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ABSTRACT (THAI) 
 ณัฐวุฒิ สร้อยบาง : การเพ่ิมสัญญาณการรับรู้แก๊สแอมโมเนียด้วยนาโนคอมพอสิตโลหะ

ออกไซด์-พอลิแอนิลีน. ( ENHANCEMENT OF AMMONIA GAS SENSING BY METAL 
OXIDE-POLYANILINE NANOCOMPOSITE) อ.ที่ปรึกษาหลัก : ผศ. ดร.เจริญขวัญ ไกร
ยา 

  
แก๊สแอมโมเนีย (NH3) เป็นสารเคมีที่สำคัญในหลายอุตสาหกรรม พนักงานที่ทำงานใน

เขตอุตสาหกรรมดังกล่าวอาจได้รับสัมผัสกับแก๊สแอมโมเนีย  ซึ่งอาจทำให้เกิดอาการต่าง ๆ เช่น 
ระคายเคืองต่อผิวหนังและดวงตา และปัญหาในระบบทางเดินหายใจ โดยการพัฒนาตัวรับรู้แก๊ส
แอมโมเนียได้รับความสนใจอย่างมาก ในการศึกษานี้ เส้นใยนาโนทินไดออกไซด์ (SnO2 NFs) ถูก
ประดิษฐ์ขึ้นด้วยการปั่นเส้นใยด้วยไฟฟ้าสถิต (electrospinning) เส้นใยนาโนทินไดออกไซด์ถูก
ผสมด้วยพอลิแอนิลีน (PANI) ซึ่งเป็นพอลิเมอร์นำไฟฟ้า เกิดเป็นทินไดออกไซด์-พอลิแอนิลีนนาโน
คอมโพสิต (SnO2 NFs@PANI) ซึ่งลักษณะทางสัณฐานวิทยาของนาโนคอมพอสิตของตัวรับรู้ที่ได้รับ
นั้นได้รับการตรวจสอบด้วย SEM-EDS และ XRD จากนั้น SnO2 NFs@PANI ได้รับการทดสอบ
และแสดงให้เห็นถึงการพัฒนาและการตรวจจับที่ดีสำหรับแก๊ส  NH3 ซึ่งรวมถึงความเป็นเส้นตรง
ของการตอบสนองต่อความเข้มข้นที่ดีในช่วง 0.4 - 100 ppm และมีขีดจำกัดการตรวจวัดที่ 12.4 
ppb ที่อุณหภูมิห้อง นอกจากนี้ ตัวรับรู้นี้ยังมีอัตราการตอบสนองและการฟื้นตัวอย่างรวดเร็วที่ 87 
วินาที และ 160 วินาที มีความจำเพาะเลือกต่อแก๊สแอมโมเนียที่ดี มีความสามารถในการทวนซ้ำที่
ดี มีความเสถียรในระยะยาว และมีความสามารถในการทำซ้ำที่ดีสำหรับแอมโมเนียที่มีความเข้มข้น 
10 ppm ที่อุณหภูมิห้อง นอกจากนี้ ยังมีการอภิปรายในรายละเอียดของกลไกการตรวจวัดแก๊ส
แอมโมเนียบน SnO2 NFs@PANI ซึ่งลักษณะเฉพาะของการรับรู้ที่เพ่ิมขึ้นของนาโนคอมโพสิต
เกี่ยวข้องกับโครงสร้างทางสัณฐานวิทยาและ p-n heterojunction ระหว่าง PANI และ SnO2 NF 

 

สาขาวิชา เคมี ลายมือชื่อนิสิต ................................................ 
ปีการศึกษา 2565 ลายมือชื่อ อ.ที่ปรึกษาหลัก .............................. 
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ABSTRACT (ENGLISH) 
# # 6270193923 : MAJOR CHEMISTRY 
KEYWORD: Tin dioxide, Polyaniline, Ammonia, Sensor, Nanocomposite 
 Nattawut Soibang : ENHANCEMENT OF AMMONIA GAS SENSING BY METAL 

OXIDE-POLYANILINE NANOCOMPOSITE. Advisor: Asst. Prof. CHAROENKWAN 
KRAIYA, Ph.D. 

  
Ammonia (NH3) gas is an important chemical in many industries. 

Employees who work in those industrial areas may exposed to a certain 
concentration of NH3 which could cause various symptoms such as irritation of skin 
and eyes and problems in respiratory system. The development of new NH3 
sensing material has drawn a great attention. In this study, porous tin dioxide 
nanofibers (SnO2 NFs) were successfully fabricated by an electrospinning 
technique. The SnO2 NFs were composited with polyaniline (PANI), conducting 
polymer and form tin dioxide nanofibers@polyaniline nanocomposite (SnO2 
NFs@PANI). The morphology was characterized using SEM-EDS and XRD. The SnO2 
NFs@PANI was examined and showed improving and desirable sensing for NH3 gas, 
which includes a good linearity response in a range of 0.4 - 100 ppm, and a 
detection limit of 12.4 ppb at room temperature. Furthermore, the present sensor 
also showed a rapid response and recovery rates of 87 s and 160 s, good 
selectivity, repeatability, long-term stability, and reproducibility to 10 ppm NH3 at 
room temperature. Furthermore, the gas sensing mechanisms of NH3 on SnO2 
NFs@PANI were also discussed in detail. The enhanced sensing characteristics of 
nanocomposites were related to the morphology structure and p-n heterojunction 
between PANI and SnO2 NFs. 

 Field of Study: Chemistry Student's Signature ............................... 
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CHAPTER 1  

INTRODUCTION 

 
1.1 Problem Definition  

Ammonia (NH3) gas is an inorganic compound with pungent smell, classified 
as toxic gas that corrosive to some materials. The gas affects living organisms and is 
dangerous to humans. Ammonia gas is an important chemical resource in many 
chemical industries such as fertilizer production industry, automobile industry, 
cleaning products industry, pharmaceutical industry, plastic and polymer 
manufacturing industry and herbicide manufacturing industry. Employees who work 
in such industrial area are at risk to be exposed to some concentration of NH3 for a 
long-term which may cause various symptoms such as irritation of skin and eyes and 
problems in respiratory system as showed in Figure 1 (Arasu et al., 2017). In 
atmosphere, the ammonia presents lower than 1-5 ppb (Pandeeswari et al., 2022). 
According to the Occupational Safety & Health Administration (OSHA), human 
exposure to ammonia gas should not exceed 8 hrs and 15 mins when the 
concentrations are 25 ppm and 35 ppm (Pandeeswari et al., 2022), respectively. 

 
Figure 1.1 Effects of ammonia gas exposure.  
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The ammonia gas can be detected by many of spectroscopic methods 
(Hodgkinson & Tatam, 2013; Warland et al., 2001; Webber et al., 2001) or solid-state 
sensing methods (Balint et al., 2014; Huang et al., 2009; Janata & Josowicz, 2003; Kim 
& Lee, 2014; Kwak et al., 2019). Among those methods, solid-state probe composed 
of conducting polymer film made of polyaniline (PANI) (Bandgar, Navale, Nalage, et 
al., 2015; Kumar et al., 2017; Syrový et al., 2016) polypyrrole (PPy) (Su et al., 2009) or 
poly(3,4-ethylenedioxythiophene) (PEDOT) (Kwon et al., 2010), is widely employed 
for the measurement at room temperature because the device is inexpensive and 
easy-to-handle. Although, those conducting polymers yield a fair sensitivity to NH3 
gas, their sensitivity and efficiency can be improved when functionalized with metal 
oxide (Das & Sarkar, 2017; He et al., 2020). 

The use of polyaniline with metal oxides such as cobalt tetraoxide (Co3O4) 
(Feng et al., 2016), indium oxide (In2O3) (Li, Diao, et al., 2018) or titanium dioxide 
(TiO2) (Liu et al., 2017) caused a change in properties in terms of stability, sensitivity 
or analysis limits. Tin dioxide (SnO2) is an attractive metal oxide as it has a relatively 
wide energy band gap of 3.6 eV, low cost in the synthesis process and the synthesis 
reaction was not severe (Bera et al., 2018). Based on these properties of SnO2, it is 
suitable to be used in coordination with PANI. 

