand, in-liquid plasma assisted 

synthesis method yields the disordered graphene structure in SnO2-graphene composite easily 

with a homogeneous distribution of SnO2 nanoparticles on the graphene surface. 5, 26, 27)  
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Fig. 5-9 Schematic illustration of the formation mechanism of the composite. 
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5.5 Post synthesis mixing of SnO2 and graphene 

5.5.1 Overview 

Post synthesize mixing of presynthesized SnO2 nanoparticles and graphene was carried 

out in order to differentiate the in-liquid plasma enabled hybrid approach of SnO2-graphene 

composite synthesis from the ex-situ binding methods. In ex-situ binding methods for SnO2-

graphene composite formation, the composite formation was carried out by mixing of 

presynthesized SnO2 and graphene.5) Since, in the hybrid approach, presynthesized SnO2 

nanoparticles were dispersed in ethanol (graphene precursors), it’s necessary to differentiate 

the hybrid approach from the ex-situ binding methods for the realization of simplicity and 

applicability of the hybrid approach for SnO2-graphene composite synthesis.  
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5.5.2 Experimental 

 For the ex-situ binding method for composite synthesis, the SnO2 (8 mg) nanoparticles 

synthesized by a sol-gel method were dispersed in an in-liquid plasma synthesized solution of 

graphene for 25 minutes using homogenizer (Tomy Seiko UR-21P), after dispersion the 

material was collected by filtering the black colored solution with the suction filtration using a 

membrane filter with pore size of 1 μm and dried at 60°C for 15 minutes (Fig. 5-10). The 

composite was further analyzed by SEM, XRD, and Raman analysis to investigate the 

difference between hybrid approach and ex-situ method.  

Fig. 5-10 Schematic of the experimental procedure for the composite synthesis by ex-situ 

method. 
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5.5.3 Surface morphology 

 The surface morphology of the composite fabricated by ex-situ method is shown in Fig. 

5-11. The aggregated SnO2 nanoparticles are clearly visible in the SEM image. Unlike, the 

composite fabricated by the hybrid method, the SnO2 nanoparticles are poorly distributed on 

the graphene sheets. The surface morphology is clearly different than the composite fabricated 

by the hybrid method. The author believes that in the case of distribution of SnO2 nanoparticles 

over graphene sheets, the hybrid approach provides better distribution as compared to ex-situ 

methods. 

 

Fig. 5-11 SEM micrograph of the composite fabricated by ex-situ method. 

 

 

 

 

 

 



 Chapter 5 

151 
 

5.5.4 Microstructure analysis 

 Figure 5-12 shows the recorded Raman spectrum of the composite fabricated by ex-situ 

binding method. The Raman spectrum consists of obvious peaks of the graphene and SnO2 

indicating the mutual presence of SnO2 and graphene in the material. A detailed study of 

microstructure on the basis of intensity, position, and width of the Raman band peaks is 

summarized in Tables 5-IV.  

 We didn’t observe any change in position, shape, and intensity of any peak when 

compared with graphene Raman spectra, summarized in Table 5-IV.  Thus, unlike the hybrid 

method, the graphene in the composite fabricated by ex-situ method didn’t undergo any 

microstructural changes. The peak parameters remain unchanged despite mixing with SnO2 

nanoparticles. These observations suggest no interaction between graphene and SnO2 

nanoparticles as an effect of ex-situ binding of SnO2 nanoparticles to graphene.  

 

Fig. 5-12 Raman spectrum of the composite fabricated by ex-situ method. 
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Table 5-IV Comparison of Raman band peak parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

G band 
position 
(cm-1) 

G band 
FWHM 
(cm-1) 

G band 
Intensity 

(a. u.) 

D band 
Intensity 

(a. u.) 

2D band 

Intensity 
(a. u.) 

Graphene 1570.47 35.83 0.83 0.64 0.84 

Composite 

Hybrid 

method 

1575.98 42.19 0.83 0.68 0.69 

Composite 

ex-situ 

method 
1570.31 35.79 0.82 0.64 0.85 
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5.5.5 Crystal structure analysis  

 Figure 5-13 is an XRD pattern of the composite fabricated by ex-situ binding method. 

