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Abstract 

Wearable sensors are much desired devices for industrial safety and personal protection. 

They require light weight and low electricity consumption in addition to sensing 

performance. Conventional metal oxide gas sensors are effective at only temperatures 

above 200°C, which requires high electric energy and is not safe in combustion gases. 

Nanostructures of metal oxide materials are of great interest due to the improved 

sensitivity and potentially low operation temperature of nanostructures compared to the 

bulk materials. On the other hand, carbon nanotubes have been demonstrated as 

promising sensors for detecting gas molecules with fast response and high sensitivity at 

room temperature. Hence, the objective of this thesis is to investigate various 

nanostructures doped by functionalized carbon nanotubes and explore their application as 

wearable room temperature gas sensors. 

 

A preliminary study of electrospinning process of nanofibers was made. Effects of 

applied electrical field and solution flow rate to diameter and morphology of electrospun 

fibers were studied. Pure tin dioxide nanofibers were fabricated by calcining electrospun 

nanofibers of PVA/stannic hydroxide sol composite as precursor. FESEM was utilized to 

investigate the structure and morphology of tin dioxide nanofibers before and after 

calcination. A simple method for dispersing MWCNTs into tin oxide precursor solutions 

has been developed and the hybrid SnO2/MWCNTs nanofibers were synthesized by 

electrospinning followed by calcination in air at 500°C.  
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A simple method has been developed for the preparation of porous SnO2 nanobelts by 

calcining electrospun nanofibers of polyethylene oxide/stannic hydroxide sol composite 

in an open atmosphere. Microstructural analysis shows that the prepared nanobelts 

consist of a continuous network of interconnected SnO2 grains. The synthesized SnO2 

nanobelts possess a high surface area and continuous porosity. 

 

Porous SnO2/MWCNTs composites were successfully fabricated by a PVA fiber-

template method. The effects of applied voltage, collection distance between the tip to 

target and the flow rate of the solution on the morphological appearance and average 

diameter of the as-spun PVA fibers were investigated. It is found that the solution flow 

rate has the most significant effect on fiber formation, followed by the applied voltage 

and tip-target distance. Uniform ultrafine PVA fibers (203 ± 25 nm) were obtained by 

electrospinning of 8wt% aqueous PVA solution at 18.4kV when the flow rate was 

0.025mm/min and tip-target distance is 12.5cm. Electrospun PVA fibers were then used 

as sacrificial templates for coating with SnO2/MWCNTs precursor solution using a sol-

gel deposition technique. Porous structures were formed after the removal of the PVA 

fiber templates through heat treatment. FESEM showed that the resulting composite 

materials exhibited an extended network of features separated by large pores with a 

diameter of 1-2μm approximately. TEM and Raman spectroscopy have been employed to 

characterize the composite structure. Topological defects including open-ended structures 

and stepped surface with open edges of graphic sheet were created on the MWCNTs after 

the calcination process. 
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A gas measurement system has been used to perform electrical and gas sensing 

characterization. Two types of gas sensor devices were made based on flexible PET 

substrates and evaluated with CO gas of a wide range of concentrations. The 

measurements were carried out by using the sensors fabricated from SnO2/MWCNTs 

composite fiber mats at steady state. The results show that the n-type SnO2/MWCNTs 

nanofibers were able to detect carbon monoxide at 50 ppm at room temperature, while 

the pure SnO2 nanofibers were insensitive up to 500 ppm. This shows that the doping 

MWCNTs contribute to the improved sensor sensitivity. Sensors fabricated from porous 

SnO2/MWCNTs composites exhibit a reversible and reproducible response, at a bias 

voltage of 0.5V, to CO in the range of 45–400 ppm at room temperature. The effects of 

humidity, working voltage and doping concentration on the gas sensing properties were 

investigated and established. It is found that humidity does play an important role in the 

gas sensitivity.  

 

The mechanistic study by TEM shows that after being pretreated in acidic environment 

under sonication and calcination in air, abundant defect sites are created on the surface of 

MWCNTs walls. The defect would serve as a binding site for the CO molecule leading to 

changes in the electronic structure and subsequently in the adsorbate binding energy and 

charge transfer between gas molecules and sensing materials, consistent with the 

observation of sensitive CO detection at room temperature. The role of tin dioxide was 

explored. Our experimental results show that pure SnO2 nanostructures are insensitive to 

CO gases at room temperature. The SnO2 may act as a carrier for electrons or the dopant 

(MWCNTs) in its oxidized state acts a strong acceptor for electrons of the host 



 V

semiconductor (SnO2). This induces an electron-depleted space-charge layer near the 

interface. Another possible effect of a carrier for electrons can be described as: The 

deposited clusters of dopants can provide more preferred adsorption and activation sites 

for the target gas CO from which activated fragments are spilled over onto SnO2 to react 

with the adsorbed oxygen. As a result, the surface coverage with oxygen and therefore 

surface potential barrier is reduced and accompanied by a change in conductance, while 

the cluster itself remains unchanged. Future work is needed to obtain a throughout 

understanding of the interactions between the adsorbed gas molecules and the 

SnO2/MWCNTs composites. 
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CHAPTER 1 
 

INTRODUCTION 
 

1.1 Background 

Accompanied by the development of industry and human settlement, natural 

atmospheric environment has become polluted and is rapidly deteriorating. A variety 

of air pollutants viz. carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides 

(NOx), sulfur oxides (SOx) etc, originating from factories and vehicles, have known or 

suspected to have harmful effects on human health as well as the environment. There 

is an urgent demand for gas-sensing and odor characterization for safety, 

environmental monitoring, protection and process control or quality assessment. The 

development and deployment of gas sensors for the effective monitoring of air quality 

have been increased manifold.  

 

Most gas sensors can be divided into three groups according to the type of technology 

applied: Semiconductor, Spectroscopic and Optic. Spectroscopic systems are based on 

the direct analysis of the molecular mass of the target gas. These sensors such as mass 

spectrometry can measure quantitatively the composition of the different gases with a 

good precision. Optical sensors are mainly based on the principle of spectral 

transmission analysis, which examines the optical absorption properties of the target 

gases. This kind of sensors consist of a light source and an optical sensor for the 

analysis of the absorbed spectra. Semiconductor gas sensors change their electrical 

conductivity due to the interaction between the semi-conducting materials and the gas 

molecules to be detected. Among the large variety of sensors developed, the market is 
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dominated thoroughly by semiconductor gas sensors. The reasons for this fact are due 

to their high sensitivity, low-cost, mass production and integration compatibility.  

 

Gas sensitive effects on semiconductors were first reported in 1953 [1]. Later, Seiyama 

employed Zinc Oxide (ZnO) film devices as analytical detectors in gas 

chromatography [2]. Taguchi developed tin dioxide (SnO2) gas sensors and made them 

as industrial products [3]. SnO2 was the promising base material in many practical 

applications of gas detection and has become the most investigated material for 

semiconductor gas sensors [4].  

 

The fundamental sensing mechanism of semiconductor gas sensors relies upon the 

change in electrical conductivity due to the interaction between the semi-conducting 

materials and the gas molecules to be detected. SnO2 has a large bandgap and high 

achievable carrier concentration that make it suitable for gas sensors, transparent 

electrodes, and other optoelectronic devices. When a sensor is exposed to air, oxygen 

is adsorbed on the surface to form negative ions, the adsorbed oxygen has extracted 

the conduction electrons from the near-surface region of the tin oxide grains leading 

to an insulating surface layer. Upon exposure to reductive gas species such as CO, the 

arrested electrons are released by the reactions between the reductive gas and the 

negatively charged ions: CO+O- CO2+e-, reducing the steady-state surface oxygen 

concentration and donating a few electrons back to the bulk resulting in an increased 

conductivity. Of these negatively charged ions, O- appears on tin oxide surface at a 

high temperature of about 150°C.  
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Various processing schemes have been investigated to prepare SnO2-based gas 

sensors. The preparation methods traditionally can be divided into two categories: 

thick film technology and thin film technology. The first generation of semiconductor 

gas sensors was of thick film sensors. They were fabricated by pressing powder into 

pellets, to which electrode wires and a heater coil are added. Then the so-called 

Taguchi sensors were introduced. The SnO2 sintered material was deposited onto a 

cylindrical Aluminum Oxide (Al2O3) substrate, which has Platinum (Pt) electrodes, 

and a filament, that acts as a heater, inside. Later planar structures were obtained by 

screen-printing technology. Thick-film paste can be formulated to paint or print an 

active layer onto a substrate [5]. To formulate the paste, finely milled tin dioxides or 

other sensing materials are combined with small amounts of glass frits and catalysts to 

form a printable paste. Drop coating is another well-known thick film technology [6, 7]. 

This method is highly dependent on solution viscosity and density. Once the solution 

is deposited, the solvent evaporate by itself or with the help of gentle firing. Thick 

film sensors can be characterized by its thickness (a few to several hundred 

micrometers) and having a porous sensitive layer.  

 

However, the disadvantage of thick-film devices is their high level of power 

consumption. Thin film technology has the potential to reduce this power 

consumption to acceptable levels as well as to improve upon sensor sensitivity. 

Compared with the processes described above, the fabrication of thin film structures 

is based on well defined evaporation or sputtering processes. Typical preparation 

methods for thin film sensors can be classified in two groups: chemical vapour 

deposition (CVD) methods and physical vapour deposition (PVD) methods. In a 

typical CVD process, the substrate is exposed to one or more volatile precursors, 
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which react or decompose on the substrate surface to produce the film. SnO2 layers 

can be formed by CVD from different precursors: dibutyl tin diacetate [8], tin(IV) 

chloride [9], and tin iodide [10]. CVD techniques usually need a higher substrate 

temperature to bring the precursor material to reaction, PVD methods need low partial 

pressures to have a long enough mean free path. One of the most-used PVD 

techniques is radio frequency (RF) sputtering [11, 12]. Different temperatures can be set 

during the deposition process. This allows for obtaining films with different 

microstructures, which results in variations in the sensing properties of the layers. 

CVD and PVD methods generally lead to very compact films with low surface-to-

volume ratio. Because the sensitivity is strongly dependent on the surface-to-volume 

ratio of the material used, this results in the formed films with a lower sensitivity than 

those with porous structures. A new deposition technique named rheotaxial growth 

and thermal oxidation (RGTO) was proposed in 1990 for fabrication of discontinuous 

thin semiconductor oxide films [13]. During this process, tin is deposited onto a 

substrate with the temperature just below the melting point of tin. The high 

temperature leads to the formation of very tiny tin droplets which cover the substrate 

surface and then the tin droplets are oxidized in air for several hours. The technique 

allows synthesizing a porous thin film with high surface-to-volume ratio [14].  

 

Nanostructures of metal oxide materials are of great interest in the area of gas-sensing 

applications due to the improved sensitivity and low operation temperature of 

nanostructures compared to the bulk materials [15]. The reduction of the crystallite size 

to the nano size can result in a greater proportion of crystalline surface atoms, which 

are more prone to react with the surrounding ambient. One-dimensional (1-D) and 

quasi-1-D semi-conducting metal oxide nanostructures, such as nanowires and 
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nanobelts, have the smallest dimension for effective electron transport and therefore 

can be used as sensitive and efficient sensors that translate the gas recognition into an 

electrical signal [16]. Because of their high surface-to-volume ratio and tunable 

electron transport properties due to quantum confinement effect, their electrical 

properties are strongly influenced by minor perturbations. Compared to two-

dimensional (2-D) thin films where binding to the surface leads to depletion or 

accumulation of charge of carriers only on the surface of a planar device [17], the 

charge accumulation or depletion in the 1-D nanostructure takes place in the bulk of 

the structure thus giving rise to large changes in the electrical properties that 

potentially enable the detection of a single molecule. 1-D nanostructures thus avoid 

the reduction in signal intensities that are inherent in 2-D thin film as a result lateral 

current shunting. This property of the 1-D nanostructures provides a sensing modality 

for label-free and direct electrical readout when the nanostructure is used as a 

semiconducting channel of a chemiresistor or field-effect transistor [18]. The SnO2 

nanofiber and nanobelt structures are promising as gas sensing elements. A large 

number of synthetic and fabrication methods have already been demonstrated for 

generating 1D nanostructures from various materials [19]. Among these methods, 

electrospinning seems to provide the simplest approach to nanofibers with both solid 

and hollow interiors that are exceptionally long in length, uniform in diameter and 

diversified in composition [20].  

 

1.2 Objectives 

Numerous miniaturized gas sensors have been fabricated since the emergence of 

Micro-Electro-Mechanical Systems (MEMS) technology. Currently, most MEMS-

based devices are built on rigid substrates such as silicon and glass wafers. Intelligent 



                                                                                                                          Chapter 1 

 6

textiles, also variously known as smart fabrics, electronic textiles, or e-textiles, have 

attracted considerable attention worldwide due to their potential to bring revolutionary 

impacts on human life [21]. There has been an explosive growth in the development of 

smart textiles with integrated transducers and circuit components for sensing external 

environmental conditions to prevent the risks in working and living environment. 

They have more strict requirements on working temperature, sensor size, power 

consumption and flexibility. New classes of miniature gas sensors on flexible 

substrates are therefore urgently needed for such applications. However most tin 

dioxide gas sensors are effective at only temperatures above 200°C, which brings 

about much inconvenience for practical applications and sometimes is even unsafe for 

detecting combustion gases. Since the working temperature of the SnO2-based sensors 

is high, the energy consumed in heating the sensor heads is large and not easily pared 

down for the existence in heating circuit device. Although the addition of noble 

metals such as Palladium (Pd) and Pt in SnO2 could decrease the working temperature 

of the sensor [22], the workable technique for the SnO2 sensors operating at room 

temperature are still quite limited. Hence, this project aims to develop portable gas 

sensors that can be integrated into clothing and used for detecting toxic gases such as 

CO at room temperature. The detailed objectives are as follows: 

 

1. To prepare tin dioxide nanowires and nanobelts by combining sol-gel process and 

electrospinning technology and evaluate the electrospun nanofibers by various 

characterization techniques. 
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2. To develop a dispersion method for dispersing multiwall carbon nanotubes 

(MWCNTs) into tin dioxide precursor solutions and prepare SnO2-MWCNTs 

composite nanofibers for improving the gas sensitivity. 

 

3. To explore various techniques for large-area sources preparation of porous structure 

with an aim to sense selected gas species under ambient conditions.  

 

4. To design and fabricate a prototype of flexible substrate based gas sensors and 

investigate the sensor performance in various gas conditions.  

 

5. To investigate the sensing mechanism and study the gas adsorption-desorption 

behavior at room temperature and develop a general applicable model for the gas-

sensing material surface interactions based on the experimental results.  

 

1.3 Methodology 

The research methodology adopted in this study includes the following details:  

 

1. Synthesis and characterization of SnO2 and SnO2-MWCNTs nanofibers 

In this project, the electrospinning method is adopted to fabricate nanofibers. Pure 

SnO2 nanofibers are electrospun from aqueous precursor solution containing 

poly(vinyl alcohol) (PVA) and tin(IV) chloride (SnCl4). MWCNTs are dispersed in 

Cetyltrimethylammonium bromide (CTAB) aqueous solution followed by 

ultrasonication. Then the resultant dispersion is mixed with previous precursor 

solution to obtain SnO2-MWNTs precursor solution. A serials of modern instruments, 

i.e., Field Emission Scanning Electron Microscope (FESEM), transmission electron 
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microscope(TEM), Fourier transform infrared spectra (FTIR) and Raman etc, are used 

to characterize the structures and properties of nanofibers.  

 

2. Synthesis and characterization of porous SnO2 nanobelts 

Pure SnO2 sols are prepared by using a mixture of tin(IV) chloride, deionized water, 

propanol (C3H7OH), and isopropanol (2-C3H7OH). Poly(ethylene oxide) (PEO) and 

chloroform (CHCl3) are mixed with the pure sol to obtain homogenous precursor 

solution. Electrospinning method is adopted to prepare utralong PEO/stannic 

hydroxide composite nanofibers. Porous tin dioxide nanobelts are obtained by 

calcination of the composite nanofibers in an open atmosphere. The nanobelts are 

characterized by FESEM, X-ray diffraction, TEM, Raman and FTIR spectroscopy. 

 

3. Synthesis and characterization of SnO2-MWCNTs porous structures 

Pure PVA nanofibers are electrospun from aqueous precursor solution. The effect of 

processing parameters including applied voltage and flow rate on fiber diameter are 

examined. With electrospun PVA nanofibers as template, the fiber mats are soaked in 

the SnO2-MWCNTs precursor solution. Upon subsequent thermal treatment the PVA 

nanofiber template is removed, resulting in SnO2-MWCNTs porous structures.  

 

4. Sensor system development and performance evaluation  

The electrodes are fabricated into flexible substrates by means of thermal evaporation 

or are directly pasted into the substrate using Aluminum conductive adhesive tape. 

Nanofiber mats and porous structures are used as sensing materials. The conductance 

is measured under different gas conditions. Sensitivity is evaluated in terms of 

conductance variation measurement and the response and recovery time are recorded.  
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1.4 Structure of the Thesis 

This thesis comprises six chapters. Its structure is outlined in Figure 1.1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1 Thesis structure 
 
 
Chapter 1 gives a brief introduction to the background and historic development of 

the preparation technologies of SnO2-based gas sensors. It also highlights the 

advantage of nanostructured materials in sensing applications. The statement of 

problem puts forth the objective of developing room temperature semiconductor gas 

sensors. Finally, research methodology adopted in this thesis is summarized. 

 

An overall review regarding to the fundamentals of the present study is given in 

Chapter 2. It starts with an introduction to sensing mechanisms of semiconductor gas 

sensors, microstructure and grain size effect. Then the current status of 

electrospinning process is described. Finally, the fiber formation process, the 
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parameters affecting the fiber morphology and diameter are comprehensively 

reviewed. 

 

Chapter 3 presents detailed investigations of fabricating SnO2 and SnO2-MWCNTs 

nanofibers by means of electrospinning method. A simple and versatile approach to 

prepare porous SnO2 nanobelts is described. Finally, the influence of tin(IV) chloride 

concentration on electrospun fiber morphology is analyzed.  

 

Chapter 4 deals with fabrication of PVA nanofiber mats via the electrospinning 

method. The various factors affecting the morphology and diameter of the fibers are 

studied. The fiber mats thus produced are then used as templates for preparing SnO2-

MWCNTs porous structures.  

 

On the basis of results obtained from Chapter 3 and Chapter 4, performance of the 

home-made gas sensors is studied in Chapter 5. The effects of processing and 

operation parameters, i.e. MWCNTs concentration, working voltage, and presence of 

humidity, on sensor sensitivity and kinetic behaviour is described. Scanning tunneling 

microscopy, Raman spectroscopy, X-ray photoemission spectroscopy (XPS) and 

TEM are used to investigate the functional MWCNTs. Based on the analysis, the 

sensing mechanism is proposed in this chapter. 

 

Finally, this thesis is closed with general conclusions. Suggestions on possible future 

work are also discussed.  
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CHAPTER 2  
 

LITERATURE REVIEW 
 

 

This chapter presents an overall literature review regarding to the fundamentals of the 

related topics covered in this thesis. It starts with an introduction to sensing mechanisms 

of semiconductor gas sensors, effects of microstructure, grain size and doping. Then the 

current status of electrospinning process is described. Finally, the fiber formation process, 

the parameters affecting fiber morphology and diameter are comprehensively reviewed.  

 

2.1 Tin Dioxide Based Semiconductor Gas Sensors 

2.1.1 Basic sensing mechanisms 

Metal oxide semiconductor gas sensors are, essentially, gas sensitive resistors. Their 

detection principle is based on changes in electrical resistance with gaseous ambient. The 

used metal oxides are n- or p-type semiconductors, due to the presence of oxygen-

vacancies in the bulk. SnO2 has a wide bandgap and high achievable carrier concentration 

that make it suitable for gas sensors. Gas sensors based on this material are extensively 

used in the detection of toxic gases and the home-made SnO2-based sensors live up to the 

standards of commercial gas sensors [1]. The objective of this section is to analyze the 

basic mechanisms of gas detection of polycrystalline SnO2-based sensors.  

 

Gas adsorption [2], which can be divided into physisorption and chemisorption, is one of 

the most commonly reported mechanisms associated with the gas-sensing behavior of 
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metal oxide gas sensors. Physisorption is associated with dipole-dipole interaction 

between the adsorbate (gas species) and adsorbent (metal oxide), with a comparatively 

weak binding energy in the order of 0.01-0.1eV. Physisorption is characterized by high 

surface coverage at relatively low temperatures, and low surface coverage at higher 

temperatures. At temperatures below 40°C, the oxygen (O2) molecules are adsorbed by a 

physisorption process. At room temperature, the coverage of physisorbed molecules is 

less than one monolayer. There is no significant charge transfer due to physisorption, the 

conductivity of the material will slightly affected due to the physisorbtion. Where a 

metal-oxide semiconducting gas sensor is used at temperatures below 100°C, additional 

equipment is required. It has been demonstrated that ultraviolet (UV) light illumination 

can be used to enhance the sensitivity of SnO2 thin film gas sensors to nitrogen dioxide 

(NO2) [3]. Photoexcitation can affect the charge carrier transport across grain boundaries 

by increasing the density of free carriers throughout the material and decreasing the 

intergrain barrier height.  

 

At higher temperatures (>100°C), oxygen molecules are dissociated via a chemisorption 

process. Chemisorption is based on stronger forces and hence is connected with an 

electron transfer between adsorbent and adsorbate. Depending on the temperature, 

oxygen is ionosorbed on the surface predominantly as O2
- ions below 420K or as O- ions 

between 420-670K, that is, the general operating temperature range. Above 670K, the 

parallel formation of O2- occurs, which is then directly incorporated into the lattice above 

870K [4]. The adsorbed oxygen has extracted the electrons from the conduction band Ec 

leading to an electron-depleted surface region (Figure 2.1), the so-called space charge 



                                                                                                                                Chapter 2 

 15

layer Λair [5, 6]. A negative charge is created at the surface. This negative surface layer has 

to be compensated by a positive countercharge in the solid. When the adsorption takes 

place at the surface of a metal, this would simply result in a planar countercharge: a 

double layer situation as for a capacitor. However, unlike a metal, a semiconductor does 

not have a large amount of mobile free charge carriers available at the surface. The 

countercharge will therefore be formed in the bulk, resulting in a space charge region. 

According to the Schottky approximation [7], this region is characterized by a total 

exhaustion of mobile charge carriers (all moved to the surface) and therefore called  

 

 
Figure 2.1 Energy band bending at the surface of an n-type metal oxide semiconductor as 
a result of chemisorption. EC, Ev, and EF denote the energy of the conduction band, 
valence band, and the Fermi level, respectively, while Λair denotes the thickness of the 
space-charge layer, and eVs the potential barrier. The conducting electrons are 
represented by e- and + represents the donor sites (Figure from reference[8]).  
 

depletion layer. Between these two space charge layers (the planar at the surface and the 

region in the bulk), an electric field develops. A measure for the reach of this electrical 

field is the Debye-Length (LD). The presence of the negative surface charge leads to band 



                                                                                                                                Chapter 2 

 16

bending, which generates a surface potential barrier eVs (Schottky barrier) of 0.5 to 1.0 

eV. The resistance of an n-type semiconductor gas sensor in air is therefore high, due to 

the development of a potential barrier to electronic conduction at each grain boundary. 

The height (eVs) and depth (Λair) of the band bending depend on the surface charge, 

which is determined by the amount and type of adsorbed oxygen. At the same time, Λair 

depends on LD, which is a characteristic of the semiconductor material for a particular 

donor concentration 

 

0
2

B
D

d

k TL
e n

ε ε
= ,                          (2.1) 

 

where kB is Boltzmann’s constant, ε  the dielectric constant, 0ε  the permittivity of free 

space, T  the operating temperature, e the electron charge, and dn  the carrier 

concentration, which corresponds to the donor concentration assuming full ionization. 