In this work, SnO2 and PANI are of interest. The PANI, showed in Figure 1.2, is 
a conducting polymer that can electrically exchange charges with NH3 gas         
(Chatterjee et al., 2013). Its resistance alters when NH3 gas presents. For SnO2, is an 
interesting metal because it is an n-type semiconductor, and it has wide energy band 
gap at 3.6 eV which resulting in good thermal stability. It is not only low-cost and 
easy to synthesize but it also an electrochemically favor (Bera et al., 2018; Hoa et al., 
2010; Nie et al., 2018; Van Hieu, 2010). A previous work (Li et al., 2016) has reported 
fabrication method for SnO2 doped in PANI by using a drop casting method, which is 
an easy method with less chemical waste. However, the ratio of surface area and 
quantity is low, and its characteristic is difficult to control. This research is interested 
in applying an electrospinning technique to control the dispersion of tin dioxide and 
to increase the surface area of PANI. Due to the technique, it is easy to control the 
fabrication of the fiber length and the pore structure. 
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Figure 1.2 Schematic illustration of the interaction of NH3 gas with PANI occurring at 

the continuous chain (N) on the polymer structure. 
 

1.2 Objectives 
 1. To fabricate SnO2 NFs using the electrospinning technique and modified 
with polyaniline 
 2. To study the efficiency of the SnO2 NFs modified with PANI for using as 
ammonia gas sensors. 
 

  
1.3 Scope of thesis 
 1. SnO2 NFs were fabrication by an electrospinning technique. 
 2. The prepared SnO2 NFs were characterized by SEM-EDS and XRD. 
 3. SnO2 NFs were modified with PANI by in-situ polymerization method. 
 4. The prepared SnO2 NFs modified with PANI were applied for using as 
ammonia gas sensors. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2  

THEORY 

 

2.1 Electrospinning technique 
 Electrospinning is an electrohydrodynamic method that a liquid droplet is 

electrically activated to generate fibers from various type of materials. The simple 

setup for the major component of this electrospinning (Figure 2.1) (Rim et al., 2013) 

including (1) a high-voltage power supply which can be either direct current (DC) or 

alternating current (AC), (2) a syringe pump, and (3) a conductive collector.  

Figure 2.1 Basic setup for electrospinning. 
 

In terms of the substance for electrospinning, it mostly is organic polymers in 

liquid form. Organic polymers can be divided into two types which are natural 

polymers and synthetic polymers. These polymers have different applications. 

Natural polymers such as DNA, silk fibroin, chitin, and chitosan, have been utilized to 

be a substrate to modify sensing materials. Synthetic polymers can be classified into 
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normal synthetic, biocompatible/biodegradable synthetic, and conductive synthetic 

polymers. Normal synthetic polymers such as polystyrene (PS) and poly (vinyl 

chloride) (PVC) can be commercially applied to environmental protection. 

Biocompatible/biodegradable synthetic polymers such as poly(caprolactone) (PCL), 

poly (lactic acid) (PLA), and poly (lactic-co-glycolic acid) (PLGA) can be further 

explored as scaffolds for biomedical applications. Conductive synthetic polymers 

such as polyaniline (PANI) and polypyrrole (PPy), have been utilized as sensing 

materials (Li & Xia, 2004; Xue et al., 2017). 

 A high-voltage power supply of 10−20 kV is often used with 5-15 cm distance 

between the needle and the collector (Figure 2.1). This technique is called far-field 

which produce thin fibers using simple apparatus. It is useful for mass production 

(Fuh & Hsu, 2011; Xiang Wang et al., 2012).  

 Using a needles in electrospinning, it produces nanofibers at a low 

throughput, typically 1−5 mL/h by flow rate or 0.1−1.0 g/h by fibers mass (Valipouri, 

2017). This increases the productivity and emanated nanofibers (Liu et al., 2015).  

 The conductive solid collector can be used in stationary and movable 

modes. Movable mode is known as rotating collector (Matthews et al., 2002; Persano 

et al., 2013). Increasing the rotating speed decreases the diameter of the nanofibers 

due to the stretching force (Alfaro De Prá et al., 2017).  
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Figure 2.2 Applications of electrospinning. 
 

 Figure 2.2 displays a chart of nanofibers applications (Liu et al., 2020) as 

scaffolds (Bao et al., 2016; Ma et al., 2012), filters (Ge et al., 2018; Qayum et al., 

2019), membranes (Chen et al., 2013), energy conversion and storage (Bandara et al., 

2018; Sung et al., 2014; Yang et al., 2013; Yuriar-Arredondo et al., 2018), protective 

clothing (Sundarrajan & Ramakrishna, 2007), wound dressing (Lee et al., 2014; 

Unnithan et al., 2014) and catalyst (Fang et al., 2011; Hu et al., 2014; Likhar et al., 

2009; Yang et al., 2016). Sensing material (Ding et al., 2004; Manesh et al., 2007; Pinto 

et al., 2008) is one of the nanofibers applications due to its highly porous structure 

and the large surface-to-volume ratio enhancing sensitivity and rapid response rate 

(Cho et al., 2011; Khattab et al., 2016; Kumar et al., 2020; Wu et al., 2017; Zhi et al., 

2012).  
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2.2 Conducting polymers 
 Conductive polymers (CPs) are organic materials with unique electrical and 

optical properties similar to inorganic semiconductors and metals (Nezakati et al., 

2018). CPs are used in various applications such as supercapacitor, nanocoating, 

catalysis, biomedical including the sensors showed in Figure 2.3 (K & Rout, 2021). In 

sensors application,  CPs are rapidly developed and have high potential in chemical 

gas sensors because the conductivity of CPs can change when exposed to oxidative 

or reductive gas molecules at room temperature (Ibanez et al., 2018; Wu, 2019). In 

general, CPs such as polyacetylene (PA), polyaniline (PANI), polypyrrole (PPy), 

polythiophene (PT), poly(3,4-ethylenedioxythiophene) (PEDOT), poly(phenylene 

vinylene) (PPV) and their derivatives with typical π-conjugated structures show p-

type conductive behaviors. When they interact with gas molecules, they  behave 

either as an electron donor or an electron acceptor. Therefore, if the concentration 

of gas molecules increases or decrease, it results in a change of their conductivity or 

resistivity (Yan et al., 2020). 

 

 

Figure 2.3 Schematic illustration of applications of conducting polymers and               
their composites. 
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2.3 CPs-metal oxide composite for gas sensing 
 CPs-based sensors are widely used for gas detection due to their very good 

electrochemical properties. The advantages of CPs include low cost, long-term 

stability, and easy synthesis. However, there are disadvantages such as low sensitivity, 

slow response and lack of recovery process, poor thermal stability, and insufficient 

selectivity (Yan et al., 2020). By contrast, metal oxide semiconducting sensors have 

attracted enormous interest because of their cost efficiency, stability, and sensing of 

most toxic gases (Ju et al., 2014; Sui et al., 2015). However, metal oxide 

semiconducting sensors have a lack of flexibility and selectivity. They have to be  

operated at high temperatures, and they are hazards, and short lifetimes (Ju et al., 

2015). Consequently, a minimizing disadvantage is to combine CPs with a metal 

oxide, which achieves the excellent detection performance of the novel sensing 

material over its constituent components. CPs-metal oxide composites act as p-n 

junction semiconductors in order to overcome the problems related to a high rate of 

electron–hole recombination, thermal decomposition and improve sensitivity for gas 

detection (Tran et al., 2021). 
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2.4 Mechanism of tin dioxide nanofibers@polyaniline nanocomposite                        
(SnO2 NFs@PANI) to NH3 

 The SnO2 NFs@PANI sensor is a p-n junction at the interface between PANI 

and SnO2 nanofibers. Typically, PANI is considered as p-type semiconductor that 

exhibits holes conductivity. It can be interpreted as the deprotonation/ protonation 

process via adsorption/desorption of NH3 gas. As NH3 gas is presented on PANI, the 

lone pair electron of NH3 gas adsorbed on coordination bonding with the proton 

resulting in deprotonation of nitrogen atoms on PANI (Figure 1.2). As a result of the 

deprotonation, the charge carriers disappears and hence the electrical conductivity 

decreases. This causes the transformation of PANI from emeraldine salt (ES) to 

emeraldine base (EB), which led to the increase of resistance (Jia et al., 2020; C. Liu 

et al., 2018; Mikhaylov et al., 2015; Nicolas-Debarnot & Poncin-Epaillard, 2003; Tanguy 

et al., 2018). In contrast, after the sensor was exposed to air, PANI transforms back to 

ES again, which causes the resistance of PANI decreased. SnO2 nanofibers acts as a n-

type semiconductor which electron is the majority carrier. At the interface, the 

electrons of SnO2 nanofibers recombine with holes in PANI until the p-n junction 

reaches the equilibrium state. The depletion region is then formed at the interface 

between the p-type PANI and n-type SnO2 nanofibers (Ai et al., 2006; Awang, 2014; 

Bhowmick et al., 2020; Tai et al., 2007). When ammonia gas was introduced, NH3 

molecules are adsorbed on the surface of the sensor, based on SnO2 NFs@ PANI 

nanocomposite withdrawal of protons from PANI, which leads to a decrease of holes 

concentration in PANI and the depletion layer at the interface. Thus, the resistance 

of the SnO2 NFs@ PANI sensor further increased. Therefore, the formation of the p-n 

junction structure and the nanostructure of the SnO2 NFs@ PANI sensor can improve 

the NH3 gas sensing performance. 
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2.5 Response, response time and recovery time 
 In general, NH3 gas sensor analysis is measured in resistivity and popularly 

reported as a ratio of resistance (response) compared to time. So, response (S) is 

defined by the expression (Rg - Ra)/Ra, (Rg - Ra)/Ra x 100% or Rg/Ra where Ra and Rg are 

the measured resistances of the sensor exposed to air and test gas, respectively. 