The XRD shows a similar pattern as observed for sol-gel synthesized SnO2 nanoparticles. The 

detailed analysis for a position, calculated crystallite size, and comparison with composite 

fabricated by the hybrid approach and SnO2 is shown in Table 5-V.   

 In the case of composite fabricated by a hybrid approach, dispersed SnO2 nanoparticles 

undergone in-liquid plasma treatment resulted in the increase in crystallite size but in case of 

ex-situ approach absence of any treatment caused no change in the crystallite size of the SnO2. 

However, the absence of diffraction peaks associated with graphene was similar in the case of 

composite fabricated by ex-situ method. This could be due to the aggregated SnO2 

nanoparticles, giving strong diffraction. Based on these observations, the author believes that 

the composite formation by SnO2 nanoparticles dispersion in ethanol (graphene precursor) is 

clearly different from the post synthesize mixing of tin oxide and graphene.  

 

Fig. 5-13 XRD pattern of the composite fabricated by ex-situ method. 
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Table 5-V Comparison of XRD peak parameters.  

 (h k l) Position  

(2θ) 

FWHM  

(2θ) 

Size 

(nm) 

Tin oxide 

(1 1 0) 26.32 0.686 12.43 

(1 0 1) 33.6 0.758 11.44 

(2 1 1) 51.52 0.792 11.65 

Composite 

Hybrid approach 

(1 1 0) 26.32 0.560 15.22 

(1 0 1) 33.52 0.641 13.55 

(2 1 1) 51.44 0.563 16.45 

Composite 

Ex-situ method 

(1 1 0) 26.32 0.671 12.70 

(1 0 1) 33.59 0.743 11.67 

(2 1 1) 51.50 0.790 11.67 
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5.5.5 Optical properties  

Figure 5-13 plots a Tauc plot showing (αhν)1/2 vs. energy for the SnO2-graphene 

composite synthesized by ex-situ method plotted using Tauc relationship (eq. 2).  

The author didn’t observe any change in the optical band of SnO2 and SnO2-graphene 

composite synthesized by ex-situ method.  

Fig. 5-14 Tauc plot of composite synthesized by ex-situ method.  
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5.6 Conclusion 

A hybrid approach for the synthesis of SnO2-graphene composite based on in-liquid 

plasma was developed by dispersing SnO2 nanoparticles in ethanol, which was a single 

precursor for graphene. The surface morphology, as seen from the SEM and EDS, a uniform 

distribution of SnO2 nanoparticles on the flaky graphene sheets was observed. As perceived 

from TEM, the average size of SnO2 nanoparticles was around 30 nm, and from EDS, the 

elemental confirmation of C, O, and Sn was carried out.  

The chemical composition of the composite as studied from FTIR showed a presence 

of absorbance bands of SnO2 and graphene indicates the formation of SnO2-graphene 

composite. As an effect of dispersion of SnO2  nanoparticles in ethanol, the graphene underwent 

microstructural changes. As seen from the comparison between graphene and composite 

Raman spectra for microstructure evaluation, SnO2 dispersion in ethanol lead to form less 

crystalline graphene. The composite XRD spectra showed sharp peaks associated with the 

SnO2 tetragonal structure, suggesting the presence of well crystalline SnO2 nanoparticles in the 

composite. The position of these peaks matched well with the standard JCPDS data of SnO2. 

In the composite XRD spectra, the diffraction peaks related to graphene were absent, 

suggesting prevented restacking of graphene. The change in crystallite size was observed from 

XRD. The average crystallite size of SnO2 increased from 12 nm to 16 nm as an effect of in-

liquid plasma treatment. The band gap narrowing was observed in the case of the composite as 

compared to sol-gel synthesized SnO2 due to electronic interaction between dispersed SnO2 

nanoparticles and graphene sheets.  

Next, the difference between ex-situ binding methods and hybrid approach for SnO2 –

graphene composite synthesis was stated. The surface morphology of composite fabricated by 

ex-situ method showed poorly distributed and aggregated SnO2 nanoparticles over graphene 

sheets. Composite synthesized by ex-situ method didn’t show change in the optical band gap.  

