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 Saruta Deeprasert - October 2022 

Abstract 

   Paper-based electrode sensors are low-cost, biodegradable and easy to fabricate, 

and are usually developed for single-use detection, to avoid cleaning and cross-

contamination. Nanomaterials have gained wide interest as key components for 

paper-based electrode sensors, as they can be easily deposited onto paper 

substrates. The aim of this research is to prepare a water-based multi-walled 

carbon nanotubes (MWCNTs) ink for paper-based electrode sensor fabrication 

using a home inkjet printer (Canon PIXMA TS205).  Different MWCNTs ink 

formulations were studied to identify the most compatible inks for inkjet printing. 

Pristine multi-walled carbon nanotubes functionalised with a carboxylic acid 

group mixed with sodium dodecyl sulphate provided the optimum homogeneity 

with high electrical conductivity and compatibility with the inkjet printer. This 

formulation was used to fabricate the MWCNTs-based electrode sensor on 

Whatman filter paper. However, one of the major challenges with paper-based 

sensors is water absorption by the paper substrate, making it inappropriate for 

multiple uses. Three types of coating, perflourocyclobutane (PFC), acrylic acid 

(AA) and allylamine (AAm), were plasma polymerised onto the paper substrate to 

enhance the paper substrate stability and electrode sensor performance. The 

purpose of using PFC is to make the paper substrate surface hydrophobic, to 

prevent water absorption that may degrade the electrode sensor, while AA and 

AAm are plasma polymerised to induce hydrophilicity to the surface of PFC-coated 

filter paper for MWCNTs printing and electrode sensor fabrication. The success of 

the plasma polymerisation technique and improved performance of the sensor 

was confirmed using a range of analytical techniques. This PhD project 

foreshadows the future development of paper-based sensors with high durability 

and enhanced performance.  



 

 

Acknowledgements 

First of all, I would like to thank Professor Peter Fielden and Professor Rob Short 

of Lancaster University for their supervision throughout this research project.  

I would like to extend my gratitude to the members of my research group; Dr 

Alexandra Robson for the XPS characterisation and plasma polymerisation 

training and for providing guidance on XPS data interpretation, and Dr Nishtha 

Gaur for the guidance on the research chapter. I would also like to thank Dr Sara 

Baldock for SEM characterisation guidance and SEM data for my samples on this 

research project.  

Outside of my research group, I would like to thank Dr Sussanah Coote, and 

Professor David Antonelli for taking part in the Panel meeting and providing 

guidance throughout this project. 

I would like to thank my parents, Mrs Vilailuck Deeprasert and Mr Suchat 

Deeprasert, for providing me with the support and opportunities to pursue further 

studies on this research project.  

Finally, I would like to thank all my friends, especially Dr Dhruv Trivedi for all his 

support and for making me have an amazing time during this PhD. I extend this 

gratitude to Miss Waramporn Pongrujaporn (Kwang) for her support and for 

keeping me sane.  

Thank you to Charles Weir of Lancaster University, UK and to Kayla Friedman and 

Malcolm Morgan of the University of Cambridge for producing the Microsoft Word 

thesis template used to produce this document. 

 

 

  



 

 

Contents 

1 INTRODUCTION      ......................................................................................................... 1 

1.1 Thesis Aims and Objective ................................................................................................ 4 

2 BACKGROUND AND LITERATURE REVIEW                       5 

2.1 Nanotechnology ..................................................................................................................... 5 

 2.1.1 Types of Nanotechnology/Nanomaterial ........................................................ 5 

 2.1.2 Advantages and Disadvantages of Nanotechnology ................................... 7 

2.2 CNTs ............................................................................................................................................. 9 

2.2.1 Types of CNTs .............................................................................................................. 10 

2.2.1.1 Single-walled Carbon Nanotubes ................................................................ 11 

2.2.1.2 Multi-walled Carbon Nanotubes .................................................................. 13 

2.2.2 Properties of CNTs .................................................................................................... 13 

2.2.2.1 Mechanical Properties  ..................................................................................... 13 

2.2.2.2 Thermal Properties  ..................................................................................... 14 

2.2.2.3 Chemical Properties  ..................................................................................... 14 

2.2.2.4 Electrical Properties  ..................................................................................... 14 

2.2.3 Application of CNTs .................................................................................................. 15 

2.2.3.1 Medical Applications  ..................................................................................... 15 

2.2.3.2 Electronic Applications .................................................................................... 16 

2.2.3.3 Environmental Applications .......................................................................... 16 

2.2.4 CNTs for Biosensor Fabrication (Relationship between Connectivity 

and Electrical Conductivity) ............................................................................................ 18 

2.2.5 Sidewall Functionalisation of CNTs................................................................... 19 

2.2.6 Dispersion of CNTs in Organic Solvents ........................................................... 19 

2.2.7 Dispersion of CNTs in Aqueous Solvents .......................................................... 20 

2.3 Overview of inkjet Printing Deposition Techniques ..........................................21 

2.3.1 Commercial Inkjet Printer ..................................................................................... 21 

2.3.1.1 Drop-on-Demand Inkjet Printer ................................................................... 21 

 2.3.1.1.1 Thermal Inkjet Printing Technology ................................................ 22 

 2.3.1.1.2 Piezoelectric Inkjet Printing Technology ........................................ 23 

2.4 Paper-based CNTs Electrode Sensor Devices ........................................................25 



 

 

2.4.1 State of the Art: Paper Substrates ..................................................................... 25 

2.4.2 Paper-based Device Applications....................................................................... 26 

2.4.3 Components of Electrochemical Sensor .......................................................... 28 

2.4.4 Electrochemical Sensor Electrode Design ...................................................... 28 

2.4.5 Types of the Electrochemical Sensor ................................................................ 29 

2.4.5.1 Potentiometric Sensors .................................................................................... 29 

2.4.5.2 Conductometric Sensors .................................................................................. 29 

2.4.5.3 Amperometric Sensors  .................................................................................... 30 

2.5 Plasma Polymerisation (PP) .......................................................................................... 30 

2.5.1 Plasma  .......................................................................................................................... 30 

2.5.2 Cold Plasma (Non-Thermal/Equilibrium Plasma) .................................... 31 

2.5.3 Formation of Polymer in Plasma ....................................................................... 32 

2.5.3.2 Stages of Plasma Polymerisation ................................................................ 32 

2.5.3.2 Different Types of Monomers Used in Plasma Polymerisation  ...... 33 

2.5.4 PP Apparatus .............................................................................................................. 33 

2.5.5 Factors Affecting PP ................................................................................................ 34 

2.6 Surface Analysis and Characterisation ..................................................................... 35 

2.6.1 X-Ray Photoelectron Spectroscopy (XPS)....................................................... 35 

2.6.1.1 Principles  .................................................................................... 36 

2.6.1.1.1 Photoelectron Generation .......................................................................... 36 

2.6.1.1.2 Auger Electrons  .................................................................................... 37 

2.6.1.1.3 Surface Sensitivity  .................................................................................... 38 

2.6.1.2 Chemical Environment  ................................................................................... 38 

2.6.1.3 The Chemical Shift Effect ................................................................................ 38 

2.6.1.3.1 C1s Coreline shift  .................................................................................... 38 

2.6.1.3.2 N1s Coreline Shift  .................................................................................... 39 

2.6.2 Contact Angle (CA) Measurement ..................................................................... 40 

2.6.3 SEM Characterisation ............................................................................................. 40 