The above equation demonstrates clearly that for an n type semiconductor the thickness 

of the space charge region decreases if the number concentration of free electrons 

increases. In the case of polycrystalline materials, the contact resistance between the 

grains dominates the electrical resistance of the sensor. Figure 2.2 shows a schematic 

diagram of the electron depletion region around the surface of each grain, and at the 

intergranular contact region of n-type grains operating in the presence of reducing gases. 

As shown in the figure, the charge carriers must overcome an energy barrier eVs in order 

to move from one grain to another. Vs and hence resistance, may be controlled by 

adsorbed oxygen or surface states other than oxygen at the grain boundaries or an oxygen 

in-diffusion along the grain boundary [9]. The conductance of the sensing material in this 
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Figure 2.2 Structural and band model showing the role of intergranular contact regions in 
determining the conductance over a polycrystalline metal oxide semiconductor: (a) initial 
state, and (b) effect of CO on Λair and eVs (Figure from reference[10]).  
 

case can be written as [11] 

 

0 exp s

B

qVG G
k T

⎛ ⎞−
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⎝ ⎠
,                          (2.2) 

 

where q  is electron charge and 0G  is a proportionality constant. Reducing gases, such as 

CO, react with the ionosorbed oxygen species via the formation of unidentately and/or 

bidentately bound carbonate groups and desorb finally as CO2 [12].  

2CO O CO e− −+ → + ,                          (2.3) 
 

During this process, the electrons trapped by the oxygen adsorbates return to the oxide 

grains, leading to a decrease in the potential barrier height and a drop in resistance. In 

contrast, oxidizing gases, such as ozone (O3), nitrogen oxide (NO), and NO2, may occupy 

additional surfaces states [13].  
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2 2NO e NO− −+ → ,                          (2.4) 
 

2 2 22 2NO O e NO O− − − −+ + → + ,                          (2.5) 
 

2 2NO O NO O− + −+ → + ,                          (2.6) 
 

Hence, further electrons are extracted from the semiconductor, leading to an increase of 

the space-charge layer and the Schottky barrier, respectively. Thus, the adsorption of 

oxidizing gases leads to an increased resistance of the sensing layer. As the processes 

mentioned above are mainly on the surface of a semiconductor and seldom influence the 

deeper areas, semiconductor gas sensors are, nowadays, produced either out of porous 

sintered material or via thin film techniques in order to achieve the highest possible ratio 

between depleted and undepleted areas in the sensing material after adsorption of oxygen. 

 

2.1.2 Sensitivity 

Tin dioxide-based gas sensors are used to detect minority gases in the atmosphere and the 

performance is mainly evaluated by the resistance difference with and without the gases. 

The change of sensor conductivity in the presence of reducing gases is known to be 

associated with adsorption and desorption of gases, and with the redox reactions on the 

surface of the material, as described in earlier sections. Hence, there exists a relationship 

between the conductance and the reducing gas concentration.  

 

Generally, gas sensitivity of a sensor is defined as the resistance ratio 
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= air

gas

RS
R

,                          (2.7) 

where airR  and gasR  are the resistance measured before and the introduction of a reducing 

gas, respectively. The main problems with gas sensors base on pure SnO2 are high 

working temperature and low sensitivity. The highest sensitivity of pure SnO2 sensors to 

low concentration of CO and hydrogen (H2) has been found at the temperature range of 

300°C to 400°C [14, 15]. Table2.1 summarizes previous work on the optimal operating 

temperatures for pure SnO2 sensors [16].  

 
Table 2.1 Performance of SnO2 sensors in detecting various gases 

 
Detected gas Operating 

temperature 
Sensitivity 

350 4 at 100ppm 

280 2 at 150ppm 

 
 
 

CO 

360 6 at 300ppm 

450 21 at 1% 

400 6 at 4100ppm 

 
 
 

H2 

340 8 at 1000ppm 

NOx 250 4-6 at 10ppm 

Hydrogen 
sulfide (H2S) 200 10 at 5ppm 

 

2.1.3 Microstructure and grain size effects 

2.1.3.1 Compact and porous layers 
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The elementary reaction steps of gas sensing will be transduced into electrical signals 

measured by appropriate electrode structures. The sensing itself can take place at 

different sites of the structure depending on the morphology. They will play different 

roles according to the sensing layer morphology. The differences in compact and porous 

layers are schematically illustrated in Figure 2.3.  

 

 
Figure 2.3 Schematic layout of a typical resistive gas sensor. The sensitive metal oxide 
layer is deposited over the metal electrodes onto a substrate. In the case of compact 
layers, the gas cannot penetrate into the sensitive layer and the gas interaction is only 
taking place at the geometric surface. In the case of porous layers the gas penetrates into 
the sensitive layer down to the substrate. The gas interaction can therefore take place at 
the surface of individual grains, at grain-grain boundaries and at the interface between 
grains and electrodes and grains and substrates (Figure from reference[17]). 
 

In compact layers, the interaction with gases takes place only at the geometric surface. In 

porous layers, the volume of the layer is also accessible to the gases and in this case, the 

active surface is much higher than the geometric one. The type of layer determines the 

conduction mechanism of the sensor. For compact layers, there are at two possibilities: 

completely or partly depleted layers, depending on the ratio between layer thickness and 

Debye length LD. For partly depleted layers, when surface reactions do not influence the 
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conduction in the entire layer the conduction process takes place in the bulk region. 

Formally, two resistances occur in parallel, one influenced by surface reactions and the  

 

Figure 2.4 Schematic representation of compact and porous sensing layers with geometry 
and energetic bands, which shows the possible influence of electrode-sensing layers 
contacts. RC is the resistance of the electrode-SnO2 contact, Rl1 is the resistance of the 
depleted region of the compact layer, Rl2 is the resistance of the bulk region of the 
compact layer, R1 is the equivalent series resistance of Rl1 and RC , R2 is the equivalent 

series resistance of Rl2 and RC , Rgi is the average intergrain resistance in the case of 
porous layer, Eb is the minimum of the conduction band in the bulk, eVs is the band 
bending associated with surface phenomena on the layer, and eVc also contains the band 
bending induced at the electrode-SnO2 contact (Figure from reference[4]) 

 

other not; the conduction is parallel to the surface, and this explains the limited sensitivity 

of compact layers (see Figure 2.4). For porous layers the situation may be complicated 

further by the presence of necks between grains. It may be possible to have all three types 

of contribution in a porous layer: surface/bulk (for large enough necks, layer thickness > 

thickness of depletion layer), grain boundary (for large gains not sintered together), and 
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flat bands (for small grains and small necks). For small grains and narrow necks, when 

the mean free path of free charge carriers becomes comparable with the dimension of 

grains, a surface influence on mobility should be taken into consideration. This happens 

because the number of collisions experienced by the free charge carriers in the bulk of the 

grain becomes comparable with the number of surface collisions; the latter may be 

influenced by adsorbed species acting as additional scattering centers [18]. Figure 2.4 

illustrates the way in which the metal-semiconductor junction, built at electrode-sensitive 

layer interfaces, influences the overall conduction process. For compact layers they 

appear as a contact resistance (RC) in series with the resistance of the SnO2 layers. For 

partly depleted layers RC could be dominant, and the reactions taking place at the three-

phase boundary, electrode-SnO2-atmosphere, control the sensing properties. In porous 

layers, the influence of RC may be minimized due to the fact that it will be connected in 

series with a large number of resistances, typically thousands, which may have 

comparable values (Rgi in Figure 2.4). Transmission line measurements (TLM) performed 

with thick SnO2 layers exposed to CO and NO2 did not result in values of RC clearly 

distinguishable from the noise [19], while in the case of dense thin films the existence of 

RC was proved [20]. Again, the relative importance played by different terms may be 

influenced by the presence of reducing gases due to the fact that one can expect different 

effects for grain-grain interfaces when compared with electrode-grain interfaces. A 

compact layer situation is encountered nearly exclusively for thin film sensors. The bulk 

of the sensitive layer is not accessible by the ambient gases and all reactions take place at 

the continuous surface. For thick film sensors, porous layers are most commonly 

encountered. The sensitive layer is composed of a multitude of metal oxide grains of a 
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similar size. Ambient gases have access to the bulk of the sensitive layer and chemical 

reactions can take place at the surface of the grains, resulting in a much higher surface 

area than for compact layers.  

 

2.1.3.2 Effects of grain size 

Since the gas sensor response depends on the surface reaction between the metal oxide 

and the gas molecules in the ambient, nano-sized grains of metal oxides are expected to 

exhibit an increased sensitivity as well as a faster response and recovery time compared 

to micro-sized materials due to the large surface-to-volume ratio. Pure SnO2 sensors 

exhibit drastic changes in resistance as a function of grain size, both in air and in 800ppm 

hydrogen (H2) at 300°C, near a critical SnO2 grain size of about 6 nm, as shown in Figure  

 

 
Figure 2.5 Electric resistance in dry air (Ra) and in 800ppm H2 (Rg) at 300°C as a 
function of SnO2 crystallite size (Figure from reference[21]). 
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2.5. Yamazoe studied the effect of crystallite size on the sensitivity of tin oxide and found 

that one of the most important factors affecting sensing properties is the actual grain size 

d of the sensor materials in conjunction with the Debye length. Since the calculated 

Debye length for a thin sputtered SnO2 film is about 3 nm at 250°C [22], this critical size is 

comparable to 2LD. Therefore, the drastic resistance increase near d=6 nm probably arises 

form the formation of space charge region in the whole crystallite. The grain size in 

relation to the Debye length LD is a defining factor for the conductivity. Two different 

cases can be discriminated: partly depleted grains, i.e. grains with a grain size d > LD and 

fully depleted grains with d < LD. In the first case, electrons have to overcome a surface 

barrier every time they cross from one grain to the next [23]. Therefore grain boundaries, 

the bottlenecks of electronic conduction, play an important role in the conduction and 

consequently the sensing mechanism. In the second case, the band bending extends  

 

Figure 2.6 Grain size and gas interaction. Two cases can be discriminated: grains with a 
radius d larger than Debye length (left) and grains with a radius small than the Debye 
length (right) (Figure from reference[1]).  
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throughout the complete grain. The small size of such nanocrystalline grains limits the 

strength of the band bending and thereby the potential drop between grain surface and 

grain center. If the remaining differences of the adjacent Schottky barriers fall below the 

thermal energy, that is, se V Bk TΔ ≤ , the so-called flat-band condition is realized and the 

energetic difference between surface and bulk vanishes, that is, the conductance is 

proportional to the difference of the Fermi level EF and the bottom of the conduction 

band EC [10]: 

0
( )exp C F

B

E EG G
k T

⎛ ⎞− −
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                          (2.8) 

 
 

2.1.4 Effects of doping 

In most sensors, the sensitive layers are not made from pure semiconductor material. 

Additives, so-called dopants, are added to change the charge carrier density in the bulk as 

is the case for classical doping in Silicon technology. Typically small amounts of 

precious metals or metal oxides are often added to enhance the sensing properties [24-26]. 

These additives can affect the sensing behaviour of a gas sensor significantly. They can 

result in faster response and recovery times, in an enhancement of sensitivity or 

selectivity, in a smaller drift or in a better reproducibility. Higher sensitivity to H2 was 

observed for catalyzed films by Shimizu and co-workers [27]. These authors also found 

that peak sensitivity of sensors shifted toward lower operating temperature due to the 

surface Pt addition. Schweizer-Berberich et al. reported that the sensitivity of a thick film 

SnO2 sensor with surface Pt catalyst reach 35 at 100ppm CO, compared with the 

sensitivity of 2 under same operation conditions but without Pt [28]. A detection limit of 
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1ppm CO was reached using a nanocrytalline Pd-doped tin dioxide thick film as sensitive 

material. The sensor requires the use of hot plate and the working temperature is 290°C 

[29]. Cobalt oxide (Co3O4) as a catalyst has been found to facilitate the oxidation of CO at 

a temperature of 200°C or less [30, 31]. SnO2–Co3O4 composite films have been found to 

exhibit either n- or p-type response to CO and H2 at 100–500°C, depending on the Co3O4 

content. The sensor sensitivity to1000ppm CO is around 120 at 100°C [32].  

 

Depending on the application in mind, the doping material and its quantity have to 

chosen carefully. In principle, a catalyst either increases the concentration of reactants at 

the metal oxide surface or lowers the activation energy for the reaction, or both. To 

explain the function of the dopants on the semiconductor, two models are commonly used. 

Both models assume that small doping crystallites are located on the surface of a much 

bigger grain of tin dioxide. The distribution of these small dopant particles on the surface 

is assumed to be more or less homogeneous.  

 

The first model is called the spill-over or catalytic effect. In this case the catalyst 

facilitates the activation of certain gas molecules, e.g. the dissociation of oxygen or 

hydrogen. Then the activated reactants reach the semiconductor, where the final reaction 

takes place. Due to spill-over, reactions can be accelerated and shorter response time and 

higher sensitivity can result. If a given catalyst facilitates the activation for only a few 

gases, a higher selectivity can be obtained. Well know examples for spill-over are the 

spill-over of hydrogen and oxygen from metal catalysts onto semiconductor support [33-36]. 

In the case of the spill-over of oxygen and hydrogen due to the presence of Pt, and 
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explanation for the lowing of the activation energy can easily be found. Since the 

bonding energy of Pt atoms to the hydrogen or oxygen atoms is not so different from the 

bonding energy from the bonding energy one hydrogen or oxygen atom to the other, only 

little energy is needed to dissociate hydrogen or oxygen molecules. Consequently, the 

catalyst reduces the energy normally needed for dissociation to a great extent. The 

subsequent spill-over onto SnO2 is possible after breaking the rather weak bonds between 

hydrogen or, oxygen and Pt, respectively. Hence, the presence of the catalyst changes the 

initial dissociation process with a rather high activation energy into a process with lower 

energy barriers and hence increases the probability of the process. 

 

The second model is the so-called Fermi energy control. In this case the close electronic 

contact of the semiconductor with the catalyst dominates the sensor signal. Oxygen 

species at the surface of the catalyst trap electrons, where are refilled by electrons from 

the semiconductor. Since the density of electrons in the bulk has changed by this process, 

a depletion layer is created and band bending occurs. The catalyst particles become 

oxidized in the ambient gas atmosphere. The stoichiometry of the catalyst oxide (MO2-X) 

hereby depends on the composition of the ambient gas atmosphere and so does the 

position of its Fermi level. At equilibrium, the Fermi level of the catalyst and the 

semiconductor are the same height. Since the gas reacts via the catalyst with the metal 

oxide, the chosen catalyst can strongly change the selectivity of pure tin dioxide. The 

possible influences of catalysts are illustrated in Figure 2.7. Yamazoe et al. have 

investigated Pd and Pt in detail by XPS and conductance measurements [25, 37]. They 
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concluded that for Pt the chemical interaction, i.e. the spill-over process, dominates. Pd 

on the other hand acts mainly by electronic interaction, i.e. by Fermi level control. 

 

 
Figure 2.7 Effect of doping. Top: Catalysis on metal clusters. The gas reaction takes 
place entirely on the cluster. Hence the conductance remains unaffected. Left: Spill-over: 
Metallic clusters promote the dissociation of certain ambient gases. The reactive particles 
reach the tin dioxide surface, where the reaction takes place. The conductance is affected 
due to this. Right: Fermi level control. Metallic clusters are partially oxidized in the 
gaseous atmosphere. The ambient gases affect the stoichiometry. Changes in the Fermi 
level position of the clusters change the depletion layer and the band bending inside the 
tin dioxide (Figure from reference[38]). 
 

Probably, all the above mechanisms are present at the same time and several factors 

determine their activity, thereby one mechanism may be dominant in each case [39]. Thus, 

in general, for a given additive, its distribution through the support and loading will have 

important effects on the device response in addition to that arising from the nature of the 

catalytic material itself. Indeed, it has been observed that the maximum gas sensitivity 
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depends, for a given metal additive, even on the loading method (fixation, impregnation, 

metal evaporation) and that the general response is influenced not only by the chemical 

state of the catalyst but also by its crystalline structure. On the other hand, the 

temperature of operation of the sensor can also determine the real function of the additive 

as, for example, spill-over can only occur at certain temperatures, which may depend on 

the gas. 

 

Carbon nanotubes (CNTs) are molecular-scale carbon fibers with a graphitic structure 

that were discovered in 1991 by Iijima [40]. Their unique mechanical, electrical, and 

chemical properties have attracted the interest of numerous researchers from diverse 

disciplines in the recent years [41]. There are two main categories of carbon nanotubes that 

have high structural perfection. One category is singlewall carbon nanotubes (SWCNTs) 

that consist of a honeycomb network of carbon atoms and can be imagined as a cylinder 

rolled from a graphitic sheet. The other is multiwall carbon nanotubes (MWCNTs) that 

are a coaxial assembly of graphitic cylinders separated approximately by the plane space 

of graphite [42]. Their unique properties making them the most promising candidate for 

novel nanoscale electronic devices, especially for gas detectors [43, 44]. Sensing devices 

based on carbon nanotubes are emerging as a powerful class of ultrasensitive and high-

performance sensors for detection of chemical and biological species [45-47].  

 

The room temperature gas detection of carbon nanotubes is the most intriguing advantage 

over other technologies. Metal oxides, the traditional choice for gas sensors, suffer a 

significant drawback of requiring high operating temperatures. Kong et al. found that the 
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conductivity of the semiconducting SWCNT changed dramatically over several orders of 

magnitude when exposed to NO2 and ammonia (NH3) at room temperature [43]. Three 

orders of magnitude increase in conductivity was observed within 10s after exposure of 

the SWCNT to 200ppm NO2. The conductivity of the SWCNT decreased by two orders 

within 2 min when the SWCNT was exposed to a 1% NH3 vapor. As a general 

comparison, conventional metal oxide semiconductor sensors for NO2 and NH3 typically 

operate at temperatures over 400°C, and conducting polymers provide only limited 

sensitivity. Sensors made from SWCNTs have high sensitivity and a fast response time at 

room temperature, which are important advantages for sensing applications. Density 

functional theory (DFT) calculations have revealed that an NO2 molecule can bind to a 

semiconducting SWCNT with a binding energy of ~0.9eV (18.4 kcal/mol) [43]. This 

suggests that the nature of the molecule–tube interaction is strong physisorption and 

approaching the chemisorption regime. The oxidizing NO2 molecule withdraws about 

one-tenth of an electron charge from the nanotube. The charge transfer leads to increased 

hole carriers and enhanced conductance for the p-type nanotube. The interaction between 

NH3 and a SWCNT is physisorption in nature. NH3 is a Lewis base that can donate a 

small amount of electrons to nanotubes and therefore reduce the hole-carriers. Collins et 

al. reported that the isolated semiconducting SWCNT could be converted into apparent 

metals through exposure to oxygen at temperature [48]. Oxygen-saturated SWCNTs had a 

higher electrical conductance than that with less adsorbed oxygen. Changes of Direct 

Current (DC) electrical resistance or thermoelectric power of SWCNT in different 

environments indicated that SWCNT could be made as a sensitive oxygen sensor.  
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Semiconducting carbon nanotubes are shown to have sensitive conductance change in the 

presence of ppm concentration of gas molecules. The sensing mechanism is to detect the 

conductance change of the semiconducting CNTs induced by charge transfer from gas 

molecules adsorbed on nanotube surfaces. So far a few gas molecules (such as NO2, NH3, 

and O2) are shown to be detectable by these devices. However, the range of molecules 

that can be detected by CNTs sensors is limited to these molecules due to the electronic 

structure and chemical properties of intrinsic semiconducting carbon nanotubes [49]. 

Intrinsic CNTs cannot detect a wide range of molecules, such as important toxic gases 

(e.g., carbon monoxide), water molecules, H2, and biomolecules since they do not adsorb 

on the CNTs surface. To overcome these limitations of intrinsic CNTs, diverse external 

or internal functionalization schemes are recently proposed. Semiconducting SWCNTs 

coated with a non-continuous thin layer of palladium metal become extremely sensitive 

to molecular hydrogen [50]. The conductance of a palladium-coated semiconducting 

SWCNTs decreases rapidly upon exposure to a flow of air mixed with 400ppm of 

hydrogen, and reverses when the hydrogen flow is turned off. This clearly shows that 

palladium modified SWCNTs are excellent H2 sensors with fast response, good 

sensitivity and reversibility under ambient conditions. Using first-principle calculations, 

Peng et al. demonstrated that the sensor devices that are made from SWCNTs doping 

with boron or nitrogen atoms can not only detect the presence of CO and water molecules, 

but also the sensitivity of these devices can be controlled by the doping level of impurity 

atoms in a nanotube [49]. Doping with other atoms can modify the physical and chemical 

properties of carbon nanotubes, which leads to a large electron charge transfer from a 

carbon nanotube to carbon monoxide molecule. In another theory study, da Silva et al. 



                                                                                                                                Chapter 2 

 32

proposed the deformed CNTs device generated by applying uniaxial stress along the 

opposite surfaces of a SWCNT can act as a sensor to detect CO [51]. However, in practice, 

there lacks of the published experimental data about CO detection based on CNTs 

sensors. Recently, we found that the doped functionalized MWCNTs SnO2 nanofibers are 

able to detect carbon monoxide at 50ppm at room temperature, while pure SnO2 

nanofibers are insensitive up to 500ppm CO [52]. After pretreated in concentrated CTAB 

under sonication and possibly calcinations in air, abundant defect sites are created on the 

surface of MWCNTs walls which have strong binding energies to CO. The creation of 

defects play an important role in the electrical response and the controlled introduction of 

defects can be used to increase the sensitivity and chemical selectivity of both the 

conductance and capacitance responses [53].  

 

2.2 Electrospinning of Nanofibers 

Nanostructured materials for gas sensing applications are of great interest due to their 

high surface-to-volume ratio compared to that of bulk material leading to a larger active 

surface. A considerable amount of literature is available that demonstrates that the 

reduction in crystalline size to nanoscale dimensions improves the sensor sensitivity [54]. 

One-dimensional (1-D) and quasi-1-D semi-conducting metal oxide nanostructures, such 

as nanowires and nanobelts, have the smallest dimension for effective electron transport 

and therefore can be used as sensitive and efficient sensors that translate the gas 

recognition into an electrical signal [55]. A large number of synthetic and fabrication 

methods such as thermal deposition, solution-based crystal growth, laser ablation, 

electrospinning, and template-based approaches have already been demonstrated for 
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generating 1-D nanostructures from various materials [52, 56, 57]. Among these methods, 

electrospinning seems to provide the simplest approach to nanofibers with both solid and 

hollow interiors that are exceptionally long in length, uniform in diameter and diversified 

in composition [58]. 

 

2.2.1 Historical development of electrospinning 

Electrostatic spinning or electrospinning is a mechanical and electrical technique of 

producing ultra fine fibers in the submicron to nanometer diameter range [59]. The 

electrospinning process uses a high electric field to produce electrically charged jets from 

polymer solution or melts, which will dry by means of evaporation of the solvent or 

cooling to produce nanofibers, respectively. The highly charged fibers are field directed 

towards the oppositively charged collector, which can be a flat surface or a rotating drum, 

to collect the fibers. The origin of electrospinning as a viable fiber spinning technique can 

be traced back to the early 1930s. In 1934, Formhals patented his first invention relating 

to the process and the apparatus for producing polymer fibers using electrostatic forces 

[60]. Simons improved the electrospinning apparatus and invented a process to produce a 

patterned non-woven fabric by electrospinning that was collected on a segmented 

receiver [61]. In 1971, electrospinning of acrylic fibers was reported [62]. Acrylic polymers 

were electrospun from dimethylformamide solution into fibers with diameters less than 

1μm . A stainless steel capillary tube was used to suspend the drop of polymer solution 

and the electrospun fibers were collected on a grounded metal screen. Baumgarten 

observed relationships between fiber diameter, jet length, solution viscosity, flow rate of 

the solution and the composition of the surrounding gas. In 1977, Martin et al. 
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electrospun thermoplastic polymers from multiple nozzle/syringes [63]. In 1981, Lorrondo 

and Manley not only studied the effect of some parameters on fiber formation but also 

conducted some characterization studies on fibers of poly(ethylene) and poly(propylene) 

that were electrospun from melt [64-66]. The electrospun fibers were characterized by x-ray 

diffraction and mechanical testing. When the applied electric field was increased, the 

diffraction ring becomes arcs, thereby indicating that the increasing alignment of the 

crystalline phase along the fiber axis. The fiber diameter was observed to decrease with 

increasing melting temperature and a qualitative correlation between the fiber diameter 

and viscosity was established. In the early 1990s, Reneker and his coworkers revived 

interest in this technique and studied the effect of several processing parameters of 

poly(ethylene oxide) (PEO) fibers [67]. Ever since then, many polymers have been 

electrospun and various aspects that better characterize the electrospinning process have 

been studied in great detail. The interconnected porous network, high surface area, and 

tailorable surface morphology has made electrospinning a popular fiber processing 

technique idea for a variety of applications [68].  

