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Summary  

Volatile organic compound (VOC) and gas sensors based on semiconducting metal oxides 

and metal oxide composites have paid much attention since 1960s due to their sensing 

capability. Compared to conventional methods (e.g., micro-extraction (SPME) and gas 

chromatography mass spectrometry (GC–MS)) for detecting VOCs and toxic gases, these 

fabricated devices are anticipated to play a vital role in personal healthcare, environmental 

protection, securities and industries. Consequently, in recent years, intensive research has been 

directed to advance their sensing deeds, predominantly to augment the sensitivity and limit of 

detection for such sensing devices. Besides, sensing technologies become the heart of the future 

intelligent system due to the prompt enhancement of the Internet of Things (IoT)-enabled real-

field applications and associated automation. Sensor devices that can detect trace amounts of 

VOC/gas analytes presents the favourable ubiquitous nodes of these sensor platforms. For 

VOC/gas sensing application case selective, highly sensitive, and portable devises are required 

by employing the various gas sensing materials including metals, carbon nanotubes, 

conducting polymers, and  two-dimensional (2D) materials for meeting the criteria of real-field 

application.  

This thesis aims to develop chemoresistive sensors to address the challenges associated with 

current conventional sensors for VOC/gas detection by employing different fabrication 

methods. The specific objectives of this thesis are organized into seven chapters that will be 

presented in the form of a collection of the published papers which are the outcomes of the 

research. In addition, a literature review has been provided to establish the background of this 

research, which is also published in a review article. Overall, the main contributions of this 

thesis to the VOC/gas sensors field are designing and fabricating new sensing devices, and are 

summarized in following chapters:  

 Chapter 3: Graphene inks for 3D extrusion micro printing of chemo-resistive sensing 

devices for VOCs detection (paper 1).   

 Chapter 4: Fractal Design for Advancing the Performance of Chemoresistive Sensors 

(paper 2).  

 Chapter 5: Extrusion printed CNT-graphene sensor array with embedded MXene/PEDOT: 

PSS heater for enhanced NO2 sensing at low temperature (paper 3).  

 Chapter 6: Fast response hydrogen gas sensor based on Pd/Cr nanogaps fabricated by a 

single-step bending deformation (paper 4). 



Page iii 
 

Declaration 
I certify that this work contains no material which has been accepted for the award of any 

other degree or diploma in my name in any university or other tertiary institution and, to the 

best of my knowledge and belief, contains no material previously published or written by 

another person, except where due reference has been made in the text. In addition, I certify that 

no part of this work will, in the future, be used in a submission in my name for any other degree 

or diploma in any university or other tertiary institution without the prior approval of the 

University of Adelaide and where applicable, any partner institution responsible for the joint 

award of this degree. 

 

The author acknowledges that copyright of published works contained within this thesis 

resides with the copyright holders of those works.  

I give permission for the digital version of my thesis to be made available on the web, via 

the University's digital research repository, the Library Search and also through web search 

engines, unless permission has been granted by the University to restrict access for a period of 

time.  

I acknowledge the support I have received for my research through the provision of an 

Australian Government Research Training Program Scholarship. 

 

 

 

Kamrul Hassan 

 

 

 

                            Date: November 10, 2021 

 

  



Page iv 
 

Acknowledgment 

I would like to express my sincere appreciation to the following people and organizations, 

without whom this thesis would have not been possible.   

i. My principal supervisor Professor Dusan Losic for his valuable support, inspiration, 

and outstanding leadership throughout my Ph.D. journey. I have been so fortunate to 

be a member of a professional research group, where I have received significant support 

during stressful situations during my Ph.D. journey. His unwavering enthusiasm for 

discovering novel ideas always kept me constantly motivated for research. If it were 

not for him, I may not have discovered my desire for conducting research. It is difficult 

for me to express my sincere appreciation in few sentences to my supervisors.  

ii. My appreciation also extends to my co-supervisor Dr. Tran Tung for his highly 

precious advice, support, and assistance. His advice has been always so beneficial for 

me during my Ph.D. study.  

iii. I would like to convey my deepest appreciation to Dr. Nathan Stanley, Le Yu, Dr. Pei 

Lay Yap, Dr. Hadi Rastin, Dr. Arash Mazinani, Dr. Julker Nine, Dr. Farzaneh 

Farivar, Mahnaz Dadkah Jazi, Dr. Grant Matthieson, and Dr. Jacqui McRae for 

sharing their scientific insights and knowledge to help for shaping a better version of 

myself each day.  

iv. I also would like to thank the Adelaide microscopy, School of Chemical Engineering 

and Advanced Materials, and School of Petroleum Engineering for providing the 

support and facilities to proceed with this research.  

 

Finally, I am indebted to my family and I would like to express my immense love and 

gratitude to my beloved father, mother, sister, and brothers for their never-ending support, 

inspiration, strength, and love. Especially, my lovely wife Fatema-Tuz-Zohra Khanam for 

his unconditional love, patience, and everlasting support to have brought me this far. Last but 

not least, I would like to dedicate my PhD to my lifeline, apple of my eye, my beloved son 

Faizan Hassan. Papa love you a lot Faizan, 

 

 

 

 

Kamrul Hassan 



Page v 
 

Publications 

This Ph.D. thesis is submitted as a “thesis by publication” in accordance to the 

“Specifications for Thesis 2020” of The University of Adelaide. This thesis contains the 

following list of publications that resulted from my Ph.D candidature. The outcomes generated 

during my Ph.D candidature include 15 published journal papers (5 first-authored; 10 co-

authored), 4 conference/workshop presentations and 2 awards. 

 

List of journal publications (first author):  

1. Hassan K, Nine MJ, Tung TT, Stanley N, Yap PL, Rastin H, Yu L, Losic D, 

Functional inks and extrusion-based 3D printing of 2D materials: a review of 

current research and applications, Nanoscale (IF. 7.79), 2021, 13, 5356-5368, 

DOI: 10.1039/D0NR04933F  

2. Hassan K, Tung TT, Stanley N, Yap PL, Farivar F, Rastin H, Nine MJ, Losic D. 

Graphene ink for 3D extrusion micro printing of chemo-resistive sensing devices 

for volatile organic compound detection. Nanoscale (IF. 7.79), 2021; 13, 5356-

5368, DOI: 10.1039/D1NR00150G  

3. Hassan K, Tung TT,  Yap P.L, Rastin H, Stanley N, Nine MJ, Losic D, Fractal 

design for advancing performance of chemo-resistive sensors, ACS Sensors (IF. 

7.71), 2021, 6, 3685-3695,  https: 10.1021/acssensors.1c01449 

4. Hassan K, Tung TT, Yap PL, Nine MJ, Kim HC, Losic D. Extrusion printed 

CNT-graphene sensor array with embedded MXene/PEDOT:PSS heater for 

enhanced NO2 sensing at low temperature. Advanced Materials Interfaces (IF. 