Response time (tres) (s) is the time required for a sensor to reach 90% of the 

maximum response of the signal such as resistance upon exposure to test gas. 

Recovery time (trec) (s) is the time required for a sensor to reach 90% of the original 

baseline resistance upon removal of the test gas (Chiu & Tang, 2013). These 

parameters are showed in Figure 2.4. The tres and trec indicate the absorption and 

desorption properties of the gas to be analyzed. A good sensor should have low tres 

and trec. 

 

 

Figure 2.4 Resistance transient of an n-type gas sensor shows stable resistance in air 
(Ra), stable resistance in gas (Rg), response time (tres), and recovery time (trec). 
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2.6 Properties of gas-sensing material 
 Sensing material is a very important part of the sensor. It is the part that 

indicates the effectiveness of the sensor. Required and undesired properties of 

sensing material are showed in the Table 2.1 (Feng et al., 2019; H. Liu et al., 2018; 

Mikołajczyk et al., 2016; Sanjeeda & Taiyaba, 2014; Wilson & Baietto, 2009). 

 

Table 2.1 Required and undesired properties of gas-sensing material. 
 

Required properties Undesired properties 

- Wide range of target gases 
- Long lifetime 
- Simple and portable 
- Fast response and recovery time (low 
tres and trec) 
- Reversible gas adsorption 
- High conductance change 
- Diverse sensor coatings 
- Strong biomolecular interactions 

- Sensitive to environmental 
- High energy consumption 
- Susceptible to contaminants 

  

2.7 NH3 gas sensor  
 Up to date, several types of NH3 gas sensors are developed. Common 

ammonia gas sensors are showed in the Table 2.2. 
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Table 2.2 Currently available NH3 gas sensors with their properties. 
 

Sensor  
Range 
(ppm) 

Respons
e time 

Operating 
temp. (˚C) 

Expected 
lifetime 

Advantage Weakness 

NE4-NH3 

 

0 – 100 < 90 s -30 - 50 >2 years 

- Long-term 
stability 
- Fast 

response 
 

- Store under 
20˚C 

- Sensor is 
blocked with 
water drops 

or other liquid 

ZE03-NH3 

 

0 – 100 No data 0 - 50 >1 year 

- Long-term 
stability 
- Storage 

Environment  
(0 – 55˚C) 

- Interference 
to various gas 

MIX8415 

 

0 – 100 < 60 -20 - 50 1 year 
- High 

selectivity & 
sensitivity 

- 

AR8500 

 

0 – 100 <120 -10 - 40 2 years 
- Long-term 

stability 
- Slow 

response 

ATO-GAS-NH3 

 

0 – 100 ≤10 -20 - 50 1 year 
- Fast 

response 
- 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3  

EXPERIMENTAL 

 

3.1 Instruments and apparatus  
3.1.1 Hantek 365F PC USB Digital Multimeter, Hantek.eu., Czech 

3.1.2 In-house gas detector 

3.1.3 In-house screen-printed electrode template (Figure 3.1) 

3.1.4 Scanning electron microscope/energy dispersive spectroscopy (SEM-EDS; 

JSM-IT100 InTouchScope, JEOL Ltd., Japan) 

3.1.5 X-Ray Diffraction (XRD; 9kW SmartLab X-Ray diffractometer 

(CuKa/radiation, 40 kV, 30 mA) with a D/teX Ultra 250 detector, Rigaku Co., 

Japan) 

3.1.6 Vacuum pump 

3.1.7 Oven 

3.2 Chemicals and materials 
3.2.1 Tin(II) chloride dihydrate (SnCl2 · 2H2O, purity 99 %), Sigma-Aldrich Co., 

USA 

3.2.2 Tin oxide powder (SnO2), Sigma-Aldrich Co., USA 

3.2.3 Aniline (purity 98.5 %), Sigma-Aldrich Co., USA 

3.2.4 Dimethylformamide (DMF), Sigma-Aldrich Co., USA 

3.2.5 Ammonium peroxydisulphate (APS, purity 99 %), Sigma-Aldrich Co., USA 

3.2.6 Polyacrylonitrile (PAN, MW = 150,000), Sigma-Aldrich Co., USA 

3.2.7 Polyvinylpyrrolidone (PVP, MW = 1,000,000), Sigma-Aldrich Co., USA 

3.2.7 Hydrochloric acid (HCl, 37%), Sigma-Aldrich Co., USA 

3.2.8 Ethanol (CH3CH2OH) (95%), Sigma-Aldrich Co., USA 

3.2.9 Acetone (C3H6O), Merck Co., Germany 

3.2.10 Methanol (CH3OH), Merck Co., Germany 

3.2.11 Toluene (C6H5CH3), Merck Co., Germany 
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3.2.12 Formaldehyde (CH2O), Quality Reagent Chemical Co., New Zealand 

3.2.13 Conductive ink 

- Carbon ink (Gwent Electronic Materials Ltd., UK.) 

- Graphene ink (Sun Chemical Co., USA.) 

3.2.14 Acrylic, Ekasilpbangkok Co., Thailand  

3.2.15 Ceramic, obtained from a calcination of aluminum oxide (Al2O3) at    

1050 °C. 

3.2.12 Polyvinyl chloride sheet (PVC sheet) 

3.2.13 Filter paper No.42 

 

3.3 Preparation of SnO2 nanofibers by electrospinning technique 
A selected polymer (PAN or PVP) was dissolved in 5 mL DMF at 80 °C with a 

stirring for 2 hrs. A 10% SnCl2·2H2O was further added into the solution and stirred for 

1 hr. The prepared solution was then loaded into a syringe which connected to a 0.7 

mm diameter stainless-steel needle. The needle tip was set at 15 cm away from a 

rotating collector that was wrapped with aluminum foil. Electrospinning was carried 

out by applying 16 kV electric field across the needle and rotating collector while a  

13 µL/min feeding rate was applied to the syringe (Figure 3.1). The obtained 

nanofibers were then calcinated at 600 °C in the air for 2 hrs to remove the organic 

constituents of polymer (PAN or PVP) and further crystalize SnO2. Morphology of the 

composite nanofibers was characterized, and an energy scattering pattern was 

obtained using a scanning electron microscope/energy dispersive spectroscopy    

(SEM-EDS). The XRD patterns were obtained by a Rigaku 9 kW SmartLab X-Ray 

diffractometer (CuKa/radiation, 40 kV, 30 mA) with a D/teX Ultra 250 detector. 

Noted here that the optimized process above came from variation studies of  

- Polymer types: polyacrylonitrile (PAN) and polyvinylpyrrolidone (PVP) 

- Percentage of polymer: 7% and 10% PAN, 7% PVP 

- Percentage of SnCl2 · 2H2O: 10, 15, and 20% 
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- Electrospinning collector types: fixed and rotating collectors 

 

Figure 3.1 Scheme of electrospinning technique for preparation of SnO2 NFs. 
 