 

2.2.2 Electrospinning setup 

A schematic illustration of the basic setup for electrospinning is shown in Figure 2.8. The 

electrospinning apparatus generally consists of a high voltage supply, a metal collecting 

screen (rotating target), a syringe/needle or pipette, which is filled with a polymer 

solution or melt. With the use of a syringe pump, the solution can be fed through the 

spinneret at a constant and controllable rate. When a high voltage is applied to a polymer 
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solution, a high electric field is generated between a polymer liquid and a grounded 

collector. The electric field is subjected to the end of the capillary tube that contains the  

 

 

 
Figure 2.8 Schematic illustration of the basic setup for electrospinning. 
 

solution fluid held by its surface tension. This induces a charge on the surface of the 

liquid. Mutual charge repulsion and the contraction of the surface charges to the counter 

electrode cause a force directly opposite to the surface tension. The ejected polymer 

solution forms a continuous nanofiber when the electrical force overcomes the surface 

tension. At this point the pendant droplet of the polymer solution at the tip of the needle 

is deformed into conical shape, typically referred to as Taylor cone [69]. If the voltage 

reaches a critical value (depends on the chemical makeup of the polymer solution), the 

electrostatic force overcomes the surface tension and a fine charged jet is ejected. The 

electrically charged jet undergoes a stretching and whipping process, leading to the 

formation of a long and thin thread [70]. As the liquid jet is continuously elongated and the 

solvent is evaporated, its diameter can be greatly reduced from hundreds of micrometers 
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to as small as tens of nanometers. Attracted by the grounded collector placed under the 

spinneret, the charged fiber is often deposited as a randomly oriented, non-woven mat. 

With the use of this relatively simple and straightforward technique, many different types 

of organic polymers have already been processed as fibers with diameters ranging from 

tens of nanometers to a few micrometers [58, 71].  

 

2.2.3 Fiber formation process 

Although the setup for electrospinning is simple, the spinning mechanism is rather 

complicated. Many parameters, including the solution viscosity, conductivity, surface 

tension, applied voltage, flow rate can affect the process. Given the multitude of 

parameters that involved in the electrospinning process, it is crucial to understand 

quantitatively how these parameters affect the process and the resulting fibers. When the 

applied electrostatic forces overcome the fluid surface tension, the electrified fluid forms 

a jet out of the capillary tip towards a grounded collecting screen. The electrospining 

process consists of three stages [72]: (1)jet initiation and the extension of the jet along a 

straight line; (2)the growth of a bending instability and the further elongation of the jet, 

which allows the jet to become very long and thin while it follows a looping and spiraling 

path; (3)solidification of the jet into nanofibers. 

 

2.2.3.1 Jet initiation  

In a typical electrospinning apparatus, the polymer solution is contained in a syringe or a 

glass capillary. When an electric field is applied to a polymer solution, ions in the 

solution aggregate around the electrode of opposite polarity. This results in the build-up 
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of an excess of ions of oppositely charged polarity near an electrode [73]. For instance, if a 

positive electrode is dipped in the polymer solution, then the negative ions migrate 

towards the anode but the positive ions aggregate at the tip of the capillary leading to a 

charge build-up. Thus, the region of interest is the solution near the tip of the capillary 

where these excess charges aggregate at the surface of the suspended liquid/solution drop. 

The shape of the meniscus of the suspend polymer droplet is defined by the balance of 

hydrostatic pressure, electrical forces and, surface tension [74]. Zeleny gave initial insight 

into the study of the behavior of liquid jets [75, 76]. Following Zeleny, Taylor showed that a 

viscous exists in equilibrium in an electric field when it has the form of a cone with a 

semi-vertical angle of 49.3° [69]. Taylor provided a comparison between the actual 

potential required to form the Taylor cone and the mathematical predictions for different 

types of slightly conductive viscous fluids. The critical voltage criV  required to stretch the 

suspended droplet at the end of a pressurized tube was expressed as follow [69]: 
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where H is the distance between the capillary tip and the collecting screen, L  is the 

length of capillary tube, tR  is the capillary radius, and γ  is the surface tension of the 

fluid. The process of jet initiation is shown in Figure 2.9. A 3% solution of polyethylene  

oxide in water was used. The solution flowed through a hole, with a diameter of 

300microns, in the bottom of the bowl of a metal spoon. The electric field along the axis 

of the jet was 0.5 kV/cm. The length of the horizontal edge of each of the images was 

1mm. When the semi-vertex angle of the droplet was around 22.5°, the electric force was 
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Figure 2.9 Photographs of the pendent droplet and jet, near the time the jet was ejected 
(Figure from reference[72]). 
 

high enough to overcome both surface tension and viscoelastic forces, and a fluid jet was 

ejected. Jet diameters near the droplet were in the range of 20μm  to 100μm . After the 

charged jet was ejected, the conical protrusion relaxed to a rounded shape, reaching a 

steady shape in a few milliseconds.  

 

2.2.3.2 Bending instability and elongation of the jet  

The jet ejected from the apex of the Taylor cone continues to thin down along the path of 

its travel towards the collector, and the jetting mode has been termed as 

electrohydrodynamic cone-jet [77, 78]. The charges in the jet accelerate the polymer 

solution in the direction of the electric field towards the collector, thereby closing the 

electrical circuit. The jet while moving towards the collector undergoes a chaotic motion 
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or bending instability due to the repulsive forces originating from the charged ions within 

the electrospinning jet [79]. The bending instability was originally thought to occurring by 

a single jet splitting into multiple thin fiber filaments due to radial charge repulsion, 

which was termed as splaying [59]. Reneker argued that as the fiber diameter decreases 

due to the simultaneous stretching of the jet and the evaporation of the solvent, the 

increased charge density splits the jet into smaller jets. This splitting is expected to occur 

repeatedly, resulting in small diameter fibers. Reneker and his coworkers have 

contributed significantly for reasoning the instability behavior and developed a 

mathematical viscoelastic model for the rectilinear electrified jet. In a detailed study, 

Reneker and coworkers observed the path of the jet (see Figure 2.10). They have 

observed the onset of jetting instability from the vertex of the envelope by imaging with  

 

 
Figure 2.10 Schematic drawing of the electrospinning process, showing the jet path, 
reference axes, relative arrangement of parts of the apparatus at different scales, and the 
region where the bending instability grew rapidly (Figure from reference[79]).  
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high frame-rate, short exposure time cameras. After initiation, the jet traveled in a straight 

line for some distance (typically 2-3cm). It was hypothesized that an electrically driven 

instability triggered by the perturbations of the lateral position and lateral velocity of the 

jet caused it to follow a bending, winding, spiraling and looping path in three dimensions. 

Bending instabilities in electrospun jets were modeled by a system of connected 

viscoelastic dumbbells (see Figure 2.11). The interactions between the beads forming the 

dumbbells were following Coulomb’s law. Aerodynamic forces and gravity effect were 

neglected as well as solvent evaporation. They stated that electrospinning process and 

instabilities can be considered as particular examples of the Earnshaw theorem in 

electrostatics. This means that one can not get a stable structure if the elements of this 

one interact only by Coulomb’s law. There is a tendency of the charges in the polymer 

fluid to reduce their Coulomb interaction energy by moving the fluid in a complicated 

path. However, the challenges ahead lay in extending this level of fundamental 

knowledge to include non-linear effects arising from viscoelasticity of the fluid and  

 

 
Figure 2.11 Bending electrospun jet modeled by a system of beads connected by 
viscoelastic elements (Figure from reference[79]).  
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additional fluid phenomena that occur downstream of the initial instability. This was 

attempted in a later study by the same group, where they propose that in liquids with a 

non-relaxing elastic force, that force also affects the shapes of the electrospun fibers [80]. 

 

Recent studies have demonstrated that the key role in reducing the jet diameter from a 

micrometer to a nanometer is played by a nonaxisymmetric or whipping instability, 

which causes bending and stretching of the jet in very high frequencies. Shin et al. [81-84] 

investigated the stability of electrospinning polyethylene oxide (PEO) jet using a 

technique of asymptotic expansion for the equations of electrohydrodynamics in powers 

of the aspect ratio of the perturbation quantity, which was the radius of the jet and was 

assumed to be small. After solving the governing equations thus obtained, they found that 

the possibility for three types of instabilities exists. The first is the classical Rayleigh 

instability and the second is the electric field induced axisymmetric instability. The third 

is a nonaxisymmetric instability, called whipping instability, mainly by the bending force. 

To have a better understanding of the different instability modes, they have presented an 

approach to model the stability of jets as a function of fluid properties like viscosity and 

conductivity and process variables like applied electric field and flow rate. Keeping all 

the other parameters unchanged, the electric field strength will be proportional to the 

instability level. Namely, when the field is the lowest, the Rayleigh instability occurs, 

whereas the whipping instability corresponds to the highest field. Spivak et al. [85] 

formulated an electrohydrodynamic model of steady state electrospinning in a single jet, 

taking into account inertial, hydrostatic, viscous, electric, and surface tension forces. A 

one-dimensional differential equation for the jet radius, as a function of the distance from 
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the jet tip towards the collecting plate, was derived by averaging physical quantities over 

the jet cross-section. They compared their theoretical jet radii at various distances up to 

60% of the whole jet trajectory with their measured results. Reasonably good agreement 

was reported.  

 

2.2.3.3 Jet solidification  

As the rapidly whipping jet moved towards the target maintained at an attractive potential, 

it continued to expand into a spiraling and looping path. This process continued until the 

jet became fairly thin and was intercepted by the target. Yarin et al. [70] derived a quasi-

one-dimensional equation to describe the mass decrease and volume variation of the fluid 

jet due to evaporation and solidification, by assuming that there is no branching or 

splitting form the primary jet. With an initial weight concentration of 6% and other 

processing parameters, they calculated that the cross-sectional radius of the dry fiber was 

31.31 10−×  times of that of the initial fluid jet. Although the solidification rate varied with 

polymer concentration was implemented, the other issues such as how this rate varies 

with electrostatic field, gap distance, etc. and how to control the porous dimension and 

distribution during the solidification have not bee clearly addressed.  

 

2.2.4 Control of fiber morphology and diameter 

As theoretical studies on the electrospinning process have been conducted by various 

groups as mentioned before, there have been some simultaneous efforts to characterize 

the structure and morphology of nanofibers as a function of polymer solution and process 

parameters. Examples of polymer solution parameters are viscosity, conductivity and 



                                                                                                                                Chapter 2 

 43

surface tension. Process parameters consist of applied voltage, solution feed rate (or flow 

rate) and distance between electrodes.  

 

Two of the important factors that affect the viscosity of the solution are the molecular 

weight of the polymer and the solution concentration. Generally, when a polymer of 

higher molecular weight is dissolved in a solvent, its viscosity will be higher than 

solution of the same polymer but of a low molecular weight. One of the conditions 

necessary for electrospinning to occur where fibers are formed is that the solution 

consists of polymer of sufficient molecular weight and the solution must be of sufficient 

viscosity. As the jet leaves the needle tip during electrospinning, the polymer solution is 

stretched as it travels towards the collection plate. During the stretching of the polymer 

solution, it is the entanglement of the molecule chains that prevents the electrically driven 

jet from breaking up thus maintaining a continuous solution jet. The molecular weight of 

the polymer represents the length of the polymer chain, which in turn have an effect on 

the viscosity of the solution since the polymer length will determine the amount of 

entanglement of the polymer chains in solvent. Another way to increase the viscosity of 

the solution is to increase the polymer concentration. Similar to increasing the molecular 

weight, an increased in the concentration will result in greater polymer chain 

entanglements within the solution which is necessary to maintain the continuity of the jet 

during electrospinning. Fibers measuring less than 1μ in diameter were first spun by 

electrostatic means from dimethyl formamide (DMF) solutions of acrylic resin [62]. The 

study highlighted the effects of solution viscosity on the fiber diameter and jet length. 

The experiment showed that the fiber diameter increased with the solution viscosity. The 
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relationship between the fiber diameter and solution viscosity was established by 

Baumgart and expressed by the following equation: 

0.5d η=                           (2.10) 
 

where d  is fiber diameter and η  is solution viscosity in poise. The presence of beads in 

electrospun fibers is a common problem. Fong et al. recognized that higher polymer 

concentration resulted in fewer beads [86]. The authors showed that as the viscosity 

increased for PEO/water solutions, the fiber diameter increased and the shape of beads 

changed from spherical to spindle-shaped and gradually disappeared (see Figure 2.12). 

Other researchers showed the influence of solution properties on electrospun fiber  

 

 
Figure 2.12 SEM photographs of electrospun nanofibers from different polymer 
concentration solutions (Figure from reference[86]). 
 

diameter and morphology. Studies with poly(styrene), poly(urethane), poly(lactide), 

poly(vinyl chloride), and poly(vinyl pyrrolidone) have yielded similar trends in fiber 

morphology with polymer concentration or solution viscosity [87-91]. In general, as the 

polymer concentration increases, and subsequently the entanglement density in solution 
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increases, the fiber morphology gradually changes from droplets to beaded fibers to 

uniform fibers. Thus, for electrospinning to occur a minimum solution concentration 

must be attained, and below this concentration the Rayleigh instability domains and 

electrospraying occurs. To quantify the effect of entanglements on electrospun fiber 

formation process, the Berry number ( Be ), a dimensionless parameter, was used: 

[ ]Be Cη= ∗                           (2.11) 
 

where [ ]η  is the intrinsic viscosity and C  is the polymer concentration [92]. In very 

diluted solutions, when the Be  is less than unity, the molecules of the polymer are 

sparsely distributed in the solution. There is a low probability of individual molecules 

 
Figure 2.13 Fiber diameter and morphology as a function of Berry number (Figure from 
reference[93]). 
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becoming entangled each other. At a Be  of greater than unity and as the concentration of 

the polymers increases, the level of molecular entanglement increases, resulting in more 

favorable conditions for the formation of fibers. Frank et al. electrospun 

poly(lactide)/chloroform solutions and have evaluated systematically the effects of 

polymer concentration, Be  on the average fiber diameter (AFD) and fiber morphology 

[93]. Region I, where Be <1, is characterized by a very diluted polymer solution with 

molecular chains that barely touch each other. This makes it almost impossible to form 

fibers by electrospinning of such a solution, since the chains are not entangled enough to 

form a continuous fiber and the effect of surface tension will make the extended 

conformation of a single molecule unstable. As a result, only polymer droplets are 

formed. In region II, where 1< Be <3, AFD increases slowly with Be  from ~100nm to 

~500nm. In this region, the degree of molecular entanglement is just sufficient for fibers 

to form. The coiled macromolecules of dissolved polymer are transformed by the 

elongational flow of the polymer jet into oriented molecular assemblies with some level 

of inter- and intra-molecular entanglement. These entangled networks persist as fiber 

solidifies. In this region, some bead formations are observed as a result of the relaxation 

of the polymers and the effect of surface tension. In region III, where 3< Be <4, AFD 

increases rapidly with Be , from ~1700nm to ~2800nm. In this region the entanglement 

of the molecular chain becomes more intensive, contributing to an increase in the 

viscosity of the polymer. Because of the intense level of molecular entanglement, a 

stronger electric field is needed for fibers to form by electrospinning. In region IV, where 

Be >4, the AFD is less dependent on Be . With a high degree of inter- and intra-

molecular chain entanglement, other processing parameters such as the strength of the 
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electric field and spinning distance become dominant factors that affect the diameter of 

the fiber. 

 

Electrospinning involves stretching the solution caused by repulsion of the charges at its 

surface. Thus if the conductivity of the solution is increased, more charges can be carried 

by the electrospinnig jet. The increase in net density increases the charge repulsion in the 

jet, thereby leading to more plastic stretching and the formation of thinner fibers. The 

addition of salts to polymer solutions has been shown to increase the resulting net charge 

density of the electrospinning jet. Zong et al. demonstrated the effect of ions by adding 

ionic salt on the morphology and diameter of electrospun fibers [94]. They found that 

poly(d,l-lactic acid) fibers with addition of ionic salts like sodium chloride (NaCl), 

sodium phosphate (NaH2PO4) and potassium phosphate (KH2PO4) produced beadless 

fibers with relatively small diameters ranging from 200 to 1000 nm. Another the size of 

the ions may have an influence in the fiber morphology. Electrospun fibers from a 

solution with dissolved NaCl was found to have the smallest diameter and fibers 

electrospun from solution with NaH2PO4 dissolved had intermediate diameter. As sodium 

and chloride ions have a smaller atomic radius than potassium and phosphate ions, they 

may have a greater mobility under an external electrostatic field. As a result, the greater 

elongational force on the electrospinning jet caused by more mobile smaller ions could 

yield fibers with smaller diameter. Another way to increase the conductivity is by 

changing the pH of the solution. Under a basic condition, electrospinning cellulose 

acetate (CA) solution results in a significant reduction in fiber diameter compared to 

those obtained in a neutral condition [95]. Since CA will undergo deacetylation under 
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basic condition, OH- ions may be able to exert a greater influence in the conduction and 

the stretching of the solution. The surface tension of the polymer solution also influences 

the resulting fiber morphology because large surface tensions promote the formation of 

polymer droplets. As mentioned previously, the surface tension of the fluid must be 

overcome by the electrical voltage in order for emission of an electrified jet from the 

syringe. Yao et al. varied the surface tension of poly(vinyl alcohol) (PVA) aqueous 

solutions by adding a surfactant [96]. The authors observed that droplet formation occurred 

at 0.06 v/w% surfactant, which corresponded to a contact angle of 86°, while uniform 

fiber formation occurred at 0.3 v/w% surfactant, which corresponded to a contact angle 

of 54~60°. Moreover, Rutledge et al. have conjectured that high solution elasticity is 

necessary to suppress the Rayleigh instability driven by the fluid surface tension, and 

ultimately form uniform electrospun fibers [97, 98].  

 

Process variables also affect the fiber diameter and morphology during the 

electrospinning process. A crucial element in electrospinning is the application of a high 

voltage on the polymer solution. The high voltage induces the required charges in the 

polymer solution along with the external electric field, which causes an increase in the 

electrostatic force that overcomes the surface tension of the solution and forms fibers. 

Generally, both high negative or positive voltage of more than 6 kV is able to cause the 

solution drop at the tip of the needle to distort into the shape of a Taylor cone during the 

jet initiation [99]. If the applied voltage is higher, the great amount of charges will cause 

the jet to accelerate faster and more volume of solution will be drawn from the tip of the 

needle. Experimentation of PEO/water system has shown that the morphology of PEO 
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fibers was affected by the applied voltage which causes a change in the shape of the jet 

initiation point [100]. At relatively low voltages the electrospinning jet forms from a 

droplet of solution shaped as a cone, which Dietzel found to produce uniform, bead-free 

fibers. However, as the voltage is increased, the cone became receded into the syringe 

needle and resulted in fibers with bead defects. The increased in beads density due to 

increased voltage may be the result of increased instability of the jet as the Taylor cone 

recedes into the syringe needle. The effect of the applied voltage is not only on the 

morphology of the fiber, it also affects the fiber diameter. Earlier in 1971, Baumgarten 

observed an increase in fiber length of approximately twice with small changes in fiber 

diameter with an increase in applied voltage [62]. Megelski et al. investigated the voltage 

dependence on the fiber diameter using poly(styrene) (PS) [101]. The PS fibers size 

decreased from about 20μm  to 10μm  with an increase in voltage from 5 kV to 12 kV. 

Buchko et al. observed similar phenomena when spinning silk like polymer fiber with 

fibronectin functionality at various voltages [102]. The flow rate determines the amount of 

solution available for electrospinning. For a given voltage, there is a corresponding flow 

rate if a stable Taylor cone is to be maintained. When the flow rate is increased, there is a 

corresponding increase in the fiber diameter or beads size. This is apparent as there is a 

greater volume of solution that is drawn away from the needle tip [94]. The effect of 

another process parameter, namely the distance between the tip and collector has also 

been studied extensively by several workers [64, 101, 102]. At low separation distances 

between the tip and the target, wet fibers were collected, primarily due to the presence of 

significant amounts of residual solvent in the fibers. As the separation distance is 

increased, the time for the solvent to evaporate increased, and as a result, dry solid fibers 
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were collected at the target. Also, with increasing distance between the tip and the target, 

the jet underwent a larger amount of electrically driven bending or whipping instability. 

Consequently, the amount of stretching or elongation of the jet increased and as a result 

the fiber diameter was observed to decrease. In addition, environmental conditions 

around the electrospinning jet also play an important role on fiber formation. At high 

humidity, it is likely that water condenses on the surface of the fiber when 

electrospinning is carried out under normal atmosphere. As a result, this may have an 

influence on the fiber morphology especially polymer dissolved in volatile solvents [101]. 

Experiments using PS dissolved in Tetrahydrofuran (THF) shows that at humidity of less 

than 50%, the fiber surface are smooth [103]. However, an increase in the humidity during 

electrospinning will cause circular pores to form on the fiber surfaces. The size of the 

circular pores increases with increasing humidity until they coalescence to form large, 

non-uniform shaped structures.  

 

2.3 Summary 

This chapter begins with basic sensing mechanisms of tin dioxide based gas sensor and 

goes on to discuss how microstructure and grain size affect the sensor performance. Most 

tin dioxide gas sensors are effective at only temperatures above 200°C, which brings 

about much inconvenience for practical applications and sometimes is even unsafe for 

detecting combustion gases. Although the addition of noble metals such as Pd and Pt in 

SnO2 could decrease the working temperature of the sensor, the workable technique for 

the SnO2 sensors operating at room temperature are still quite limited. It is valuable to 

design and fabricate new SnO2-based sensors that can detect toxic gases at room 
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temperature. Even more importantly, a comprehensive study of sensor performance needs 

to be established by systematically investigating the influence of processing and 

operational parameters on the sensing response. 
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CHAPTER 3 
 

SYNTHESIS AND CHARACTERIZATION OF TIN  
DIOXIDE NANOFIBERS AND NANOBELTS 

 

 

 

3.1 Introduction  

Due to their large surface-to-volume ratio and small grain size, nanostructured 

semiconductor materials have been predicted and demonstrated to be excellent 

candidates for ultrasensitive and highly miniaturized sensors [1]. The fundamental 

sensing mechanism of these devices relies upon the change in electrical conductivity 

due to the interaction between the semi-conducting materials and the gas molecules to 

be detected, and is significantly influenced by the surface region of grains [2]. One-

dimensional (1-D) and quasi-1-D semi-conducting metal oxide nanostructures, such 

as nanowires and nanobelts, have the smallest dimension for effective electron 

transport and therefore can be used as sensitive and efficient sensors that translate the 

gas recognition into an electrical signal [3]. Quasi-1-D metal oxide nanobelts and 

nanowires of indium oxide (In2O3), SnO2, ZnO and titanium dioxide (TiO2) materials 

for sensor and solar cell applications have been reported [4-8]. Among them, SnO2 is a 

very important n-type semiconductor with a large bandgap and high achievable carrier 

concentration that make it suitable for a wide range of applications such as gas 

sensors [5], transparent conducting electrodes [9], catalysis [10], and optoelectronic 

devices [11].  
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Several methods have been reported for preparing SnO2 nanowires, including thermal 

deposition [12, 13], solution-based crystal growth [14, 15], laser ablation [16], 

electrospinning [17], and template-based approaches [18]. Among these methods, 

electrospinning is a relatively simple and cost effective technique to produce 

nanofibers from a wide variety of materials. Li et al. prepared Sb-doped SnO2 

nanofibers by electrospinning a solution containing poly(vinyl pyrrolidone) (binder), 

tin and antimony (III) alkoxides, acetic acid and organic solvents [17]. Pinto et al. 

synthesized electrospun SnO2 microfibers using a precursor solution containing 

dimethyldineodecanoate tin, PEO/water and chloroform [19].This chapter reports 

electrospinning SnO2 nanofibers from a relatively simple precursor solution. Recent 

results revealed that the hybrid SnO2/MWCNT sensors exhibit much higher sensing 

sensitivity and recovery property in detecting NO2 gas than the blank SnO2 sensor [20]. 