6.147), DOI: 10.1002/admi.202101175 

5. Hassan K, Tung TT, Yap PL, Nine MJ, Kim HC, Losic D. Fast response hydrogen 

gas sensor based on Pd/Cr nanogaps fabricated by a single-step bending 

deformation.  Analytica Chimica Acta (IF. 6.58), 1138 (2020), 49-58, DOI: 

10.1016/j.aca.2020.09.012 

 

List of journal papers from collaboration (co-author): 

1. Rastin H, Ramezanpour M, Hassan K, Mazinani A, Tung TT, Vreugde S, Losic 

D. 3D Bioprinting of a Cell-laden Antibacterial Polysaccharide Hydrogel 

https://pubs.rsc.org/en/content/articlehtml/2021/nr/d1nr00150g
https://pubs.acs.org/doi/abs/10.1021/acssensors.1c01449
doi:%20https://doi.org/10.1016/j.aca.2020.09.012
doi:%20https://doi.org/10.1016/j.aca.2020.09.012


Page vi 
 

Composite. Carbohydrate Polymers (IF. 9.38), 2021:117989, DOI: 

10.1016/j.carbpol.2021.117989 

2. Farivar F, Yap PL, Hassan K, Tung TT, Tran DNH, Pollard AJ, Losic D, 

Unlocking thermogravimetric analysis (TGA) in the fight against “Fake graphene” 

materials, Carbon (IF. 9.59), 179, 2021, 505-513. DOI: 

10.1016/j.carbon.2021.04.064 

3. Rastin H, Mansouri N, Tran TT, Hassan K, Mazinani A, Ramezanpour M, Yap 

P, Yu L, , Vreugde S, Losic D. Converging 2D Nanomaterials and 3D Bioprinting 

Technology: State-of-the-Art, Challenges and Potential Outlook in Biomedical 

Applications, Advanced Healthcare Mater (IF. 9.93), 2021, 2101439. 

DOI: 10.1002/adhm.202101439 

4. Yap P. L., Md J. N., Hassan K., Tung, T. T., Tran, D. N., & Losic, D. (2020). 

Graphene-based sorbents for multi-pollutants removal in water: A review of recent 

progress. Advanced Functional Materials (IF. 18.80), 2021, 31, 2007356. DOI: 

10.1002/adfm.202007356 

5. Rastin H, Zhang B, Mazinani A, Hassan K, Bi J, Tung TT, Losic D. 3D 

bioprinting of cell-laden electroconductive MXene nanocomposite bioinks. 

Nanoscale ((IF. 7.79), 2020;12(30):16069-16080.  DOI: 10.1039/D0NR02581J  

6. Rastin H, Zhang B, Bi J, Hassan K, Tung TT, Losic D. 3D printing of cell-laden 

electroconductive bioinks for tissue engineering applications. Journal of 

Materials Chemistry B (IF. 6.33), 2020;8(27):5862-5876.  

DOI: 10.1039/D0TB00627K  

7. Yap P. L., Auyoong, Y. L., Hassan K., Farivar, F., Tran, D. N. H., Ma, J., & Losic, 

D. Multithiol functionalized graphene bio-sponge via photoinitiated thiol-ene 

click chemistry for efficient heavy metal ions adsorption. Chemical Engineering 

Journal (IF. 13.27), 2020, 395, 124965.  DOI:10.1016/j.cej.2020.124965  

8. Yap P. L., Hassan, K., Auyoong, Y. L., Mansouri, N., Farivar, F., Tran, D. N., & 

Losic, D. (2020). All‐in‐one bioinspired multifunctional graphene biopolymer 

foam for simultaneous removal of multiple water pollutants. Advanced Materials 

Interfaces (IF. 6.147), 2020, 2000664. DOI:10.1002/admi.202000664 

9. Nine MJ, Hee AY, Tung TT, Hassan K, Losic D, Cross-overlapped flat-

silver/hexagonal boron nitride for translucent heat-reflective coatings, Applied 

Materials Today (IF. 10.04), 20, 2020, 100764. DOI: 

10.1016/j.apmt.2020.100764 

https://doi.org/10.1016/j.carbpol.2021.117989
https://www.sciencedirect.com/science/article/pii/S0008622321004474
https://www.sciencedirect.com/science/article/pii/S0008622321004474
https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.202000664
https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.202000664
https://doi.org/10.1016/j.carbon.2021.04.064
https://doi.org/10.1002/adhm.202101439
https://doi.org/10.1002/adfm.202007356
https://doi.org/10.1039/D0NR02581J
https://doi.org/10.1039/D0TB00627K
https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.202000664
https://doi.org/10.1016/j.apmt.2020.100764


Page vii 
 

10. Tung TT, Tran MT, Feller J-F, Castro M, Ngo TV, Hassan K, Nine MJ, Losic D, 

Graphene and metal organic frameworks (MOFs) hybridization for tunable 

chemoresistive sensors for detection of volatile organic compounds (VOCs) 

biomarkers, Carbon (IF. 9.59), 159, 2020, 333-344. DOI: 

10.1016/j.carbon.2019.12.010 

List of conference/workshop presentations: 

1. Hassan K, Tung TT, Stanley N, Losic D., Extrusion micro-printing of conductive 

graphene composites for wearable electronics and sensing applications, ICONN, 2020. 

(Oral presentation) 

2. Hassan K, Tung TT, Stanley N, Losic D., A bio-inspired fractal designed high 

performance graphene ink based extrusion 3D printed breath sensor, Graphene and 2DM 

Industrial Forum, 2020. (Oral presentation) 

3. Hassan K, Tung TT, Stanley N, Losic D., Extrusion micro-printing of conductive 

graphene composites for wearable electronics and sensing applications, Graphene Hun 

Workshop, 2020. (Poster presentation) 

4. Hassan K, Tung TT, Losic D., Development of conductive graphene composites for 

extrusion-based 3D micro- printing and applied in sensing application. Adelaide-

Chonqing Bilateral Research Webinar, 2020 (Oral presentation) 

List of awards: 

1. Ph.D. Scholarship – Research Training Program Scholarship (2018), Australia 

2. Top-up scholarship from ARC Graphene Research Hub, Australia.  

  

https://doi.org/10.1016/j.carbon.2019.12.010


Page viii 
 

Contents  
Summary ................................................................................................................................... ii 

Declaration............................................................................................................................ iiiii 

Acknowledgment ..................................................................................................................... iv 

Publications .............................................................................................................................. v 

 Introduction and motivation ............................................................................... 1 

1.1 Abstract ......................................................................................................................................... 2 

1.2 Research motivation ...................................................................................................................... 2 

1.3 Research gaps ................................................................................................................................ 9 

1.4 Research aims and questions....................................................................................................... 10 

1.5 Hypothesis................................................................................................................................... 11 

1.6 Thesis outline .............................................................................................................................. 11 

1.7 Format ......................................................................................................................................... 14 

1.8 References ................................................................................................................................... 14 

  ............................................................................................... 20 

 ........................................... 61 

   .............................................. 82 

  ................... 103 

  ............................................ 127 

  ................................................................... 144 

7.1 Conclusion ................................................................................................................................ 145 

7.2 Some challenges of performed PhD study ................................................................................ 147 

7.3 Recommendations for Future work........................................................................................... 149 

 

  



Page ix 
 

 

 

 

 

 

 

 

 

 

 

This page is left blank intentionally 



Introduction and Motivation   Chapter 1 

Page 1 
 

 

 

 

 

 

  
 

 

  

 

Introduction and motivation  

 

n this chapter, various types of designed sensor devices for detecting VOCs/gas are 

introduced. This chapter also highlights numerous sensing materials and device 

fabrication techniques that are prominent by addressing the challenges associated with 

conventional methods. Finally, this chapter discusses the motivation of this research, and 

current main research gaps, and subsequent research aims.  