3.4 Synthesis of NH3-sensing materials 
 3.4.1 Pure polyaniline (PANI) 

Solution A was prepared by sonicating 46 µL of 10.79 M aniline monomer in 

15 mL 1 M HCl for 30 mins. Solution B was prepared by adding 0.114 g of ammonium 

peroxydisulphate (APS) into 15 mL of 1 M HCl and stirred for 30 mins. Then, solution 

A and solution B were mixed and stirred for 30 mins. An in-situ chemical 

polymerization took place at room temperature within 1 hr. Finally, the pure PANI 

was obtained after being filtered and washed with 95% ethanol to eliminate 

unreacted aniline monomer from the PANI precipitate. After that, the PANI 

precipitates were washed with 1 M HCl to convert to emeraldine salt (ES).  Lastly, the 

precipitate was collected and dried in air for 24 hrs. Morphology of the composite 

was characterized and energy scattering pattern was obtained using a scanning 

electron microscope/energy dispersive spectroscopy (SEM-EDS). The XRD patterns 

was obtained by a Rigaku 9 kW SmartLab X-Ray diffractometer (CuKa/radiation, 40 kV, 

30 mA) with a D/teX Ultra 250 detector. 
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  3.4.2 SnO2/PANI 
The SnO2/PANI was prepared by the same procedure as written in 3.4.1 

except the composition in solution A. To prepare SnO2/PANI, solution A was prepared 

by sonicating 1 mg SnO2 powder in 15 mL of 1 M HCl for 10 mins. Then, 46 µL of 

10.79 M aniline monomer was added and continue sonicated for another 30 mins. 

 3.4.3 SnO2 NFs@PANI 
The SnO2 NFs@PANI was prepared by the same procedure as written in 3.4.2 

except the composition in solution A. To prepare SnO2 NFs@PANI nanocomposite, 

SnO2 nanofibers synthesized in 3.3 was added, instead of SnO2 powder. Then, modify 

the SnO2 NFs@PANI on screen-printed graphene electrode (SPGE) substrate. 

Noted here that the optimized process above came from variation studies of                             

- Weight of SnO2 NFs in PANI: 1, 2, 4, and 7 mg 

- Time of SnO2 NFs@PANI synthesis process: 0.5, 1, 2, 4, and 6 hr. 

- Filtration method for SnO2 NFs@PANI synthesis process result diagnosis: 

vacuum pump and gravity. 

 

3.5 Fabrication of screen-printed electrode 
Fabrication process of screen-printed electrodes (SPEs) begins by rinsing the 

SPE template (Figure 3.2) with acetone, and then let it dry. Carbon ink or graphene 

ink was screen-printed on the PVC sheet as a working electrode. After that, the 

electrodes were baked in oven at 55 °C for 1 hr.  

 

 

Figure 3.2 Screen-printed electrode for NH3 sensors 
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3.6 Sensor fabrication 
To fabricate a sensor, each of NH3 sensing materials; pure PANI, SnO2/PANI or                   

SnO2 NFs@PANI was weighted and dispersed in 1 mL DMF. Then, 60 µL of the 

mixture was drop-cast on different substrates; acrylic, ceramic, screen-printed carbon 

electrode (SPCE) or screen-printed graphene electrode (SPGE), and dried in oven at 

55 °C for 20 mins.  

Variable parameters that were examined in this process were: 

 - Types of sensing material 

 - Types of substrates 

 - Numbers of drop-casting layer  

 - Concentration of SnO2 NFs@PANI in DMF solution 

 3.6.1 Types of sensing material 
A 1 mg of pure PANI, SnO2/PANI and SnO2 NFs@PANI were weighted out and 

prepared by the process written above. Each of these sensing materials was drop-

cast (10 layers) on a screen-print carbon electrode (SPCE). Their responses to          

0.6 ppm ammonia gas were recorded and compared. 

 3.6.2 Types of substrates 
A 1 mg of SnO2 NFs@PANI were weighted out and prepared by the process 

written in 3.6. It was, then, drop-cast (10 layers) on four different substrates: acrylic, 

ceramic, SPCE, and SPGE. Their response to 0.6 ppm ammonia gas were recorded 

and compared. 

 3.6.3 Numbers of drop-casting layer 
A 2 mg of SnO2 NFs@PANI were weighted out and prepared by the process 

written in 3.6. It was, then, drop-cast on screen-print graphene electrode (SPGE) using 

2, 4, 6, 8 and 10 layer Their response to 10 ppm ammonia gas were recorded and 

compared. 
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 3.6.4 Concentration of SnO2 NFs@PANI in DMF solution 
The 1, 2, 5, and 7 mg of SnO2 NFs@PANI in DMF solution were separately 

modified on screen-print graphene electrode (SPGE). Their response to 10 ppm 

ammonia gas were recorded and compared. 

 

3.7 Performance of NH3 sensor 
In the gas measurement, the fabricated sensor was placed the in-house gas 

detector  (Figure 3.3) and was connected to the digital multimeter. Resistances were 

continuously recorded, at room temperature (30 ± 5 °C) when the gas chamber was 

filled with a desired concentration of NH3 and when the NH3 was flushed out by air. 

The NH3 concentration was calculated based on the content of the injected liquid. 

The concentration (C) of injected NH3 in the container was calculated by the 

following equation 3.1 (W. Wang et al., 2020; Xianfeng Wang et al., 2012): 

            C = (22.4TVs/273MV) x 1000         (equation 3.1) 

Where C is the concentration of gaseous ammonia (ppm),  is the density 

of liquid ammonia (g/mL), T is the testing temperature (K), Vs is the volume of liquid 

ammonia (µL), M is the molecular weight of ammonia (g/mol), and V is the volume 

of the chamber (L).  

 

The response (S) of the fabricated sensor was defined by equation 3.2 (Li, 

Wang, et al., 2018; Pang et al., 2014):  

S = (Rg - Ra)/Ra     (equation 3.2) 

The Rg represents resistance of the sensor in NH3 gas and Ra is a resistance of 

the sensor in air. The response and recovery times are defined as the time required 

for the sensor to achieve 90% of stable resistance, when the fabricated sensor was 

exposed to the NH3 gas and air, respectively (Shaalan et al., 2019), as showed in       

Figure 3.4. 
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Figure 3.3 In-house gas detector. 

 

Figure 3.4 The response and recovery times. 
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 3.7.1 Linear range and limit of detection  
 The sensor performance was tested with many NH3 concentrations (0.4 - 100 

ppm) at room temperature (30 ± 5 °C). The measurements at each NH3 concentration 

were repeated three times. The measured responses were plotted against the 

ammonia concentration and standard deviation (SD) was calculated. 

The lowest detectable NH3 concentration (0.4 ppm NH3 gas) was repeatedly 

measured for 20 times. The limit of detection (LOD) was calculated using 3SD/Slope 

method, as showed in equation 3.3: 

LOD = 3SD/Slope      (equation 3.3) 

 3.7.2 Selectivity 
The 10 ppm of selected gas; acetone: C3H6O, ethanol: C2H6O, formaldehyde: 

CH2O, methanol: CH3OH and toluene: C6H5CH3 was place in the in-house gas detector 

and measured by our fabricating sensor for three time. Their responses were 

compared with the 10 ppm NH3 gas. 

 3.7.3 Repeatability 
The 10 ppm NH3 and air were place into the in-house gas detector at the 

other time. Ten measurement cycles were performed on one sensor. The continuous 

response was recorded, and the standard deviation (SD) was calculated. 

 3.7.4 Reproducibility 
Five SnO2 NFs@PANI sensors were tested with 10 ppm NH3 gas. The 

reproducibility response was reported, and the percentage of relative standard 

deviation (%RSD) was calculated. 

 3.7.5 Long-term stability 
A SnO2 NFs@PANI sensor was exposed to 10 ppm NH3 for about 2 months. 

Every 7 days, the response was recorded, and the standard deviation (SD) and the 

percentage of stability were calculated. 
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 3.7.6 Application of the SnO2 NFs@PANI sensor in fish freshness evaluation 
In favor of the fabricated SnO2 NFs@PANI sensor application, a piece of fresh 

fish was cut into pieces of 5 g, and separately stored them in the test chamber at 

room temperature and in freezer (or refrigerator) at 4 °C. The sensor was used to 

determine the content of NH3 releasing from the fish filet every 1 hr compared to 

the sniffing and color changing observation.  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4  

RESULTS & DISCUSSION 

 

Tin dioxide nanofibers@polyaniline nanocomposite (SnO2 NFs@PANI) was 

synthesized and examined as an ammonia gas sensor. The composition of this sensor 

can be divided into three main procedures: electrospinning techniques, in-situ 

polymerization, and sensor fabrication.  

 

4.1 Preparation of SnO2 nanofibers by electrospinning 
 SnO2 nanofibers were prepared by the electrospinning technique. Briefly, 

polymer (PAN, PVP) was dissolved in 5 mL DMF at 80 °C with a stirring for 2 hrs, 

followed by the addition of SnCl2 · 2H2O into the solution and stirred for 1 hr. The 

prepared solution was then loaded into the syringe for the electrospinning 

technique. The obtained nanofibers were then calcinated at 600 °C in the air for 2 

hrs. Noted here that the optimized process above came from variation studies of 

type and percentage of polymer, percentage of SnCl2 · 2H2O, and types of collectors. 

Morphology of the composite nanofibers was, then, characterized by SEM-EDS and 

XRD. 