The synthesis approach in this study is simple, low cost, atmospheric pressure, and 

room temperature operation and can be easily scalable to fabricate devices based on the SnO2-

graphene composite.   
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Chapter 6  

 

One-step, in-situ binding of tin oxide 

nanoparticles to graphene nanosheets by 

in-liquid plasma 

 

6.1 Introduction 

 Different approaches have been proposed to fabricate tin oxide-graphene composite, 

they can be realized in two different methods: in-situ binding and ex-situ binding. 1) Ex-situ 

binding involves the mixing of presynthesized tin oxide (SnO2) nanoparticles (SNp) and 

graphene nanosheets (GNs). The graphene used to bind with SnO2 usually synthesized by 

traditional exfoliation require low pressure and yields the low amount of graphene. 2,3) The 

chemical vapor deposition (CVD) method is a widely used method for high-quality graphene 

synthesis but requires a high temperature for deposition. 4,5) Thus, these methods are not 

suitable for scaling up for application development. Ex-situ binding also limits at the 

distribution of SnO2 on graphene. 6)  

In-situ binding methods involve simultaneous reduction of graphite oxide or graphene 

oxide along and tin chloride (SnCl2 or SnCl4), offering good distribution of SnO2 on graphene 

with a good rate of synthesis. However, the graphene produced in these methods has low 

crystallinity. 7) Since this method has multi-steps involved in the reduction of graphite to get 

graphene with reducing agents, high amount of precursors is needed.  The in-liquid plasma 

method for nanomaterial synthesis has emerged lately and can be used to synthesize metal 

nanoparticles, metal oxide nanostructures, carbon nanomaterials and semiconducting 

nanoparticles due to its unique features, such as non-equilibrium thermodynamics, high 
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electron densities, excimer generation, etc. 8) In this process, energetic electrons (10 eV and 

above) with a high density in numbers can interact with molecular gases and other solid or 

liquid precursors to form reactive radical species capable of nucleating nanoparticles without 

external heating, thus in-liquid plasma method is low-temperature nanomaterial synthesis 

method than other conventional material synthesis methods. 9,10) Recently, our research group 

has developed a novel synthesis method for graphene employing in-liquid plasma material 

synthesis route. 11) With this method, the production cost for graphene has been significantly 

reduced as this method operates at low temperature and atmospheric pressure and hence, does 

not require vacuum or heating devices. In-liquid plasma enables synthesis of high-quality 

graphene at the high rate of synthesis using an alcohol as the only precursor, reducing process 

complexity. 12,13)  

In this work, the aim is to develop a low-cost, in-situ process for SNp/GNs composite 

synthesis with well distributed SNp on high-quality graphene at low temperature and 

atmospheric pressure. Thus, the tin chloride (SnCl2·2H2O) as a SnO2 precursor was dissolved 

in ethanol (graphene precursor) followed by in-liquid plasma treatment to get single step 

processed SNp/GNs composite in the non-equilibrium field for material synthesis. 
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6.2 Experimental details 

 The synthesis approach in this study is a one-step process, as mentioned previously. An 

11 mg of tin chloride (SnCl2·2H2O) was dispersed in 100 ml ethanol by a homogenizer (Tomy 

Seiko UR-21P) in a glass reactor until SnCl2·2H2O dissolve completely (~ 5 min). Ar gas was 

introduced into the reactor at the atmospheric pressure with a flow rate of 6 standard-liter-per-

minute (slm) to fill the upper part of reactor above the liquid surface. An alternating current (9 

kV at 60Hz) was applied to electrodes (3 mm diameter) made of graphite. A sequential 

discharge occurred between the electrode above the liquid surface and electrode immersed in 

the liquid through the gas-liquid interface. As shown in Fig. 6-1 (a) A colorless solution was 

changed to black within a few minutes of plasma discharge.  

After a 30 min of the discharge, the synthesized material was collected by filtering the 

black colored solution with the suction filtration by a membrane filter with pore size of 0.45 

μm and dried at 60°C for 10 min. Schematic of an experimental process has been shown in Fig. 