 

  

I 



Introduction and Motivation   Chapter 1 

Page 2 
 

1.1 Abstract 

The rapid advancement of the Internet of Things (IoT)-enabled applications and associated 

automation are progressively creating sensing technologies to be the heart of future intelligent 

systems. The prospective applications have wide-ranging implications, from chemical process 

control, industrial manufacturing, agriculture, environmental and nature conservation, to 

personal health monitoring, national defense and smart cities. Sensor devices that can detect 

trace amounts of volatile organic compounds/gas (VOC/gas) analytes present the most 

ubiquitous of these sensor networks. Specifically, the advent of nanostructured materials has 

considerably transformed this area. Selective, highly sensitive, and portable sensing devices 

are now imaginable because of the favorable transport characteristics, large surface to volume 

ratios, and tunable surface chemistry of the sensing materials. Most of the research in sensing 

field in past was mainly focused by developing the sensing materials to detect VOCs/gases 

with conventional sensor fabrication techniques using conventional materials such as metal 

oxides. In recent years advanced sensor fabrication methods based on printing and advanced 

manufacturing is under the spotlight by providing the enhanced sensor performance. The 

primary aim of this thesis is to present the development of new generation chemoresistive 

VOC/gas sensors by employing extrusion printing and new materials with advanced sensor 

architecture for real-field applications.   

1.2 Research background and motivation  

The emission of organic compounds such as alcohols, amides, carbonyls, alkenes, alkanes, 

aromatics, esters, and ethers result from our daily activities of cooking, driving a car, making 

a fire, painting the house, using pesticides, building materials or breathing. In general, organic 

compounds are released to the atmosphere because of the humans daily life activity [1]. From 

the beginning of industrial revolution, many industries for example petroleum industries have 

emitted anthropogenic contaminants including volatile organic compounds (VOCs) and toxic 

gases [2]. Petrochemical processes, petroleum refining waste water, water separation 

techniques, batch processes, natural gas processing, and paints are the common sources of 

emitting high levels of VOC’s including vent gas. As a result, the resulting effect on the air 

purity due to the increased emission of VOC/gases is now considered as a vital concern. 

In indoors, the density of VOCs are much higher compared to outdoors (> 10 times). Most 

importantly, more than 300 different types of VOCs may be detected in the air of homes, 

offices, commercial buildings, and schools at any given time [3]. Also, significant amounts of 
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VOCs are released into the air during the time of personal endeavour products uses. That is 

why, to evaluate the air quality of indoor atmosphere VOCs level is used as parameter [4]. 

Regarding the potential hazards of VOCs, several environmental safety agencies, such as 

the European Agency for Safety and Health at Work (EU-OSHA), National Institute of 

Occupational Safety (NIOSH), and Environmental Protection Agency (EPA), have established 

regulations on the uses of VOCs/gas for mankind within indoor and workplace atmosphere 

because of their unfavourable impacts on health [5]. 

In nature, some of the VOCs/gases have been acknowledged as highly toxic due to their 

long-term effects on human health as well as on the ecosystem. As a well-known example of 

carcinogenic substance, benzene has potential to damage humans both systematically (e.g., 

circulatory, nervous, reproductive, cardiovascular, immune, and respiratory systems) and 

specifically (e.g., kidneys, spleen, stomach, and the liver). Sick building syndrome (SBS), such 

as nausea, headaches, cough, eye irritation, etc are other examples of building occupants 

because of the odor, temperature, particulate matter and VOCs [6]. 

That is why, for the health monitoring and human well-being along with the control of 

atmospheric environment, there is a need for effective approaches to monitor VOCs/gases. For 

the precise quantification of VOCs, several highly sensitive analytical techniques including gas 

chromatography (GC) [7], spectrophotometry [8], and high performance liquid 

chromatography (HPLC) [9] have been used. However, despite their precision, these 

techniques usually have some drawbacks, such as lack of portability, great capital expense, low 

throughput, and high-power demand. Moreover, highly skilled operators along with the 

complex and time consuming pre-treatment steps are also required for these techniques. In 

addition, due to the involvements of on-site sampling of indoor air, the conventional procedure 

used for monitoring indoor VOCs is generally time-consuming. Clearly, real-time information 

cannot be accumulated from these procedures in the time frame of VOC/gas exposure. 

Therefore, small, inexpensive, and user-friendly gas sensing devices are much desired [10]. 

This is  currently very demanding research field attracting many research groups working on 

development of small, inexpensive and fast VOCs/gas sensors for specific applications with 

high selectivity, sensitivity and stability [11]. Based on different sensing principles, e.g. 

gravimetric, electrochemical, optical, resistive, etc., a wide variety of VOCs/gas sensors and 

devices were demonstrated [5]. Different types of VOC/gas sensors with their features are 

presented in Figure.1 and Table 1. 
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Figure.1 Schematic illustration of (a) chemiresistive, (b) FET, (c) capacitive and (d) 

inductive gas sensors. [10] Copyright (2020) RSC 

 

Table 1: Comparison table for different types of VOC sensors with their different parameters 

and working principal [12], [13] 

Different types 

of sensors 

 Thermoconductive 

 

Optical Catalytic Electrochemical Resistive 

Characterization 

parameters 

 Temperature 

Resistance 

Voltage 

Transmission 

Reflectance 

Polarization 

Phase shift 

Temperature 

Resistance 

Potential current Resistance 

 

 

 

 

 

Response 

time 

Good Good Good 

 

Poor Excellent 

Sensitivity Not good Excellent Good Good Excellent 

Stability Good Excellent Good Not good Good 

Accuracy Good Excellent Good Good Good 
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Parameters 

Selectivity Not good Excellent Not good Good poor 

Durability Good Excellent Good Poor Good 

Portability Good Not good Excellent Poor Excellent 

Cost Cheap Expensive Cheap Cheap Cheap 

Maintenance Good Good Excellent Good Excellent 

Safety Good Excellent Risky Excellent Excellent 

Life time Excellent Good Excellent poor Good 

 

Until now, for a particular application, not a single sensor technology demonstrates optimal 

performance for multiple applications. Among all kinds of sensors, chemo-resistive type 

sensors based on polymers, graphene composites, carbon nanotubes, metal and metal oxide 

nanoparticles showed prominent performance for monitoring harmful VOCs. These types of 

sensors showed promising results because of their high sensitivity, ease of use, strong response, 

small dimensions, simple design, portability, rapid response time, on-line operation, compact 

size, low detection limits, and low power consumption [14], [15]. 

Lately, based on their enriched and improved lifetime, wearable sensors have attracted 

remarkable attentions [16]. Most importantly, these type of sensors can monitor the presence 

of VOCs produced or surrounding by human body in real time, which increases the demand in 

daily life applications. These characteristics are applicable in various applications such as 

energy harvesting [17], environment monitoring [18], point of care diagnostic, security and 

defence [19]. However, the development of wearable and wireless sensing devices is still at its 

beginning stages. 

One of the important parameters to synthesize wearable sensors is miniaturizing the size of 

sensing material down to micro/nano scale. With the help of MEMS technology, the world 

smallest metal oxide VOC sensor was first introduced by the Figaro Engineering Inc. for the 

monitoring of indoor air quality. However, after packaging, dimensions of this sensors are 

increased in millimeter range which is likely to cause uneasiness when it is worn on skin. 

Moreover, with the miniature size of sensing elements, sensors are also required to stringent 

sensing atmosphere, such as customized gas chamber including gas delivering channels. 