4.1.1 Type of polymer and its percentage 
Two types of polymers: polyacrylonitrile (PAN) and polyvinylpyrrolidone 

(PVP), and their percentages: 7 %w/v and 10 %w/v were investigated for nanofibers 

formation through the electrospinning technique. The result comparison showed in 

the Table 4.1 
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Table 4.1 Types and percentages of polymer for nanofibers formation by 
electrospinning. 

  

 A 7 %w/v of each polymer mixed with a fixed 10 %w/v SnCl2 · 2H2O was spun 

and calcined. The appearances of the obtained nanofibers, before and after the 

calcination, were showed in Table 4.1. Before the calcination, both spun fibers 

appeared as white sheets. During the calcination at 600 ˚C for 3 hrs hydroxides were 

converted to oxides, polymer decomposed, and crystals of SnO2 were form (Liu et 

al., 2021). After the calcination, SnO2 nanofibers sheet obtained from the 7 %w/v PVP 

solution broke down and turned into powder. Fortunately, a different result was 

observed in the 7 %w/v PAN solution. A white and fragile SnO2 nanofibers sheet 

Types and percentages 
of polymer 

Photographs of nanofibers 

Before calcined at 600 ˚C After calcined at 600 ˚C 

7 %w/v PVP + 10 %w/v 
SnCl2 · 2H2O   

  

7 %w/v PAN + 10 %w/v     
SnCl2 · 2H2O   

  

10 %w/v PAN + 10 %w/v    
SnCl2 · 2H2O   

Highly viscous ( could not 
be processed by 
electrospinning) 

- 
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remained in  a piece. However, a higher percentage of PAN (10 %w/v) could not 

process with the electrospinning due to the excessive viscosity of the solution. 

 Therefore, the 7 %w/v PAN seems to be the most appropriate base polymer 

for the SnO2 nanofibers formation via electrospinning. 

4.1.2 Percentage of SnCl2 · 2H2O in the nanofibers 
The richer SnO2 nanoparticle, the better fibers that we prefer. Thus, different 

percentages of SnCl2 · 2H2O; 10 %w/v, 15 %w/v, and 20 %w/v, were added into 

7%w/v PAN and the resulted nanofibers were investigated. 

 

Table 4.2 Percentages of SnCl2 · 2H2O in the nanofiber formation by electrospinning. 

 

Table 4.2. shows the result of 7 %w/v PAN mixed with various percentages of 

SnCl2 · 2H2O, before and after the calcination. By adding 10 %w/v SnCl2 · 2H2O, the 

fibers appeared white both before and after the calcination. However,                

Percentages of          
SnCl2 · 2H2O 

Photographs of nanofibers 

Before calcined at 600  ˚C After calcined at 600  ˚C 

10 %w/v SnCl2 · 2H2O 

  

15 %w/v SnCl2 · 2H2O 

  

20 %w/v SnCl2 · 2H2O 
Not dissolvable in 7 %w/v 

PAN 
- 
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when the SnCl2 · 2H2O concentration increased to 15 %w/v the fibers turned grey 

after the calcination, there is a possibility that SnO2 crystals can trap the carbon 

molecule, resulting in gray nanofibers. Attempt on adding a higher percentage of 

SnCl2 · 2H2O was ended at 20 %w/v because not all the SnCl2 · 2H2O could be 

dissolved in 5 mL of 7 %w/v PAN. 

Thus, 10  % w/v SnCl2 · 2H2O was the highest percentage that gave the most 

desirable nanofibers result and was suitable for further analysis. 

 

4.1.3 Types of collectors in electrospinning 
In the formation process of nanofibers via electrospinning, two types of 

collectors, a fixed sheet, and a rotating collector, were studied.  

 

Table 4.3 Types of collectors in electrospinning for nanofibers formation. 
 

A 10 %w/v SnCl2 · 2H2O mixed with 7 %w/v PAN was used in this test. 

Types of collectors 
Photographs of nanofibers 

Before Calcined at 600 ˚C After Calcined at 600 ˚C 

Fixed sheet collector 

 

No result 

Rotating collector 
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Pictures of the nanofibers formed on each collector were showed in Table 4.3. Prior 

to the calcination, the nanofibers formed on a fixed sheet showed disorganized and 

uneven surface while one formed on a rotating collector showed close arrangement, 

neat and smooth surface. After calcination, the nanofibers obtained from the rotating 

collector appeared as white nanofibers sheet. 

Thus, the rotating collector is a better collector than a fixed sheet collector, 

in this case. 

 4.1.4 Characterization of SnO2 nanofibers 
 Figure 4.1 A and B shows differences in the morphology of PAN/SnCl2 

nanofibers before calcination and SnO2 nanofibers (SnO2 NFs) after the 600 ˚C 

calcination . From SEM images, the diameter of as-synthesized PAN/SnCl2 (Figure 

4.1A) was higher than SnO2 nanofibers (Figure 4.1B, around 1 µm), which may due to 

the combining process of SnCl2 in the PAN nanofibers (Wang et al., 2011). As SnCl2 

molecule are much smaller than PAN polymer, they could reach the outer boundary 

layer of the fibers easily. As a result, SnCl2 distributed on the surface while PAN 

located in the center line of the fibers. After calcination, PAN decomposed and 

porous SnO2 hollow nanofibers were formed. The EDS mapping images (Figure 4.2) 

confirm the existence of Sn, C, and O without impurities in the PAN/SnCl2 (before 

calcination) and SnO2 NFs (after calcination). Figure 4.2A shows XRD pattern of 

PAN/SnCl2 which indicate no present of SnO2. Figure 4.2B shows XRD pattern of the 

SnO2 NFs. The prominent peaks of SnO2 NFs are corresponding to 26.58˚ (1 1 0), 

33.85˚ (1 0 1), and 51.80˚ (2 1 1) crystal lattice planes. Therefore, the XRD pattern of 

the SnO2 NFs prepared by electrospinning was in good agreement with those of X-ray 

standard data and the sharp diffraction peaks (ICSD Code: 183984) suggest that 

annealing at 600 ◦C for 3 hrs. was adequate to SnO2 NFs formation. 
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Figure 4.1 SEM images and EDS mapping of (A) PAN/SnCl2 nanofibers and (B) SnO2 
nanofibers. 

 

 

Figure 4.2 XRD patterns of (A) PAN/SnCl2 nanofibers and (B) SnO2 nanofibers. 
 

4.2 In-situ polymerization of SnO2 NFs in PANI 
 After the SnO2 NFs was formed it was doped into polyaniline (PANI) by an in-

situ polymerization process at room temperature. In procedure, the SnO2 NFs was 

added to an aniline monomer solution followed by ammonium peroxydisulphate 

(APS). The in-situ polymerization process begins. To reach completeness of the 

polymerization, at least 6 hrs. was suggested (Abu-Thabit, 2016; Beygisangchin et al., 

2021). This process was time consuming. Therefore, in order to shorten and optimize 

the in-situ polymerization procedures studies variation include weight of SnO2 NFs, 

in-situ polymerization time and types of filters were necessary. Morphology of the 

obtained SnO2 NFs@PANI composite was characterized by SEM-EDS and XRD. 
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 4.2.1 Weight of SnO2 NFs in PANI 
 Different weight of SnO2 NFs in which prepared by the procedure as written in 

3.4.3; 1, 2, 4, and 7 mg, were used to prepare the SnO2 NFs@PANI composite. Figure 

4.3 illustrates 10 ppm ammonia gas responses on 1, 2, 4, and 7 mg SnO2 

NFs composited with PANI that was, then, cast on screen-print graphene electrode 

(SPGE). A higher response was observed when the SnO2 NFs was increased from 1 mg 

to 2 mg. However, a decrease in response was found when the amount of SnO2 NFs 

increased from 2 mg to 7 mg. This dues to a large amount of SnO2 NFs which is a 

semiconductor that affects the high resistance of the sensor in air (Ra) before gas 

detection, resulting in a lower signal response ratio.  

As the 2 mg SnO2 NFs in composited with PANI gave the highest response to 

the NH3 gas was showed in Table 4.4. The 2 mg SnO2 NFs was, then, chosen for the 

in-situ polymerization of SnO2 NFs@PANI 

 

Figure 4.3 10 ppm NH3 gas responses on 1, 2, 4, and 7 mg SnO2 NFs that was 
composited with PANI and was, then, cast on SPGE. 
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Table 4.4 Responses of the SnO2 NFs@PANI composites, prepared from different 
weight of SnO2 NFs to 10 ppm NH3. 
 