Stemming from this a simple method was developed for dispersing MWCNTs into tin 

oxide precursor solutions and the hybrid SnO2/MWCNTs nanofibers were obtained 

via electrospinning process.  

 

Nanobelts, a new family of one-dimensional nanomaterials, have been investigated to 

fully understand confined transport phenomena and fabricate functional nanodevices 

owing to their well-defined geometry [21]. Up to date, SnO2 nanobelts have been 

synthesized by thermal evaporation of various materials, such as metal oxide (SnO2 or 

SnO) powders [22], mixture of Sn foil and SnO powers [12], metal Sn and Fe(NO3)3 

mixture [13]. However, complicated apparatus, complex process control, and low 

pressure conditions may be required for this approach. Porous belt structures have not 

yet been synthesized. In this chapter, we report a simple method for preparation of 
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porous SnO2 nanobelts by calcining electrospun nanofibers of polyethylene oxide 

(PEO)/stannic hydroxide sol composite in an open atmosphere. 

 

3.2 Primary Study on Electrospinning Process 

3.2.1 Sol-gel precursor solution for Electrospinning 

Electrospinning is a very simple and versatile technique for generating ultrathin fibers 

from various materials and on large scale. In this technique, a polymer, sol-gel, or 

composite solution is required. Figure 3.1 shows a typical procedure for preparing 

TiO2 through electrospinning process [23]. The procedure consists of three major steps: 

(i) Preparation of an inorganic sol or a solution containing a matrix polymer together 

 

 
Figure 3.1 Schematic illustration of a typical procedure for preparing ceramic 
nanofibers by electrospinng (Figure from reference[23]). 
 

with an alkoxide, salt, or polymer precursor. (ii) Electrospinning of the solution to 

generate composite nanofibers consisting of the matrix polymer and precursor. The 

spinning experiments are usually performed in a well-controlled environment at room 

temperature. (iii) Calcination, sintering, or chemical conversion of the precursor into 

the desired ceramic at an elevated temperature, with concomitant removal of all 

organic components from the precursor fibers. Like conventional spinning processes 
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for generating ceramic fibers, preparation of metal oxide fibers by electrospinnig has 

to rely on the use of spinnable precursors.  

 

Combined with electrospinning, the sol gel processing technique is now capable of 

producing metal oxide nanofibers with controllable compositions, sizes, and in 

relatively large quantities. Sol gel process is the procedure that molecular precursors, 

e.g. metal chlorides or metal alkoxides, react with certain solvent, e.g. hydrogen oxide 

(H2O) or organic solvents, and form three-dimensional metal oxide network via 

inorganic polymerization including hydrolysis and condensation reactions. The 

reaction mechanisms of hydrolysis and condensation process are shown in the 

following [24]. Firstly, the metal alkoxides or metal chloride is hydrolyzed and a metal 

hydroxide (M-OH) species is generated, shown in Figure 3.2. In the second step, the  

 

 
Figure 3.2 Schematic diagram of a sol-gel process. 
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hydroxyl groups react with each other or other metal alkoxide/chloride and a three-

dimensional M-O-M network is then formed upon the propagation of the 

condensation reaction and results in the elimination of ROH, water or hydrochloric 

acid (HCl).  

 

One form of obtaining SnO2 by the sol-gel route is through metal alkoxides, as for 

example the butylate Sn(C4H9O)2 [25]. The process involves the reaction of the metal 

alkoxide (M-OR) with water, forming a metal hydroxide (M-OH). Alkoxide-based 

sol-gel chemistry avoids the formation of undesirable salt by-products, and allows a 

much greater degree of control over the final product. However, alkoxides are 

expensive, extremely sensitive to heat, moisture and light, and their preparation is 

time consuming. These undesirable characteristics greatly limit their practical 

applications. Starting from tin(IV) chlorides (SnCl4) is generally preferred because 

they are easy to perform and the cost is very low. So in our approach, SnCl4 is 

considered as a precursor for tin dioxide. 

 

3.2.2 Electrospinning of tin dioxide precursor solution  

 
Pure SnO2 sols were prepared by using a mixture of anhydrous tin(IV) chloride 

(SnCl4,IL,99%), deionized water, propanol (C3H7OH,IL), and isopropanol (2-

C3H7OH,IL). The mass ratio was SnCl4:H2O: C3H7OH: 2-C3H7OH=2.3:0.6:2.1:1.4. 

At first SnCl4 was added dropwise into propanol under vigorous stirring. After one 

hour, this solution were added with 2-C3H7OH and deionized water gradually, 

followed by magnetic stirring for 6 hours (with the solution held in a capped bottle). 

With this process, homogeneous SnO2 sols were prepared. In a typical procedure, 1g 

poly(ethylene oxide) (PEO,Mw=500000,Yikang Co.) and 3mL chloroform (CHCl3,IL) 
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were mixed with 20mL of the pure sol. The mixture was stirred for 6 hours in a water 

bath at 55°C and then stirred continuously for 6 hours at room temperature until it 

became a homogenous precursor solution. After mixing the precursor solution was 

loaded into a 20mL plastic syringe (Terumo Corp.) equipped with a 23 gauge, 1.5 

inch long stainless steel needle. The needle was connected to a Nanofiber 

Electrospinning Unit (NEU-010, Kes Kato Tech Co.) which can generate DC voltages 

up to 40kV. The flow rate of the precursor solution was controlled by a automatic 

syringe pump during electrospinning process. The distance between the needle tip and 

the collector was 15cm. The morphology and microstructure of the fiber samples were 

investigated using Scanning Electron Microscope (SEM, Leica Stereoscan 440). The 

average fiber diameter and its distribution were determined from 50 random fibers 

obtained from each spinning conditions. In this section all SEM images (if not 

especially mentioned) are taken after the same sample had been calcined in air at 

500°C for 2 hours.  

 

The morphologies of 2SnO fibers spun with decreasing applied voltages are shown in 

Figures 3.3(A)-(D). In this experiment, the flow rate was fixed at 0.015mm/min. In 

the case of electrospinning process, the electric current due to the ionic conduction of 

charge in the polymer solution is usually assumed small enough to be negligible [26]. 

The only mechanism of charge transport is the flow of polymer from the tip to the 

target. Thus, an increase in the electrospinning current generally causes an increase in 

the mass flow rate from the capillary tip to the grounded target when all other 

variables (such as conductivity, dielectric constant, and flow rate of the solution to the 

capillary tip) are held constant. Generally in an electrospinning system, the spinning  
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Figure 3.3 SEM images of nanofibers with different applied voltages: (A)18kV, (B)14kV, 

(C)10.6kV and (D)8.6kV . 
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current has been found to increase with increasing voltage [27]. In these experiments, 

at 8.6kV, a droplet of polymer solution remained suspended at the end of the syringe 

needle and the electrospinning jet originated from a stable cone at the bottom of the 

droplet. The diameter of this droplet was larger than the syringe needle diameter. As 

the voltage was increased to 10.6kV, the volume of the droplet decreased and the 

electrospinning jet originates from a stable cone at the bottom of the syringe needle. 

The nanofibers produced under these stable conditions had a uniform morphology and 

 

 
A B

C D

Figure 3.4 Fiber diameter distribution as a function of applied voltage: (A)18kV,  
(B)14kV, (C)10.6kV and (D)8.6kV . Flow rate: 0.015mm/min.  
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no bead defects were present. If the electric filed was lower than 0.57kV/cm, no stable 

Taylor Cone was observed and a non-continuous electrospinning process was induced, 

resulting in a high density of bead defects. As shown in Figure 3.4, the average 

diameter increases from 199nm to 667nm by decreasing the applied voltage from 

18kV to 8.6kV. With increasing the applied voltage, the electric field strength is also 

increased, so it will increase the electrostatic repulsive force on the fluid jet which 

favors the thinner fiber formation. When the applied voltage was larger than 18kV, 

the solution jet appeared to be initiating directly form the tip of needle with no 

externally visible droplet or cone. At this condition, the jet moved around the edge of 

the syringe needle tip, indicating that the jet originated from the inside surface of the 

syringe needle, where the edge of the liquid surface met the needle wall. The 

diameters of the nanofibers under this unstable condition, were not uniform and these 

nanofibers had many bead defects. The change in the shape of the liquid surface 

reflects a change in the mass balance that occurs at the end of the syringe needle tip. 

Increasing the voltage further causes the rate at which solution is removed from the 

syringe needle tip to exceed the rate of delivery of solution to the tip needed to 

maintain the conical shape of the surface. This shift in the mass balance results in a 

sustained but increasingly less stable jet. 

 

The flow rate also has an important role in the formation of smooth fibers, it will 

determine the amount of solution available for electrospinning. As mentioned earlier, 

a certain volume suspended at the end of the needle should be maintained in order to 

form an equilibrium Taylor cone. Therefore, different morphologies of electrospun 

nanofibers can be obtained with the change in feeding rates at a given voltage. Figure 

3.5 shows the effect of the flow rate on the morphology of the electrospun nanofibers 
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at constant voltage of 14kV. Figure 3.6 shows that when the feed rate is increased, 

there is a corresponding increase in fiber diameters. Faster flow rates often resulted in 

thick fibers but the jets became unstable if the flow rate exceeded 0.020mm/min. We 

found that at a flow rate of 0.025mm/min no fiber mats were collected. At the flow  

 

 

rate of 0.025mm/min, the feed exceeded the delivery rate of solution with the applied 

electric forces. Therefore some of polymer solution was shot as tiny drops on to the 

 

 

 
Figure 3.5 SEM images of nanofibers with different flow rates: (A)0.010mm/min, 

(B)0.015mm/min and (C)0.020mm/min 
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collector. At the lower flow rate of 0.020mm/min, a droplet of solution remained 

suspended at the end of the syringe needle and the electrospinning jet originated from 

a cone at the bottom of the droplet. The nanofibers produced under this condition had 

 
A B

C 

Figure 3.6 Fiber diameter distribution as a function of flow rate: (A)0.010mm/min, 
(B)0.015mm/min (C)0.020mm/min . Applied voltage: 14kV.  
 

a uniform morphology and no bead was present. When the flow rate was lower than 

0.010mm/min, the solution was removed from the needle tip by the electric forces, 

faster than the flow rate of the solution onto the needle tip. This shift in the mass 

balance resulted in sustained but unstable jet and nanofibers with beads were formed. 

 

3.3 Synthesis and Characterization of SnO2 and  
      SnO2-MWCNTs Nanofibers 
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3.3.1 Experimental 

3.3.1.1 Preparation of precursor solution 

Precursor solution for Pure SnO2 nanofibers 

Poly(vinyl alcohol) (PVA, 88% hydrolyzed, molecular weight M= 388 10× g/mol) was 

purchased from J&K Chemical Ltd. Anhydrous SnCl4 was purchased from 

International Laboratory (IL,USA). In a typical procedure, 2.4g PVA was added 

slowly to 16g deionized water. The mixture was stirred for 6hours in a water bath at 

70°C until PVA was completed dissolved. Then, this solution was added 10g SnCl4, 

followed by magnetic stirring for 6hours (with the solution held in a capped bottle). 

 

SnO2-MWCNTs composite precursor solution 

MWCNTs (from NTP, Shenzhen, China) synthesized by the catalytic chemical vapor 

deposition method were used as received without further purification. 

Cetyltrimethylammonium bromide (CTAB) was purchased from Dupont and used 

without further purification. In a typical procedure, 120mg CTAB was dissolved in 

16g deionized water. 40mg MWCNTs were dispersed in CTAB aqueous solution 

under ultrasonication. 2.3g PVA was added slowly to the MWCNTs dispersion and 

stirred for 6 hours in a water bath at 70°C. Then, this solution was added 10g SnCl4, 

followed by magnetic stirring for 6 hours (with the solution held in a capped bottle). 

 

3.3.1.2 Electrospinning 

The precursor solution was loaded into a 20mL plastic syringe (Terumo Corp.) 

equipped with a 23 gauge, 1.5 inch long stainless steel needle. The needle was 

connected to a Nanofiber Electrospinning Unit (NEU-010, Kes Kato Tech Co.) which 
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can generate DC voltages up to 40kV. The flow rate of the precursor solution was 

controlled by an automatic syringe pump during electrospinning process. A target 

drum, covered with an aluminum foil, served as a grounded collector. For pure SnO2 

nanofibers, the applied voltage was 26kV and the distance between the needle tip and 

the collector was 15cm. The target drum speed and syringe pump speed were set, 

respectively, to 2 m/min and 0.04 mm/min for the precursor solutions. For SnO2-

MWCNTs nanofibers, the applied voltage was 23kV and the distance between the 

needle tip and the collector was 15cm. The target drum speed and syringe pump speed 

were set, respectively, to 2 m/min and 0.03 mm/min for the precursor solutions. The 

syringe was placed at an angle of 15° to the horizontal in order to maintain a uniform 

flow of the solution. All experiments were conducted at room temperature in air. The 

as-prepared fiber mats were collected and calcinated (CWF1200, Carbolite Co.) at 

high temperature to get SnO2  and SnO2-MWCNTs nanofibers.  

 

3.3.1.3 Sample characterization 

The morphology and microstructure of the fiber samples were investigated using 

Field Emission Scanning Electron Microscope (FESEM, JEOL JSM-6335F). The X-

ray diffraction (XRD) measurements were conducted using a Philips PW3710 

diffractometer with a graphite monochrometer and CuKa radiation (λ=0.154nm) while 

the voltage and electric current were held at 40kV and 20mA (2θ=15-75°). A 

transmission electron microscope (TEM) study of the samples was performed on a 

JEOL JEM-2010F. Raman spectra were obtained using a HR800 (Jobin Yvon, laser 

beam wavelength: 488 nm, Ar+ laser excitation) Raman spectromicroscope scanning 

from 400 cm-1 to 2000 cm-1 at room temperature in open air. Fourier transform 

infrared (FTIR) spectra of SnO2 samples before and after calcination were recorded 
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on a Perkin Elmer 2000 system. Samples were mixed and ground with KBr followed 

by pressing into pellets for FTIR measurement in the range of 400-4000 cm-1. X-ray 

photoelectron spectroscopy (XPS, PHI 5600, Physical Electronics) was performed 

using an Al Kα source (14 kV and 350 W). The binding energy scale was calibrated to 

285.0 eV for the main C (1s) peak.  

 

3.3.2 Results and discussions  

Figure 3.7 shows some representative FESEM images of electrospun SnO2 fibers. The  

 

Figure 3.7 a,b,c,d)FESEM images of SnO2 nanofibers calcinated at 500°C. e)FESEM 
image of as-spun fiber. 
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nanofibers are randomly oriented on the substrate and the diameters of the fibers lie 

between 300nm and 800nm. FESEM observations show that the curved SnO2 fibers 

have typical length of several ten millimeters. As can be observed, the as-spun fiber 

has a smooth surface (Figure 3.7e) and uniform diameter along the whole length.  

 

 

Figure 3.8 FESEM images of SnO2–MWCNTs nanofibers calcinated at 500°C. 

 

After calcination, the diameter of the fiber decreased obviously and the fiber surface 

appeared to be rough. The pores appear clearly at the fiber cross-section and an 
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islands-in-a-sea morphology was observed. The shrinking of fibers upon calcination is 

due to the burning off of organic components. Figures 3.8a-e demonstrate FESEM 

pictures of SnO2-MWCNTs composite nanofibers. Figure 3.8e is a cross-sectional 

view of the composite nanofiber and the MWCNT was found to be embedded in the 

SnO2 fiber with alignment along the fiber axis. Figure 3.9a is a low-magnification 

TEM image of pure SnO2 nanofibers and the corresponding ringlike selected-area 

electron diffraction (SAD) pattern indicates that the nanofibers are polycrystalline. 

High resolution TEM micrograph (Figure 3.9b) reveals that samples calinated at 

500°C consist of random orientated nano-crystallites of SnO2 with approximate 15nm 

in diameter. The in-plane bright field TEM image of SnO2-MWCNTs composite 

nanofibers and its corresponding dark field one are indicated in Figure 3.9c and 

Figure 3.9d, respectively. A nanotube is found to be oriented along the fiber axis, 

while another exhibits some degree of tortuousity. It is not clear whether this is due to 

their inherent structure that is characteristic of MWCNTs with topological effects or 

to MWCNTs that are still not fully stretched by electrospinning process [28]. Figure 

3.9e is a high resolution transmission electron microscope (HRTEM) image of the 

MWCNT wall showing the 0.34nm separations between adjacent graphene sheets. 

This spacing coincides with the plane spacing of multi-wall carbon nanotubes [29].  

 

The FTIR spectra of the as-spun and heat-treated samples are presented in Figure 3.10. 

Figures 3.10a-f and Figure 3.10g correspond respectively to SnO2 and SnO2-MWNTs 

fibers. The peak at ~555 cm-1 (Figure 3.10a) is attributed to Sn-OH bond stretching. 

The intensity of this peak decreases upon calcination, with a new peak appearing at ~ 

610cm-1 (Fig. 3.10e). This band is assigned to the antisymmetric Sn-O-Sn stretching 
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Figure 3.9 a,b)TEM images of SnO2 nanofibers calcinated at 500°C. c,f)Bright field 
TEM images of SnO2–MWCNTs nanofibers calcinated at 500°C. d)Dark field TEM 
images of SnO2–MWCNTs nanofibers calcinated at 500°C. e)HRTEM image of a 
small section of MWCNTs.  
 

mode of the surface bridging oxide formed by the condensation of surface hydroxyl 

groups, yielding water. The absorption peak of SnO2 shifts from 610 cm-1 to 618 cm-1 

gradually when the heat-treating temperature is increased from 400°C to 500°C. The 
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Figure 3.10 FTIR Spectra of nanofibers calcinated at different temperatures. 

 

absorption peaks at 2925cm-1 and 1087cm-1 are signed to C-H and C-O stretching 

vibrations of the PVA incorporated in the as-spun samples. After calcination in air at 

500°C for 3 hours, these bands disappear, indicating that the removal of organic 

groups from SnO2 samples. The peaks at 3411 cm-1 and 1630 cm-1 can be assigned to 

the stretching vibrations of OH groups and bending vibrations of adsorbed molecular 

water. As illustrated in Figure 3.10f-g, there seems no new peaks that appeared in the 

spectra of the sample containing MWCNTs as compared with the pure SnO2 fibers. 

Figure 3.11a shows XRD pattern of pristine MWCNTs and the diffraction angles at 

2θ=26.23°, 44.38° can be assigned to the (002), (100) diffractionplanes, respectively. 

The XRD patterns of the pure SnO2 and SnO2-MWCNTs composite samples 

calcinated at 500°C are presented in Figure 3.11b and 3.11c. Comparing these two 

spectra, all the diffractive peaks of SnO2-MWCNTs composite nanofibers belong to 

the characteristic peaks of rutile SnO2 (JCPDS 41-1445). It is very difficult to elicit 

the characteristic peaks of the MWCNTs (002), mainly because of the overlap of the 

broad rutile SnO2 (110) peak and the main peak of MWCNTs. The Raman spectra of 
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Figure 3.11 XRD patterns from (a) the MWCNTs, (b) SnO2 nanofibers and (c) SnO2–
MWCNTs nanofibers. 
 

pure SnO2 nanofibers calcinated at 500°C are shown in Figure 3.12b. The 

fundamental Raman active mode A1g, which usually appear in polycrystalline SnO2 
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Figure 3.12 Raman spectra of (a)SnO2–MCWNTs and (b)SnO2 nanofibers calcinated 
at 500°C. 
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materials, is observed at 617 cm-1. Curve in Figure 3.12a is the Raman spectrum of 

SnO2-MWCNTs compsite nanofibers. It was evident from this curve that the D and G 

modes of doped MWCNTs were seen at about 1362 cm-1 and 1578 cm-1, respectively. 

Another feature observed on Raman spectra is that the little A1g peak shifts can be 

found by comparing the data from pure SnO2 nanofibers with those composite 

nanofibers. XPS measurements were performed in order to determine the surface 

compositions up to a depth of about 5nm. The surface chemical compositions of the 

SnO2-MWCNTs nanofibers analyzed by XPS were measured within a range of 

binding energies of 0~1400eV as shown in Figure 3.13(a).The characteristic peaks of 

Sn4d, Sn3d and O1s are presented. As shown in Figure 3.13(b), the peaks at the  
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Figure 3.13 XPS spectra of the SnO2-MWCNTs nanofibers calcinated at 500°C: (a) 
Survey scan; (b) High resolution scan of individual lines of Sn3d. (c) High resolution 
scan of individual lines of O1s. 
 

binding energies of 486.6 eV and 495.1 eV correspond to Sn3d5/2 and Sn3d3/2, 

respectively. These two peaks are assigned to the lattice tin in tin oxide(Standard 

ESCA Spectra of the Elements and Line Energy Information, Ф Co., USA).[30] The 

XPS analysis gives the atomic concentration ratio [O]/[Sn] which is approximate to 2, 

exhibiting evidence of stoichiometry. The peak of Sn3d5/2 shows only one symmetric 

component and has no shoulder peak, which illustrates that the tin-containing 

compound is SnO2.[31] The characteristic peak of O1s is at 530.6 eV, which is 

attributed to the lattice oxygen in SnO2.  

 

3.4 Synthesis and Characterization of Porous SnO2  
      Nanobelts 

The surface area of a nanofiber can be greatly increased when it is switched from a 

solid to a porous one. Increase of surface areas is beneficial to many applications 

catalysis, filtration, absorption, fuel cells, solar cells, batteries, and tissue engineering. 

Two slightly different approaches have been reported for introducing a porous 

structure into the bulk of an elelctrospun nanofiber [32]. The first was based on the 

selective removal of a component from nanofibers made of a composite or blend 
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material. The other involved the use of phase separation of different polymers during 

electrospinning with appropriate spinning parameters. In the following sections, we 

will report a new, simple method for preparation of porous SnO2 nanobelts by 

calcining electrospun nanofibers of polyethylene oxide (PEO)/stannic hydroxide sol 

composite in an open atmosphere [33].  

 
3.4.1 Experimental 

3.4.1.1 Preparation of precursor solution 

Pure SnO2 sols were prepared by using a mixture of anhydrous tin(IV) chloride 

(SnCl4,IL,99%), deionized water, propanol (C3H7OH,IL), and isopropanol (2-

C3H7OH,IL). The mass ratio was SnCl4:H2O: C3H7OH: 2-C3H7OH=1:0.6:2.1:1.4. At 

first SnCl4 was added dropwise into propanol under vigorous stirring. After one hour, 

this solution were added 2-C3H7OH and deionized water gradually, followed by 

magnetic stirring for 6 hours (with the solution held in a capped bottle). With this 

process, homogeneous SnO2 sols were prepared. In a typical procedure, 0.6g 

poly(ethylene oxide) (PEO,Mw=500000,Yikang Co.) and 2 mL chloroform (CHCl3,IL) 

were mixed with 20mL of the pure sol. The mixture was stirred for 6 hours in a water 

bath at 55°C and then stirred continuously for 6 hours at room temperature until it 

became a homogenous precursor solution. 

 

3.4.1.2 Electrospinning 

The precursor solution was loaded into a 20mL plastic syringe (Terumo Corp.) 

equipped with a 23 gauge, 1.5 inch long stainless steel needle. The needle was 

connected to a Nanofiber Electrospinning Unit (NEU-010, Kes Kato Tech Co.) which 

can generate DC voltages up to 40kV. The flow rate of the precursor solution was 
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controlled by an automatic syringe pump during electrospinning process. A target 

drum, covered with an aluminum foil, served as a grounded collector. The applied 

voltage was 10.6kV and the distance between the needle tip and the collector was 

15cm. The target drum speed, traverse speed, and syringe pump speed were set, 

respectively, to 3.13 m/min, 18 cm/min and 0.015 mm/min for the precursor solutions. 