Otherwise, the sensors goes to the saturated stage by interfacing with the atmosphere. That is 

why, it will be very difficult to miniaturize the gas sensing device by using this customized 

channels on rigid substrates, and as a result it is not possible to make this device comfortable 

for human being to be directly worn on skin. 
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In contrast, fabricating flexible sensors composed of sensing materials, flexible substrate, 

and electrodes may be a solution to offer wearable devices for mankind. Due to the movements 

of human body, all these types of sensors are mechanically deformable and durable. For this 

reason, sensor dimensions are not much concern regarding the issue of wearability.  Until 

today, several types of flexible sensors were reported, where sensing materials are usually 

based on nano scale materials [20], [21], conductive polymers [22], and nanocomposites [23]. 

Moreover, most of these sensors are synthesized by low-cost and simple methods, such as dip 

coating [24], inkjet printing [25], and spin coating [26], [27], which is preferable for disposable 

consumer products used in rustic areas. Especially, for flexible sensors, response to strain issue 

should be solved for achieving the clear response to various gas analytes [28]. 

Last few decades, carbon nanotubes (CNT) have attracted more technological interest 

among the researchers because of their nanoscale size for nano-device fabrication, rapid 

response time, and high sensitivity [29]. That’s why, for the development of next generation 

sensors, CNT is considered as a promising candidate. However, because of the toxicity 

properties of CNT it has some limitations to apply in direct contact with living organisms or 

food [30]. Lately, for the configuration of two-dimensional monolayer of sp2-bonded carbon 

atoms, graphene illustrates outstanding optoelectronic properties, which exhibits potentiality 

of several applications including supercapacitors, transistors, transparent electrodes and 

sensors [31], [32]. Among several forms of graphene, chemically modified reduced graphene 

oxide (rGO) contains different oxygen functional groups, such as alcohols, carboxylic acids, 

and epoxides. Moreover, as a molecular sensors, rGO is considered to be a promising candidate 

because of its different range of surface sites and accessible surface area sensitive to 

adsorption/desorption of molecules. For this reason, for detecting several gas molecules 

including methanol, methyl acetate, acetone, toluene, NH3, and NO2, rGO-based sensors have 

been used [33], [34]. In addition, by using the hybridization techniques with metal 

nanoparticles (NP), response/recovery time and sensitivity of graphene to vapor can be 

enhanced. The hybridization of graphene with metal NP (i.e. Pt, Au, AgNP, and Pd) 

demonstrates the synergistic properties between them. However, this hybrid materials 

illustrates enhanced characteristics because of the synergistic effect, which is not presents on 

one individual material. However, most of these approaches, specifically related conduction 

polymers and carbon materials  face different types of problems because of these single 

material related to sensors, such as low thermal stability, poor sensitivity, and/or selectivity at 

room temperature [35]. Figure.2 illustrates the evolution of sensing materials during the last 

five year for VOCs/gas sensor applications. 
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Figure 2. A schematic of sensing materials evolution during the last five decades. [20] 

Copyright (2020) AIP  

 

Lately, combination of more than one material in nanoscale range with the intimate design 

shows promising results for developing VOC sensing device [36], [37]. This kind of material 

combination known as hybrid nanomaterials are considered to be the future generation of 

advance nanomaterials. Moreover, hybrid nanomaterials prepared by the different kind of 

materials such as   graphene, conducting polymers, CNT, and metal nanoparticles for obtaining 

enhanced final properties. Based on the different applications and properties, these hybrid 

nanomaterials can be obtained through a wide range of distinct procedure such as 

electrospinning [38], self-assembly [39], and layer-by-layer (LbL) methods. Moreover, layered 

structure of opposite charged materials is selected in a substrate for LbL methods. For 

developing gas sensor, both of these methods are promising due to the high surface area/volume 

ratio of as-synthesized materials, which increases the absorption of gas molecules onto the 

sensing layer. Along with this, synergistic effects or intimate interface between the hybrid 

materials prepared by these methodologies improved the resultant properties of the sensing 

materials in terms of sensing. For an improved device design, the nature and ratio between the 

hybrid materials and also the synergistic interface are denoted as a key factor. Moreover, hybrid 

composites materials shows superior performance for designed the customized sensitive and 

selective sensors to meet the criteria of real-field sensors rather than individual’s material. 



Introduction and Motivation   Chapter 1 

Page 8 
 

Various types of VOC sensors based on hybrid materials have also been investigated by various 

researchers (table 2).  

 

Table 2: State-of-the art for VOC/gas sensors based on hybrid materials  

Journal and 

year 

Sensing 

materials 

Targeted 

VOCs 

Response 

/recovery 

time 

Detection 

range 

Sensitivity Limit of 

detection 

(LOD) 

Operating 

temperature 

(oC) 

Ref. 

Based on carbon materials 

Adv. Sci 

(2017) 

3D-GA NO2 

NH3 

11 sec - ppm 4.1 ppb RT [40] 

Adv. Funct. 

Mater. (2016) 

3D 

graphene 

(flower 

structure) 

NO2 2 sec - ppm 100 ppb - [41] 

Adv. Funct. 

Mater. (2016) 

MoS2-GA NO2 <1 min - 50 ppb-3 

ppm 

50 ppb RT [42] 

Sens. 

Actuators, B 

(2014) 

3D 

graphene-

ZnO 

composites 

NO2 2 sec - 10-200 

ppm 

30 ppm - [43] 

Anal. 

Bioanal. 

Chem. (2014) 

Ag-rGO VOCs 10 sec/ 

100 sec 

- 1-200 

ppm 

1 ppm - [44] 

Sens. 

Actuators, B 

(2016) 

Pd/SnO2/ 

rGO 

NH3 7 min 5-150 

ppm 

0.995 ppm - RT [45] 

Sens. 

Actuators, B 

(2015) 

PANI/MWC

NTs 

NH3 6 sec 2-10 ppm 0.955 - RT [46] 

Sens. 

Actuators, B 

(2015) 

Pd/SWCNTs NH3 - - 3.70 - RT [47] 



Introduction and Motivation   Chapter 1 

Page 9 
 

J. Nanosci. 

Nanotechnol. 

(2015) 

G/MoS2 MeOH 210 sec 10-50 

ppm 

- - RT [48] 

Based on polymers 

Sens. 

Actuators, B 

(2017) 

PANI/GO/P

ANI/ZnO 

NH3 30 sec 25-500 

ppm 

- 23 ppm RT [49] 

Mod. Phys. 

Lett. B. (2017) 

PANI-CdS NO2 ~ 14 sec 46 ppm 8.04 - 200 [50] 

Sens. 

Actuators, B 

(2015) 

PVDF-

HFP/C65/ 

CNT 

Acetone - 40-2000 

ppm 

- - 22 [4] 

Based on metal oxides 

Mater. Des. 

(2017) 

SnO2/ 

MWCNT 

Acetone 2 sec 1-5 ppm - - 200-350 [51] 

Sens. 

Actuators, B 

(2017) 

Au/YSZ/Pt Toluene - 0.5-50 

ppm 

- - 400-500 [52] 

Sens. 

Actuators, B 

(2016) 

YSZ/Pt NH4 15 sec 1-100 

ppm 

0.99 ppm - 550 [53] 

Sens. 