3 MWCNTS INK FORMULATION PREPARATION AND CHARACTERISATION  42 

3.1 Introduction .......................................................................................................................... 42 

3.2 Experimental and Method .............................................................................................. 44 

3.2.1 Material and Equipment ....................................................................................... 44 



 

 

3.2.2 XPS Characterisation (Surface Analysis) ........................................................ 44 

3.2.3 Resistance Measurement ....................................................................................... 45 

3.2.4 Methodology ................................................................................................................ 46 

3.2.4.1 MWCNTs Ink Formulation .............................................................................. 46 

 3.2.4.1.1 Formulation 1.1: Sidewall Functionalisation with Diluted 

Acid Mixture Through Magnetic Stirring ......................................................... 46 

 3.2.4.1.2 Formulation 1.2 & 1.3: Preparation of Pristine-MWCNTs in 

Aqueous Solution with SDS/SDBS Surfactant ................................................ 46 

 3.2.4.1.3 Formulation 1.4: Pristine-MWCNTs-COOH Dispersed in 

Aqueous Solution Using SDS Surfactant ........................................................... 46 

3.2.4.2 Printer Cartridge Preparation ...................................................................... 47 

3.2.4.3 CNTs Ink Printing Observation ..................................................................... 47 

3.2.4.4 CNTs Ink Formulation Observation and Characterisation ............... 47 

 3.2.4.4.1 SEM Characterisation ............................................................................. 47 

 3.2.4.4.2 XPS Characterisation .............................................................................. 48 

 3.2.4.4.3 Resistance Measurement ....................................................................... 48 

3.3 Results and Discussion .....................................................................................................49 

3.3.1 Ink Formulation Observation ............................................................................... 49 

3.3.1.1 Formulation 1.1  ..................................................................................... 49 

3.3.1.1.1 Critical Concentration Determination Using Resistance 

Measurement  ..................................................................................... 49 

3.3.1.1.2 SEM Characterisation ................................................................................... 50 

3.3.1.2 Formulation 1.2 and Formulation 1.3 ....................................................... 51 

3.3.1.2.1 SEM Characterisation ................................................................................... 51 

3.3.1.3 Formulation 1.4  ..................................................................................... 52 

3.3.1.3.1 Effects of Surfactant towards Ink Formulation................................. 52 

3.3.1.3.2 SEM Characterisation ................................................................................... 53 

3.3.1.3.3 XPS Characterisation  ................................................................................... 54   

3.3.2 Thermal Inkjet Printer and Piezoelectric Inkjet Printer .......................... 55 

3.3.2.1 Epson Inkjet Printer  ..................................................................................... 55 

3.3.2.1.1 SEM Characterisation ................................................................................... 56 

3.3.2.2 Canon Inkjet Printer  ..................................................................................... 57 

3.3.2.2.1 Formulation 1.1  ..................................................................................... 58 



 

 

 3.3.2.2.2 Formulation 1.4  .................................................................................... 59 

3.4 Conclusion ....................................................................................................................... 61 

4 PAPER-BASED ELECTRODE SENSORS AND PAPER SUBSTRATES 

COMPARISON           62 

4.1 Introduction .......................................................................................................................... 62 

4.2 Experimental and Method .............................................................................................. 64 

4.2.1 Material and Equipment ....................................................................................... 64 

4.2.2 Anodic Stripping Voltammetry (ASV) Analysis ............................................ 64  

4.2.3 Methodology ............................................................................................................... 65 

4.2.3.1 Observation of the Paper Substrate Interaction with the 

Formulated CNTs Ink  .................................................................................... 65 

4.2.3.2CNTs Printing on Different Types of the Paper Substrate ................. 65 

4.2.3.3 Characterisation  .................................................................................... 65 

 4.2.3.3.1 SEM Characterisation ............................................................................ 65 

 4.2.3.3.2 Resistance Measurement ...................................................................... 66 

 4.2.3.3.3XPS Characterisation ............................................................................... 66 

 4.2.3.3.4 ASV Analysis  .................................................................................... 66 

4.3 Results and Discussion..................................................................................................... 67 

4.3.1 Paper Substrates Interaction Observation .................................................... 67 

4.3.2 Fabricated Paper-based Electrodes and Printing Observation ............ 68 

4.3.3 SEM Characterisation ............................................................................................. 69 

4.3.3.1 Fabricated CNTs Electrode Sensors ........................................................... 69 

4.3.3.2 Untreated Paper Substrates .......................................................................... 71 

4.3.4 Resistance Measurement ....................................................................................... 71 

4.3.5 XPS Characterisation .............................................................................................. 72 

4.3.5.1 Untreated Whatman Filter Paper Grades 1 and 3 ............................... 72 

4.3.6 ASV Analysis ................................................................................................................ 74 

4.4 Conclusion .............................................................................................................................. 77 

5 PLASMA POLYMERISATION ON FILTER PAPER TO ENHANCE ELECTRODE 

SENSOR PERFORMANCE AND STABILITY USING PFC AND AA     79 

5.1 Introduction .......................................................................................................................... 79 

5.2 Experimental and Method .............................................................................................. 82 



 

 

 

5.2.2 Plasma Polymerisation ........................................................................................... 82 

5.2.3 CA Measurement ........................................................................................................ 83 

5.2.4 Methodology ................................................................................................................ 84 

5.2.4.1 PP on Whatman Filter Paper Grade 3 and Si Wafer (PFC and AA 

Coating)  ..................................................................................... 84 

5.2.4.2 PFC Plasma Coating  ..................................................................................... 84 

5.2.4.3 AA Plasma Coating  ..................................................................................... 84 

5.2.4.4 CNTs Inkjet Printing  ..................................................................................... 84 

5.2.4.5 Surface Characterisation ................................................................................ 85 

 5.2.4.5.1 CA Measurement  ..................................................................................... 85 

 5.2.4.5.2 XPS Characterisation .............................................................................. 85 

 5.2.4.5.3 SEM Characterisation ............................................................................. 85 

 5.2.4.5.4 Resistance Measurement ....................................................................... 85 

5.3 Results and Discussion .....................................................................................................87 

5.3.1 Interaction Between Plasma Coated Filter Paper and Water Solution

 ...................................................................................................................................................... 87 

5.3.2 CA Measurement ........................................................................................................ 88 

5.3.2.1 PFC Coating   ..................................................................................... 88 

5.3.2.2 AA Coating  ..................................................................................... 90 

5.3.2.3 AA-PFC Coating   ..................................................................................... 91 

5.3.3 SEM Characterization ............................................................................................. 92 

5.3.4 XPS Characterization .............................................................................................. 93 