The syringe was placed at an angle of 15° to the horizontal in order to maintain a 

uniform flow of the solution. All experiments were conducted at room temperature in 

air. The as-prepared fiber mats were collected and calcinated (CWF1200, Carbolite 

Co.) at high temperature to get pure SnO2 nanobelts.  

 

3.4.1.3 Sample characterization 

The morphology and microstructure of the fiber samples were investigated using 

FESEM (JEOL JSM-6335F). The XRD measurements were conducted using a Philips 

PW3710 diffractometer with a graphite monochrometer and CuKa radiation 

(λ=0.154nm) while the voltage and electric current were held at 40kV and 20mA 

(2θ=15-75°). A TEM study of the samples was performed on a JEOL JEM-2010. 

Raman spectra were obtained using a Reinishaw 2000 Raman spectromicroscope 

scanning from 400 cm-1 to 900 cm-1 at room temperature in open air. FTIR spectra of 

SnO2 samples before and after calcination were recorded on a Perkin Elmer 2000 

system. Samples were mixed and ground with KBr followed by pressing into pellets 

for FTIR measurement in the range of 400-4000 cm-1.  

 

3.4.2 Results and discussions 

Shown in Figure 3.14 are some typical microscopic features of the SnO2 nanobelts 

obtained after calcination of the as-prepared PEO/stannic hydroxide composite fibers 
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at 1100°C for 3 hours. FESEM observations reveal that the products consist of a 

quantity of beltlike nanostructures with typical lengths in the range of several to 

several tens of micrometers. Figure 3.14d is a cross-sectional view of the SnO2 

nanobelt with a thickness of ~100nm and a width of ~600nm. The SnO2 nanobelts  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14 FESEM images of tin oxide nanobelts. a)overview of the nanobelts 
calcinated at 1100°C. b,c,d,e)surface morphology of the nanobelts observed at higher 
magnification. 
 
show rough and porous surfaces and consist of linked grains. XRD patterns shown in 

Figure 3.15 as a function of calcination temperature illustrate a dynamic structure 
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evolution in the whole process. The as-prepared composite nanofibers are essentially 

amorphous as shown in Figure 3.15f. The samples after calcinations at 300°C have a 

broad peak (Fig. 3.15d) indicating the beginning of the crystallization of tin oxide 

then. The relatively wider peaks in Figure 3.15c indicate that the crystal size is very 

small. It is seen that the diffraction peaks become gradually shaper and well defined 

without altering their position with increasing calcination temperature because of 

better crystallization and larger grain size. The observed peaks match JCPDS card 41-

1445 and indicate that the SnO2 nanobelts have a tetragonal rutile structure. Figures 

3.16a-c show TEM images of SnO2 samples calcinated at 500°C, 800°C and 1100°C, 

respectively. Samples calinated at 500°C consist of random orientated nano-

crystallites of SnO2 with approximate 15nm in diameter. SAD pattern in the inset 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 XRD patterns of nanofibers calcined at different temperatures. 
(a)1100°C; (b) 800°C; (c) 500°C; (d) 300°C; (e) 100°C; (f) as-spun. 
 

indicates that only tetragonal SnO2 is present in the sample. The size of the nano-

crystallites increases to about 30 nm in diameter for the samples calcinated at 800°C, 
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as evident in Figure 3.16b. A number of pores is readily seen in the image and the 

SAD pattern in the inset also indicates a pure tetragonal SnO2 phase in the samples. 

Calcination at 1100°C results in further growth of nano-crystallites into 50~70 nm in 

diameters. The density of pores is also increased comparing with the samples 

calcinated at 800°C. The SAD pattern in the inset however shows the present of other 

phases in the sample besides the dominated tetragonal SnO2. Diffraction spots closed 

to the transmitted tetragonal 110 reflections, which is marked by an arrow, are related 

to an interplanar beam are related to the reflections planes of 0.47nm and the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.16 TEM images of nanofibers calcined at different temperatures. (a)500°C; 
(b) 800°C; (c) 1100°C. The inset is the corresponding electron diffraction pattern. 
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diffraction spots closed in spacing of 0.36nm. The second phase in the sample 

clacinated at 1100°C is matched orthorhombic SnO2 phase (PDF 29-1484). The 

amount of orthorhombic SnO2 is very small, which explains the absence of detection 

in XRD experiment. The orthorhombic phase of SnO2 was reported under a pressure 

condition [34] and in synthetic nano-structures by Xue [35] and Dai [12]. Since TEM 

images are the actual three dimensional structures projected onto a two dimensional 

plane, the increase of lateral dimension of the samples calcinated at 500°C to 1100°C 

is consistent with that of the aspect ratio of the nanobelts as observed in Figure 3.18. 

Figure 3.17 shows a room-temperature Raman spectrum of the SnO2 nanobelts. Three 

fundamental Raman active modes, Eg, A1g, and B2g, which usually appear in single-

crystal or polycrystalline SnO2 materials, are observed at 472.4, 630.1, and 773.8 cm-1, 

respectively. These results are in good agreement with those for the rutile bulk SnO2 

materials [36]. These peaks indicate that the typical features of rutile structure of the 

prepared SnO2 nanobelts similar to the findings in the XRD studies. Two abnormal 

 

 

 

 

 

 

 

 

 

Figure 3.17 Raman spectrum of SnO2 nanobelts calcinated at 1100°C. 
 

400 450 500 550 600 650 700 750 800 850 900
1-Frequency Shift (cm )

In
te

ns
ity

 (a
.u

.)

gE

1gA

2gB



                                                                                                                          Chapter 3 

 85

peaks are detected on the spectrum at 598.4 and 711.3 cm-1. Infrared (IR) modes can 

become weakly active when the structural changes induced by disorder and size 

effects take place [37, 38]. Accordingly, these two weak peaks at 598.4 and 711.3 cm-1 

can be reasonably assigned to EuTO and A2uLO (TO is the mode of transverse optical 

(TO) photons, LO is the mode of longitudinal optical (LO) photons) IR modes). 

 

The electrospinning technique, in combination with the sol-gel process, has been 

widely used to fabricate ceramic and metal oxide nanofibers in recent years [39]. The 

beltlike SnO2 nanostructures were obtained through calcination of the hybrid 

composite nanofibers generated by electrospinning the homogeneous precursor 

solution. Pure SnO2 sols were prepared by using a mixture of anhydrous tin(IV) 

chloride, deionized water, propanol, and isopropanol. With the hydrolysis of tin(IV) 

chloride, the derived sols contain many hydroxyl groups. Upon firing of the gels, the 

condensation of hydroxyl groups led to the formation of metal oxide crystals. When 

heated in air, the nanofibers electrospun from dilute precursor solution could be 

transformed into crystalline SnO2 with altering their cross-sectional shapes. Figure 

3.18 shows schematic diagrams and FESEM images illustrating a proposed 

mechanism for beltlike structure formation. Figures 3.18a-d are schematic illustrations 

showing the growth steps of the beltlike nanostructure during the calcination  process. 

Figures 3.18i-iv are actual FESEM images corresponding to Figures 3.18a-d. Initially, 

the as-spun nanofibers have circular cross sections (Fig. 3.18i). Calcination at high 

temperatures caused decomposition of precursor polymer and further evaporation of 

the residual solvent and the small moleculars from the decomposition of the polymer, 

which leads to the shrinkage of the fibers. In addition, the condensation of hydroxyl 

groups will also attribute to the shrinkage of the fibers. The circular cross section 
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Figure 3.18 Schematic illustrations of the formation of the beltlike structures. a)-d) 
Growth steps of the beltlike structure. i) FESEM micrographs of as-spun nanofibers. 
ii)-iv) FEESM images of nanofibers calcined at 500°C, 800°C, and 1100°C for 3hours, 
respectively. 
 

became elliptical and then rectangular (Figs. 3.18ii-iv).  

 

The FTIR spectra of the as-spun and heat-treated samples are shown in Figure 3.19. 

The peak at ~535 cm-1 (Fig. 3.19a) is attributed to Sn-OH bond stretching. The 

intensity of this peak decreases upon calcination, with a new peak appearing at ~ 

610cm-1 (Fig. 3.19d). This band is assigned to the antisymmetric Sn-O-Sn stretching 

mode of the surface bridging oxide formed by the condensation of surface hydroxyl 

groups, yielding water. The absorption peak of SnO2 shifts from 614 cm-1 to 618 cm-1 

gradually when the heat-treating temperature is increased from 800°C to 1100°C. The 

sharp band around 1090 cm-1 (Fig. 3.19a) is due to the C-O-C stretching vibrations of 
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Figure 3.19 FTIR spectra of nanofibers calcined at different temperatures. 
 

the PEO incorporated in the as-spun samples. After calcination in air at 500°C for 

3hours, this band disappears, indicating that the removal of organic groups from SnO2  

samples. The peaks at 3411 cm-1 and 1630 cm-1 can be assigned to the stretching 

vibrations of OH groups and bending vibrations of adsorbed molecular water.  

 

The mass concentration of tin chloride affects the calcinated fiber morphology. 

Shown in Figure 3.20 are some typical microscopic features of SnO2 nanofibers 

obtained after calcination of the as-prepared PEO/ stannic hydroxide composite fibers, 

where the SnCl4 concentration is 38.5%. Unlike Figure 3.14, where the SnCl4 

concentration is 16.5%, after calcination process the cross section of fibers has no 

obvious change. Figure 3.21 shows a schematic diagram for the pore formation 

process. Stannic hydroxide is formed by the hydrolysis of tin chloride, and is then 

decomposed into tin dioxide during the thermal calcination process. During this 

reaction, the HCl and water gas are generated, nucleated, and formed bubbles within 
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                               (a)                                 

 

 
                             (b)                    

Figure 3.20 FESEM images of tin oxide nanofibers. a)overview of the nanofibers 
calcinated at 1100°C. b)surface morphology of the nanofibers observed at higher 
magnification. 
 

the fibers. The gas then diffuses toward the surface of the nanofiber and creates 

nanosized pores within the tin dioxide materials. Besides the decomposition of the 

precursor polymer and further evaporation of the residual solvent also contribute to 

the formation of pores. There is a clear grain size growth as annealing temperature  

 

Figure 3.21 Schematic diagram of pore formation process. 
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increases, leading to coarsening the microstructure. The microstructure can be 

described as an interconnected network of grains interwined with a continuous pore 

network. The occurrence of coarsening and matter transport into the pores lead to 

further shrinkage and a reduction in porosity when the precursor solution is 

concentrated. Eventually, all the pores would be removed, giving a fully dense 

product. 

 

Although the present work has been mainly focused on tin oxide, we believe that the 

method described here could be extended to provide a generic route to other metal 

oxide nanobelts such as In2O3, ZnO and TiO2 by carefully controlling the calcination 

parameters and the composition of the precursor solution. 

 

3.5 Conclusion 

In this chapter, fabricating procedures for pure SnO2 and SnO2/MWNTs composite 

nanofibers by means of electrospinning method have been studied.  

 

Firstly, the preliminary study investigated the effects of the processing parameters on 

fiber morphology in the electrospinning of tin dioxide precursor solution. The 

distribution of fiber diameter was studied by varying electric field and the solution 

flow rate. Tin oxide nanofibers have been fabricated by calcining electrospun 

nanofibers of PVA/SnCl4 sol composite as precursor. FESEM was utilized to 

investigate the structure and morphology of tin oxide nanofibers before and after 

calcination. The nanofibers were characterized by XRD, TEM, Raman 

spectromicroscope and FTIR spectroscopy. A simple method for dispersing 
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MWCNTs into tin oxide precursor solutions has been developed and the hybrid 

SnO2/MWCNTs nanofibers have been obtained via electrospinning process.  

 

Electrospinning method was adopted to prepare utralong PEO/stannic hydroxide 

composite nanofibers. Tin oxide nanobelts have been obtained by calcination of the 

composite nanofibers in an open atmosphere. The nanobelts were characterized by 

FESEM, XRD, TEM, Raman spectromicroscope and FTIR spectroscopy. 

Microstructural analysis has shown that the prepared nanobelts consist of a 

continuous network of interconnected SnO2 grains. The synthesized SnO2 nanobelts 

possess a high surface area and continuous porosity. 
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CHAPTER 4 
 

SYNTHESIS AND CHARACTERIZATION OF  
POROUS STRUCTURES 

 

 

 

4.1 Introduction  

An alternative approach to increase surface area is to use 3-D network or porous structure 

made from nanofiber templates. In this chapter, we disscuss the use of poly(vinyl alcohol) 

(PVA) nanofiber mats as a template for fabricating porous composite structures. The 

proposed method here is simple, as it lends itself to large-scale production of porous 

sensing materials, and may provide an attractive, high-yield, and low-cost route to 

development of room temperature gas sensors. We begin with preparation of the template 

fibers by electrospinning. Then, materials and methods used to fabricate porous 

composite structures are described followed by the results and conclusion. 

 

4.2 Preparation of PVA Template Nanofibers 

4.2.1 Electrospun fiber template method 

One-dimensional nanostructures with hollow interiors (e.g., nanotubes) are of 

fundamental and technical importance for a range of applications such as nanofluidics 

and hydrogen storage. Many methods have been demonstrated for fabricating such 

structures from a wealth of materials and on various scales, including self-assembly, 

replica process, chemical process and template approach [1-3]. Among those processes, the 
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template directed approach is a most commonly applied strategy for fabricating inorganic 

micro- and nanotubes due to its simple and easy processing, at low temperatures.  

 

Bognitzki et al. have recently developed a fiber-based template technique by which 

meso- and nanotubes can be fabricated in a large scale [4, 5]. The method is termed the 

TUFT process (tubes by fiber templates), which consists of three steps: 1. preparation of 

polymer fiber templates by electrospinning, 2. coating of the fiber templates with a 

polymer layer by means of e. g. chemical vapor deposition (CVD), and 3. removal of the 

template fibers by thermal decomposition or solvent-extraction. The TUFT process is 

shown schematically in Figure 4.1. Later, Caruso et al. have introduced a sol-gel 

deposition method to coat the electrospun fiber templates [6]. The synthetic procedure is  

 

 
Figure 4.1 Fabrication of polymer meso- and nanofibers by electrospinning and polymer 
nanotubes by means of the TUFT process (Figure from reference[4]). 
 



                                                                                                                               Chapter 4 

 96

very simple. The polymer template was first immersed in titanium dioxide sol precursor 

for a prescribed time followed by calcination. After burning the polymer off, the 

corresponding hollow fiber was obtained. In our approach, we choose this method for 

fabricating porous sensing materials because it is simple and easy to operate, and, in 

addition, is of relatively low cost.  

 

According to the template method mentioned above, the template fibers should be 

solvent-extractable or thermal-degradable at the temperature lower than the 

decomposition temperature of the wall materials. Although hundreds of polymers have 

been electrospun from the corresponding solutions, water-based polymer solution 

systems are always preferable in practical production considering the demands of 

environment protection. PVA is a water-soluble, fiber-processable and biodegradable 

polymer. In addition to its potential applications in biomedical field such as drug delivery, 

PVA electrospun fibers have also great application potential in the fields such as filtration 

and waste water treatment if the water-stability of the PVA fibers can be improved. In 

comparison with poly(L-lactide) (PLA) electrospun fibers, which have been traditionally 

used as templates by which to generate tubes by PVD and CVD, PVA with surface 

hydroxyl groups capable of reacting with deposited precursor species is much less 

expensive and likewise amenable to electrospinning from aqueous solution [7]. These 

considerations are ultimately important in the mass production of high-quality templated 

porous sensing materials. The structure of PVA is shown in Figure 4.2. It is known that 

PVA is a hydrophilic, semi-crystalline polymer with good chemical and thermal stability 

[8]. PVA is interesting here because of its biocompatibility, non-toxicity, good water 
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Figure 4.2 Molecule structure of PVA. 
 

permeability, and, particularly, excellent electrospinnability.  

 

4.2.2 Electrospinning of PVA template fibers 

4.2.2.1 Influence parameters for electrospun fibers 

1.8g Poly(vinyl alcohol) (PVA, molecular weight M= 388 10× g/mol, 88% hydrolyzed, 

J&K Chemical Ltd.) was added slowly to 20g deionized water. The mixture was stirred 

for 6 hours in a water bath at 70°C until PVA was completely dissolved. The aqueous 

PVA solution as loaded into a 20mL plastic syringe (Terumo Corp.) equipped with a 23 

gauge, 1.5 inch long stainless steel needle. The needle was connected to a Nanofiber 

Electrospinning Unit (NEU-010, Kes Kato Tech Co.) which can generate DC voltages up 

to 40kV. The flow rate of the aqueous PVA solution was controlled by an automatic 

syringe pump during electrospinning process. A target drum, covered with an aluminum 

foil, served as a grounded collector. Electrospun fibers collected on the aluminum foil 

were observed by a Scanning Electron Microscope (SEM, JEOL JSM-6490). The average 

fiber diameter and its distribution were determined from 50 random fibers obtained from 

each spinning conditions. 

 

A series of experiments were carried out when the applied voltage was varied from 8 to 

18.4kV and the tip to target distance was held at 12.5cm. There was a slightly increase in  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 4.3 SEM images and distributions of fiber diameter at different applied voltages 
(collection distance:12.5cm; flow rate: 0.025mm/min) Applied voltage: (a)8kV, 
(b)11kV, (c)14.5kV, (d)18.4kV 
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average fiber diameter with increasing applied voltage (see Figure 4.3). In addition, a 

narrow distribution of fiber diameters was obtained at a spinning voltage of 18.4kV, 

while broader distributions were obtained at applied voltages of 8~14.5kV. Due to the 

larger electrostatic and Coulomb repulsion forces on the jet with the applied voltage 

increased, the spinning jet would get greater tensile stress and acceleration, which 

facilitated the formation of thinner fibers. But on the other hand, increasing the applied 

voltage would draw more solution out of the capillary as the charged jet was ejected from 

the Taylor cone. Hence the variation could probably be attributed to a competition 

between electrostatic force and solution mass removed from capillary. The increasing 

applied voltage not only elongated the jet to create smaller diameter fibers, but also 

drawn more solution out of the capillary which resulted in the increase of the fiber 

diameter. If the increasing electrostatic force took more solution out of the capillary than 

thinner down the fibers, the fiber diameter would increase with increasing the applied 

voltage as observed in our experiment.  

 

The feed rate of the polymer solution was controlled by the syringe pump. This was 

varied from 0.010mm/min to 0.095mm/min while the tip to collector distance and the 

applied potential were maintained at 12.5 cm and 18.4 kV, respectively. Figure 4.4 shows 

the effect of the flow rates on the morphology of the electrospun fibers. The bead-fiber 

morphology is presented when the flow rate was 0.050mm/min, while uniform ultrafine 

fibers formed when the flow rate reduced to 0.025mm/min. At the flow rate of 

0.095mm/min, a few of big beads were observed on the fibers. Apparently, the solution 

flow rate can significantly affect the fiber morphological structure. The effect of solution  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 4.4 SEM images and distributions of fiber diameter at different flow rates 
(collection distance:12.5cm; applied voltage: 18.4kV) Flow rate: (a)0.010mm/min, (b) 
0.025mm/min, (c)0.050mm/min, (d)0.095mm/min 
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flow rate on the morphological appearance of the fibers obtained can be explained based 

on the relationships among the three major forces (i.e., the Coulombic and the 

viscoelastic forces, and the surface tension) influencing the fiber diameters and bead 

formation. For a given applied potential, the electrostatic force, which carries a charged 

jet from the spinneret to the target, may increase slightly when compared with the 

increase in the feed rate as a result of an increase in the solution flow rate. The excess 

amount of the material caused by an increase in the solution flow rate results in the 

formation of a droplet at the tip of the spinneret. When the size of the droplet is too big to 

suspend at the tip of the spinneret, it either drops from the tip or is carried along with a 

charged jet to the target. This ultimately results in an increase in the bead size and the 

diameters of the obtained fibers with increasing solution flow rate, which can be observed 

in Figure 4.4d.  

 

Figure 4.5 shows SEM micrographs of electrospun PVA fibers prepared at tip–target 

distances varying from 10 to 18.5cm at 18.4 kV when the flow rate was 0.050mm/min. 

The average fiber diameters were found to have a decreasing trend but only slightly with 

increasing collection distance. PVA fiber diameters were decreased from 218 ± 40 nm to 

188 ± 40 nm with increasing tip–target distance from 10 to 18.5cm. The surfaces of as-

spun fibers were smooth and no obvious conglutination. In short, changing distance 

between the tip to target had not obvious effect on the morphology of fiber, but a slight 

impact on the distribution of fiber diameters to a certain extent. Reneker et al. pointed out 

that a charged jet traveled in a liner trajectory for a short distance before undergoing a 

bending instability, which finally caused the formation of the looping trajectory of the jet  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 4.5 SEM images and distributions of fiber diameter at different collection 
distances (applied voltage:18.4kV; flow rate: 0.050mm/min) Collection distance: 
(a)10cm, (b)12.5cm, (c)16cm, (d)18.5cm 
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and this was postulated to be the main reason for the obtained smaller diameter fibers [9]. 

It was concluded that the solution flow rate has the most significant effect on fiber 

formation, followed by the applied voltage and tip-target distance. Uniform ultrafine 

PVA fibers (203 ± 25 nm) can be obtained by electrospinning of a 8wt% aqueous PVA 

solution at 18.4kV when the flow rate was 0.025mm/min and capillary-screen distance 

was 12.5cm. In the following discussions, we choose these processing parameters to 

produce PVA fibers, which are used as sacrificial templates to produce porous structures.  

 

4.2.2.2 Preparation of porous SnO2 structures 

Pure SnO2 sols were prepared with the method described in Section 3.4.1.1. The tailored 

pure PVA fiber mats were place on a glass Petri dish and SnO2 precursor solution was 

dripped onto the PVA fibrous mat. The PVA fibrous mat was soaked in the Petri dish for 

3 minutes (Grant OLS200, 100r/min, 50°C). Then the Petri dish were placed on a furnace 

(CWF1200, Carbolite Co.) and calcinated (250°C for 2 hours, then 400°C for 2 hours, 

then 500°C for 0.5 hours) in air to obtain porous SnO2 structures.  

 

Thermogravimetry (TG) curves were recorded by a thermal analyzer Netzsch TGA/DSC 

(STA 449 C), and the PVA fibrous mat sample was heated in air atmosphere in alumina 

crucible at a rate of 20°C/min. Thermogravimetry analysis measures the rate of weight 

change in a material with increasing temperature over time due to decomposition, 

oxidation, or dehydration. The TG curve of the PVA fibrous mat is shown in Figure 4.6. 

The thermogram shows continuous decomposition in three stages. The first is from room 

temperature to about 100°C, corresponding to the evaporation of the absorbed water. The 
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second stage appearing in the range of 200°C–400°C can be assigned to the dehydration 

combustion of the PVA. The decomposition of in the range 400°C to 500°C is related to 

the combustion of carbonaceous PVA. Little further weight loss in TG curves is observed 

at temperatures above 500°C, indicating the completion of any reaction involving a 

weight change. This implies there are major two steps in the thermal degradation of PVA. 

The incomplete combustion results to H2O and C in the first step, and consequently the C 

burns into CO or CO2 released in the second step. The morphology of resulting porous 

structures was characterized by FESEM, as shown in Figure 4.7.  
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Figure 4.6 TG curve for electrospun PVA nanofibers. 

 

Figure 4.7a and 4.7b show that the surface of the porous structures is rather flat and with 

many pores and little cracks, indicating good accessibility of the pores to the exterior. In 

Figure 4.7c and 4.7d, the cross section of the porous structure is mainly constructed by  



                                                                                                                               Chapter 4 

 105

 

(a)

 
(b)

 
(c)
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(d)

 
Figure 4.7 FESEM images of pure SnO2 porous structures: (a) top view of porous SnO2 
structures, (b) porous SnO2 structures observed at higher magnification, (c) and (d) cross-
sectional view of porous SnO2 structures. 
 

loose particle clusters and pores between the clusters. This, on one hand, certifies the 

completely irregular pore ordering, on the other hand, gives a hint that this material has 

high surface area. 