Actuators, B 

(2016) 

In2O3/Pt NPs Acetone - 0.01-1 

ppm 

< 10 ppb - 100-250 [54] 

 

1.3 Research gaps 

In recent years we witnessed many studies on broad aspects of development of sensing 

materials and devices but only few studies on flexible VOCs and gas sensors sector that focuses 

on the hybrid materials and their synergetic effects for gas sensing. While researchers are more 

focused on development of sensing materials which are different in size and shape, and 

functionalised/modified materials for improving sensitivity and selectively. In particular, there 

is no specific research conducted on the engineering optimization for sensor fabrication with 

fundamental reasoning behind the sensing mechanism in hybrid materials. However, indeed, 

the senor performance achieves based on three critical factors: sensing materials, sensor design 

and sensor fabrication technique. Most of the investigation was carried out mainly in metal 
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oxide, metal oxide composites and only carbon based materials. Numerous research has been 

conducted by using carbon materials, different metal oxides and their composites to fabricate 

solid state type VOCs/gas sensors. They designed this type of solid state resistive type sensors 

only for enhancing the sensing characteristics. These materials are normally deposited on 

commercialized interdigitate electrode (IDE) by simple coating or casting method. Therefore, 

designing of advanced sensor devices and new fabrication methods using new printing 

technologies are currently under considerable development and investigation.  

 

1.4 Research aims and questions  

The primary aim of this thesis is to develop novel chemo-resistive sensors for VOC/gas 

detection applications using the advanced sensor fabrication techniques including 3D-extrusion 

printing method. This research generally attempts to design novel inks that can be printable 

along with the sensing capabilities. Sensor architecture for detecting VOC/gas molecules with 

enhanced performance is also consider over here. From the recognized knowledge gaps in the 

VOC/gas sensor field, the following research aims were developed: 

 Aim 1: To design an advanced sensors by employing novel ink s with excellent 

3D extrusion printability and stability for detection of trace amount VOCs. 

 Aim 2: To explore the new design concept that is inspired by natural fractal 

structure for advancing the performance of chemoresistive sensors application.  

 Aim 3: To design a hybrid materials ink by employing 1D and 2D materials for 

designing sensor arrays using 3D- extrusion printing method for detecting toxic gases 

(NO2) at moderate temperature.  

 Aim 4: To design a fast response hydrogen sensors by employing nanogaps at 

room temperature.  

 

This thesis attempts to address the following questions in separate chapters: 

 Question 1: How to synthesize printable ink and how does advanced sensor 

architecture improve the VOCs senor performance compare with conventional sensor 

design? 

 Question 2: How does nature inspired fractal design affect the ultimate 

properties of the VOC sensors in terms of senor characteristics? 

 Question 3: How does hybrid ink enhance the NO2 sensing properties with 

advance array design and embedded heating facilities? 
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 Question 4: How the single nanogaps can be produced by a single-step 

deformation techniques and how this nanogaps helps to improve the H2 sensing 

performances?  

1.5 Hypothesis 

To address the above-mentioned aims and questions, the following hypothesis is made: 

1) Graphene ink composed of ethyl-cellulose and eco-friendly Cyrene as a solvent 

allows the good printability of 3D-extrusion printing with enhanced VOC sensing 

characteristics.  

2) Fractal designed sensors can enhance the VOC sensing characteristics due to 

the higher SA/V ratio.  

3)  Sensor array printed by 3D extrusion printer composed of hybrid 1D CNT and 

2D graphene ink exhibits superior NO2 sensing properties at moderate temperature. In 

addition, embedded MXene/PEDOT:PSS heater can resolve the problem of integration of 

heater with the sensor architecture.  

4) Economical lithography-free fabrication method of single nanogap by bending 

deformation technique on Pd/Cr layer can exhibit enhanced hydrogen sensing 

characteristics at room temperature. 

1.6 Thesis outline 

This Ph.D. thesis is organized into seven chapters: introduction, literature review, four 

chapters adapted from the original research publications, and finally a chapter of conclusions 

and suggested future research works. A summary of each chapter is given below. 

Chapter 1: Introduction introduces the problem of different types of toxic VOCs/gas, for 

humans and environment and the approach for detecting this VOCs/gas by employing various 

sensor devices. This chapter also highlights the promise of different sensing materials and 

device fabrication techniques by addressing the challenges associated with conventional 

methods. Finally, this chapter discusses the motivation of this research, and current main 

research gaps, and subsequent research aims.  

Chapter 2: Literature review provides a comprehensive overview of the challenges 

associated with the design of advanced inks for extrusion-based 3D printing technology for 

real-field application. This chapter begins with the definition of ink and different modes of 

printing technology, followed by the main characteristics of extrusion printed inks. Next, 

application of this ink for different real-field applications has been presented. Next, the chapter 
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summarizes the strategies to overcome the challenges associated with sensor application by 

using this printable ink. Knowledge gaps are highlighted at the end of this chapter. 

The main contribution of this chapter is to provide a compressive literature review 

regarding the current printable ink for different applications and highlight the knowledge gap 

in this area.  

Chapter 3: Development of a graphene ink for 3D extrusion micro printing of chemo-

resistive sensing devices for VOC detection. This graphene ink took advantage of the 

printability of pristine graphene (pG) and the polymeric binder ethyl-cellulose (EC) with an 

eco-friendly solvent Cyrene. This chapter begins with the extensive characterization of 

graphene ink in terms of rheological properties, functionalization, thermo-gravimetric 

properties, mechanical behavior, and morphological features. Following this, the chapter 

provides a comprehensive analysis on printed pattern characterization of graphene ink in terms 

of printed device profile analysis, stability, and theoretical calculation. Finally, the 3D 

extrusion printed graphene ink based sensor device was evaluated to confirm the sensing 

capabilities of prepared graphene inks and their ability to be used for practical VOC sensor 

applications. 

The main contribution of this chapter is the sensing devices fabricated with this new 

graphene ink employing 3D-extrusion printer that display high-resolution patterning and 

improvement in the surface area/volume (SA/V) ratio compared to a conventional drop casting 

method. In addition, the extrusion printed sensors show enhanced sensing characteristics in 

terms of sensitivity and selectivity towards trace amount of VOC at room temperature (20 °C), 

which highlights that our method has highly promising potential in graphene printing 

technology for sensing applications 

Chapter 4: Employing fractal design for advancing the performance of chemo-

resistive sensors. This is the second results chapter of this thesis. In this chapter, a new 

bioinspired fractal approach to design chemoresistive sensors with fractal geometry is 

presented, which grasp the architecture of fern leaves represented by the geometric group of 

space-filling curves of fractal patterns. This chapter begins with the extensive characterization 

of printable ink in terms of rheological properties, functionalization, thermo-gravimetric 

properties, mechanical behavior, and morphological features. Following this, the chapter 

provides a comprehensive study on printed fractal pattern characterization in terms of printed 

device profile analysis, stability, and theoretical calculation. Finally, the fractal designed sensor 
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device was evaluated to confirm the new architecture compare with conventional sensor devise 

and also their ability to be used for practical VOC sensor applications. 

The main novelty and contribution of this chapter is to demonstrate new concept of nature 

inspired fractal designed sensors that is printed by an extrusion process on a flexible substrate 

(PET) using specially formulated graphene ink as a sensing material. This design provided 

significant enhancement of the active surface area to volume ratio and allowed high-resolution 

fractal patterning along with a reduced current transportation path. In addition, to 

demonstrate the advantages and influence of fractal geometry on sensor performance, here, 

three different kinds of sensors were fabricated based on different fractal geometrics 

(Sierpinski, Peano, and Hilbert), and the sensing performance was explored toward different 

VOC analytes (e.g., ethanol, methanol, and acetone).Finally, the practical application of this 

sensor was successfully demonstrated by monitoring food spoilage using a commercial box of 

strawberries as a model. Based on these presented results, this bio-fractal biomimetic VOC 

sensor is demonstrated for a prospective application in food monitoring. 