5.3.4.1 Comparison between PFC-Coated Filter Paper and Si Wafer.......... 94 

5.3.4.2 AA-PFC Filter Paper  ..................................................................................... 99 

5.3.4.3 CNTs Electrode Sensors on AA-PFC Filter Paper ................................ 102 

 5.3.4.3.1 XPS Characterisation of CNTs Electrode Sensor on AA-PFC 

Filter Paper   .................................................................................. 102 

5.3.4.3.2 Resistance Measurement of CNTs Electrode Sensor on AA-PFC 

Filter Paper  .................................................................................. 104 

5.4 Conclusion ........................................................................................................................... 106 

 



 

 

6 PLASMA POLYMERISATION OF AAM ON PFC-COATED FILTER PAPER         108 

6.1 Introduction ....................................................................................................................... 108 

6.2 Experimental and Method ........................................................................................... 110 

6.2.1 Material and Equipment  .................................................................................... 110 

6.2.2 Methodology ............................................................................................................. 110 

6.2.2.1 PP on Whatman Filter Paper Grade 3 (PFC and AAm) .................... 110 

 6.2.2.1.1 AAm Plasma Coating ............................................................................ 110 

6.2.2.2 CNTs Inkjet Prin AAm-PFC Filter paperting ......................................... 110 

6.2.2.3 Coated Filter Paper and CNTs Electrode Sensor Observation and 

Characterisation  .................................................................................. 110 

 6.2.2.3.1 CA Measurement  .................................................................................. 110 

 6.2.2.3.2 XPS Characterisation............................................................................ 110 

 6.2.2.3.3 Resistance Measurement .................................................................... 111 

6.3 Result and Discussion .................................................................................................... 112 

6.3.1 Contact Angle Measurement .............................................................................. 112 

6.3.2 XPS Characterisation ............................................................................................ 113 

 AAm-PFC Filter paper  .................................................................................. 113 

6.3.2.2 CNTs Electrode Sensors on AAm-PFC Filter Paper ............................ 117 

6.3.2.3 CNTs Electrode Sensors Fabrication on AAm-PFC Filter Paper .. 121 

6.3.3 Resistance Measurement of the Fabricated Electrode Sensor on 5 W 

AAm-PFC Filter Paper ...................................................................................................... 122 

6.4 Conclusion ........................................................................................................................... 124 

7 CONCLUSIONS                     125 

8 FURTHER WORKS                    128 

9 REFERENCES                     130 

10 APPENIDICES                     147 



 

 

List of Tables 

Table 2.1: Types of nanomaterial .................................................................................................... 6 

Table 2.2: Advantages and disadvantages of nanotechnology ...................................... 7  

Table 2.3: Differences between SWCNTs and MWCNTs ................................................... 10  

Table 2.4: Types and properties of the paper substrate  .................................................. 25 

Table 2.5: Binding energy of carbon chemical state (reference for C1s spectra) 

182,190,193........................................................................................................................................... 39 

Table 3.1: Atomic percentages of CNTs ink (formulation 1.4) on Whatman filter 

paper grade 1 ............................................................................................................................... 54 

Table 3.2: Area percentages of CNTs ink (formulation 1.4) on Whatman filter paper 

grade 1 ............................................................................................................................................ 54 

Table 4.1: Atomic percentages of untreated Whatman filter paper grade 1 and 3

............................................................................................................................................................. 74 

Table 4.2: Percent composition of untreated Whatman filter paper grade 1 and 3 

............................................................................................................................................................. 74 

Table 5.1: CAs between DI water/CNTs ink and AA-coated substrates (filter paper 

and Si wafer) at 5 W and 50 W for 10 min..................................................................... 91 

Table 5.2: CAs between DI water/CNTs ink and AA-PFC substrates (filter paper 

and Si wafer) at 5 W and 50 W for 10 min..................................................................... 92 

Table 5.3: Atomic percentages of untreated filter paper, PFC-coated filter paper at 

20 W for 10 min and AA-coated filter paper at 5 W and 50 W for 10 min, 2 x 

10-1 mbar........................................................................................................................................ 94 

Table 5.4: Atomic percentages of PFC-coated Si wafer at 20 W for 10 min and AA-

coated silicon wafer at 5 W, and 50 W for 10 min, 2 x 10-1 mbar ....................... 96 



 

 

Table 5.5: Percent composition of untreated filter paper, PFC-coated filter paper 

at 20 W for 10 min and AA-coated filter paper at 5 W, 10 W and 50 W for 10 

min, 2 x 10-1 mbar ...................................................................................................................... 98 

Table 5.6: Percent composition of PFC coated silicon wafer at 20 W for 10 min and 

AA-coated silicon wafer at 5 W, 10 W and 50 W for 10 min, 2 x 10-1 mbar ... 98 

Table 5.7: Atomic percentages of AA-PFC filter paper at 5 W, and 50 W for 10 min, 

2 x 10-1 mbar................................................................................................................................. 99 

Table 5.8: Area percentages of acrylic acid coated on PFC filter paper at 5 W and 

50 W for 10 min, 2 x 10-1 mbar ......................................................................................... 100 

Table 5.9: Atomic percentages of CNTs ink droplet on untreated filter paper and 

fabricated CNTs electrode sensors on untreated filter paper, 5 W and 50 W 

AA-PFC filter papers .............................................................................................................. 102 

Table 6.1: XPS reference table with C1s binding energy for AAm ............................. 111 

Table 6.2: CA measurement of AAm-PFC filter paper at different coating conditions 

with DI water and CNTs ink ............................................................................................... 112 

Table 6.3: Area percentages of AAm-PFC filter paper at 5 W, and 20 W (2 x 10-1 

mbar, 10 min)  .......................................................................................................................... 113 

Table 6.4: Atomic percentages of AAm-PFC filter paper at 5 W, 10 W, and 20 W (2 

x 10-1 mbar, 10 min) .............................................................................................................. 116 

Table 6.5: N1s spectra atomic percentages of AAm-PFC filter paper at 5 W, 10 W, 

and 20 W (2 x 10-1 mbar, 10 min) ................................................................................... 116 

Table 6.6: Atomic percentages of fabricated CNTs electrode sensor on AAm-PFC 

filter paper at 5 W, and 20 W (2 x 10-1 mbar, 10 min)  ......................................... 120 

Table 6.7: Area percentages of fabricated CNTs electrode sensor on AAm-PFC filter 

paper at 5 W, and 20 W (2 x 10-1 mbar, 10 min) ...................................................... 120 

 



 

 

List of Figures 

Figure 2.1: A timeline indicating various milestones in the discovery of CNTs ....... 9 

Figure 2.2: Structure of a) SWCNTs and b) MWCNTs (Russian Doll Model) .......... 10 

Figure 2.3: Types of CNTs ................................................................................................................ 11 

Figure 2.4: Chiral vector of SWCNTs .......................................................................................... 12 

Figure 2.5: DOD thermal inkjet printing technology .......................................................... 22 

Figure 2.6: DOD piezoelectric inkjet printing technology ................................................ 23 

Figure 2.7: Different types of piezoelectric inkjet printing techniques ..................... 24 