6-2 (b). The experimental apparatus and the choice of electrodes and alcohol precursor were 

based on the preceding studies related to synthesis rate and crystallinity of graphene by liquid-

phase plasma synthesis method. 28,13) The optical emission from the in-liquid plasma was 

obtained in the gas phase region close to 3 mm above the liquid surface. The plasma emissions 

were measured using multi-channel Ocean optics HR-4000 spectrometer in the range between 

200 and 900 nm. 
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a) 

 

b) 

Fig. 6-1 a) Schematic of apparatus used for the experiment, and b) Schematic of an 

experimental procedure to synthesize SNp/GNs composite. 
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6.3 Results and discussion 

6.3.1 Surface morphology and elemental distribution 

The surface morphology, structure and elemental analysis of SNp/GNs composite were 

studied by SEM, STEM, and EDS. Figure 6-2 (a and b) are SEM micrographs of SNp/GNs 

composite, the formation of SnO2 on crumpled graphene sheets with uniform distribution can 

be observed. The average length of graphene sheets is from the hundred to few hundred 

nanometers. The Fig. 6-2 (c) is an EDS map of the composite, clearly showing a uniform 

distribution of SNps on graphene.  

The STEM images of SNp/GNs composite noticeably shown that the SNp were well 

distributed on graphene sheets (Fig. 6-2 (d, e)). By careful observation, it was detected that 

some of SNp have dissimilar brightness, these nanoparticles may have enclosed by a thin 

graphene sheet. This suggests that SNp has attached to both sides of graphene sheets. The 

average size of these SNp is 2.6 to 3 nm with ± 0.3 nm. Since, the nanoparticles stacked 

between graphene sheets, the growth of these nanoparticles could have been controlled by 

graphene sheets. The HRTEM image in Fig. 6-2 (f) shows the clear lattice fringes of 3.53 Å 

corresponds to (110) plane of SnO2 and 3.33 Å of (002) plane of graphite, which is similar to 

the standard JCPDS values. In Fig. 6-2 (g), the elemental analysis of composite has shown to 

be collected from the image area, it was found that only C, O and Sn elements were detected. 

The Cu element is from the membrane used for the measurements.  
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a)       b) 

 

 

c) 

 

Fig. 6-2 Surface morphology and elemental analysis of SNp/GNs composite (a and b) SEM 

image, and (c) EDS mapping, 

 

 

 

  (cont.) 
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d)             e) 

 

f)             g) 

 

 

Fig. 6-2 Surface morphology and elemental analysis of SNp/GNs composite (d) Low 

magnification STEM, (e) High magnification STEM, (f) HRTEM, and (g) EDS analysis. 
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6.3.2 Microstructure analysis 

The presence of SnO2 on graphene sheets and changes in the microstructure of graphene 

due to SnO2 attachment were further confirmed by the Raman analysis. Figure 6-3 (a) shows 

recorded Raman spectra of pristine graphene and SNp/GNs composite. In the Raman spectra 

of graphene, characteristic peaks at 1337.0 cm−1, 1570.4 cm−1, 1605.3 cm−1 and 2667.7 cm−1 

were clearly observed. The most prominent peaks of graphene are the G-band and 2D-band 

appearing at 1570.4 cm−1 and 2667.7 cm−1 respectively. G-band and 2D-band peaks are an 

indication of a six-membered ring structure in the graphene. 15) The peaks at 1337.0 cm−1 and 

1605.3 cm−1 are referred to as D-band and D’-band respectively. An occurrence of these peaks 

is due to the structural disorder. 16)  

In the case of SNp/GNs composite Raman spectrum (6-3 (b)), the peak around 615 cm−1 

is due to the A1g mode and the peak around 250 cm−1 is due to the A2g mode of SnO2, arising 

due to vibrations of tin and oxygen atoms. 17) Raman spectra of composite consists all 

characteristic peaks of graphene, upon comparison of Raman spectra of SNp/GNs composite 

and graphene, the author observed noticeable decrease (from 1.043 to 0.846) in an intensity 

ratio of 2D-band and D-band peaks (I2D/IG) of graphene and composite, this indicates the 

formation of imperfections in the edge region of the six-membered ring structure of the 

graphene. These imperfections in the edge region might be due to the presence of SnO2 in 

graphene matrix. 18) The intensity ratio of peaks for G-band over D-band was maintained, 

indicating no effect on the crystallinity of graphene (Graphene: 0.78, Composite:0.79) due to 

SnO2 binding to the graphene. 15) The detailed analysis of peak parameters is shown in Table 

6-I.  
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a)      b) 

 

 

Fig. 6-3 Microstructure analysis of the composite (a) Raman analysis of graphene and, (b) 

Raman analysis SNp/GNs composite. 