Chapter 5: Development of an extrusion printed CNT-graphene sensor array with 

embedded MXene/PEDOT:PSS heater for enhanced NO2 sensing at low temperature. 

This is the third results chapter of this thesis. Herein, demonstration of a hybrid sensing 

material of one-dimensional CNTs and two-dimensional graphene and formulated a conductive 

ink is presented, which has been applied for fabricating an NO2 gas sensor array within a 

compact design utilizing extrusion printing. In addition, to improve NO2 sensing performance 

a reverse-side layer has been designed that functions as a Joule heater. Besides, challenges of 

integrating a heater on a flexible substrate for heating the sensor to optimal operating 

temperature has been overcome by controlling the loading of MXene and PEDOT:PSS.  

The main novelty and contribution of this chapter is the printed CNT-graphene-based 

sensor with embedded MXene/PEDOT:PSS heater, which was capable of detecting trace 

amount of NO2 gas at moderate temperature. The sensor was able to distinguish between 

various gases/VOCs and target NO2 gas based on their chemical affinities. In addition, the 

printed CNT-graphene sensor array also demonstrate a high-level of recoverability, promising 

stability, durability and reproducibility, which renders this sensor suitable candidate for 

practical applications.  

Chapter 6: Development of a hydrogen gas sensor based on Pd/Cr nanogaps 

fabricated by a single-step bending deformation. This is the fourth results chapter of this 
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thesis. Herein, fabrication and sensing performances of Pd/Cr nanogap hydrogen gas sensors 

is presented, where nanogap fabrication is performed by single step bending deformation 

process.  Computational modelling for confirming the optimal deformation conditions and gap 

size is also presented.  Finally, sensing performance of Pd/Cr nanogap based sensor has been 

evaluated to characterize the sensitivity and response time for hydrogen gases.  

 The main novelty and contribution in this chapter is the unique design of Pd/Cr nanogap 

and the developed sensing device that meets major requirement of advanced H2 gas sensor 

including room temperature operation, detection of trace amounts, good linearity, ultra-fast 

response recovery time and high selectivity. In addition, the presented economical lithography-

free fabrication method has simple circuitry, low power consumption, recyclability, and 

favorable aging properties that promises great potential to be used for many practical 

applications of H2 detection.   

Chapter 7: Conclusion and Future directions. This chapter provides the summary of this 

thesis by highlighting the main findings obtained from the results. Next, this chapter discusses 

the possible future directions for employing this work. 

1.7 Format 

The thesis entitled “Development of New Generation Chemoresistive VOC/Gas Sensors for Real-

Field Applications” has been prepared as a portfolio of the publications based on the 

requirements of The University of Adelaide. The printed and online versions of this thesis are 

identical.  
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Literature review  

 

fter introducing the significance of VOC/gas sensor technology in the previous 

chapter, an overview of the challenges associated with the design and fabrication 

procedure of sensor devices by employing 3D-extrusion printing method is 

discussed in the second chapter. First, the terminology of ink and different mode 

of printing method is provided, followed by an introduction of 2D materials as the dominant 

sensing materials in the formulation of printable inks. Next, the key characteristics of printable 

ink for 3D-extrusion printing are discussed in detail. As the main focus of this chapter, the 

application of this printable inks, especially in VOC/gas sensing applications were discussed 

through the definition of device fabrication and characterizations window. Next, the current 

gaps in the design of an ideal ink working as a selective sensing materials are recognized that 

are considered as the aims of this thesis.  

 

The outcome of this chapter is a published as review paper in “Nanoscales” journal as follows: 

“Hassan K, Nine MJ, Tung TT, Stanley N, Yap P, Rastin H, Yu L, Losic D, Functional inks 

and extrusion-based 3D printing of 2D materials: a review of current research and applications, 

Nanoscales, 2021, 13, 5356-5368”. 
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Development of graphene ink for VOC 

detection  

 

In this chapter, graphene-based ink have been utilized in 3D extrusion-printing for 

fabricating  chemo-resistive sensors to detect VOC biomarkers such as acetone, ethanol 

and methanol. Herein, the sensor is printed in continuous mode consisting of multiple 

lines overlaid onto printed silver connections. To evaluate the sensing performance of 

the extrusion printed sensors, a comparative study with the sensors fabricated by a conventional 

drop casting method is performed. The results obtained demonstrate the extrusion-printing 

method as a promising fabrication technique for low-cost and scalable sensor production, and 

have significant advantages with printed electrode structures having a higher SA/V aspect ratio, 

sensitivity and selectivity compared with those from the conventional method. 

 

This chapter has been published as research paper in “Nanoscales” journal as follows: 

“ Hassan K, Tung TT, Stanley N, Yap PL, Farivar F, Rastin H, Nine MJ, Losic D. Graphene 

ink for 3D extrusion micro printing of chemo-resistive sensing devices for volatile organic 

compound detection. Nanoscale. 2021; 13, 5356-5368.” 
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Development of fractal designed VOC 

sensors 

 

n this chapter, fractal designed sensors are presented that is  printed by an extrusion 

process on a flexible substrate (PET) using specially formulated graphene ink as a 

sensing material, which provided significant enhancement of the active surface area to 

volume ratio and allowed high-resolution fractal patterning along with a reduced current 

transportation path. To demonstrate the advantages and influence of fractal geometry on sensor 

performance, here, three different kinds of sensors were fabricated based on different fractal 

geometrics and the sensing performance was explored toward different VOC analytes. Among 

all these fractal-designed sensors including interdigitate sensors, the Hilbert designed printed 

sensor shows enhanced sensing properties for ethanol at room temperature (20 °C). Moreover, 

a significant improvement of this sensor performance is observed by applying the mechanical 

deformation technique. The practical application of this sensor is also successfully 

demonstrated by monitoring food spoilage using a commercial box of strawberries as a model. 

 

This chapter has been published as research paper in “ACS Sensors” journal as follows:
 

“Hassan K, Tung TT, Yap PL, Rastin H, Stanley N, Nine MJ, Losic D. Fractal Design for 

Advancing the Performance of Chemoresistive Sensors. ACS Sensors. 2021;13, 5356-5368” 
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Development of CNT-graphene sensor 

array with embedded MXene heater for 

NO2 sensing 

 

n this chapter, development of a hybrid sensing material of one-dimensional CNTs and 

two-dimensional graphene and formulated a conductive ink, which is applied for 

fabricating an NO2 gas sensor array within a compact design utilizing extrusion printing 

is presented. To improve NO2 sensing performance, a reverse-side layer is designed that 

functions as a Joule heater. Challenges of integrating a heater on a flexible substrate for heating 

the sensor to optimal operating temperature is overcome by controlling the loading of MXene 

and PEDOT:PSS. The printed CNT-graphene-based sensor with embedded 

MXene/PEDOT:PSS heater is capable of detecting trace amount of NO2 gas (1 ppm) at 65 oC. 

The sensor is able to distinguish between various gases/VOCs and target NO2 gas based on 

their chemical affinities. The printed CNT-graphene sensor array also demonstrate a high-level 

of recoverability (2.9 min), promising stability, durability as well as reproducibility, which 

renders this sensor suitable candidate for practical applications.  