Figure 2.8: Application of paper-based sensing devices 15–17,132–134 ........................... 27 

Figure 2.9: Types of plasma in relation to electron density (Ne), energy (E), and 

temperature (K)  152 .................................................................................................................. 31 

Figure 2.10: Schematic diagram of the PP reactor used in this PhD research 160 . 34 

Figure 2.12: Schematic diagram of XPS   ................................................................................... 36 

Figure 2.12: Schematic diagram of XPS  .................................................................................... 37 

Figure 2.13: Schematic diagram of CA measurement 160 .................................................. 40 

Figure 2.14: Schematic diagram of SEM characterisation ................................................ 41 

Figure 3.1: Schematic diagram of digital multimeter ......................................................... 45 

Figure 3.2: Side-wall functionalised MWCNTs in water solution (5mg/mL) ......... 49 

Figure 3.3: Resistance measurement of formulation 1.1 at 2.5 mg/mL to 6.0 mg/mL 

(1 cm length between probes measurement) .............................................................. 50 

Figure 3.4: SEM images of formulation 1.1 (MWCNTs-COOH in DI water) at 5.0 

mg/mL concentration on Whatman filter paper grade 1 ....................................... 51 



 

 

Figure 3.5: SEM images of formulation 1.2 (pristine-MWCNTs with SDS in DI 

water) on Whatman filter paper grade 1 ........................................................................ 52 

Figure 3.6: SEM images of formulation 1.3 (pristine-MWCNTs with SDBS in DI 

water) on Whatman filter paper grade 1 ........................................................................ 52 

Figure 3.7: SEM images of formulation 1.4 (7 wt% SDS and 10 wt% MWCNTs-

COOH in DI water) on Whatman filter paper grade 1 .............................................. 53 

Figure 3.8: a) Wide and b) C1s spectra of CNTs ink (formulation 1.4) on Whatman 

filter paper grade 1 .................................................................................................................... 54 

Figure 3.9: Formulation a) 1.1 (MWCNTs-COOH in DI water), b) 1.2 (pristine-

MWCNTs with SDS in DI water), and c) 1.3 (pristine-MWCNTs with SDBS in 

DI water) printed on filter paper by Epson inkjet printer (50 printing cycles) 

 ............................................................................................................................................................. 56 

Figure 3.10: SEM images of a) 1.1, b) 1.2, and c) 1.3 printed on Whatman filter 

paper grade 1 using Epson inkjet printer (50 printing cycles) ............................ 57 

Figure 3.11: a) Formulation 1.1 printed on filter paper by Canon inkjet printer (50 

printing cycles) and b) SEM images of formulation 1.1 printed on filter paper

 ............................................................................................................................................................. 58 

Figure 3.12: a) Electrode template, b) formulation 1.4 printed on Whatman filter 

paper grade 1 (50 printing cycles), SEM images of the electrode sensor, c) top-

view, and d) and e) cross-section ....................................................................................... 59 

Figure 3.13: Resistance measurement of formulation 1.4 printed on Whatman 

filter paper grade 1 (50 printing cycles) ......................................................................... 60 

Figure 4.1: A schematic of the ASV analysis setup ............................................................... 65 

Figure 4.2: CNTs ink dropped on a) Whatman filter paper grade 1, b) glossy photo 

paper, and c) matte photo paper ........................................................................................ 67 



 

 

Figure 4.3: Formulated CNTs ink printed on a) Whatman filter paper grade 1, b) 

glossy photo paper at 20 – 50 printing cycles, and c) Whatman filter paper 

grade 3 printing repeats at 50 printing cycles ............................................................. 68 

Figure 4.4: Fabricated CNTs electrode sensor on Whatman filter paper grade 3 69 

Figure 4.5: SEM top-view images of fabricated CNTs electrode sensors on a) 

Whatman filter paper grade 1, b) Whatman filter paper grade 3, and c) glossy 

photo paper .................................................................................................................................. 70 

Figure 4.6: SEM top-view morphology of a) Whatman filter paper grade 3, and b) 

glossy photo paper .................................................................................................................... 71 

Figure 4.7: Resistance measurement of the fabricated CNTs electrode sensors on 

Whatman filter paper grade 1 and 3, and glossy photo paper............................. 72 

Figure 4.8: i) Wide spectra and ii) C1s spectra of untreated a) Whatman filter paper 

grade 1, and b) Whatman filter paper grade 3 ............................................................ 73 

Figure 4.9: ASV analysis of fabricated CNTs electrode sensors on Whatman filter 

paper grade 3 at 5 sec to 60 sec deposition time (condition: 10 ppm Cu in 

acetate) ........................................................................................................................................... 75 

Figure 4.10: ASV analysis of fabricated CNTs electrode sensors on Whatman filter 

paper grade 3 at 5 sec deposition time (condition: 10 ppm Cu in acetate) ... 75 

Figure 5.1: PP process of PFC and AA on Whatman filter paper grade 3 ................. 80 

Figure 5.2: Structure of a) PFC and b) AA. ............................................................................... 81 

Figure 5.3: Plasma reactor ............................................................................................................... 82 

Figure 5.4: CA measurement system .......................................................................................... 83 

Figure 5.5: a) untreated filter paper, b) PFC-coated filter paper (20 W, 2x10-1 mbar 

for 10 min), c) AA-PFC filter paper (50 W, 2x10-1 mbar for 10 min) dropped 

in water solution, d) water dropped on PFC-coated filter paper, and e) PFC-

coated filter paper in water solution after one month ............................................ 87 



 

 

Figure 5.6: CA measurement of a) untreated filter paper and b) PFC coated filter 

paper (coating condition: 20 W, 2x10-1 mbar for 10 min) with i) DI water and 

ii) CNTs ink. ................................................................................................................................... 89 

Figure 5.7: CA measurement of a) untreated Si wafer and b) PFC coated Si wafer 

(coating condition: 20 W, 2x10-1 mbar for 10 min) with i) DI water and ii) 

CNTs ink. ......................................................................................................................................... 90 

Figure 5.8: SEM images of untreated filter paper a) top view and b) cross-section, 

PFC-coated filter paper c) top view and d) cross-section and AA-PFC filter 

paper e) top view and f) cross-section............................................................................. 93 

Figure 5.9: a) wide spectra and b) C1s spectra of PFC-coated filter paper at 20W 

for 10 min, 2 x 10-1 mbar ........................................................................................................ 94 

Figure 5.10: a) wide spectra and b) C1s spectra of PFC-coated Si wafer at 20W for 

10 min, 2 x 10-1 mbar ................................................................................................................ 94 

Figure 5.11: i) wide spectra and ii) C1s spectra of AA-PFC coated filter paper at a) 

5 W, and b) 50 W for 10 min, 2 x 10-1 mbar .................................................................. 99 

Figure 5.12: CNTs printed on a) untreated filter paper, b) 5 W AA-PFC filter paper 

and c) 50 W AA-PFC filter paper (AA coating condition: 5 10 min, 2 x 10 -1 

mbar) ............................................................................................................................................. 102 