 

 

Table 6-I Peak parameters of Raman spectra of Graphene and composite.  

 G band 

peak 

intensity 

(a. u.) 

G band 

peak 

FWHM 

(cm-1) 

G band 

peak 

Position 

(cm-1) 

D band 

peak 

intensity 

(a. u.) 

2D band 

peak 

intensity 

(a. u.) 

 

ID/IG 

 

I2D/IG 

 

Graphene 

 

 

0.83 

 

35.83 

 

1570.4 

 

0.65 

 

0.866 

 

0.78 

 

1.043 

 

Composite 

 

 

0.91 

 

35.43 

 

1570.9 

 

0.72 

 

0.77 

 

0.79 

 

0.846 
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6.3.3 Crystal structure analysis 

The crystallographic properties of SNp/GNs composite and graphene were studied by 

the XRD and Raman analysis. The diffraction patterns of graphene and SNp/GNs composite 

are shown in Fig. 6-4 (a) and (b) respectively. The diffraction pattern of pristine graphene 

shows two strong diffraction peaks associated with (002) and (100) planes of graphite at 25.2° 

and 42.4° respectively and their position matches well with JCPDS data (75-1621).  

In the SNp/GNs composite spectrum, the observed (hkl) peaks are (110), (101), (200), 

(211), (301) associated with the tetragonal SnO2 crystal structure (Fig. 6-4(b)). The position of 

peaks related to tetragonal SnO2 crystal structure is the same as JCPDS data (41-1445) and 

lattice constant a= 4.9 Å is almost similar to the standard value for bulk SnO2. This indicates 

the formation of well-crystallized SNp along with graphene. In the SNp/GNs composite 

spectrum, the peak due to the (002) plane of graphite has been overlapped with a peak due to 

SnO2 (110) plane, however, the diffraction peak due to (100) plane of graphite is clearly visible. 
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a)               b) 

 

Fig. 6-4 Crystallographic study (a) XRD of graphene, (b) XRD of SNp/GNs composite. 
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6.3.4 Chemical composition 

The FTIR spectra of graphene and SNp/GNs composite are shown in Fig. 6-5. In the 

graphene spectra, the absorbance band around 1590 cm−1 is due to the aromatic C=C stretching 

and 2921 cm−1 is the due the C−H vibrations of methylene groups. The broad peak at 3420 

cm−1 can be attributed to O−H stretching vibrations of carboxylic group. 19)  

In the SNp/GNs composite spectra, all associated peaks of graphene emerged. In the 

SNp/GNs composite spectrum, the main IR features of SnO2 appeared around 485 and 800 cm-

1 associated with Sn−O and Sn−O−Sn respectively. The broad peak at 1090 cm−1 can be 

attributed to the Sn−OH vibrations. Thus, the composite FTIR spectrum confirmed the 

presence of SnO2 related bonds and O−H bonds in the structure. 20,21) In addition, an absorbance 

peak around 1160 cm−1 emerged in the composite spectra. This peak is associated with the 

C−O−C stretching. The author believes this could be due to the bonding between SnO2 and 

graphene. 22) 

 

Fig. 6-5 FTIR spectrum of the (a) graphene, and (b) SNp/GNs composite. 
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6.3.5 Plasma diagnosis 

 Figure 6-6 shows OES spectra obtained when in-liquid plasma was induced in ethanol 

(graphene) and in the solution of tin chloride and ethanol (composite) obtained in the range 

200 to 900 nm.  