Weight of  
SnO

2
 NFs 

Response 
SD 

1
st
  2

nd
  3

rd
  Average  

 1 mg 3.80 3.43 3.20 3.48 0.30 
2 mg 5.00 4.48 5.19 4.89 0.37 
4 mg  2.53 2.58 2.42 2.51 0.08 
7 mg  2.33 1.59 1.41 1.78 0.49 

 

 4.2.2 Time for in-situ polymerization 
 Different polymerize times: 0.5, 1, 2, 4, and 6 hrs were tested. Figure 4.4 

illustrates 10 ppm ammonia gas responses on 2 mg SnO2 NFs composited with PANI 

for 0.5, 1, 2, 4, and 6 hrs. Higher response was observed when the polymerize time 

was increased from 30 mins to 1 hr. This dues to the ammonium peroxydisulphate 

(APS) and aniline was reacts completely, forming a long chain of PANI which has good 

electrical conductivity (Mazzeu et al., 2018). However, a decrease in response was 

found when the polymerize time was increased from 1 hr to 2 hrs. This can be 

explained by the oxidative degradation of the polymer, because of the high 

concentration of APS, which promoted the formation of oligomers can be a large 

amount of water-soluble material and non-conductive (Chen et al., 2018). When the 

polymerize time was increased from 2 hrs to 6 hrs, increasing response indicates a 

stabilization of PANI synthesis (Mazzeu et al., 2018). Therefore, we found that the 

composite that was polymerized for 1 hr gave a response to the 10 ppm NH3 as 

good as the one that was polymerized for 6 hrs as showed in Table 4.5. When 

calculated by Student's t-test (Table 4.6), it shows that the t value is less than         

t(α = 0.01), indicating that the polymerize times of 1 hr and 6 hrs were not significantly 

different. 
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 Therefore, 1 hr polymerize time seem to be enough and was, then, chosen 

for the further polymerization. 

 

Figure 4.4 10 ppm NH3 gas responses on 0.5, 1, 2, 4, and 6 hrs. polymerize time for  
2 mg SnO2 NFs composited with PANI and was, then, cast on SPGE. 

 

Table 4.5 Response of polymerize time to prepare the SnO2 NFs@PANI composite. 
 

Polymerize time 
Response 

SD 
1

st
  2

nd
  3

rd
  Average  

 30 minutes 29.35 33.01 30.94 31.10 1.50 
1 hour 71.10 69.00 66.90 69.00 1.71 
2 hours 11.10 11.60 12.00 11.57 0.37 
4 hours 42.60 45.30 49.80 45.90 2.97 
6 hours 66.50 65.80 68.50 66.93 1.40 
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Table 4.6 t-test value of polymerize time to prepare the SnO2 NFs@PANI composite. 
  

1 hr. 6 hrs. 

Mean 69.00 66.93 

SD 2.10 1.40 
SD2 4.41 1.96 

Sc
2 3.19 

SED 1.46 
ttest 1.42 

df 4 

t(α = 0.01) 4.604 
 

 4.2.3 Filtration method for SnO2 NFs@PANI synthesis process result diagnosis: 
vacuum pump and gravity. 

 The filtration method is an important part of obtaining the precipitate of            

SnO2 NFs@PANI. Therefore, the filtration method must be studied to shorten the 

time in the synthesis process of the sensing material. Figure 4.5 shows 10 ppm 

ammonia gas responses on SnO2 NFs@PANI composite that was filtration method by 

a vacuum pump and gravity under the same type of paper filter. A similar response 

was observed was showed in Table 4.7. This indicates that both types of filters didn’t 

affect the polymerizing product. The benefit of the capability to use a vacuum pump 

instead of gravity, was not only reducing the solid waste but also accelerating the 

polymerizing process. As it took about 360 min filtration when the gravity was used 

and 10 min filtration with the vacuum pump. When calculated by Student's t-test 

(Table 4.8), it shows that the t value is less than t(α = 0.01), indicating that the vacuum 

pump and gravity were not significantly different. 

Therefore, the vacuum pump was chosen as it saved the experimental time. 
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Figure 4.5 10 ppm NH3 gas responses on vacuum pump (blue) and gravity (orange) 
for SnO2 NFs@PANI composite. 

 

Table 4.7 Response of filtration method of filters used at the end of SnO2 NFs@PANI 
polymerization. 
 

Filtration 
method 

Response 
SD 

1
st
  2

nd
  3

rd
  Average  

Vacuum pump 11.99 11.59 13.30 12.30 0.90 

Gravity 11.59 11.99 12.29 11.96 0.35 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

33 
 

 

Table 4.8 t-test value of filtration method of filters used at the end of                  
SnO2 NFs@PANI polymerization. 
  

Vacuum filter Paper filter 
Mean 12.30 11.96 

SD 0.90 0.35 

SD2 0.80 0.12 
Sc

2 0.46 

SED 0.56 

ttest 0.61 
df 4 

t(α = 0.01) 4.604 

 

4.2.4 Characterization of SnO2 NFs@PANI 
After the polymerization, SEM image in Figure 4.6 shows well maintained 

fibrous network structure of PANI containing infiltrated SnO2 NFs. High porosity and 

large surface area of SnO2 NFs@PANI could be useful for improving the performance 

of NH3 gas sensors. The EDS mapping images confirm existence of Sn, C, and O 

without impurities in the SnO2 NFs@PANI. Figure 4.7 shows XRD spectrum of the PANI, 

SnO2 NFs, and SnO2 NFs@PANI. The pattern in Figure 4.7A reveals the characteristic 

peaks of PANI at 24.40˚ (1 0 0) and 25.60˚ (1 1 0). The prominent peaks of SnO2 NFs 

in Figure 4.7B corresponding to 26.58˚ (1 1 0), 33.85˚ (1 0 1), and 51.80˚ (2 1 1). The 

XRD spectrum of SnO2 NFs@PANI, Figure 4.7C, revealed the coexistence of PANI at 

25.60˚ (1 1 0)  and SnO2 NFs components confirming the successful synthesize of 

SnO2 NFs@PANI by the polymerization. 
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Figure 4.6 SEM images and EDS mapping of SnO2 NFs@PANI 
 

 

Figure 4.7 XRD patterns of (A) PANI, (B) SnO2 NFs and (C) SnO2 NFs@PANI. 
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4.3 Sensor fabrication 
 Fabrication of NH3 sensors was done by dis per sing a sensing material in 1 mL 

DMF and drop-casting it on a substrate at room temperature. To obtain the 

optimized conditions of the process, variation studies of types of sensing material, 

types of substrates, numbers of drop-casting layers, and concentration of sensing 

material in the DMF solution were investigated. 

 4.3.1 Types of sensing material and their response-recovery times 
 Three types of sensing material: pure PANI, SnO2/PANI, and SnO2 NFs@PANI 

were cast on SPCE. In this test, 0.6 ppm NH3 gas was examined its obtained response 

and recovery times indicate the adsorption and desorption ability to the target gas 

measured by 90% of the maximum response upon exposure to test gas and 90% of 

the original baseline upon removal of the test gas, respectively (Kumar et al., 2020). 

 At room temperature, the NH3 gas sensors made of PANI, SnO2/PANI or SnO2 

NFs@PANI cast on SPCE substrate were compared (Figure 4.8). The responses for 0.6 

ppm NH3 were 0.29, 1.01, and 1.29 on the PANI, SnO2/PANI, and SnO2 NFs@PANI 

sensors, respectively. Among the three sensors, SnO2 NFs@PANI gave the highest was 

showed in Table 4.9 and fastest response (87 s) to NH3 gas as well as the fastest 

recovery time (160 s) when compares to the PANI and SnO2/PANI sensors. This dues 

to a high surface area of SnO2 NFs@PANI when compares to the PANI and SnO2/PANI 

sensing material. Compared to other studies (Table 2.2), the SnO2 NFs@PANI sensor is 

usable due to its fast response. 
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Figure 4.8 Responses, response times, and recovery times of 0.6 ppm NH3 measured 
by pure PANI (green line), SnO2/PANI (blue line), and SnO2 NFs/PANI (yellow line) 

sensing materials cast on SPCE. 
 

Table 4.9 Response of types of sensing material. 
 