Figure 5.13: Wide spectra of CNTs printed on a) untreated filter paper, b) 5 W, and 

c) 50 W AA-PFC filter paper, 10 min, 2 x 10 -1 mbar .............................................. 103 

Figure 5.14: Resistance measurement of CNTs printed on 5 W AA-PFC filter paper 

and untreated filter paper ................................................................................................... 104 

Figure 6.1: Chemical structure of allylamine 202 ................................................................ 108 

Figure 6.2: Wide spectra of AAm-PFC filter paper (5 W, and 20 W at 10 min, 2 x 10 

-1 mbar) ......................................................................................................................................... 113 



 

 

Figure 6.3: C1s spectra of a) 5 W and b) 20 W AAm-PFC filter paper (10 min, 2 x 10 

-1 mbar)..........................................................................................................................................115 

Figure 6.4: N1s spectra of AAm-PFC filter paper at 5 W, 10 W, and 20 W (2 x 10-1 

mbar, 10 min) ............................................................................................................................116 

Figure 6.5: Wide spectra of CNTs on AAm-PFC filter paper at 5 W, and 20 W, 2 x 

10-1 mbar, 10 min. ...................................................................................................................117 

Figure 6.6: C1s spectra of CNTs on AAm-PFC filter paper at a) 5 W, and b) 20 W, 2 

x 10-1 mbar, 10 min .................................................................................................................118 

Figure 6.7: CNTs electrode sensor on a) 5 W, and b) 20 W AAm-PFC filter paper 

(10 min, 2 x 10 -1 mbar).........................................................................................................121 

Figure 6.8: Resistance measurement of the fabricated electrode on untreated filter 

paper, 5 W AAm-PFC filter paper and 5 W AA- filter paper ................................122 

 



 

 

List of Abbreviations and Acronyms 

AA    Acrylic acid 

AAm    Allylamine 

ASV  Anodic stripping voltammetry analysis 

CNTs    Carbon nanotubes 

COO-, COOH   Carboxyl group 

COOH/R   Carboxylate groups 

(n,m)    Chiral index 

c     Chiral vector 

CT    Computerised tomography 

CA  Contact angle 

CEA    Colorectal cancer marker 

CE    Counter electrode 

DOD    Drop-on-demand 

AFP    Hepatocarcinoma marker 

ISFET    Ion-selective field-effect transistor  

MRI    Magnetic resonance imaging 

MWCNTs   Multi-walled carbon nanotubes 

MWCNTs-COOH Multi-walled carbon nanotubes functionalised with 

the carboxylic acid group 

Nm    Nanometre 



 

 

1D    One-dimension 

pL    Picolitre 

PP    Plasma polymerisation 

PFC    Perflourocyclobutane 

PP    Polypropylene 

PDMs    Polydimethylsiloxane 

PS    Polystyrene 

PVC    Polyvinyl chloride 

PVP    Poly(vinyl pyrrolidone) 

(a1, a2)    Primitive lattice vector 

Pristine-MWCNTs  Pristine multi-walled carbon nanotubes 

Pristine-MWCNTs-COOH Pristine multi-walled carbon nanotubes 

functionalised with the carboxylic acid group 

rhBMP-2   Recombinant bone morphogenetic protein-2 

REDOX  Reduction and oxidation reaction 

RE    Reference electrode 

SEM    Scanning electron microscope 

SAM    Self-assembled monomer 

SWCNTs   Single-walled carbon nanotubes 

SDBS    Sodium dodecyl benzenesulfonate 

SDS    Sodium dodecyl sulfate 



 

 

3D    Three-dimension 

2D    Two-dimension 

WE    Working electrode 

XPS    X-ray photoelectron spectroscopy 

0D    Zero-dimension 

 

 



Chapter 1: Introduction 

Saruta Deeprasert - October 2022 1 

1 Introduction 

   Nanotechnologies and nanomaterials are developing rapidly and providing 

many benefits to various fields, including environmental, medical, and agricultural 

applications 1. The main advantage of nanomaterials is their small size, allowing 

them to interact with the surrounding materials more reactively than larger-scale 

material (bulk material) due to the highly enhanced surface contact area 1. 

Nanomaterials range from 1 to 100 nanometres (nm) in size and can be 

categorised into four main types: nanowires, nanotubes, nanomembranes and 

nanopowders 2. Each type of nanomaterial varies in structure, purposes, and 

application. Nanowires are nanomaterials ranging from a few micrometres to 

centimetres in length with random orientation 3,4. They are commonly used to 

electrically detect species with high sensitivity. Nanotubes are similar to 

nanowires but higher in the diameter-to-length ratio (aspect ratio) 5. They are an 

outstanding nanomaterial due to their strength and flexibility 6. Nanotubes such 

as carbon nanotubes (CNTs) have been applied in many applications, including 

vehicle manufacturing and electrochemical sensors 7. Nanomembranes are 

membranes with a thickness within the nm range (1 nm -100 nm) 8. They have a 

large surface area suitable for liquid and gas filtration 3. Nanopowder has a high 

surface area due to its high numbers of particles at the nanometre scale. They are 

used in applications such as bone repair and UV-resistant plastic 3. 

   This research thesis aims to use CNTs as a conductive material for 

electrochemical sensor fabrication. An extensive literature survey on CNTs, 

including types, deposition techniques and substrate preparation, has been 

discussed in Chapter 2. Briefly, CNTs are rolled-up graphene sheet(s) ranging from 

1 nm to 100 nm in diameter 9. Mainly, CNTs may be categorised into two major 

types:  single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs) 10. SWCNTs consist of a rolled-up graphene sheet, whereas 
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MWCNTs are composed of two or more concentric layers of the rolled-up 

graphene sheet(s) 11,12. The significant difference between these two CNTs lies in 

their chemical stability. SWCNTs are more likely to be affected and damaged under 

harsh chemical and physical conditions than MWCNTs. For instance, in the acid 

mixture (a mixture of sulfuric acid and nitric acid), SWCNTs are liable to being 

degraded or shortened, which may change the SWCNTs properties, while the 

MWCNTs remained due to multiple layers of the graphene sheet(s); therefore, 

MWCNTs are more likely to withstand harsh chemical and physical conditions by 

maintaining their intrinsic properties. Besides, MWCNTs are higher in mechanical 

stability and have a lower production cost 13. Hence, MWCNTs remain a desirable 

choice as a conductive material for many new technologies, especially 

electrochemical sensors 13,14. They have been used to analyse specified chemicals, 

such as copper (Cu2+) and nitrogen dioxide (NO2), in food and clinical industries, 

aqueous system monitoring and applications of environmental interest 15–17.  

   Depending on the area of application, the CNTs-based electrode sensors need 

surface modification and appropriate fabrication techniques. These include side-

wall functionalisation, organic solvent dispersion, and aqueous dispersion using 

surfactant 18,19. These techniques will be explained further in chapter 2. Moreover, 

an appropriate substrate also reduces the surface electrical resistance and allows 

better interaction with the conductive material.  