 For the plasma, emission of OH (310 nm), CH (430 nm), H (488 and 656 nm) and C2 

(474, 516 and 564 nm) were observed in both cases. In the case of plasma in a solution of tin 

chloride and ethanol (composite), the emission peak of Sn II at 384 nm was observed. 29)  

 

Fig.6-6 OES in the range 200 to 900 nm of the in-liquid plasma synthesis of graphene and 

composite. 
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6.4 Formation mechanism 

The possible mechanism of formation of SNp/GNs composite has been illustrated in 

Fig. 6-7. The mechanism of nanographene formation by the in-liquid plasma process has been 

discussed in detail in previously. 11,13) The formation SNp/GNs composite is driven by in-liquid 

plasma in the non-equilibrium field in a multistep progression involving reduction of 

precursors, nucleation, and growth, assisting physical collisions of electrons in the plasma. 

Since the plasma discharge in the liquid phase strongly depends on the conductivity of the 

liquid, the amount of SnCl2.2H2O to be added into the 100 ml ethanol was chosen on the basis 

of optimum conductivity of the liquid for plasma discharge. 23, 24) 

With the non-equilibrium natures, in the reaction fields under the in-liquid plasma, 

SnCl2 undergoes reduction to form Sn2+ ions without any external reducing agent. In the other 

word, the in-liquid plasma provides reaction field with highly excited energy state. 25) During 

graphene synthesis, the in-liquid plasma generates hydroxyl species from alcohol precursor. 13) 

The Sn2+ cations are possibly bonded with hydroxyl groups as well as carboxyl groups, present 

in the reaction field. The hydroxyl and carboxyl groups usually attach to graphene at the sheet 

edges. 26) As a result of continuous plasma discharge, the formation of bubbles promotes 

homogenous dispersion of mixtures. This helps Sn2+ ions to distribute uniformly on graphene 

sheets. Due to the high temperature in the plasma region and the presence of oxygen atoms, 

Sn2+ ions were oxidized to form SnO2. 
27) The SNp attached at edges caused disorders in the 

six-membered ring structure as observed from Raman analysis. 
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Fig. 6-7 Schematic illustration of the formation mechanism of SNp/GNs composite. 
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6.5 Conclusion 

 An in-situ approach for the synthesis of SNp/GNs composite synthesis based on in-

liquid plasma was developed by dispersing SnCl2.2H2O in ethanol as single a step process. The 

simultaneous synthesis of SNp and GNs achieved, the SNp were bound to the GNs in a single-

step process without providing external heat and at atmospheric pressure. The surface 

morphology of the as-synthesized SNp/GNs composite as observed by SEM, the formation of 

crumpled graphene sheets with uniformly distributed SNp was observed. The average length 

of graphene sheets was from a hundred to few hundred nanometers. The distribution of SNp 

on GNs was confirmed by EDS. The STEM analysis showed that SNp has attached to both 

sides of graphene sheets. The average size of these SNp was 2.6 to 3 nm with ± 0.3 nm. From 

the HRTEM observation, the clear lattice fringes of clear lattice fringes of 3.53 Å corresponds 

to (110) plane of SnO2 and 3.33 Å of (002) plane of graphite observed. From the elemental 

analysis, only C, O and Sn elements were detected in the SNp/GNs composite.  

In the crystal structure analysis, the X-ray diffraction pattern of pristine graphene shows 

two strong diffraction peaks associated with (002) and (100) planes of graphite and the 

SNp/GNs composite spectrum the peaks associated with the tetragonal SnO2 crystal structure 

observed indicating the formation of well-crystallized SNp along with graphene. The 

microstructure studies by Raman analysis, in the graphene Raman analysis, an occurrence of 

characteristics peaks of graphene was observed. In the composite Raman spectrum, all 

characteristic peaks of graphene and SnO2 appeared. Detailed analysis and comparison of 

Raman spectra of graphene and composite showed that as a result of composite formation, 

imperfections in the edge of the six-membered ring structure increased without change in 

crystallinity of the graphene. The chemical composition of the composite as studied from FTIR 

showed a presence of absorbance bands of SnO2 and graphene indicated the formation of 

SNp/GNs composite. The in-liquid plasma assisted in-situ binding method for composite 

synthesis at atmospheric pressure and low temperature exhibits a simple, low cost, and can be 

easily scalable to fabricate devices based on the SNp/GNs composite  
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Chapter 7  
 
Conclusions and future perspectives  

 