This chapter has been published in “Advanced Materials Interfaces” journal as follows:  

“Hassan K, Stanley N, Tung TT, Yap PL, Rastin H, Yu L, Losic D. Extrusion-Printed CNT-

Graphene Sensor array with Embedded MXene/PEDOT:PSS Heater for Enhanced NO2 

Sensing at Low Temperature.  Advanced Materials Interfaces, 1138 (2020), 49-58.” 
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Development of Pd/Cr nanogap for H2 

sensing 

 

n this chapter a new concept of hydrogen sensors based on Pd/Cr nanogaps created by 

using a simple mechanical bending deformation technique is presented.  These nanogap 

sensors can selectively detect the H2 gas based on transduction of the volume expansion 

after H2 uptake into an electrical signal by palladium-based metal-hydrides that allows 

closure of nanogap for electrons flowing or tunnelling. Based on the computational modelling 

outcome, the size of the nanogaps can be investigated in order to optimize the fabrication 

conditions. Indeed, a single nanogap with optimum width (15 nm) acts as an on-off switch for 

best performing hydrogen detection. Moreover, with the unique design of Pd/Cr nanogap, the 

developed sensing device meets major requirement of advanced H2 gas sensor including room 

temperature (25 oC) operation, detection of trace amounts (10-40,000 ppm), good linearity, 

ultra-fast response-recovery time (3/4.5 sec) and high selectivity. The presented economical 

lithography-free fabrication method has simple circuitry, low power consumption, 

recyclability, and favorable aging properties that promises great potential to be used for many 

practical applications of H2 detection.   

This chapter has been published in “Analytica Chimica Acta” journal as follows:  

“Hassan K, Tung TT, Yap PL, Nine MJ, Kim HC, Losic D. Fast response hydrogen gas sensor 

based on Pd/Cr nanogaps fabricated by a single-step bending deformation.  Analytica Chimica 

Acta, 1138 (2020), 49-58.” 
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Conclusion and future directions  

 

 n this chapter, the main findings and future direction of this Ph.D. thesis are summarized. 

This includes the summary of the conducted experiments, contributions of each chapter, 

and conclusions of the researches carried out in this project. In addition, the 

recommendation for future work and directions are provided.   
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7.1 Conclusions  

This Ph.D. thesis attempted to address the challenges in the sensor application for detecting 

VOC/gas through developing some advanced sensor devices. In essence, this thesis is devoted 

to the development of advanced VOC/gas sensor devices by introducing a new approach of 

sensor fabrication method by optimizing sensor design geometries. The main findings of this 

research are outlined below: 

 Chapter 3 describes an underutilized 3D extrusion-printing technique for the fabrication 

of chemo-resistive patterned electrodes, which is fabricated by using specially designed 

graphene ink to achieve larger SA/V aspect ratio for enhanced volatile organic compound 

(VOC) detection. Following are the main findings and contributions of this chapter: 

 The new graphene ink combining ethyl cellulose and Cyrene provides a facile route to 

obtain environmentally friendly, sustainable, low cost sensing devices fabricated by 

high quality 3D extrusion printing. 

 The graphene ink has been printed as patterned structures with high-resolution. After 

annealing at 250 °C for 30 min, these patterned structures shows low resistivity (70 

Ω.cm). 

 Patterns printed in the form of lines that are used as a chemoresistive sensing electrodes 

for VOC detection at room temperature. Results show high sensitivity for different 

VOCs (acetone, ethanol, and methanol) compared with a sensor prepared by a 

conventional drop casting method with the same ink. In terms of selectivity, this 

printed sensor shows higher sensitivity towards ethanol due to the polarity and 

permittivity of the printed ink. The printed sensors also showed a broad detection range 

of 5-30 ppm with good linearity for ethanol at room temperature. 

 

 Chapter 4 described the development of bio-inspired fractal designed VOC sensors, 

fabricated by the extrusion printing process. Following are the main findings and 

contributions of this chapter: 

 The fabrication of three fractal designed sensors such as Sierpinski, Peano, and Hilbert 

was fabricated using specially formulated graphene ink by extrusion printing technique 

to achieve stable structures of fabricated patterns with high SA/V aspect ratio. 

 The graphene ink formulated by combining ethyl-cellulose and Cyrene provides a 

facile route to achieve sustainable, environmentally friendly, low cost sensing 

modules. This  graphene ink was successfully used for  printing at high-resolution 
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biomimetic fractal patterned architectures with resistivity as low as 70 Ω.cm after 

annealing at 250 °C for 30 min, as a chemo-resistive sensing device for VOCs detection 

at room temperature. 

  Performance characteristics evaluated for Hilbert designed sensor to ethanol vapour 

showed fast response time (~6 sec @ 30 ppm), high response value (14% @ 30 ppm), 

broad detection limit (5-100 ppm), and high selectivity to ethanol vapour at room 

temperature (20 oC) among a set of VOCs (ethanol, methanol, and acetone), which was 

prominent than Sierpinski, Peano, and conventional interdigitate designed VOC 

sensors characteristics. Furthermore, as-fabricated sensor exhibited sensitivity to 

mechanical deformation, and illustrated enhanced response-time (~4.5 sec @ 30 ppm) 

to ethanol vapour at room temperature for positive bending. 

 The main significance of this chapter is to explore the potential of this Hilbert designed 

sensor for real-field application. For practical application experiment, real-time 

monitoring of ethanol evolved from rotten strawberry confirmed the concept and the 

feasibility of our developed sensing device for real-life application.  

 

 Chapter 5 describes the advancement of a CNT-graphene-based sensor array with 

embedded MXene heater, fabricated by an extrusion printing technique for detecting trace 

amounts of NO2 gas. Besides the sensor array, the development of new embedded MXene 

heater prepared by spray coating on the back of the printed sensor array also demonstrated, 

which nicely overcomes the challenge of integrating a heater within the sensor system to 

achieve the optimal operating temperature with low power consumption for selective 

detection of NO2 gas. Following are the main findings and contributions of this chapter: 

 The specially designed hybrid ink was formulated by combining 1D CNT and 2D 

graphene with Cyrene as a solvent to provide a facile route to achieve sustainable, 

environmentally friendly, low cost sensors fabrication.   

 The new  CNT-graphene ink was successfully used for printing at high-resolution 

compact, array patterned architectures with resistivity as low as ~70 Ω.cm-1 after 

annealing at 70 °C for 30 min, as a chemo-resistive sensing device for NO2 detection. 

 By controlling the loading of MXene nanosheets and PEDOT:PSS, the embedded 

heater into the sensor systems achieved temperature up to 73 oC within  less than 45 

sec from a 12 V voltage supply at a power of 2W. 
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 Excellent performance characteristics were demonstrated for the sensor array towards 

NO2 gas as highlighted by fast recovery time (~2.9 min at 5 ppm), good response time 

(7.6 min at 5 ppm), high response value (8 at 5 ppm), a detection limit of 1 ppm, 

excellent stability, and reproducibility with high selectivity towards NO2 gas at 

temperature (65 oC) in the presence of various gases (H2, CO2), and a set of VOCs 

(ethanol, methanol, and acetone). 

 

  Chapter 6 describes the synthesis and characterization Pd/Cr nanogap based H2 sensing 

device, which was successfully developed by mechanical bending by overcoming the 

challenges of complex nanogap fabrication techniques. Following are the main findings 

and contributions of this chapter: 

 Optimized thickness (3/2 nm) of Pd/Cr along with different nanogap size (80 nm-5 

nm) by varying the curvature radius (1 mm-7mm) was initially confirmed using 

Comsol Multiphysics Simulation software. Excellent   

 Excellent sensor performance was achieved using the as-fabricated controlled sensor 

(Sample S6- 5; 3/2 nm Pd/Cr thickness and 15 nm nanogap size) at room temperature 

(25 C) to detect H2 gas from 10 ppm to 40,000 ppm with a very fast response-recovery 

time (3/4.5 s). 