   In this PhD project, paper substrates have been utilised as a base to fabricate a 

CNTs-based electrode sensor. Paper substrates have a long history with electronic 

applications and analytical measurements as they are low-cost and mass-

producible, flexible, lightweight, disposable, and compatible with various 

materials 18,23,24. The paper substrate material, thickness, pore size and porosity 

also play an essential role in determining the performance of the electrode sensor 

15,20. It would react differently to various types of added materials depending on 

the characteristic of the material.  

   The deposition technique affects the conductive material distribution and 

electrochemical sensor performance. Therefore, it is essential to deposit the 
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conductive material homogeneously on the substrate surface to create consistent 

conductivity throughout the electrochemical sensor. Electrode sensors are 

fabricated by different deposition processes depending on their specific purpose 

and application. For example, drop-casting, screen-printing, inkjet printing, 

electrochemical deposition, and thermal decomposition have been reported as 

effective deposition techniques 21,22.  

   In previous research, inkjet printers have been used to fabricate electrode 

sensors, as they provide high electrode geometry accuracy and precision, are easy 

to operate, and are low cost 23. They can be categorised into two major printing 

technologies: thermal and piezoelectric printing systems 24. The systems differ in 

their ink ejection process 25 and will be discussed in Chapter 2. In inkjet printing, 

the printing head deposits the ink onto the substrate without touching the surface. 

This contactless deposition prevents scratches or changes in the substrate surface 

properties 26. Therefore, this PhD project investigates how to use home-inkjet 

printer to print MWCNTs ink onto paper substrates. 

   As stated previously, the paper substrate will be used to fabricate the electrode 

sensor in this PhD project due to its high sensitivity, low cost, and ease of use 27. 

However, they pose major drawbacks in terms of durability. Due to their 

hydrophilic nature, paper substrates are likely to degrade over time when 

submerged into a sample solution. To overcome this, plasma polymerisation (PP) 

will be investigated in this research to impart hydrophobicity (to prevent 

degradation in an aqueous environment) and hydrophilicity (to allow the CNTs 

printing). PP of perflourocyclobutane (PFC), acrylic acid (AA) and allylamine 

(AAm) on the paper substrate will be studied. PP aims to modify the surface 

properties of the substrate material to achieve desired properties without 

interfering with their bulk properties (e.g., morphology and porosity) 28. As a 

result, paper-based electrochemical sensors will be fabricated with more extended 

durability.    
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1.1  Thesis Aims and Objective 

   This research aims to fabricate paper-based MWCNTs electrode sensors using a 

home inkjet printer. The objectives of this thesis are as follows: 

• To identify the appropriate MWCNTs ink formulation (for inkjet printing) by 

comparing various ink formulations with side-wall functionalisation of 

MWCNTs and pre-functionalised MWCNTs dispersed in DI water using SDS and 

sodium dodecyl benzenesulfonate (SDBS) surfactants. The effect of MWCNTs 

diameter and length will be studied. 

• To identify the most appropriate paper substrate for paper-based electrode 

sensor fabrication by inkjet printing. Whatman filter paper grades 1 and 3, 

parchment paper, matte paper and glossy paper will be studied. 

• To fabricate and characterise fully paper-based MWCNTs electrode sensor 

devices and determine possible routes for improving the performance of 

paper-based devices. 

• To enhance the durability and stability of the paper substrate by using PP of 

PFC, AA and AAm. This is to improve the electrode sensor durability, 

reproducibility, and performance by modifying the surface characteristic of the 

paper substrate without changing the paper morphology or porosity. 
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2 Background and Literature 

Review 

2.1 Nanotechnology 

   Nanotechnology is the study of materials in a nanometre scale size, ranging from 

1 to 100 nanometres. It is applied in many fields of study, including physics, 

chemistry, material science, and engineering 9 . Nanotechnology controls the 

material at its atomic scale and utilises the structure, characteristic, design, 

production, material application, devices, and system 29–31. Therefore, it is an 

innovation for energy technology 32, environmental monitoring 29, manufacturing 

industries 33, electronic and optoelectronic fields 30 and even medical industries 32. 

   The properties of nanomaterials lie between bulk material and atomic-scale 

material characteristics 34. Due to the increase in the surface area-to-mass/volume 

ratio, the material is more reactive; therefore, nanomaterials are appropriate for 

applications where a surface area or particle size plays an essential role in the 

performance 30,35.  The surface area increases as the size of the particle decrease; 

as a result, more active sites are presented and change or enhance the properties 

of that material 36.  

 Types of Nanotechnology/Nanomaterial 

   Different types of nanomaterial provide distinct chemical, physical and 

mechanical properties, depending on their morphology, structure, size, and shape, 

to serve varieties of applications. Nanomaterials are classified into four types 

according to their structural dimension, which includes zero (0D), one (1D), two 

(2D), and three (3D) dimensional nanomaterials 37. Each dimension consists of 

different nanomaterials, which are being used in research fields and applications, 

as shown in Table 2.1. 
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Table 2.1: Types of nanomaterial  

Dimension Description Types Applications 

0D 
nanomaterials 

All dimensions are 
within the nanoscale 
(1-100 nm) 

Nanoparticles 

• Biomedical and pharmaceutical sector: cancer treatment (iron nanoparticles) 38, 
drug delivery systems (liposomes and micelles) 39, intravenous iron therapy 
(ferric nanoparticles stabilised in iron-oligosaccharide) 40, and covid-19 vaccine 
(lipid nanoparticles-mRNA) 41 

1D 
nanomaterials 

One dimension larger 
than the nanoscale. 
Two dimensions 
within the nanoscale 

Nanowire, nanorod, 
nanofiber, and 
nanotubes 

• Tissue engineering (titanium dioxide ( TiO₂) nanowire) 42, drug delivery (iron-
based core-shell nanowire) 43, cancer diagnosis (silicon nanowire) 44, optical 
sensor (single polymer nanowire) 45, air filtration (iron oxide nanowire) 46, and 
sensors and flexible transparent electrodes preparation (copper nanowires) 47 

• Energy storage (titanium dioxide nanorod) 48 
• Biomedicine, flexible electronic devices (ex. soft bioelectronic) 37, and 

electrochemical electrode sensors (carbon nanotubes) 49 

2D 
nanomaterials 

Two dimensions are 
larger than the 
nanoscale. One 
dimension within the 
nanoscale 

Nanolayer, nanocoating, 
nanomembrane and 
plate-like shape 
nanofilm 

• Soft optoelectronics (improving touch screens for phones and tablets) (graphene 
coating) 37,50 

• Water and wastewater treatment using ultrafiltration techniques (tangential 
flow filtration (TFF)) to separate biomolecules and purification of drinking water 
(nanomembrane) 3,51 

• Hard tissue replacement (Nanocrystalline TiO₂ coating) 52 
• Biosensor (self-assembled monolayer (SAM)) 53 

3D 
nanomaterials 

No dimension within 
the nanoscale. 
Combination of 1D 
and 2D nanomaterials 

Biological 
nanomaterials, 
suspension and 
dispersion, composites, 
and polymer 

 

 

• Drug delivery in the form of exosomes or regenerative medicine (biological 
nanomaterials) 54 

• Paints and coatings, inks, drug delivery, and ceramic and nanocomposite 
processing (suspension and dispersion) 55 

• Automotive sector 56, construction, and electronics (composites containing two 
or more components of nanoscale) 

• Solar cells, information processing, nanoscale electronic devices and new sensor 
technologies (polymer) 
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 Advantages and Disadvantages of Nanotechnology 

   Even though nanotechnology has been used in various fields and applications due to the enhanced properties and performances over 

bulk material, the benefits do not come without some drawbacks 57. Many reviews have been written about this to gain more 

understanding the nanotechnology and are summarised in the table below (Table 2.2). 