 

4.3 Synthesis and Characterization of Porous Composites 

4.3.1 Experimental 

4.3.1.1 Electrospinning of PVA nanofiber mats 

The electrospinning procedure was the same as that described in Section 4.2.2.1. The 

applied voltage was 18.4kV and the distance between the needle tip and the collector was 

12.5cm. The target drum speed, traverse speed, and syringe pump speed were set, 

respectively, to 1.5 m/min, 15cm/min and 0.025 mm/min for the precursor solutions. The 

syringe was placed at an angle of 15° to the horizontal in order to maintain a uniform 

flow of the solution. All experiments were conducted at room temperature in air. 
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4.3.1.2 Preparation of SnO2-MWCNTs composite precursor solution 

MWCNTs (from NTP, Shenzhen, China) synthesized by the catalytic chemical vapor 

deposition method were used as received without further purification. 

Cetyltrimethylammonium bromide (CTAB) was purchased from Dupont and used 

without further purification. In a typical procedure, 120mg CTAB was dissolved in 16g 

deionized water. 40mg MWCNTs were dispersed in CTAB aqueous solution under 

sonication for 10 minutes (800W, JY92, Ninbo Biotech LTD). 2.3g isopropanol (2-

C3H7OH,IL) was added slowly to the MWCNTs dispersion and stirred for 1 hour. Then, 

this solution was added 10g SnCl4, followed by magnetic stirring for 1 hour. Last the 

mixture was allowed to continue for another 10 minutes sonication followed by magnetic 

stirring for 5 hours. 

 

4.3.1.3 Soaking and calcination process 

The collected electrospun PVA fiber mats were cut to different size and shapes, as shown 

in Figure 4.8. These tailored fiber mats were place on a glass Petri dish and SnO2-

MWCNTs composite precursor solution were dripped onto the fibrous mat. The mats 

were soaked with solutions for 3 minutes (Grant OLS200, 100r/min, 50°C). Then the 

Petri dish were placed on a furnace (CWF1200, Carbolite Co.) and calcinated (250°C for 

2 hours, then 400°C for 2 hours, then 500°C for 0.5 hours) in air to obtain porous SnO2-

MWCNTs structures.  

 

4.3.1.4 Sample characterization 

The morphology and microstructure of the fiber mats and porous composite samples were 



                                                                                                                               Chapter 4 

 108

investigated using FESEM (JEOL JSM-6335F). A TEM study of the samples was 

performed on a JEOL JEM-2010. Raman spectra were obtained using a HR800 (Jobin 

Yvon, laser beam wavelength: 488 nm, Ar+ laser excitation) Raman spectromicroscope 

scanning from 400 cm-1 to 2000 cm-1 at room temperature in open air. X-ray 

photoelectron spectroscopy (XPS, PHI 5600, Physical Electronics) was performed using 

an Al Kα source (14 kV and 350 W). The binding energy scale was calibrated to 285.0 

eV for the main C (1s) peak.  

 

4.3.2 Results and discussions 
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Figure 4.8 Schematic illustration of the fabrication processes for porous sensing 
materials. 
 

Sensing materials were fabricated by a fiber-based template method, as shown in Figure 

4.8. Here electrospun PVA nanofibers serve as sacrificial templates to generate porous 

Electrospun PVA nanofiber mats Specimen taken from fiber mats 

Tailoring size and shape Soaking and calcination  
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structures. As expected, the PVA fibers were typically connected each other to form a 

self-supporting web. A representative FESEM image of the resulting PVA fiber mat is 

presented in Figure 4.9a. These PVA nanofibers are randomly oriented on the substrate 

and the diameters of the PVA fibers used in this study range from 100 to 300 nm (Figure 

4.9d). The curved nanofibers have a typical length of several ten millimeters. 

 

(a)

 
(b)
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(c)

 
(d)

 
Figure 4.9 FESEM images of (a) overview of the pure PVA fibrous mat, (b) and (c) PVA 
nanofibers observed at higher magnification. (d)The corresponding fiber diameter 
distribution.  
 

After soaking and calcination process, the PVA nanofiber templates were removed. 

During the hydrothermal process mentioned above, stannic hydroxide is formed by the 

hydrolysis of tin chloride, and is then rapidly decomposed into tin dioxide around 200°C 
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[10, 11]. The surface chemical compositions of the porous SnO2-MWCNTs composites 

measured by XPS were measured within a range of binding energies of 0~1400eV as 

shown in Figure 4.10a. The characteristic peaks of Sn4d, Sn3d and O1s are presented. 
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                                             (b)                                                   (c)                                     

Figure 4.10 XPS spectra of the SnO2-MWCNTs composites: (a) Survey scan; (b) High 
resolution scan of individual lines of Sn3d. (c) High resolution scan of individual lines of 
O1s. 
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The as-prepared sample is mainly composed of Sn, O, and C with the atomic ration of 

O/Sn close to 2, suggesting the formation of SnO2 in the product. As shown in Figure 

4.10b, the peaks at the binding energies of 487.6 eV and 496.1 eV correspond to Sn3d5/2 

and Sn3d3/2, respectively. The gap between the Sn3d5/2 and Sn3d3/2 level is 8.5 eV, and 

the area ratio of the two peaks is 1.5, which are approximately the same values as those 

of SnO2. Moreover, there is no peak assigned to other chemical states of Sn, further 

confirming the high purity of SnO2 in the product. The characteristic peak of O1s is at 

531.6 eV, which is attributed to the lattice oxygen in SnO2. 

 

FESEM image presents an extended network separated by large pores with a diameter of 

1-2μm approximately (Figure 4.11a). The cross-sectional and internal view of the SnO2-

MWCNTs composite materials shows that MWCNTs are well dispersed in the SnO2 

matrix and are randomly oriented (Figure 4.11d). A low magnification FESEM image of 

the top surface layer is shown in Figure 4.11b. The surface appears fairly smooth and 

uniform. The high magnification of FESEM micrograph (Figure 4.11c) gives clear 

evidence for a porous structure, with small SnO2 particle size, being excellent for gas 

sensing applications.  

 

Figure 4.12 shows general features of pristine MWCNTs. A typical TEM image (Figure 

4.12a) of the pristine MWCNTs shows many rope-like structures of outer diameters 

ranging from 60 to 100 nm. The length of most CNTs was of the order of 2μm. Figure 

4.12b shows that the MWCNTs have a bamboo structure. According to Figure 4.12b, the 

inner diameters of the CNTs were in the range of 5–10 nm, and the length–diameter 
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(a)

 
(b)

 
(c)
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(d)

 
Figure 4.11 FESEM images of (a) cross-sectional view and (b) top view of porous 
structures , (c) the corresponding high magnification of image (b) , and (d) the internal 
view of porous structures at higher magnification. 
 

ratio was very high. Most of the catalyst particles, marked with black arrows, capped on 

the nanotube tip or were encapsulated by carbonaceous tubes. Well-graphitized CNTs 

were exhibited by HRTEM (the right inset of Figure 4.12b). The interlayer spacing 

between graphitic sheets was 0.3406 nm, which is very close to the ideal graphitic 

interlayer space (0.34 nm). HRTEM (Figure 4.12b) images confirm the presence of 

multi-walled carbon nanotubes with good hollowness, which are composed of many 

cylindrical graphite layers arranging regularly in the inner wall. However, we can also 

see that some amorphous carbon layers on the outer periphery of carbon nanotubes. On 

the basis of the TEM images we can conclude that, the majority of the carbon nanotubes 

present in the sample, have smooth surfaces, only some of them show roughness, as 

shown in Figure 4.12c and Figure 4.12d. The insets in Figure 4.12c and Figure 4.12d 

show that the structural defects being formed in the MWCNT are due to bending. The 
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(a) 

 
(b) 
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(c) 

 
(d) 

 
Figure 4.12 TEM images of pristine MWCNTs. (a) and (b) Low magnification TEM 
photographs of the carbon nanotubes (inset: corresponding HRTEM images). (c) and (d) 
HRTEM images of carbon nanotubes. 
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bending of the MWCNT above the elastic limit leads to structural defects such as folding 

of graphene sheets or an exfoliation of layers, which results in local plastic deformation 

 

(a) 

 
(b) 

 
Figure 4.13 (a)A TEM image of a tube tip with an encapsulated catalyst. A cone-like 
compartment terminates at the upper end of the catalyst particle, and (b) a higher 
resolution TEM image of the tip. 
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of the MWCNT. The arrows in Figure 4.12c and Figure 4.12d show a folding line formed 

by bending deformation. It is generally accepted that the regions with pentagons (or other 

defects) are subject to large strains and exhibit a higher chemical reactivity compared 

with less strained regions. Therefore, the defect sites of nanotubes are the preferentially 

attacked regions during the oxidation [12]. A catalyst encapsulated tip was also observed 

in the same sample. Figure 4.13a displays images of a tip with an encapsulated catalyst 

particle. The origin of these catalyst encapsulated tips is not established, but it is likely 

that the catalyst will affect the structure of the compartments near the particle.  

 

Figure 4.14a is a TEM image of the individual MWCNT coated with SnO2. The inset 

clearly demonstrates that the open-ended structure has been formed. The walls are thinner 

at the nanotube ends and many defects with the graphitic walls are not parallel to the axis 

of the carbon nanotube. The pentagon structures in the caps result in curvature and 

correspondingly larger strains and thus higher chemical reactivity compared with 

unstrained bonds (nanotube walls) [13]. Therefore, the nanotube ends are most susceptible 

to chemical attack by other gas molecules. Another most obvious feature of this open-

ended structure is easier diffusion through the nanotubes body, as entrance of diffusing 

species is easy. The inset in Figure 4.14a clearly shows that the SnO2 particles are located 

inside the carbon nanotube. Due to their smaller diameter and strong van der Waals 

interactions, carbon nanotubes (CNTs) usually tend to agglomerate, resulting in poor 

solubility in water or organic solvents [14]. Their insolubility in many solvents hinders 

their chemical manipulation and practical applications greatly. Smalley and co-works 

have recently reported that CNTs can be dispersed in sodium dodecyl sulfate (SDS) 
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aqueous solution uniformly through sonication [15]. Anionic surfactant SDS can interact 

with the CNTs through hydrophobic interaction between the hydrophobic chain of SDS 

and the sidewall of the CNTs. Such an interaction essentially leads to noncovalent 

adsorption of SDS onto the CNTs, resulting in an enhanced solubilization of the CNTs in 

water. It is a well-established fact that hydrochloric acid (HCl) is a by-product of 

hydrolysis reaction between tin chloride and water [16]. In our approach, cationic 

surfactant CTAB was chosen because anionic surfactant SDS is unstable in acidic 

solution [17]. CTAB initially breaks the MWCNTs bundles into individual tubes during  

 

(a) 
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(b) 

 
(c) 

 
Figure 4.14 TEM images of SnO2-MWCNTs nanostructures. a) an individual carbon 
nanotube coated with SnO2 (inset: HRTEM image), b) and c) TEM images of the body of 
the MWCNTs. The insets show SAED pattern and HRTEM image, respectively. The 
arrows indicate defect sites. 
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sonication in aqueous solution. Secondly, the surfactant is adsorbed and arranged 

regularly at the MWCNTs surface. The MWCNT stability can be significantly enhanced 

by the addition of the CTAB, due to the adsorption of CTA+ on the surface of the 

MWCNT and the resultant electrostatic repulsion between the individual MWCNTs. 

 

Figure 4.15 Schematic diagram of CTAB-assisted dispersion and separation of 
MWCNTs. 
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MWCNTs positively charged by the functionalized of the CTA+ group are surrounded by 

OH- generated during the hydrolysis of tin(IV) chloride. Afterwards, Sn4+ ions react with 

OH- at the MWCNTs surface and yield tin dioxide crystallines attaching on the 

MWCNTs after hydrothermal treatment and surfactant removing. Ultrasonic irradiation is 

employed to realize dispersion and stabilization of carbon nanotubes in the tin dioxide 

precursor solution. The ultrasonic treatment in an acidic environment and subsequent 

heating process result in the oxidation of the outer walls and introduces defective sites, as 

shown in Figure 4.14b,c. The HRTEM image in Figure 4.14c clearly shows the sidewall 

damage. The MWCNTs are severely deformed and develop neck like futures along their 

bodies due to the removal of carbon atoms. This is indeed desirable for CNT applications 

in gas sensors. Carbon bonds at the defect sites are under higher strain due to their larger 

curvature and provide and area of enhanced reactivity and lower activation for the 

oxidation reactions [18]. The inset in Figure 4.14b shows an electron diffraction pattern of 

tin dioxide nanoparticles, indicating the existence of tetragonal phase SnO2 [19]. Another 

the acidic etching and oxidation process should cause the observed roughening of the 

surface of the MWCNTs, as shown in Figure 4.14b.  

 

Raman spectroscopy can probe electronic structure with a good sensitivity in carbon 

nanotubes and presence of defects [20]. The Raman spectra of CNTs usually exhibit three 

characteristic bands: the tangential stretching G mode (1500-1600cm-1), and D mode 

(~1350cm-1) and the radial breathing modes (RBMs) (100-400cm-1) [21]. RMBs 

correspond to coherent vibration of the carbon atoms in the radial direction, as if the tube 

were breathing. They can be easily observed in SWCNTs and show a strong inverse 
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(a) 

 
(b) 

 
  

Figure 4.16 Raman spectra of a) pristine MWCNTs , b) SnO2-MWCNTs sensing 
materials. The green lines correspond to the fitted Lorentzian line shapes.  
 

diameter dependence [22]. However, the RBM signal from large diameter MWCNTs is 

usually too weak to be observable. These changes can be associated with the layered 

structure of the MWCNTs. With the many concentric cylinders having a different mode 
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frequency, these different modes can interfere with each other, causing the RBMs to be 

undetectable [23]. The G mode is a tangential shear mode of the carbon atoms and the D 

mode originates from a double resonant Raman process. It has been shown that the 

process responsible for the D band depends on the presence of disorder or finite size 

effects in sp2 carbons [24-26]. Therefore, it is expected that the ratio of intensities of the D 

and G bands, R=ID/IG, can be used to evaluate the defect concentration of CNTs [21]. The 

Raman spectra of as-received MWCNTs and functionalized multiwall carbon nanotubes 

(F-MWCNTs) coated with SnO2 are shown in Figure 4.16. In order to evaluate the 

Raman parameters in detail, curving fittings were carried out with Lorentzian line shapes 

for CNTs Raman spectra (see Table 4.1). For pristine MWCNTs, the D- and G-band can 

 

Table 4.1: Comparison of the spectral parameters in the Raman spectra of the pristine 
MWCNTs and F-MWCNTs.[a] 

 
 D-band G-band  
 Position FWHM Position FWHM  
 cm-1 cm-1 cm-1 cm-1 ID/IG

pristine 
MWCNTs 

1352.5 67.4 1572.7 48.1 0.73

F-MWCNTs 1350.8 63.7 1572.6 27.5 0.82
   [a] FWHM: full-width at half-maximum. 

 

be well fitted with Lorentzian peaks at 1352.5 and 1572.7cm-1, respectively. The Raman 

spectrum of F-MWCNTs shows a similar Raman spectrum but with more narrow features: 

the D-band at 1350.8 cm-1 and the G-band at 1572.6cm-1 with FWHM of 63.7 and 

27.5cm-1, respectively. Three Raman active modes, Eg, A1g, and B2g, which usually appear 

in single-crystal or polycrystalline SnO2 materials, are observed at 557.8, 616.1, and 

731.9cm-1, respectively. These peaks further confirm that the SnO2 posseses the 
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characteristics of tetragonal rutile structure. A downshift of D-band peak and a narrow 

FWHM of G-band were observed, as shown in Figure 4.16b. The changes in FWHM of 

the G-band could result from either the creation of structural defects (Figure 4.14) or may 

be due to the removal of the amorphous carbon resulting from oxidation process. The 

ID/IG ratio in F-MWCNTs is ~0.82, compared to a value of ~0.73 in the pristine 

MWCNTs. The increase of ID/IG indicates that the defect density of the nanotube walls 

increases after the post treatment, as seen in Figure 4.14.  

 

FTIR spectrum of SnO2-MWCNTs composite material is shown in Figure 4.17. The peak  

at around 1603cm-1 can be assigned to the adsorbed molecular water on the KBr. The 
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Figure 4.17 FTIR spectra of SnO2-MWCNTs composite materials. 
 

peak at around 1559cm−1 and the broader one at ~1235cm−1 can be attributed to the 
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vibration of carbon skeleton of the carbon nanotubes. The small should peak around 

1559cm−1 is hardly to be detected due to the contamination of water. A weak peak around 

876cm−1 can be assigned to C-H groups existing on the carbon nanotube surface defect 

sites. The sharp peak at 1400cm−1 is likely to be associated with the C–N stretching 

vibrations. The peak may have arisen from the burning out of the CTAB, so that the 

results indicate that CTAB is absorbed on the surface of MWCNTs. The peaks at 

664cm−1 and 541cm−1 are assigned to the stretching vibrations of the lattice Sn–O bonds, 

confirming that the SnO2 nanoparticles are well crystallized.  

 

4.4 Conclusion 

In this chapter, fabricating procedures for porous SnO2 and SnO2/MWCNTs porous 

composites through fiber template method have been investigated.  

 

Ultrafine PVA template fibers were spun from PVA aqueous solution. The effects of the 

spinning voltage, collection distance between the tip to target and the flow rate of the 

solution on the morphological appearance and average diameter of the as-spun PVA 

fibers were examined. Electrospun PVA fibers were used as a sacrificial template for 

coating with precursor solutions using a sol-gel deposition technology. Porous SnO2 

structures and SnO2/MWCNTs composites have been obtained through removal of the 

PVA template fibers by thermal decomposition.  

 

Mircostructural analysis reveals that defects were formed in the walls of MWCNTs after 

the calcination process. The open-ended and surface modified MWCNTs provide 
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available states for tunneling electrons and make them probe the images of a given 

chemical species with high resolution, demonstrating potentials for chemical sensing. The 

structural changes were validated by using Raman spectra and HRTEM. The proposed 

fiber-based template method is simple and opens the possibility to the large-scale 

fabrication of porous sensing materials with high yield, which is highly desirable for 

industry applications.  
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CHAPTER 5 

SENSOR PERFORMANCE 

 
 

5.1 Introduction 

In pervious chapters, the synthesis of the basic sensing materials has been described. In 

this chapter, the focus will be on the fabrication and evaluation of sensors based on these 

sensing materials. We start with definitions of detection properties. Then, fabrication 

methods for sensor devices and gas-sensing measurement systems are presented. 

Subsequently, the sensor characteristics, sensitivity and dynamic behavior, are 

systematically investigated in various gas atmospheres. At last, the sensing mechanism is 

proposed to explain the improvement of CO gas sensitivity for the SnO2/MCWNTs 

composite materials.  

 

5.2 Definitions of Terms 

A sensor can be defined as a device which responds to a stimulus of physical or chemical 

nature. For an electronic sensor, the output is an electrical signal, which is used to derive 

information about the stimulus. In the case of metal oxide gas sensors, the stimulus is the 

composition of the ambient gas atmosphere and the sensor resistance is the output. Both 

in the literature and commercial datasheets, a vast variety of measurands are used to 

describe the sensor performance. Up to now, no generally accepted uniform set of 
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definitions exists. Hence the following section lists those typically used definitions and 

identifies the measurands which will give qualification of gas sensor performance. 

 

5.2.1 Sensitivity 

As discussed earlier, exposure of SnO2 gas sensors to gases produces changes in the 

conductivity of a semiconductor, mainly via change in the density of free carriers in the 

bulk, the appearance of surface potential barriers and change in the surface mobility. In 

principle the same occurs for any other metal oxide semiconductor gas sensor. No matter 

of the origin, i.e., surface reactions or direct reaction with surface structure of the 

semiconductor, these changes are reflected in a real sensor through changes in the 

resistance, which can be used to define sensor sensitivity. Sensitivity is defined by the 

resistance change when the sensor is exposed to a gas with respect to that the sensor 

presents in a reference gas, usually air or synthetic air. The commonly used expression 

for an n-type gas sensitive material like SnO2 are: 

= gas

air

R
S

R
,                          (5.1) 

 
for oxidizing gases like NO and NO2, and  

= air

gas

RS
R

,                          (5.2) 

for reducing gases like CO. In this way sensitivity should be always larger than 1. 

 

5.2.2 Response and recovery times 

Two measurands are usually used for the speed of a gas sensor. The first one is the 

response time Tresp, which refers to the time needed to reach a stable sensor response after 
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a stepwise increase in the stimulus. Hence it measures the minimum time needed to 

measure a stimulus. Usually the response time Tresp is defined as the time 90%, i.e. the 

time it takes for 90% of the sensor response change after an increase in the stimulus is 

accomplished. The second often used measurand is the recovery time or decay time Trec. 

It refers to the time the sensor needs to resume zero response after removing the stimulus, 

i.e. the time a sensor needs to recover from the effect of the precedent stimulus. The 

recovery time is defined similarly to the response time. Trec is the time needed for 90% of 

the sensor response change after stimulus removal is accomplished. The determination of 

the response and the recovery time for gas sensors is illustrated in Figure 5.1.  
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airR
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Figure 5.1 Definition of response and recovery times. 

 

In the case of a metal oxide gas sensor the sensor speed will be determined by the 

progression of the gas interaction which occurs at the tin oxide surface. As soon as a 

steady state at the SnO2 surface has been achieved, the sensor response reaches its 

equilibrium value. As a consequence of this, the sensor speed depends strongly on the 

actual measurement conditions such as the operation time, the ambient relative humidity 

(RH), the gas concentrations and the performance of the gas mixing station. 



                                                                                                                               Chapter 5 

 134

5.3 Evaluation Systems for Gas Sensor and Measurement 

Procedures 

Figure 5.2 shows a schematic diagram of the experimental setup for the experiments 

conducted with a laboratory scale chamber. A zero air generator (Thermo Environmental 

Inc. Model 111) was used to supply the synthetic air stream. The synthetic air with a 

similar composition to the air around us, is a mixture of gases, mainly nitrogen and 

oxygen. Unless stated, the corresponding humidity of the synthetic air is ~18%. The 

desired level of humidity of the flow was controlled by passing the synthetic air stream 

through a humidification chamber. The detected gas stream and the synthetic air stream 

were connected to a mass flow calibrator (Advanced Pollution Instrumentation Inc. Mode 

700). The gas streams were mixed by a gas blender and the desired flow was controlled 

by a mass flow controller inside the calibrator.  

 

Gas-sensing measurements require defined atmospheres. Consequently, the gas must be 

introduced into a defined reaction volume. This volume is assured by a closed 

measurement chamber. Two chambers were used: a big gas chamber with a volume of 

18.6 liter (20.1H x 44.2L x 21W cm) with surface coated by a Teflon film (BYTAC Type 

AF-21) (shown in Figure 5.3a) was used for steady state study; a small gas chamber with 

a volume of 30.6 cm3 (3.6H×8.5L× 1Wcm, Figure 5.3b) for transient state study. 

 

In the steady state measurement, UV illumination was provided by a 6W UV lamp (Cole-

Parmer) which emits a primary wavelength at 365nm and its intensity was determined by  
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Figure 5.2 Schematic diagram of the experiment setup. 

 

(a) 

 

(b)

  
Figure 5.3 (a)A laboratory scale gas chamber for steady state measurement, (b) a 
small gas chamber for transient state study. 

 

a UV meter (Gigahertz-Optik Inc. Optometer P-9710). The UV lamp was horizontally 

placed at the upper part of the reactor, 14cm from both ends. Figure 5.4 shows the 
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measurement chamber with separate feedthroughs for preparing the electrical connections 

for resistance measurement. Stainless steel sampling ports and Teflon tubing were used to  

 

gas in gas out

Connections for
DC measurements

UV lamp

substrate

 

Figure 5.4 Schematic diagram of the gas chamber for steady state measurement. 

 

connect the chamber and the analytical instruments. The concentration of CO was 

continuously measured by a Chemiluminescence CO analyzer (Thermo Environmental 

Instruments Inc. Model 48i).  