 The on-off switching phenomenon of sensor can be imposed to the confinement-

induced suppression of a phase transition in the Pd/H system. Furthermore, outcome 

of this study demonstrates that the characteristics of H2 sensors based on palladium 

nanostructures is far beyond the advantages expected from the shorter diffusion 

distances. 

 The developed method and sensing devices not only demonstrated advanced sensing 

podium towards broad-range H2 detection for safety application such as H2 fueled cars, 

H2 filling station, but also acknowledge the impetus to accept this concept to other 

analytes those are amenable to nanogap sensing technologies. 

 

7.2 Some challenges of performed PhD study 

The key challenges during this PhD work is outlined below.  

Chapter 3 aims to develop a chemo-resistive sensor device for detecting VOC biomarkers 

employing graphene inks composed of pristine graphene and ethyl-cellulose by using 3D 
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extrusion printer. The key challenges to achieve proposed objectives goals reported in this 

chapter includes: 

 Medium annealing temperature is required to reduce the conductivity of the printed 

patterns which limits the applicability of various temperature sensitive substrate.  

 Limited VOC analytes detections have conducted in this study due to the limitation of 

advanced calibration system and VOC/gas standards. Therefore, for further studies, it is 

required to have an advanced calibration system. 

 Achieved detection limit up to ppm level for selective VOCs, which need to improve up 

to ppb level by improving the sensor architecture. 

 Limitation of selection the polymer that is used in ink formulations (as not every 

polymer can use for inks, some polymer design for VOC capture but cannot use for ink 

formulations).  

 

Chapter 4 aims to impart exploit the extraordinary properties of fractal design for advancing 

the performance of chemo-resistive sensors. The key challenges of this study includes: 

 Lack of comprehensive fractal design studies such as theoretical calculations, and 

simulation modelling.  

 Limited VOC analytes detections have conducted in this study due to the limitation of 

advanced calibration system and VOC standards. 

 

Chapter 5 aims to develop extrusion printed CNT-graphene sensor array with embedded 

MXene/PEDOT:PSS heater for enhanced NO2 sensing at low temperature. The key challenges 

of this study includes: 

 Lack of implementation of electrical connections within the sensor array to monitor the 

gas sensing signals simultaneously.  

 This work include embedded heater within the sensor array, which also limits the uses 

of various temperature sensitive substrate for sensor devices.   

 Lack of study on the effect of MXene nanosheets on the composite materials of heater 

thoroughly.  

 

Chapter 6 concentrated on developing a fast response hydrogen gas sensor based on Pd/Cr 

nanogaps fabricated by a single-step bending deformation technique. The key challenges of 

this study includes: 

 The temperature effect on the fabricated sensors have not addressed in this work. 



 Conclusion and future directions   Chapter 7 

Page 149 
 

 Single bending deformation technique limits the range of application for this nanogap 

based H2 sensor..    

 

7.3 Recommendations for Future work 

This Ph.D. thesis made a significant contribution to the development of new-generation 

chemoresistive sensors that highlight the advanced sensor fabrication methods including 

printing technology for VOC/gas sensing application through employing different polymers 

and nanomaterials. This work opened new frontiers that deserved further research in the future.  

Thus, several recommendations and pathways are highlighted here for future work to fully 

realize the potential of new-generation VOC/gas sensors: 

1. Design of different nanocomposite sensing materials through employing other types 

of 2D nanomaterials and their hybrids: Since 2D nanomaterials are at the infancy stage, 

only a few types of 2D nanomaterials have been exploited in the area of VOC/gas sensing 

application. Thus, as the family of 2D nanomaterials is expanding, it is expected new types 

of 2D nanomaterials will be exploited in the design of VOC/gas sensing materials. In 

addition, obtaining synergistic properties resulting from the combining of different 

nanomaterials is another emerging trend, which is expected to grow in the future. Such 

synergistic properties hold great promise for enhancing the efficacy of printed functional 

constructs, necessitating more efforts to combine different nanomaterials. Taking 

advantage of the extraordinary features of 2D nanomaterials to add new functionality to the 

conventional sensing material is the current trend in the developments of 2D 

nanocomposite based sensing devices.   

2. Utilization of conducting polymer for hybridizing with 2D materials as a future 

pathway for VOC/gas sensing: Conducting polymers as a sensing materials provides a 

versatile pathway for VOC/gas sensor development by including gas adsorption induced 

through the orientation change of molecular chains of polymers and doping of 

proton/charge. Besides, these conductive polymers also suitable for numerous solution 

processing methods and ink formulation techniques. Importantly, polymers could be easily 

functionalized with anticipated surface groups for realizing particular gas recognition 

compared to inorganic nanomaterials. The negative side of polymers is their relatively low 

conductivity, which can be overcome by forming composites with 2D materials such as 

graphene, MXene.  
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3. Improving sensor designs and performances for advanced VOC/gas sensing 

applications: During the time of designing sensing materials for electronic gas sensor 

application, among several parameters considerable key parameter is the trade-off between 

the surface energy and sensor recovery, high conductivity and sensitivity, and the reactivity 

and stability of the sensing material. Besides, for real-life applications, efforts in advancing 

these functional sensing materials should be predominantly devoted for improving their 

durability and stability, especially under conditions of changing temperature, humidity, and 

mechanical strain. New materials or advanced material architectures that combine sensitive 

electronic characteristics, structural stability, and surface activities are need to be explored 

(e.g. versatile MOF materials, materials related to MXene family).  

4. Introducing multivariable sensor for advanced VOC/gas sensing: Majority of the 

printed gas sensors developed in past years mainly based on the single output sensors that 

reflects vary poor selectivity due to the sensor drift and unstable output in presence of 

unknown interferences, which is a key issue for their commercialisation from research to 

industrial scale. To counter the above challenges of the conventional sensors faces, 

multivariable sensors are required that promises as a new generation gas sensor system. A 

multivariable sensor contains a single sensing material with multi-response mechanisms to 

various gases, coupled with a multivariable transducer for producing independent, for 

instance, electrical, electrochemical, and optical outputs corresponding to the numerous 

sensing responses. Multivariable gas sensors can distinguishes particular VOC/gas among 

several gases in a mixture by showing the high response value. Nevertheless, it is 

challenging to fabricate multivariable VOC/gas sensors by employing printing technology 

that required coordinated advancements in VOC/gas sensing materials, printable ink 

formulation, sensor designs, and importantly, printing resolution. High quality 

semiconductor crystals, which are able for responding to various VOCs/gases both 

electrically and optically can overcome the above challenges of multivariable sensor. 

Multivariable VOC/gas sensors are therefore ideally poised to replace conventional gas 

sensors in the future. 

5. Introducing machine learning for advanced neural VOC/gas sensor system: Although 

multivariable sensors and sensor arrays united with computational methods for processing 

data has been facilitated enhanced sensor characteristics, VOC/gas detection scenarios with 

unknown and complex gas environment may need additional data collection, modelling 

and machine learning. Traditional learning algorithms such as the neural network with the 
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nonlinear approximation capability is able to conduct both quantitative and qualitative. 

Advancement in machine learning for enabling the generalization of information based on 

current accumulated data can permit forecasting unseen situations, offering new chances 

for compensating the boundaries of materials networks via powerful computational 

methods. Consequently, an amalgamation of machine learning for enhanced characteristics 

and printing for the large scale sensor fabrication is anticipated in future for a broad range 

of internet of things (IoT) and automated sensor networks. 

 