Table 2.2: Advantages and disadvantages of nanotechnology 
 

Advantages Disadvantages 

Manufacturing: 
• Enhances material properties 58 
• Lighter and stronger with insulating properties and durability  58 
• Smaller size product with similar or better properties compared to bulk 

material 34 
Energy and Electronic: 
• New alternative sources of energy 59 
• Transforms energy usage techniques and enhances fuel production 

efficiency  58 
• Reduced production cost of energy generation 58 
• Innovation of energy storage devices with high efficiency 59 
• Ability to construct the electronic precisely at an atomic scale where 

smaller size electronic devices may be constructed 60 
Medical: 
• Ability to construct a nanorobot for medical application, which makes the 

surgery more accurate and less time-consuming 61 
• Ability to identify infected area more accurately or precisely due to 

better imaging  58 
• Ability to repair injury cell-by-cell 25 
• Ability to refine drugs and adjust the properties at a molecular scale  58 

Health issues: 
• Lack of accurate knowledge of health issues 62 
• Higher possibility of inhalation, which could be harmful to human 

health, especially under long-term exposure 63 
• Increase mass poisoning to human health if the coating of 

nanomaterial wears off and produces harmful compounds 2 
Environmental effects: 
• Creates new toxic waste and pollutants 64 
• Increases air and water pollution 64 
• Lack of knowledge on the possible harm to the environment 64 
Economics: 
• High research cost depending on the material used 65 
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• Drugs become more effective and have fewer side effects 59 
Environmental: 
• Ability to detect and remove harmful contaminants in a cheaper and 

more effective way 51 
• Ability to filter specific sized materials/compounds 51 
Economics: 
• With higher supply production of nanomaterial, the material cost 

decreases 58 
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2.2 CNTs 

   In nanotechnology and nanomaterials, nanotubes are among the most 

outstanding nanomaterials due to their flexibility and physical and chemical 

stability. There are different types of nanotubes, serving various applications and 

purposes, including silicon carbide (SiC) tubes, silicon tubes, and carbon 

nanotubes (CNTs), for example 11. CNTs are commonly used in electrochemical 

fields as they provide high flexibility, mechanical and thermal strength, and high 

electrical conductivity. The discovery of CNTs was not until 1952 when the first 

clear images of CNTs were presented by L.V. Radushkevich and V. M. Lukyanovich 

66. Figure 2.1 summarises the timeline of the discovery of CNTs briefly.  

Figure 2.1: A timeline indicating various milestones in the discovery of CNTs 66 

   CNTs are not only highly conductive to electricity, but they are also high in 

strength, flexibility, and chemical and physical stability 12,21,67. CNTs may not 

contain any metallic bond but are still electrically conductive. The way CNTs 

conduct electricity is different from other conventional metal-based conductive 

materials. Due to the quantum mechanical rules called ‘ballistic transport’, the 

electrons travel within the CNTs without any interference from atoms that may 

create friction 68. Therefore, with lower friction and high electrical conductivity, 

CNTs act as an alternative for conductive materials 12,21,67,69. 
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 Types of CNTs 

   CNTs are nanomaterials composed of the rolled-up graphene sheet(s), forming 

cylindrical-structured molecules 70. CNTs can be divided into two main types, 

SWCNTs and MWCNTs, as discussed briefly in Chapter 1 (figure 2.2) 12.  

Figure 2.2: Structure of a) SWCNTs and b) MWCNTs (Russian Doll Model) 71 

   SWCNTs and MWCNTs are among the strongest and stiffest conductive materials 

due to the sp2 bonding formed between the carbon atoms within their structure 

67. These two types of CNTs are slightly different in certain aspects, as summarised 

in Table 2.3 below 13.  

Table 2.3: Differences between SWCNTs and MWCNTs 6,13,70,72,73 

SWCNTs MWCNTs 

One layer of the graphene sheet Two or more layers of graphene 

Requires catalyst for the synthesis 
Do not require a catalyst for the 

synthesis 
Difficult to synthesise bulk amount of 

CNTs as it requires special control 
Easy to synthesise in bulk 

High purity 
Contain defects due to 

functionalisation and/or preparation 
process 

Very flexible and very easy to twist 
Lower flexibility due to more graphene 

layers 

Simple structure More complex structure 

Likely to form more bundles Less like to form bundles. 

Higher production cost Lower production cost 
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Figure 2.3: Types of CNTs 74 

2.2.1.1 Single-Walled Carbon Nanotubes  

   SWCNTs are a rolled-up graphene sheet with approximately 0.5 nm to 1.5 nm 

diameter and up to a few micrometres in length 71. The diameter and length may 

vary depending on the preparation process for SWCNTs fabrication 12. Generally, 

SWCNTs can be divided into three different forms: armchair, zig-zag, and chiral 

structures (figure 2.3) 75,76. The chiral vector (c) of the rolled-up graphene sheet 

determines the structure of the CNTs, which strongly affects their bandgap, 

electrical conductivity and mechanical properties 66,75. 
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Figure 2.4: Chiral vector of SWCNTs 75 

  The chiral vector is the vector in the graphene lattice where two carbon rings 

connect, as defined in Equation 1 75. The chiral index (n,m) is an integer similar to 

the x and y-axis, which describes the direction of the presented lattice and the 

chirality or twist of the CNTs. While the primitive lattice vector (a1, a2) represents 

a unit cell of the lattice structure 75. a1 is the vector nearest to the neighbour lattice 

point, which is lying along the ‘zigzag’ line, whereas a2 is the vector at the lattice 

point closest to the a1 axis (generally over the ‘armchair’ line) 77. Figure 2.4 

illustrates the chiral vector that determines the structure of the CNTs, where,  

• If the angle (ϴ) is 0 °, the CNTs are called ‘armchair’ 

• If the ϴ is 30 °, the CNTs are called ‘zig-zag’ 

• If the ϴ is between 0 ° and 30 °, the CNTs are called ‘chiral’ 66,73 

c = na1 + ma2   

c = chiral vector 

n, m = chiral index 

a1, a2 = primitive lattice vector 

 

(Equation 1) 
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   It is challenging to control the formation of CNTs chirality; nevertheless, 

measurement and characterisation may be done to determine the difference in 

characteristics that may result from the chirality within the CNTs structure. For 

instance, depending on their chirality, SWCNTs could provide metallic or 

semiconducting properties. The SWCNTs exhibit metallic behaviour if n minus m 

is a multiple of 3, as in the case of armchair SWCNTs, while the rest would behave 

as a semiconducting material 13. Due to the structure of rolling graphene, the 

electrons in the lattice structure are delocalised and reduce the charge flow. 75.   