7.1 Summary of this dissertation 

 In this dissertation, from the viewpoint that the plasma processes are advantageous to 

surface modification and nanomaterial synthesis, the surface modification of carbon films and 

tin oxide-graphene (SnO2-graphene) nanocomposite formation was clarified. In the case of the 

composite, the applicability of ex-situ and in-situ binding methods was clarified. It was realized 

that SnO2-graphene composite can be synthesized at the relatively low temperature and 

atmospheric pressure in a single step by in-liquid plasma. Upon studying gas sensing response 

of SnO2-polyaniline (Sn-PANI) composite, it was suggested that the composite has a better gas 

sensing response at room temperature than its component materials due to an overall increase 

in surface area for gas adsorption and formation of a p-n junction between p-type PANI and n-

type SnO2. The chapter wise findings are summarized below.  

 In chapter 1, the structures, properties and point of view for application development 

of metal oxides (SnO2), conducting polymers (PANI), carbon materials (graphene) and 

composite based on SnO2, polyaniline, and graphene are described. The need for composites 

and problems associated with traditional composite formation approaches are summarized. The 

author has pointed out that the traditional graphene synthesis methods are not suitable for 

graphene-based composite synthesis, the in-liquid plasma assisted graphene synthesis can be 

superior to the composite for the graphene-based composite synthesis.  

In chapter 2, the synthesis methods for SnO2, PANI, carbon films and graphene were 

described.  The atmospheric pressure plasma surface treatment process and apparatus were also 

described. Various material evaluation methods were discussed along with their operational 
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principle. The gas sensing measurement set up and sample preparation for gas sensing 

measurement was shown and discussed.  

 In chapter 3, the sensing properties of Sn-PANI composite synthesized by ex-situ 

approach has shown. The composite was synthesized by mixing SnO2 and PANI powders and 

grinding together. The surface morphological, crystal structure and chemical composition 

studies showed the mutual presence of SnO2 and PANI in a composite sample. The composite 

showed improvement of ammonia gas and humidity sensing response at room temperature. The 

synergetic effect due to the addition of SnO2 improved gas sensing characteristics in the case 

of the composite.  

 In chapter 4, surface and bulk modification of magnetron sputtered carbon films were 

achieved by the atmospheric pressure plasma (APP) treatment and controlling process 

parameters during deposition. A relationship between surface/bulk structures and 

optical/electrical properties of carbon was studied. It was found that variation in power density 

during deposition can control bulk and surface properties of the carbon films. As an effect of 

post APP treatment, the surface roughness of carbon films increased with treatment time along 

with the selective removal of sp2 clusters. The removal of sp2 clusters was observed by 

NEXAFS studies. The APP treatment caused the increase in the sheet resistance as well as the 

optical band gap of the carbon films. Consequently, the author developed a technique to control 

structural, optical and electrical properties for bulk and surface of the magnetron-sputtered 

carbon films, by controlling power density variation during deposition and the subsequent APP 

treatments. 

In chapter 5, a hybrid approach for SnO2-graphene composite synthesis has been 

discussed. A hybrid approach for SnO2-graphene composite formation based on the in-liquid 

plasma was developed by dispersing SnO2 nanoparticles in ethanol, which was a single 

precursor for the graphene. A uniform distribution of SnO2 nanoparticles on graphene sheets 

was achieved. As found in the Raman analysis and XRD, the SnO2 dispersion caused the 

formation of disorder and less crystalline graphene. 

The studied hybrid approach was simple, low cost, atmospheric pressure, and room 

temperature operation and can be easily scalable to fabricate gas sensing devices based on 
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SnO2-graphene composite. 

 In chapter 6, an in-situ approach for SnO2-graphene composite synthesis has been 

discussed. The in-situ binding of SnO2 nanoparticles to graphene sheets by in-liquid plasma 

method was achieved to fabricate SnO2-graphene composite at low temperature and 

atmospheric pressure in a single step processing using dissolved SnCl2 in ethanol as the only 

precursor. As observed from TEM, SnO2 nanoparticles of size around 2-3 nm were uniformly 

distributed and attached to both sides of graphene sheets. XRD and Raman analysis showed 

the formation of well-crystalline materials. The chemical composition studies from FTIR 

showed SnO2 and graphene functional groups indicating the formation of SnO2-graphene 

composite. The studied in-situ binding synthesis route was facile, low cost and can be easily 

used to fabricate devices based on SnO2-graphene composite. 