Types of 
sensing material 

Response 
SD 

1
st
  2

nd
  3

rd
  Average  

pure PANI 0.29 0.28 0.30 0.29 0.01 

SnO2/PANI 1.01 1.00 1.00 1.01 0.01 

SnO2 NFs/PANI 1.28 1.30 1.29 1.29 0.01 
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 4.3.2 Types of substrates 
 A 1 mg of SnO2 NFs@PANI sensing material was cast on four types of 

substrates: SPGE, SPCE, acrylic, and ceramic. Figure 4.9 shows responses of 0.6 ppm 

NH3 measured by the 1 mg SnO2 NFs@PANI that was cast on each substrate: acrylic, 

ceramic, SPCE, and SPGE. Noted here that during the sensor fabrication, low contact 

angle of a DMF drop containing sensing material was observed on the acrylic and 

ceramic substrates (Figure 4.10). This indicates poor contact between the SnO2 

NFs@PANI and the substates which causes damage to the sensing material due to 

the extent of drop. Moreover, a slowly penetration of SnO2 NFs@PANI was also found 

on both substrates revealing a loss of some sensing material from the substrate 

surface. These lead to low response of NH3 gas and slow recovery time because the 

porous of sensing material and substates were poor desorption for NH3 gas. Compare 

to the SnO2 NFs@PANI that was cast on the SPCE and SPGE substrates, higher 

responses were recorded as showed in Table 4.10, and fast recovery time due to the 

sensing material being a good adsorption and desorption NH3 gas. This reveals a good 

contact between the substrates and SnO2 NFs@PANI. No penetration of SnO2 

NFs@PANI was found on the SPCE and SPGE.  

From these results, the SnO2 NFs@PANI cast on the SPGE substrate gave the 

highest response to the NH3 gas. Therefore, the SPGE was chosen as the substrate for 

SnO2 NFs@PANI in DMF solution. 
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Figure 4.9 Responses of 0.6 ppm NH3 measured by 1 mg SnO2 NFs@PANI cast on 
acrylic (grey line), ceramic (orange line), SPCE (yellow line) and SPGE (blue line). 

 

Table 4.10 Response of types of substrates. 
 

Types of sensing 
material 

Response 
SD 

1
st
  2

nd
  3

rd
  Average  

ceramic 0.70 0.63 0.59 0.64 0.04 

acrylic 0.90 0.70 0.67 0.76 0.10 

SPCE 1.14 1.18 1.22 1.18 0.03 
SPGE 1.27 1.28 1.30 1.28 0.01 
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Figure 4.10 Contact angle of a DMF drop containing sensing material on difference 
substrate: A) SPGE, B) SPCE, C) ceramic, and D) acrylic. 

 

 4.3.3 Number of drop-casting layers 
The number of drop-casting layers is very important for surface modification. 

The modifying layer is selected with the hope or anticipation of useful enhancement 

of the response towards some desired target analyte, via the adsorptive 

concentration of the target to analysis on the underlying substrate. 

Drop-casting layers of 2 mg SnO2 NFs@PANI sensing material were 

investigated. Figure 4.11 shows responses of 10 ppm NH3 gas to the layers of 2, 4, 6, 

8, and 10. A decrease in response was observed when the layer of the 2 mg SnO2 

NFs@PANI was increased from 2 to 6 layers due to the overlap surface area of 

sensing materials. However, the opposite trend was found when the layer increased 

from 6 to 10 due to the increase overlap surface area of the sensing material. As a 

result, the surface roughness was increased. Although, the high responses were found 

from the 10, 8, and 2 layers, respectively (Table 4.11), the consuming time to prepare 

those layers were much different. It took about 30, 24, and 3 mins to prepare the 10, 

8, and 2 layers, respectively. Considering the ratio of response vs. preparation times 

(Table 4.12), 2 layers of the sensing material were chosen to be an appreciate layer. 
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Figure 4.11 Responses of 10 ppm NH3 measured by 2 mg SnO2 NFs@PANI cast on 
SPGE with 2 layers (blue line), 4 layers (orange line), 6 layers (grey line), 8 layers 

(yellow line) and 10 layers (green line) drop casting. 
 

Table 4.11 Response of drop-casting layers. 
 

Types of 
sensing 
material 

Response 
SD 

1
st
  2

nd
  3

rd
  Average  

2 layers 2.43 2.04 1.89 2.12 0.28 

4 layers 1.97 0.96 0.81 1.25 0.63 
6 layers 0.95 0.81 0.72 0.83 0.12 

8 layers 2.60 2.48 2.47 2.51 0.07 

10 layers 3.80 3.43 3.20 3.48 0.30 
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Table 4.12 Ratio of response vs. preparation times. 
 

Number of 
layers 

2 layers 4 layers 6 layers 8 layers 10 layers 

Response, S 2.12 0.83 1.25 2.51 3.48 

time (min.) 3 12 18 24 30 

Ratio (S/t) 0.71 0.07 0.07 0.10 0.12 

 

4.3.4 Concentration of SnO2 NFs@PANI in DMF solution 
Different concentrations of SnO2 NFs@PANI; 1, 2, 5, and 7 mg in 1 mL DMF 

solution was cast on SPGE. Figure 4.12 shows responses of 10 ppm NH3 measured by 

the sensor that contain each concentration of SnO2 NFs@PANI that was cast on SPGE. 

An increase in the response was observed when 1, 2, and 5 mg SnO2 NFs@PANI were 

applied was showed in Table 4.13. However, a decrease in response was found when 

7 mg of SnO2 NFs@PANI was used. This might be due to a decreased in active area 

caused by overlapping arrangements of the sensing material.  

Thus, 5 mg SnO2 NFs@PANI was chosen to be an optimized concentration for 

our sensor fabrication. 
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Figure 4.12 Responses of 10 ppm NH3 measured by 1 mg (blue line),                       
2 mg (orange line), 5 mg (yellow line), and 7 mg (grey line) SnO2 NFs@PANI            

cast on SPGE. 
    

Table 4.13 Response of concentration of SnO2 NFs@PANI in DMF solution. 
 

Concentration of 
SnO2 NFs@PANI  

Response 
SD 

1
st
  2

nd
  3

rd
  Average  

1 mg 7.55 5.56 6.23 6.45 1.01 

2 mg 11.19 11.54 10.58 11.11 0.48 
5 mg 36.41 35.07 35.37 35.61 0.70 

7 mg 11.19 11.55 11.14 11.29 0.22 
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4.4 Performance of NH3 sensor 
 Ammonia sensing properties made of the SnO2 NFs@PANI composite were 

investigated at room temperature. Linear range, limit of detection, selectivity, 

repeatability, long-term stability, reproducibility, and application of the fabricated 

SnO2 NFs@PANI sensor were studied. 

 4.4.1 Linear range and limit of detection  
Sensing performance of the SnO2 NFs@PANI cast on the SPGE substrate was 

evaluated by monitoring the change of resistance for 0.4 - 100 ppm NH3 gas at room 

temperature. Figure 4.13(A) shows that the response quickly rose up when the sensor 

was exposed to NH3 gas and fell back to the initial valve when the NH3 gas was 

replaced by air. This behavior indicates a typical p-n junction of a semiconductor 

with excellent reversibility. The NH3 concentration dependence was displayed in 

Figure 4.13(B). The SnO2 NFs@PANI sensor has a NH3 sensitivity of 17.243 per ppm, 

with a correlation coefficient (R2) of 0.999. The results showed that the SnO2 

NFs@PANI sensor can detect NH3 in a wide concentration range (0.4-100 ppm) which 

cover the limit of NH3 to human (25 ppm for 8 hrs and 35 ppm for 15 mins) defined 

by the Occupational Safety and Health Administration (OSHA) (Pandeeswari et al., 

2022). The detection limit of SnO2 NFs@PANI cast on SPGE substrate was calculated 

by method of detection limits (MDL) = 3SD/slope in which yields the detection limit 

of 0.0124 ppm (12.4 ppb) NH3 gas. 
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Figure 4.13 A) Dynamic response of the SnO2 NFs@PANI sensor to 0.4 - 100 ppm NH3 
gas. B) Response of the SnO2 NFs@PANI sensor as a function of NH3 concentration                          

at room temperature. 
 

 4.4.2 Selectivity  
Selectivity of the SnO2 NFs@PANI sensor was examined by 10 ppm of various 

gases: NH3, acetone, ethanol, formaldehyde, methanol, and toluene gases at room 

temperature due to these gases are used in industries such as the agricultural 

industry, fertilizer production industry, cleaning products industry, pharmaceutical 

industry and plastic and polymer manufacturing industry (Arasu et al., 2017). The 

results summarized in Figure 4.14 clearly demonstrate the highest response on the 

NH3 gas compared to the other gases. This indicates that the SnO2 NFs@PANI sensor 

has an excellent selectivity toward the NH3 gas. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

45 
 

 

 

Figure 4.14 Selectivity responses of 10 ppm NH3, acetone, ethanol, formaldehyde, 
methanol, and toluene gases at room temperature. 