 

The typical measurand for a metal oxide sensor is the conductance or resistance. For 

measuring various parameters in one run, A Solartron 1287 Electrochemical Interface is 

used. It allows an easy control of different experimental conditions used in gas sensor 

characterization such as current-voltage (I-V) characteristic and I-time measurements. An 

indoor air quality meter (TSI IAQ-CALC 8762) was connected to the gas pipe at the  
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Figure 5.5 Indoor air quality meter (Model: TSI IAQ-CALC 8762). 

 

outlet of the gas chamber. This multi-functional meter can measure CO, temperature, 

relative humidity, and calculate dew point and wet bulb temperature. Standard gas was 

used as the CO source. It is acquired from compressed gas cylinder with nitrogen as  

 

 

Figure 5.6 Standard CO gas. 
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balanced CO with traceable National Institute of Standards and Technology (NIST) 

standard, as shown in Figure 5.6.  

 

A big gas chamber with a volume of 18.6 liter was used for steady state study. In a 

typical steady state measurement, the big gas chamber was purged continuously with 

synthetic air at a rate of 5000 sccm (standard cubic centimeters per minute) for 1 hour. 

Then the desired concentration of test CO gases was introduced to the gas chamber at 

room temperature. After that the inlet and outlet concentration achieved equilibrium, the 

Electrochemical Interface was turned on and recorded the data. Current-voltage (I-V) 

curves were recorded before and after a sensor was exposed to various concentration 

levels of CO. In a typical transient state measurement, the small gas chamber was purged 

continuously with synthetic air at a rate of 5000 sccm for 15 minutes. The current change 

of the sensor was recorded by switching the flowing gas from synthetic air to the test CO 

gases. The current reading is taken when the maximum current variation is less than ±1%. 

For the recovery, synthetic air flow rate is fixed at 5000 sccm.  

 

5.4 Sensors Fabricated from Nanofibers 

5.4.1 Gas sensor 

Two different sensor structures (show in Figure 5.7, structure A and structure B) were 

designed. Polyester substrates (polyethylene terephthalate, PET, Dupont, 9L x 6W x 

0.175T mm3) with Aluminium (Al) electrodes were used in this study. The PET 

substrates were cleaned by sequential rinsing in non-ionic detergent, de-ionized water, 

acetone and isopropyl alcohol for 10 min with ultrasonic baths and dried in a vacuum 
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oven for 12 h at 60 °C. The line width of the Al electrode was 1mm and the spacing 

between these two electrodes was 5mm. The Al electrodes were directly pasted into PET 

 

Figure 5.7 Schematic diagram of two different gas sensor structures. 

 

substrate using Aluminum conductive adhesive tape. In structure A, double sided 

adhesive carbon type (3L x 1W mm) was covered above the electrode for fixing the fiber 

mats. Then the silver conductive paint was applied at the end of carbon tapes to build the 
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good connection between the fiber mats and the Al electrodes. To allow fiber mats 

directly contact the electrodes, another structure B was developed. In this structure, 

double sided adhesive carbon tape (3L x 0.8W mm) was fixed adjacent to the electrode. 

Then the silver conductive paint with Al foil directly covered the fiber mats.  

 

Figure 5.8 shows some typical current-voltage (I-V) curves of the sensors made from 

SnO2 fiber mats in dark and under UV illumination. Our experiment involved a UV lamp 

of 365nm fixed at a distance of approximately 2cm away from the sensor, which was kept 

under laboratory conditions in air, temperature (~22°C), and relative humidity (55%-  
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Figure 5.8 I-V curves of pure SnO2 nanofiber mats. 

60%). Two sensors with the two structures were fabricated. The current increases with 

the increased voltage. The current was observed to increase dramatically upon UV 

exposure. Two major mechanisms may account for these phenomena. First of all, at 



                                                                                                                               Chapter 5 

 141

365nm, each photon has the energy of 3.41eV, which is sufficiently large to excite 

electrons directly from the valence band into the conduction band. This subsequently 

leads to enhanced carrier concentrations and significantly more conduction. The second 

mechanism is related to the desorption of oxygen. In the dark, oxygen molecules are 

adsorbed on the oxide surface and capture the free electrons present in the n-type oxide 

semiconductor 2 2[O (g) e O (ad)]− −+ → , and a low-conductivity depletion layer is formed 

near the surface. Upon illumination at a photon energy above Eg (bandgap, 3.6eV), 

electron-hole pairs are photogenerated [h e h ]− +ν → + ; holes migrate to the surface along 

the potential slope produced by band bending and discharge the negatively adsorbed 

oxygen ions 2 2[O (ad) h O (g)]++ → . This process serves to cleanse the adsorbed 

oxidative species and also result in enhanced conduction.  

 

Compared with the sensor with structure A, the sensor with structure B showed the 

excellent photoresponse, typically a 100-fold increase in the conductance. In this section, 

all the investigated sensors are based on structure B unless stated. Figure 5.9 shows the I-

V characteristics of SnO2–MWCNTs fiber mats in the dark. The breakdown phenomeon 

was observed and the breakdown voltage is around 0.37V. The resistance of the pure 

SnO2 fiber mats was very high only around nA/cm2 current was measured. This high 

resistance is likely due to the highly pure stoichiometry of the synthesized SnO2, which 

gave a semi-insulating electrical property. After the MWCNTs doping, the resistance 

increases by nearly 2 orders of magnitude from that of pure SnO2 fiber mats.  
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Figure 5.9 I-V characteristics of of SnO2-MWCNTs fiber mats. 

 

5.4.2 Measurement results and discussions 

Gas sensors fabricated from two different materials, pure SnO2 and MWCNTs doped 

SnO2 nanofibers mats, were involved in the following experiments. A big gas chamber 

with a volume of 18.6 liter (20.1H x 44.2L x 21W cm) was used for steady state study. 

After the inlet and outlet concentration achieved equilibrium (one hour), the 

Electrochemical Interface was turned on and recorded the data. A small gas chamber with 

a volume of 30.6 cm3 (3.6H×8.5L× 1W cm) was used for transient state study. All gas 

sensing experiments were conducted at room temperature (~22°C). Figure 5.10(a) 

displays current-voltage (I-V) curves of pure SnO2 fiber sensor obtained under air and 

air/507ppm CO, there being no change in resistance. On the contrary, the doped 

MWCNTs fiber sensors are sensitive to the exposed gases, as shown in Figure 5.10(b).  
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Figure 5.10 (a)I-V curves of pure SnO2 fiber sensor measured in air and 500ppm CO. 
(b)I-V curves of SnO2-MWCNTs fiber sensor measured in air and with concentrations of 
CO. (c)The sensitivity of SnO2-MWCNTs fiber sensor vs CO concentration. The applied 
voltage was 3V. 
 

The sensor resistance decreases upon the introduction of CO gas. Figure 5.10(c) shows 

the sensitivity versus various concentrations of CO. The mean sensitivity is 1.29 for 

50ppm CO at 23.5°C. A linear equation S =0.0011c(concentration, ppm)+1.1207 with a 

multiple correlation coefficient of 0.9502 was obtained over the range of 200~507ppm.  

 

For the transient state, gas sensors were placed in a small gas chamber with a volume of 

about 30.6 cm3. First the gas chamber was purged continuously with the synthetic air. We 

observed that the fiber mats were broken when the flow rate of synthetic air was adjusted 

to 9000 sccm (standard cubic centimeters per minute). The broken defects (see Figure 

5.11) occurred due to high fragility of the fiber mats. After the calcination process, the 
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electrospun nanofibers are typically brittle and difficult to handle. The fragile nature and 

the inability to carry the small mechanical load limit the real application of this type of 

sensors. Besides this limitation of the sensors and the device itself, another challenge lies 

in the establishment of a relationship between the dopant concentration and the sensor 

performance. When we increased the MWCNTs concentration (above 1%wt) in the 

 

Figure 5.11 Failure of a gas sensor. The arrows indicate the position of the break site. 
 

precursor solution, it has been difficult to obtain nanofibers through electrospinning. At 

the high concentration of the MWCNTs, the conductivity of the precursor solution may 

be too high to maintain fiber shapes by balancing surface tension and electric forces.  

 

5.5 Sensors Fabricated from Porous Structures 

5.5.1 Gas sensor device  
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To overcome these limitations discussed in the previous section, we developed gas 

sensors fabricated from hybrid porous structures. These robust gas sensors have good 

dynamic and static response to a wide range of CO gases at high flow rate. Furthermore 

the porous sensing materials are synthesized through a fiber-template method, the dopant 

concentration can be easily controlled from 0 to 100%. Figure 5.12 illustrates a gas 

sensor based on the SnO2-MWCNTs porous structure. Polyester substrates (polyethylene 

terephthalate, PET, Dupont, 9L x 6W x 0.175T mm3) with aluminium (Al) electrodes 

were used in this study. The PET substrates were cleaned in sequence of emerging in 

non-ionic detergent, de-ionized water, acetone and isopropyl alcohol for 10 min each 

with ultrasonic baths, and dried in a vacuum oven for 12 h at 60 °C. The line width of the 

Al electrode was 1mm. The space between these two electrodes is 2mm. The Al 

electrodes were directly pasted into PET substrate using an Aluminum conductive 

adhesive tape (RS Components Ltd). To allow the porous structures directly to contact 

 

Figure 5.12 Sketch of the gas sensor structure. 
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the electrodes, double sided adhesive copper conducting tape (SPI Supplies, 16.45m x 

6.35mm x 35μm) was fixed adjacent to the electrode. Then the silver conductive paint 

(RS Components Ltd) covered the porous structures directly. The gas sensing 

experimental setup was described in section 5.3. The small gas chamber with a volume of 

30.6 cm3 (3.6H×8.5L× 1Wcm) with its surface coated by a Telfon film (BYTAC Type 

AF-21) was used for this study. The electrical measurements were made using a Solartron 

1287 Electrochemical Interface along with Solartron 1252A Frequency Response 

Analyzer. The concentration of CO was continuously measured by a Chemiluminescene 

CO analyzer. All gas sensing experiments were conducted at room temperature (~22°C).  

 

The dynamic behavior of gas sensors provides detailed information about the response 

and recovery time, which is critical for sensor applications. Before electrical data were 

recorded the senor devices were purged with synthetic air until a reasonably constant 

current was achieved. The current change of the sensor was observed by switching the 

flowing gas from synthetic air to the gas mixture of N2 and CO. For the recovery, 

synthetic air flow rate is fixed at 5000 sccm. The composition of the prepared sensors in 

our investigation are listed in Table 5.1.  

 

Table 5.1 Composition of the gas sensors. 
 

Sample MWCNTs 
doping quantity

Materials 

groups #1 0.14wt% SnO2-MWCNTs 

groups #2 0.7wt% SnO2-MWCNTs 

groups #3 0wt% SnO2 
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5.5.2 Measurement results and discussions 

5.2.2.1 Effect of dopant concentration 

The measured current-voltage (I-V) curves of pure SnO2 and doped SnO2 porous 

structures at room temperature are shown in Figure 5.13. The resistance of the pure SnO2 

structures was very high, indicating a semi-insulating electrical property. After MWCNTs 

doping, the current increased from 7.68mA to 51.4mA at a voltage of 1.5V. The SnO2-

MWCNTs sensing materials shows a nonlinear, symmetric I/V characteristic at room 

temperature and a significant increase in the electrical conductivity with the addition of 

MWCNTs (~0.14wt%).  
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Figure 5.13 I-V curves of gas sensors made from pure SnO2 and SnO2-MWCNTs 
(~0.14wt%) porous sensing materials in synthetic air. 
 

The I-V characteristics of the sensing materials were studied with respect to the 
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MWCNTs concentrations in the composites, varying from 0.14wt% to 0.7wt% (denoted 

groups #1 and #2). The pure porous SnO2 exhibited nonlinear semi-insulating behavior. 

As shown in Figure 5.14, the resistance of the sensing materials decreases with increasing 

the MWCNT doping level. The sample with 0.14% MWCNTs (group #1) shows a 

symmetric semiconducting I-V curve. A linear ohmic behavior was observed as the 

concentration of the MWCNTs increased to 0.7wt%, suggesting that the nanotubes 

enhanced the electrical conductivity as a result of an efficient dispersion of the MWCNTs 

with the help of CTAB. 
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Figure 5.14 I-V curves of gas sensors made from porous sensing materials in synthetic 
air at room temperature. 
 

Figure 5.15 shows I–V curves recorded before and after exposing two sensors with two 

dopant concentration levels to 288ppm CO for 5 minutes. The electrical conductivity of 

the gas sensors was strongly dependent on the MWCNTs concentration. The I–V curve of 

the sensor of 0.14wt% dopant shows a slight “S” shape, indicating that the composite 
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network behaves as a semiconductor. With increased MWCNTs concentration, the slope 

of the I–V curve increases and appears to be more linear. The composite with 0.7wt% 

dopant has more metallic F-MWCNTs, which yields the improved conductivity. As 

shown in Figure 5.15, the current values increase upon the adsorption of CO; however, 

the magnitude of increased current is quite different in the two cases. The sensitivity at 

288ppm CO is strongly increased to 2 for group #1, it decreases to 1.04 for group #2 at a 

working voltage of 2V. These results indicate that the existence of an optimal level of 

MWCNTs-doping with respect to sensor performance. A small MWCNTs content 

(~0.14wt%) improves the sensor performance over that of pure SnO2. When the doping 

ratio reaches a certain value, however, the conductance of the MWCNTs is dominant and 

the sensor’s resistance decreases to such a low value that it is no longer sensitive to the 

presence of CO gas, as shown in Figure 5.15b.  
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(b) 

 
Figure 5.15 I-V curves of gas sensors made from SnO2-MWCNTs porous sensing 
materials with different doping concentrations of MWCNTs in synthetic air and 288ppm 
CO. (a) ~0.14wt% MWCNTs, (b) ~0.7wt% MWCNTs. 
 

Current was recorded at various CO concentrations and found to be no obviously change 

upon exposure to CO of as high as 400ppm at an applied voltage of 1V, as shown in 

Figure 5.16a. On the contrary, the MWCNTs doped gas sensors are sensitive to the CO 

gases (Figure 5.16b). The injection of 70ppm CO induced a remarkable decrease in the 

electrical resistance of the gas sensor. This result was highly reproducible with various 

batches of sensors. The inset in Figure 5.16b displays the calibration curve of the 

MWCNTs (~0.14wt%) doped sensor at an applied voltage of 0.5V. A linear equation S 

=0.0027c(concentration, ppm)+1.018 with a correlation coefficient of 0.982 was obtained 

over the range of 70~380ppm. Figure 5.16c shows the dynamic response of group #2 

sensor operated at room temperature to various concentrations of CO gas. Obviously, the 

sensor sensitivity increases with increasing CO concentration. Although a concentration 

of 55ppm CO is clearly detectable, the corresponding sensitivity is low.  
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c) 

 
Figure 5.16 Response of sensors made from a)pure SnO2 and b)SnO2-MWCNTs 
(~0.14wt%) porous sensing materials to CO at room temperature. The inset shows that 
the sensitivity is a linear function of CO concentrations between 70ppm and 377ppm. The 
applied voltages were 1V and 0.5V, respectively, for pure SnO2 and SnO2-MWCNTs gas 
sensors. C)SnO2-MWCNTs (~0.7wt%) porous sensing materials to CO at room 
temperature. 
 

Figure 5.17 shows the calibration curves of the gas sensors, made from SnO2-MWCNTs 

porous sensing materials with different doping concentrations of MWCNTs, exposed to a 

broad range of concentrations of CO. For each gas examined, group #1 sensors 

demonstrate higher sensitivity to CO in the whole examined concentration range than 

group #2. For group #1 sensors, the sensitivity increases with increasing CO 

concentration. There is an approximately linear sensitivity-concentration relationship in 

the range of 45–300ppm. However, there is not much change in the sensitivity of group 

#2 sensors even at a CO concentration of 288ppm. Compared with the group #2 sensors, 

group #1 sensors showed the good sensitivity in the whole examined CO concentration 
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range. In following section, we focused on group #1 sensors unless stated. Within the 

chosen range of concentrations, CO did not cause a measurable change in conductance in 

the gas sensors made from pure SnO2 porous materials at room temperature, suggesting 

that doping with MWCNTs effectively enhances the sensitivity to CO gas at room 

temperature.  
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Figure 5.17 Comparison of sensitivity of the gas sensors made from porous sensing 
materials with different doping concentrations of MWCNTs.  
 

 

5.2.2.2 Dynamic response of the sensors 

Typical dynamic response of the group 1# sensor at room temperature to concentration 

pulses of CO (45–288ppm) is shown in Figure 5.18. The current was measured by 

applying a DC voltage of 0.5 V for all experiments. The sensor fabricated from porous 

SnO2-MWCNTs composite materials was sensitive to CO (Figure 5.18a), at 45ppm with 
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an appreciable conductance increase. In this case, the response time is ~80 s and the 

sensor took around 35 s to recover the base line resistance when the gas was switched  
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Figure 5.18 Dynamic response of sensor to a)45ppm, b)98ppm, c)199ppm and d)288ppm 
CO with RH 30% at room temperature. The applied voltage was 0.5V. 
 

back to the synthetic air. Increasing the CO concentration from 45 to 98 ppm leads to an 

increase in the sensitivity from 1.04 to 1.25. The sensitivity was calculated to be 1.53 for 

199 ppm CO and 1.84 for 288 ppm CO, with response time of about 230 s for 199 ppm 

CO and 320 s for 288 ppm CO, respectively. As can be seen, the sensitivity and response 

time of the gas sensor increase rapidly with CO concentration. The sensor response has 

no obvious decay at each concentration during two air-CO-air cycles. The sensing 

behavior is reproducible in a well controlled gas environment where the gas analyte is 

only composed of pure Nitrogen and CO gas. The results of measurements at room 

temperature are summarized in Table 5.2. 

 

Table 5.2 Performance of the gas sensor with various concentrations of CO at room 
temperature.  
 

 Tresp [s] Trec [s] S 

45ppm 80 35 1.04 

98ppm 145 70 1.25 
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199ppm 230 100 1.53 

288ppm 320 130 1.84 

 

It is clear that the accuracy and performance characteristics of laboratory testing systems 

is critical to evaluation of developed gas sensors. It is therefore necessary to take account 

of the delay in the response and recovery of the gas sensor in the presence of variations in 

gas concentration. As we know, the test CO gas will take time to pass over the sensor to 

reach the outlet. Table 5.3 summarizes the time constant of the gas delivery system. tresp 

is equal to the volume of the test gas chamber divided by the flow rate. For a total flow 

rate of 33mL/min and a gas chamber volume of 30.6cm3, the time constant is expected to 

be ~60sec. This is on the same order of magnitude as the response time of the gas sensor. 

So the test system can introduce errors into measurement of response and recovery time 

of gas sensors. Our measurement shows that effects of the test system on response and 

recovery time are significant, particularly at low concentrations. The usage of smaller 

 

Table 5.3 Time constants of the gas delivery system with various flow rates 
 

 CO flow 
rate[mL/min]

tresp [s] [a] trec [s] [b] 

45ppm 33 60 15 

98ppm 80 110 30 

199ppm 323 125 58 

288ppm 835 160 80 

[a] tresp is the time required for CO gas filling the gas chamber. 
[b] trec is the time required for blowing CO gas from the gas chamber. 
 

gas chamber will minimize the time constant of the gas delivery system and improve the 
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measurement accuracy.  

 

5.2.2.3 Effect of humidity 

For many applications water vapor will be present as an interfering gas. For this reason 

the interaction of the semiconductor with water is of great interest. Semiconductor 

sensors are influenced by the ambient humidity. Changes in relative humidity will affect 

the sensor signal, thereby producing wrong concentration readouts and false negative or 

false positive alarms. In this section, experiments were carried out at room temperature 

with different levels of relative humidity to identify the effect of relative humidity on 

sensing behavior.  

 

In order to examine the influence of water in the absence of CO, the sensors were 

exposed to the synthetic air with different concentrations of water vapor. Their I-V curves 

are illustrated in Figure 5.19. The pure SnO2 exhibits semiconductor-diode like I-V 

characteristic in air and the conductance has a minimum at zero bias, as shown in Figure 

5.19a. Current and conductance increase monotonically with the increasing humidity, 

always one order of magnitude lower than those measured for MWCNTs doped SnO2 

materials. When the relative humidity varies from 26% to 62%, the current of pure SnO2 

increases to 70µA from an initial value of 18µA at a bias voltage of 2V. The electrical 

resistance change of the SnO2-MWCNTs(~0.7wt%) composite materials is smaller than 

that of the pure SnO2 materials. Similar to reducing gases, water vapor is known to 

increase the conductance of semiconductor tin dioxide gas sensors at high temperatures.  
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Figure 5.19 I-V curves of gas sensors made from (a) pure SnO2 (b) SnO2-MWCNTs 
(~0.14wt%) (c) SnO2-MWCNTs (~0.7wt%) in synthetic air recorded at different relative 
humidity levels.  
 

A few mechanisms have been proposed for explaining the increase of surface 

conductivity in the presence of water vapor [1]. At high temperatures (100~500°C), the 

interaction with water vapor leads to adsorption of molecular water and hydroxyl groups. 

Hydroxyl groups can react with Lewis acid site (Sn) and Lewis base site (O) on the SnO2 

surface and form SnSn
+-OH– and then release electrons. These electrons cause a direct 

increase in the sensor’s conductivity. Our experiments were carried out at room 

temperature and the dissociation of water should hardly take place. Therefore, at room 

temperatures an ionic mechanism may contribute to the enhanced conductivity by 

adsorbed water vapors [2-4]. 

 

When the first layer of water molecules is formed, subsequent layers of water molecules 

are physically adsorbed on the first hydroxyl layer, as shown in Figure 5.20. The first 

layer of physisorbed water molecules is characterized by double hydrogen bonding of a 

single water molecule. The physisorption changes from monolayer to multilayer as the 

water vapor pressure increases. Therefore, singly bonded water molecules are able to 

form dipoles and to reorient freely under an externally applied electric field, resulting in a 

decrease in the dissociation energy for protons. Secondly, the interaction between the 

porous SnO2 and water molecules must also be considered. The presence of open porosity 

permits water condensation in the capillary pores. The Kelvin equation predicts that at 

lower temperatures water condenses inside increasing larger pores, increasing the 

conductivity of the gas sensors [3, 5]. 



                                                                                                                               Chapter 5 

 161

 

 
Figure 5.20 Schematic of H2O adsorption onto SnO2 surface. 
 

We have studied the effect of humidity on the sensing characteristics of group #1 sensors 

in the range of 30–70% relative humidity, the effect of humidity on the sensitivity is 

shown in Figure 5.21. There is a decrease in the sensitivity of the gas sensors with an  
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Figure 5.21 Comparison of sensitivities of group #1 sensors to various concentrations of 
CO at different relative humidity. The applied voltage was 0.5V.  
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increase in the humidity. 

 

Apart from the fact that dopant concentration plays an important role in gas sensitivity, 

the humidity also has a strong effect on the magnitude of the sensor sensitivity. In our 

case, humidity decreases sensor response to CO in relation to the response in dry air. 

Despite several authors stating that humidity increases tin oxide CO sensitivity at high 

temperatures [6], the influence of humidity in CO detection is a controversial issue, 

because it is directly related to the fabrication and thermal annealings the material has 

suffered. In our case, the sensors were operated at room temperature without extra heater, 

the effect of water vapor on the sensor’s behavior is more prominent. When the humidity 

is increased, more water molecules could occupy available adsorption sites for CO 

molecules and reduce the sensitivity of the sensor to CO gas. 

 

5.2.2.4 Effect of working voltage  

The gas sensors were tested at various voltages to determinate the effect of the working 

voltage on the sensor response. Figure 5.22 represents current-time curves of the gas 

sensor made from SnO2-MWCNTs (~0.7wt%) porous sensing materials in synthetic air. 