The author found that plasma processes are advantageous for the surface modification 

of carbon films and synthesis of graphene-based composite due to non-equilibrium physical-

chemical process as a result of plasma. The graphene-based composite can be formed by in-

situ, ex-situ and hybrid approaches using in-liquid plasma efficiently at relatively low 

temperature, atmospheric pressure with single step processing, which collectively reduced the 

complexity of the composite formation process. 

Since in-liquid plasma has a big role in nanomaterial synthesis, the author thinks that 

the in-depth study of the plasma process is necessary. During this study, the primary plasma 

analysis was carried out to obtain information regarding plasma chemistry by light emission in 

the gas phase. The author couldn’t measure the light emission in the liquid phase as solvent 

changed its color to black as a result of a plasma discharge to form carbon leading to attenuation 

of light emission. It is also necessary to study plasma process parameters collectively to 

understand the influence on nanomaterial synthesis. 
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7.2 Scopes for future works 

  It was found that SnO2-polyaniline (Sn-PANI) composite synthesized by ex-situ 

approach has improved gas sensing properties. In this synthesis approach, there was no control 

over SnO2 particles size, it is necessary to control the size and shape of SnO2 particles for better 

results from the nanostructured SnO2. The ex-situ approach proved to be a cost-effective option 

for composite formation. However, the surface morphology and SnO2 distribution on PANI 

were out of control, considering this, it is necessary to study other approaches for Sn-PANI the 

composite formation. In addition, during the gas sensing measurement, due to limitations of 

gas sensing set-up, the gas response of Sn-PANI composite to only 100 ppm concentration of 

ammonia was checked, it is necessary to find the lowest detection limit with modifications in 

the gas sensing set-up. In addition to this, the fundamental questions about why sensor response 

increased as an Sn-PANI composite, how to tune the properties of Sn-PANI composite for 

future prototype development are needed to be addressed in the future. Since the in-liquid 

plasma method offers an easy and cost-effective process for composite formation, it is 

necessary to introduce the promising in-liquid plasma method to synthesize Sn-PANI 

composite in near future.  

 Next, the control over surface and bulk properties of carbon films were achieved by the 

APP treatment. It is necessary to employ the APP treatment for real-time application 

development such as gas sensing. The effect of plasma process parameters and mechanism of 

plasma process have to be studied. In addition to this, it is obligatory to study an effect of the 

APP treatment on the SnO2-graphene composite as the APP treatment significantly modifies 

the structural and chemical properties of the surface. 

 Then, the author successfully employed the in-liquid plasma method for graphene-

based composite by ex-situ, in-situ and hybrid approaches. In the case of a hybrid approach for 

SnO2-graphene composite synthesis, it is necessary to study the effect of plasma discharge on 

dispersed SnO2 nanoparticles. In the same experiment, the aggregation of SnO2 nanoparticles 

was observed, more studies are required to control the aggregation of SnO2 nanoparticles after 

plasma discharge. In the case of in-liquid plasms assisted in-situ approach, the smaller size of 



Chapter 7 
 

181 
 

SnO2 nanoparticles was observed (2~3 nm), however, the mechanism of this small size particle 

generation is not established. It is important to study further to establish the mechanism of 

nanocomposite formation by in-liquid plasma. In the above experiments, the plasma parameters 

were same, the effect of plasma parameters on size and structure of the composite should be 

evaluated in future.  

 The prime importance was given to check the applicability of plasma processes for 

material surface modification and one-step composite formation considering the step by step 

targets. In future, the application development based on surface modified carbon films and 

SnO2-graphene composite is necessary. The formed SnO2-graphene composite can be utilized 

as a gas sensing material in future with the film formation and as an electrode material in 

batteries. The in-liquid plasma method can be employed for composite based on graphene and 

other metal oxides. Along with this, the relation between plasma parameters and material 

synthesis has to be studied in order to expand the field of plasma processes for material 

synthesis.  
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