 

 4.4.3 Repeatability and long-term stability 
 Stability of the fabricated sensor, SnO2 NFs@PANI cast on SPGE, was examined 

in terms of repeatability and long-term stability. Figure 4.15A shows ten repeatedly 

measurements of 10 ppm NH3 gas. Small, fluctuated response (SD = 2.11) was 

observed in the result. The response quickly rose up when the sensor was exposed 

to NH3 gas and fell back to the initial valve when the NH3 gas was replaced by air. 

Daily averaged responses of 10 ppm NH3 gas measurement were plotted in Figure 

4.15B. A slightly decreases in the response was found in the first seven days which 

could be due to the SnO2 NFs@PANI film cannot completely release ammonia gas. 

aging and the disappearance of unstable adsorption sites (Pang et al., 2018; Xu & Wu, 

2020). After day seventh, a stable response was observed for about 2 months. These 

results suggest good repeatability and long-term use of the SnO2 NFs@PANI sensor. 
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Figure 4.15 A) Ten repeatedly responses. B) Long-term stability of the                 
SnO2 NFs@PANI sensor response to 10 ppm NH3 gas at room temperature. 

 

 4.4.4 Reproducibility 
 The reproducibility of the fabricated sensor, SnO2 NFs@PANI cast on SPGE was 

summarized in Figure 4.16, which demonstrates the reproducibility response of five 

sensors to 10 ppm NH3 gas. According to the result, all sensors gave a similar 

response, indicating that the sensor possesses good reproducibility to NH3 gas 

detection with a relative standard deviation (%RSD) of 4.84 which is High production 

process reliability. 
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Figure 4.16 Reproducibility response of five SnO2 NFs@PANI sensors to                  
10 ppm NH3 gas at room temperature 

 

Table 4.14 Response of fabricated sensor (reproducibility test) 
 

Sensor Response Average response SD %RSD 
1 139.12 

147.22 7.12 4.84 

2 152.51 

3 153.84 
4 139.92 

5 150.73 
 

 4.4.5 Sample analysis 
As the fabricated sensor, SnO2 NFs@PANI cast on SPGE, shows a good 

performance in terms of LOD, selectivity and stability, it is possible to use this sensor 

for food-freshness monitoring in any containers or packages for long hours. 

Demonstration of the food-freshness monitoring was, then, illustrated in the 

following experiment. Fresh-fish filet stored in a close box represents food in 

container. NH3 gas was monitored, by our fabricated sensor, every 1 hr at             
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room temperature and at refrigerator temperature (4 ˚C). With many hrs. storage, if 

the food rotten, high concentration of NH3 gas in the container is expected. Figure 

4.17 shows results of this experiment. 

At room temperature, a slowly increase of NH3 gas concentration was 

detected up to 1.82 ppm in the first 18 hrs. No change in color or smell from the fish 

filet was observed. However, after the 18 hrs, a huge increase of NH3 gas 

concentration was detected. Physically changes from the fish fillet, slightly color 

change and distinctly pungent smell, were notify by the 20th hrs., indicating a rotten 

point of the fish filet. At this hr, 12.46 ppm NH3 gas was detected. 

For the other fish filter that was stored in refrigerator (4 ˚C), no big change in 

the NH3 gas concentration, nor physically change from the filet was detected during 

0 - 18 hrs. The highest NH3 concentration was 0.32 – 1.82 ppm which was much 

lower than the fish-filet rotten point (12.46 ppm). 

 

 

 

Figure 4.17 NH3 contents in fish sample detected by the SnO2 NFs@PANI sensor. 
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4.4.6 Summary of NH3 sensing parameters for PANI-metal oxide-based sensing 
systems 
There are several techniques for detecting NH3 gas. The most widely used 

detection methods are the optical method (Mount et al., 2002; Peeters et al., 2000) 

(optical sensors utilizing tunable diode laser spectroscopy), electrochemical sensors 

(Xiong & Compton, 2014), surface acoustic wave sensors (Lin et al., 2011), field effect 

transistor sensors (Chen et al., 2012), and the solid-state probe analysis methods 

(Balint et al., 2014; Huang et al., 2009; Janata & Josowicz, 2003; Kim & Lee, 2014; 

Kwak et al., 2019) (metal oxide-based sensors, conducting polymer sensors, and 

conducting polymer-metal oxide composite sensors). The solid-state probe analysis 

method is one of the most widely used methods for the determination of NH3 gas, 

as it is a simple, and low-cost method. However, there are many variations in the 

construction of a stable and analytical specificity. It is well known that                

PANI-metal oxide composite can be used to make NH3 gas receptors at room 

temperature (Pandeeswari et al., 2022). Based on the use of PANI as a conducting 

polymer, there are many types of conducting polymer-metal oxide sensors such as 

PANI--Fe2O3 (Bandgar, Navale, Naushad, et al., 2015; Bandgar et al., 2017; 

Chabukswar et al., 2019), PANI-SiO2 (Zhang et al., 2020), PANI-TiO2 (Zhu et al., 2018) 

and PANI-ZnO (Patil et al., 2012). Table 4.4 shows the comparisons for the sensing 

properties of SnO2 NFs@PANI and previously reported devices. Quite clear that the 

SnO2 NFs@PANI sensor exhibited the good sensing performance to NH3 at room 

temperature comparing with previously reported devices. Hence, combined PANI 

with SnO2 NFs could be an effective approach for improving the sensing response of 

sensors to the NH3. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

50 
 

 

Table 4.15 Sensing performance of the recently reported NH3 gas sensors base on   
PANI-metal oxide in advanced techniques. 

Sensing 

Methods 
LOD 

Response/ 

recovery 

time 

Response 

 (Rg - Ra)/Ra 

Operation 

temp. 
Reference 

PANI-CeO2 2 ppm 57.6 s/ - 6.5 (50 ppm) RT 
(Wang et al., 

2014) 

PANI-

CuFe2O4 
1 ppm 84 s/ 54 s 

0.27 

(5 ppm) 
20 ˚C 

(X. Wang et al., 

2020) 

PANI-CuO 
0.05 

ppm 
30 s/ - 

9.30          

(100 ppm) 
25 ± 2 ˚C 

(Ahmadi Tabar 

et al., 2020) 

PANI-CuO-

TiO2 -SiO2 
0.4 ppm - 

45.67  

(100 ppm) 
RT 

(Pang et al., 

2017) 

PANI--

Fe2O3 
2.5 ppm 65 s/ 50 s 

0.72  

(100 ppm) 
RT 

(Bandgar et al., 

2017) 

PANI--

Fe2O3 
1 ppm 26 s/ 25 s 

0.43  

(100 ppm) 
RT 

(Chabukswar et 

al., 2019) 

PANI-SiO2 0.4 ppm - 3.36 (5 ppm) 25 ± 1 ˚C 
(Nie et al., 

2018) 

PANI-

SrGe4O9 
250 ppt 62 s/ 223 s 

0.16  

(0.2 ppm) 
25 ± 2 ˚C 

(Zhang et al., 

2020) 

PANI-TiO2-

Au 
10 ppm 52 s/ 180 s 

1.23  

(50 ppm) 
25 ˚C 

(Liu et al., 

2017) 

PANI-TiO2 0.5 ppm 100 s/ 232 s 
5.4  

(100 ppm) 
20 ± 5 ˚C 

(Zhu et al., 

2018) 

PANI-ZnO 10 ppm 22 s/ 418 s 
0.28        

(100 ppm) 
27 ˚C 

(Patil et al., 

2012) 

SnO2 

NFs@PANI 
12.4 ppb 87 s/ 160 s 

1756  

(100 ppm) 
30 ± 5 ˚C This work 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5  
CONCLUSION 

 

 In this work, tin dioxide nanofibers@polyaniline nanocomposite               

(SnO2 NFs@PANI) sensors were prepared and successfully fabricated by in-situ 

chemical oxidative polymerization for the detection of ammonia gas.                    

The as-prepared nanocomposite was fully characterized through SEM, EDS, and XRD 

measurements. The gas-sensing properties of the SnO2 NFs@PANI sensor for ammonia 

indicated that these nanocomposites were good candidates for the ammonia 

detection. The NH3-sensing performances of the sensors were evaluated at room 

temperature, which showed that the SnO2 NFs@PANI sensor possessed improved 

response, short response/recovery times, perfect response-concentration linearity 

(0.4-100 ppm), good reproducibility, splendid selectivity, good long-term stability, low 

detectable concentration (0.4 ppm) and the limit of detection (12.4 ppb).            

The possible sensing mechanism of the SnO2 NFs@PANI with better sensing 

properties was attributed to the formation of p-n hetero-junction between the PANI 

and SnO2. Therefore, the SnO2 NFs@PANI with excellent NH3 gas-sensing properties 

may have great promise in the application of food freshness evaluation.  
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