As is seen from Figure 5.22, the current is not stable over time when the working voltage 

is 0.01 V. Some sharp current pulses are observed, indicating that output signal of the 

sensor is easily to be interfered by external noise sources. This can lead to false positive 

alarms. When the working voltage is increased to 0.02 V, the output current becomes 

stable. Although the low working voltage is beneficial for power consumption reduction 

of the system, it may be infeasible to implement if the resulting current is very small.  
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Figure 5.22 Current-time curves of gas sensor in synthetic air recorded at different 
working voltages: (a)0.01 V, (b)0.02 V. 
 

Figure 5.23a shows the I-V curves of a gas sensor made from SnO2-MWCNTs 

(~0.14wt%) porous sensing materials after a 5-min exposure to 288ppm CO. The 

conductance of the gas sensor substantially increases by the exposure to CO. Figure 5.23a 

also implies that the working voltage affects the sensitivity, which is shown in Figure 

5.23b. It is interesting to notice that the maximum sensor sensitivity is found when the 

working voltage was 0.01V, although then the noice level can be significant.  
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(a) 

 
(b) 

 
Figure 5.23 (a)I-V curves of gas sensors made from SnO2-MWCNTs (~0.14wt%) porous 
sensing materials in synthetic air and 288ppm CO. (b)The effect of voltage on sensitivity.
 

Figure 5.25 presents the sensitivity of group #1 sensors at various values of working 

voltage. The peak values are not strongly voltage-dependent, although there appears a 

maximum value at a low working voltage of 0.05V. However, a decreased working 

voltage used to result in a long response and recovery time in our measurement, as shown 

in Figure 5.24.  
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Figure 5.24 Dynamic response of group #1 sensor to 288ppm CO at different working 
voltages: a)0.05V, b)0.5V, c)1.5V and d)2V.  
 

It is shown that the gas sensitivity was very receptive to slight changes in the working 

voltage. Although these sensors presented such a high sensor sensitivity at lower working  

 

 
Figure 5.25 Sensitivity as a function of working voltage for group #1 sensors exposed to 
288ppm CO. 
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voltages, their dynamic behavior was not satisfactory at all due to a long response and 

recovery time. 

 

Lower power consumption generates less heat, this means the components in sensor 

systems are under less stress and therefore have a higher lifetime, as well as the reliability. 

Low power also leads to smaller power supplies, less expensive batteries, and enables 

products to be powered by signal lines (such as fire alarm wires) lowering the cost of the 

end-product. As a result, low power consumption has become a key parameter of sensor 

designs. The working temperature of conventional SnO2-based sensors is normally higher 

than 150°C, the energy consumed in heating the sensor heads is large and not easily pared 

down for the existence in heating circuit device. It thus requires new design and 

fabrication processes to meet the low power consumption requirement. In our approach, 

all the investigated sensors are working at room temperature and the applied voltage is 

0.5V.  

 

The sensors have been compared with the reported SnO2-based sensors including 

commercial thick film gas sensors. The comparison with the sensitivity data- if available 

- of the at present available CO thick film sensors is given in Table 5.4. Compare to the 

conventional SnO2-based sensors, our sensor allows a strong reduction of power 

consumption. The above results clearly demonstrate that the porous SnO2-MWCNTs 

composite materials are promising for detecting CO molecules at room temperature with 

low power consumption. 
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Table 5.4 Comparison of home-made SnO2-MWCNTs sensors with the reported SnO2-
based sensors. 

 

Materials Operating 
temperature

Working
voltage 

Sensitivity Reference 

SnO2/MWCNTs 22°C 0.5V 
45ppm at 1.04
98ppm at 1.25  

SnO2/In2O3/PdOx 200°C 
not 

available 50ppm at 9 
100ppm at 11 

[7] 

SnO2/Au 83°C not 
available 100ppm at 1.7

[8] 

SnO2  200°C not  
available

10ppm at 1.1 [9] 

commercial SnO2 
thick film sensors 

TGS 2442 

temperature
plused 
mode[a] 

5V 30ppm at 15 TGS 2442 data sheets. 
(www.figarosensor.com)

[a] The first pulse at 440°C and the following pulses at 150°C. 

 

 

5.6 Sensing Mechanism 

Tin dioxide semiconductor gas sensors reversibly change their conductivity in response 

to changes in gas concentration and thus provide information about the composition of 

the ambient atmosphere. Most tin dioxide gas sensors are generally operated in air in the 

temperature range between 200 and 400°C [1]. The gas sensing mechanisms by which 

these semiconductor gas sensors operate have been intensively investigated, with general 

agreement that surface chemisorbed oxygen ions react with trace adsorbed gases on the 

sensor, releasing electrons to the SnO2 conduction bands, thereby influencing the bulk 

electrical characteristics of the sensor, particularly its resistance [1, 10-12]. 
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Resistive gas sensors’ mechanisms belong to the modulating type. Therefore, it is 

necessary to apply a modulating signal to the sensor. In our case, a constant voltage is 

applied to the gas sensor and the current is measured. In order to affect the current 

flowing through the sensing layer, gas molecules have to interact with the layer surface. 

This usually starts through adsorption and desorption processes. In SnO2-based sensors, 

the most important adsorbed species, oxygen, may be adsorbed either in molecular or 

atomic form, and in neutral or ionic form. Depending on the layer temperature and 

structure, the dominant species will vary [13]. At room temperature, the equilibrium of the 

O2
- coverage with gaseous O2(g) is approached slowly. With increasing temperature 

(above 150°C), O2
- converts to 2O- (O2

- + e-  2O-), thereby reducing the conductance of 

the metal oxide due to the removal of electrons from the conduction band. The charge 

transfer induces a surface charge and a corresponding band bending in the semiconductor. 

Since SnO2 is an n-type semiconductor and oxygen generates acceptor levels, depletion 

charge layers usually appear at the surface of SnO2 in oxygen containing atmospheres. 

The resistance of an n-type semiconductor gas sensor in air is therefore high, due to the 

development a potential barrier to electronic conduction at each grain boundary, as 

shown in Figure 2.1.  

 

When the sensor is exposed to an atmosphere containing reducing gases such as CO at 

elevated temperatures, the preadsorbed oxygen ions (O2
- , O-) react with CO gases via the 

formation of unidentately and/or bidentately bound carbonate groups and desorb finally 

as CO2 [14]. Thus, even traces of reducing gas decreases the amount of adsorbed oxygen 

significantly and the surface-trapped electrons are released back to the bulk. As a 
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consequence, the height of the Schottky barrier is reduced, which results in an increase of 

the conductance of the whole sensing layer. The resistance change is used as the 

measurement parameter of a semiconductor gas sensor, with the sensitivity defined as the 

ratio of the resistance in air to that in a sample gas.  

 

The reactivity of the oxygen ions is a function of both the kind of gas and the sensor 

temperature. When pure tin oxide is placed in carbon monoxide at room temperature, few 

active oxygen ions react with CO, so that no change of resistance was observed, as shown 

in Figure 5.10a and Figure 5.16a. Through doping MWCNTs, the composite materials 

show a good sensitivity to CO at room temperature, indicating that the addition of 

MWCNTs is effective in improving the sensitivity towards CO. As we know, the 

interaction of many molecules with intrinsic carbon nanotubes is, however, not very 

strong. The resulting minimal charge transfer causes limitations in detecting some 

important toxic gases (e.g., CO), water molecules and biomolecules [15, 16]. External or 

internal functionalization schemes have recently been proposed to overcome these 

detection limitations [16-19]. After being pretreated in acidic environment under sonication 

and calcination in air, abundant defect sites are created on the surface of MWCNTs walls 

(Figure 4.14). According the results, it is plausible assume that the defect would serve as 

a binding site for the CO molecule leading to changes in the electronic structure and 

subsequently in the transport properties of the sensor system [17, 20]. 

 

Pristine CNTs-based sensors were not sensitive to CO because of the low affinity of CO 

for pristine CNTs. There are a few theoretical studies indicating that the sensitivity of 
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pristine CNTs sensors can be improved by doping the CNTs or by introducing defect 

sides along the sidewall of the CNTs. Using first-principle calculations, Peng et al. 

demonstrated that the sensor devices that are made from SWCNTs doping with boron or 

nitrogen atoms can not only detect the presence of CO and water molecules, but also the 

sensitivity of these devices can be controlled by the doping level of impurity atoms in a 

nanotube [16]. Doping with other atoms can modify the physical and chemical properties 

of carbon nanotubes, which leads to a large electron charge transfer from a carbon 

nanotube to carbon monoxide molecule. In another theory study, da Silva et al. proposed 

the deformed CNTs device generated by applying uniaxial stress along the opposite 

surfaces of a SWCNT can act as a sensor to detect CO [18]. Very recently the gas 

absorption at the defect sites of SWCNTs has been reported to produce a large electronic 

response experimentally and theoretically [19, 21, 22]. Although the microscopic chemical 

and physical interactions between adsorbed molecules and sensing tubes are not yet 

completely understood [15]. It is reasonable to expect defects mediate the interaction 

between CO molecules and F-MWCNTs and contribute to the improved sensitivity.  

 

Due to a strong sp2 carbon-carbon bonding with CNTs, the interaction between defect-

free CNT walls and CO molecules had been expected to be relatively weak and 

consequently, the electronic transport properties of the nanotubes are insensitive to the 

exposure of CNTs to CO gases. Our experimental results showed that after pretreated in 

concentrated CTAB under sonication and possibly calcinations in air, abundant defect 

sites were created on the surface of MWCNTs walls which have strong binding energies 

to CO. Figure 4.14 and Figure 5.26 show that nanotubes contain a variety of defects, just 
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like topological imperfections, such as open-ended structure, and multi-vacancies (or hole 

corresponding to a large number of carbon atoms loss) in the nanotubes’ surface. As 

confirmed by the TEM image reported elsewhere [23-25], pentagonal arrangement of 

carbon atoms and vacancies are a common feature of defective carbon nanotubes induced 

by electron or ion beam irradiation. Atom loss creates vacancies which could further 

cluster into large holes in the structure, and due to the dangling bonds associated with 

these defects, the system will become energetically unstable. The removal of carbon 

atoms from CNTs leads to a reconstruction of the network from a purely hexagonal to a 

coherent structure containing nonhexagonal rings and the energy can be lowered by 

dangling bond saturation and Stone-Wales type transformation [26, 27]. Numerous 

theoretical efforts have been carried out in order to understand the nature of surface 

reconstructions in CNTs during carbon atom removal from the surface [26-29]. As shown in 

Figure 5.26, several graphene layers were locally peeled from a MWCNT. Ajayan et al. 

used molecular dynamics to investigate the surface reconstruction and dimensional 

changes in defective SWCNTs induced by electron irradiation. They found that when 

inhomogeneous carbon extraction was performed on the carbon nanotube, the defective 

surface was not able to reconstruct in a disordered sp2 network, but rather created atomic 

linear chains of carbon [26]. However, a theoretical study of CNTs, particularly MWCNTs, 

is difficult due to the large number of atoms required to model the system. To our 

knowledge, there has not been any systematic investigation of the electronic properties of 

such structures, particularly interacting with gas molecules. In our future work, 

theoretical studies are needed to provide a scientific basis to such a potential discipline 

for the development of CNT-based gas sensors. In general, defect sites can give rise to 
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(a) (b) 

(c) 

 
 

(d) 

Figure 5.26 (a)-(b) TEM images of SnO2-MWCNTs nanostructures. The defect sites 
are marked as two red arrowheads. (c)HRTEM image of defect sites. (d)Schematic 
illustrations of the formation of the neck-like structures.  
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stronger interactions with adsorbed molecules, as indicated by theoretical and 

experimental investigations [19, 21, 30, 31]. The presence of defects affects the local curvature 

of the nanotubes making the carbon atoms in the vicinity of the defect more sp3-like 

(compared with a more sp2-like picture for a defect-free CNT) and, consequently, more 

reactive. Upon the introduction of vacancies on the CNT sidewall, more reactive 

coordination sites are realized, resulting in a quite strong sorption of CO on the defective 

sites and a large charge transfer interaction. As a result, the functionalized MWCNTs 

have strong tendency to adsorb CO molecules, and experience a drastic change in 

electrical properties when exposed to carbon monoxide. The resistance of the SnO2-

MWCNTs sensor decreases upon the exposure of the reducing gas molecules, suggesting 

that the functionalized MWCNTs have an n-type semiconductor behavior.  

 

A proposed interaction mechanism of CO molecules with F-MWCNTs can be described 

as 

F-MWCNTs + CO(g)  F-MWCNTs-CO(ad) 

F-MWCNTs + H2O(g)  F-MWCNTs-OH(ad) + H+ +e- 

F-MWCNTs-CO(ad) + F-MWCNTs-OH(ad)  CO2(g) +2F-MWCNTs+ H+ +e-      (5.3) 

Hence, the concentration of the conduction band electrons increases and the conductance 

increases. On the other hand, the ion O- is easily adsorbed on MWCNTs surface in air [32], 

O2(g) + 2e- (F-MWCNTs)  2O-
(ad)                                                                         (5.4) 
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If CO gas is introduced into the gas chamber, it may cause the desorption of O2 by the 

following way: 

CO(g) + O-
(ad)  CO2(g) + e-                                                                                      (5.5) 

which also attributes to an improvement in the sensitivity. In addition, the work function 

of the MWCNTs is approximately equal to that of tin oxide, the Schottky barrier between 

them is very low [33]. Electrons can travel through the tin oxide grains into the MWCNTs 

smoothly. Our experimental results show that pure SnO2 nanostructures are insensitive to 

CO gases at room temperature. The SnO2 may a carrier for electrons or the dopant 

(MWCNTs) in its oxidized state acts a strong acceptor for electrons of the host 

semiconductor (SnO2). This induces an electron-depleted space-charge layer near the 

interface. Another possible effect of a carrier for electrons can be described as: The 

deposited clusters of dopants can provide more preferred adsorption and activation sites 

for the target gas CO from which activated fragments are spilled over onto SnO2 to react 

with the adsorbed oxygen. As a result, the surface coverage with oxygen and therefore 

surface potential barrier is reduced and accompanied by a change in conductance, while 

the cluster itself remains unchanged. Future work should concentrate on a throughout 

understanding of the interactions between the adsorbed gas molecules and the 

SnO2/MWCNTs composites. 

 

5.7 Conclusion 

In this chapter, the design and fabrication processes of two types of composite gas 

sensors have been described. The sensing performance of the sensors has been 
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systematically investigated. A measurement system has been employed to perform 

electrical and gas sensing characterization.  

 

The fabricated gas sensors have been evaluated with a wide range of CO concentration in 

mixture gases. The sensors fabricated from SnO2/MWCNTs composite fiber mats at 

steady state show that they are able to detect carbon monoxide at 50 ppm at room 

temperature, while the pure SnO2 nanofibers are insensitive up to 500 ppm. The doping 

MWCNTs can significantly improve the sensitivity of gas sensors at room temperature. 

Sensors fabricated from porous SnO2/MWCNTs composites exhibit a reversible and 

reproducible response, at a bias voltage of 0.5V, to CO in the range of 45–400 ppm at 

room temperature. The effects of humidity, working voltage and dopant concentration on 

the gas sensing properties have been studied and determined. The sensitivity of gas 

sensors is strongly dependent on dopant concentration and humidity. The sensor 

sensitivity has a low variation in the range of working voltages studied and shows a 

maximum at a working voltage of 0.05V. Base on the experimental results, a general 

mechanism was proposed for the sensing behavior of the sensors. The introduction of 

defects on the CNT sidewall may lead to a strong sorption of CO on the defective sites 

and a large charge transfer interaction, consistent with the observation of sensitive CO 

detection at room temperature.  
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CHAPTER 6 
 

CONCLUSIONS AND FUTURE WORK  
 

 

6.1 Conclusions  

Two types of composite materials incorporated with functionalized multiwall carbon 

nanotubes were prepared via electrospinning and electrospun fiber template method, 

respectively. Gas sensors made from these sensing materials were fabricated and 

characterized. The sensors made from SnO2/MWCNTs composite nanofibers were able 

to detect carbon monoxide at 50 ppm at room temperature in steady-state. Sensors 

fabricated from SnO2/MWCNTs porous composites exhibit a reversible and reproducible 

response, at a bias voltage of 0.5V, to CO in the range of 45–400 ppm at room 

temperature. Power consumption of this sensor is lower than that of conventional SnO2-

based gas sensors and the method of preparing sensing materials proposed in this study is 

simple to execute and easy to scale up. In the course of the research, several conclusions 

have been drawn, which represent significant contributions to knowledge of the relevant 

scientific areas. The major findings obtained from the experiments and the conclusions 

are summarized as follows: 

 

1. Preliminary study on electrospinning process has been conducted with tin dioxide 

precursor solutions. It is found that flow rate is the most important factor in controlling 

fiber morphology. When the flow rate exceeds 0.02 mm/min, an unstable jet is 

obtained and fibers with big beads are formed. The diameter and morphology of the 
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electrospun fiber change with the applied voltage. As characterized by the SEM, the 

average diameter increases from 199nm to 667nm by decreasing the applied voltage 

from 18kV to 8.6kV.  

 

2. Pure tin dioxide nanofibers have been fabricated by calcining electrospun nanofibers of 

PVA/stannic hydroxide sol composite as precursor. The as-spun fibers have a smooth 

surface. After calcination process the diameter of the fibers decreases obviously and 

the fiber surface appears to be rough, which is due to the burning off of organic 

components. A simple method for dispersing MWCNTs into tin oxide precursor 

solutions has been developed and the hybrid SnO2/MWCNTs nanofibers have been 

obtained via electrospinning process. The presence of the MWCNTs inside the 

composite fibers has been confirmed by TEM and Raman spectroscopy. From TEM it 

is observed that the MWCNTs tend to align along the fiber axis during the 

electrospinning process. 

 

3. Porous SnO2 nanobelts have been fabricated by calcining electrospun nanofibers of a 

polyethylene oxide (PEO)/stannic hydroxide sol composite in an open atmosphere. 

Characterizations of the prepared SnO2 nanobelts have been conducted by using 

FESEM, TEM, X-ray diffraction and Fourier transform infrared spectroscopy. It is 

found that the nanobelts prepared consist of a continuous network of interconnected 

SnO2 grains and possess a high surface area and continuous porosity. 
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4. Porous SnO2/MWCNTs composites have been successfully fabricated by a template-

directed method. The influence of processing parameters, such as applied voltage, tip-

target distance and solution flow rate, on the PVA fiber diameter and morphology has 

been systemically examined. The experimental results reveal that the solution flow rate 

has the most significant effect on fiber formation, followed by the applied voltage and 

tip-target distance. Uniform ultrafine PVA fibers (203 ± 25 nm) can be obtained by 

electrospinning of 8wt% aqueous PVA solution at 18.4kV when the flow rate was 

0.025mm/min and tip-target distance was 12.5cm. Electrospun PVA fibers are used as 

sacrificial templates for coating with SnO2/MWCNTs precursor solution using a sol-

gel deposition technique. Porous structures can be obtained after the removal of the 

PVA fiber templates through heat treatment. The resulting composite materials exhibit 

an extended network of features separated by large pores with a diameter of 1-2μm 

approximately. The randomly oriented MWCNTs are found and well dispersed in the 

SnO2 matrix. Mircostructural analysis reveals that defects are formed in the walls of 

MWCNTs after the calcination process. The open-ended and surface modified 

MWCNTs provide available states for tunneling electrons and make them probe the 

images of a given chemical species with high resolution, demonstrating potential for 

chemical sensing. The structural changes have been validated using Raman spectra and 

HRTEM. 

 

5. A measurement system including a gas chamber, a gas delivery system as well as a 

data acquisition system has been developed. Two types of gas sensor devices based on 

flexible PET substrates have been developed. Optimizing of the gas sensor device has 
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been done from the point of view of increasing contact area between the sensing 

materials and the electrodes. The fabricated sensors have been evaluated with a range 

of CO concentration in mixture gases. The sensors fabricated from SnO2/MWCNTs 

composite fiber mats at steady state show that the n-type SnO2/MWCNTs nanofibers 

are able to detect carbon monoxide at 50 ppm at room temperature, while the pure 

SnO2 nanofibers are insensitive up to 500 ppm. This indicates that the doping 

MWCNTs contribute to the improved sensor sensitivity. Sensors fabricated from 

porous SnO2/MWCNTs composites exhibit a reversible and reproducible response, at a 

bias voltage of 0.5V, to CO in the range of 45–400 ppm at room temperature. The 

effect of humidity, working voltage and dopant concentration on the gas sensing 

properties has been studied and established. It is found that humidity does play an 

important role in gas sensitivity. One marked improvement of this gas sensor is 

significantly reduced the power consumption resulting from the low working voltage 

and operation temperature. Base on the experimental results, a general mechanism was 

proposed. The introduction of defects on the CNT sidewall leads to a strong sorption of 

CO on the defective sites and a large charge transfer interaction, consistent with the 

observation of sensitive CO detection at room temperature.  

 

6.2 Future Work 

Although, a wearable room temperature gas sensor has been developed and its capacity in 

detecting CO has been demonstrated in the course of this study, the understanding of 

sensing mechanism is still in the preliminary stage. Some important and fundamental 

issues need to be addressed in the near future.  
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6.2.1 Improvement of kinetic response of sensors 

The focus of this work has been concerned with developing wearable gas sensors for 

detecting CO at room temperature. In spite of their desirable performance, these sensors, 

as any other conventional metal oxide gas sensors, still have some drawbacks, leaving 

room for future improvement. One drawback of the sensors is the low response speed. 

The response time of the sensor to 50ppm CO (The USA Occupational Safety & Health 

Administration permissible exposure limit) is around one minute, which is far away from 

the real world applications. The small gas chamber was not appropriate as its filling time 

was too long. Thus smaller chamber is required to test the kinetic response. Generally 

catalysts (such as Pd and Pt) can be added to the sensor both to speed up the reaction, so 

the response time is reduced to seconds instead of hours. Therefore, future studies are 

required to investigate the catalyst effect and to speed up the response time. In the 

experiments only carbon monoxide was used. It would be valuable to use the system to 

test the sensing response to other gases as well. In addition, the performance of the home-

made sensor should be compared with state-of-the-art commercial metal oxide gas 

sensors.  

 

6.2.2 Improvement of selectivity of sensors 

In this work, we have demonstrated that doping MWCNTs is a feasible method in 

improving the performance of conventional SnO2-based gas sensors. The tin dioxide 

sensors face the problem of selectivity: the sensitive material recognizes not only the 

targeted gases but also, to some degree, other volatiles and changes in ambient 

parameters. This can lead to false negative or false positive alarms. It restricts the sensors 
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further application in areas while multiple gases are present and need to be distinguished. 

Hence, reliable approaches are required to propose in the future to resolve the selectivity 

problem to a certain degree and to extend the applications of the gas sensors into multi-

component environment.  

 

6.2.3 Sensing mechanism 

The addition of F-MWCNTs has proven to affect the sensitivity and resistance of sensors. 

However, the reason for the influence of the dopant is not yet understood. The role of the 

dopant should be investigated in detail to understand the mechanism behind them. The 

performance of the sensor devices can be further improved by optimization of doping 

concentration. A mathematical model considering all the relevant parameters can be 

further developed in order to provide understanding of the actual interaction between the 

gas sensors and gas molecules in the real environment. Secondly, a combination of in-situ 

spectroscopic techniques needs to be applied to the sensors in order to determine the 

influence of humidity, doping and substrate on the CO detection. Additional 

spectroscopic investigations on the sensors, which are planned to take place in the near 

future, might provide additional information about how the sensing takes place, who are 

the main reaction partners, in what proportions they occur and how the doping material 

influences the sensing characteristics. Work function measurements will help to clarify 

the electronic interaction at the SnO2 surface and the additional influence of different 

dopants on the conductivity mechanism. Impedance measurement will also provide more 

detailed information about this electronic conductance mechanism. Moreover, in the 
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future the characterizations presented shall be extended to other gases, e.g. NOx, in order 

to gain additional information on the related sensing mechanisms.  

 

6.2.4 Mechanical properties of the sensing materials 

During the serve lifetime of the sensing materials, forces exerted on the sensing materials 

in the form of mechanical contact or thermal misfit may result in permanent deformation 

or even failure. Therefore, there is a need to characterize the mechanical properties of the 

sensing materials in the future study.  
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