2.2.1.2 Multi-Walled Carbon Nanotubes  

   MWCNTs are similar to SWCNTs but are composed of multiple rolled-up 

graphene sheet(s) layers. However, unlike SWCNTs, MWCNTs tend to be larger in 

diameter, ranging from 2 to 100 nm on the outer layer 13. There are two types of 

MWCNTs structure, Parchment and Russian doll model (figure 2.3) 73. The 

parchment model is a single graphene sheet rolled up into multiple layers. The 

Russian doll model comprises two or more CNTs inside one another with several 

different diameters 78.  

     MWCNTs have gained lots of interest due to lower production costs and their 

ability to provide enhanced electrical and mechanical properties compared to 

SWCNTs 13,79. Since MWCNTs contain multiple layers of graphene, it has high 

tensile strength and scope of introducing multiple functionalities/characteristics. 

Therefore, it prevents the destruction of the intrinsic structure during any 

chemical interaction from the surrounding environment 13. Moreover, MWCNTs 

can obtain more combinations of graphene structures due to multiple layers of the 

graphene sheet. As a result, MWCNTs can provide different characteristics. Hence, 

MWCNTs may be used to fabricate sensors, transistors, and biological sensing 

labels in various applications 79,80. 

 Properties of CNTs 

2.2.2.1   Mechanical Properties 

   CNTs have high elasticity and strength. The tensile strength of the CNTs can be 

up to approximately 100 -300 GPa 81. Moreover, with the density of 1.3 g cm-3, the 
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specific strength of CNTs is as high as 48,000 kN m kg-1, compared to high carbon 

steel, for example, with a specific strength of roughly 154 kN m kg-1. CNTs can 

withstand high forces with a maximum extension before breakage of 

approximately 16 – 23 % of its original length 66.  

2.2.2.2   Thermal Properties 

   CNTs can transmit a thermal conductivity as high as 6000 Wm-1K-1 at room 

temperature. CNTs can remain stable at temperatures up to approximately 750 °C 

and 2800 °C in air and vacuum, respectively 72. In addition, the thermal expansion 

behaviour of CNTs is different from graphene sheets since CNTs are largely 

isotropic, while graphene sheet is anisotropic. Therefore, CNTs have a low thermal 

expansion coefficient for low-defects CNTs 72. 

2.2.2.3 Chemical Properties 

   The cylindrical structure of CNT enhances their chemical properties. The 

curvature of CNTs allows hybridisation between π-orbital and σ-orbital to occur. 

Theoretically, since the CNTs diameter is proportional to the hybridisation rate, 

more orbital mismatch is introduced as the curvature increases; as a result, it 

enhances the chemical reactivity of CNTs 72. Regarding their solubility, covalent 

side-wall functionalisation or end cap modification controls the solubility of CNTs 

in particular solvents 82. It is difficult to covalently modify CNTs sidewalls as they 

consist of sp2 bonding of carbon atoms. Thus, CNTs are classified as chemically 

inert materials  72. 

2.2.2.4 Electrical Properties 

   CNTs are known for having high electrical conductivity. The electrons travel 

along CNTs graphene sheet layers freely in an axial direction without scattering 

83,84. The CNT’s diameter plays a significant role in determining its resistivity. 

Thus, SWCNTs resistivity is lower than MWCNTs at approximately 1 x 10 −3 – 1 x 

10 -4 Ω cm and  2 x 10 -3 – 1 x 10−4 Ω cm, respectively 74, since the SWCNTs are 

smaller in diameter 13.   



Chapter 2: Background and Literature Review 

Saruta Deeprasert - October 2022 15 

   The density of CNTs is much lower than metals. For example, the density of 

SWCNTs and MWCNTs are 1.3 g cm-3 and 2.1 g cm-3, while 8 g cm-3 for copper 81. 

Therefore, CNTs would be suitable for many applications due to their high 

conductivity but low density 84. However, if CNTs contain defects, there is an effect 

on their electrical performance due to the changes in electron flow 85.  

 Application of CNTs 

2.2.3.1 Medical Applications 

   Since 2005, CNTs-based biomaterials have been used in medical applications for 

cancer treatment, regenerative medicine, and implant material 86. Cancer 

treatment and diagnosis using CNTs biomaterials have been widely researched in 

vito for many years, but not until 2011, when two clinical trials on external CNTs 

devices for cancer diagnosis were investigated, in vivo 87,88. According to Saito et 

al., CNTs are now used as biomarkers and imaging, drug delivery systems (DDSs), 

and cancer treatment 86. Currently, CNTs biomarkers have been reported to be 

used as a prostate cancer marker, colorectal cancer marker (CEA, CA19-9), and 

hepatocarcinoma marker 86. Moreover, CNTs have been used as a highly sensitive 

contrast reagent for CT and MRI scans, for tumour and cancer cells 86,89,90.  

   CNTs are also reported to be used as regenerative medicine for bone and nerve 

tissue regeneration 86,91. As reported by Cao et al., grafted collagen-MWCNTs are 

used as a scaffold for muscle cell regeneration 92. From 2002 to 2010, 

CNTs/polylactic acid has been reported to successfully enhances osteoblast and 

bone regeneration in vivo 86. The experiment was carried out to regenerate the 

mouse back muscle; it is reported that bone formation using recombinant bone 

morphogenetic protein-2 (rhBMP-2) – MWCNTs regenerate faster than pure 

rhBMP-2 93.   

   In artificial implants, materials like metal (e.g., stainless steel, titanium alloy and 

tantalum) and ceramic (e.g., zirconia ceramic) are used for bone and joint 

replacement 86. However, these materials wear off over time and require revised 

surgery. In 2003, CNTs-based composite implants, such as MWCNTs conjugated 

with polyethylene, were developed to enhance the durability of the artificial 

implants 86. In vivo, CNTs-based implants are used on mice; as a result, the implant 
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binds with the bone without interfering with other internal bones or tissues, as 

reported by Pei et al. 94.  

2.2.3.2 Electronic Applications 

   CNTs have high electrical and thermal conductivity, strength, flexibility, and 

stiffness. CNTs have metal-like electrical conductivity and high thermal 

conductivity 95. With their unique properties, CNTs may be applied in a wide range 

of electronic applications such as energy storage, molecular electronics, and 

electrical emitters 96.  

   CNTs may be applied as electrodes in batteries and capacitors due to their large 

surface area, high electrical conductivity, and linear geometry. Compared to other 

carbon-based electrodes, CNTs-based electrodes have the highest reversible 

capacity for lithium-ion batteries 97. Therefore, CNTs work as supercapacitors, 

current collectors, and gas diffusion layer 96.  

   CNTs also act as an electrode catalyst support in PEM fuel cells to enhance their 

performance. Since fuel cells require high durability, CNTs can deliver this 

objective due to their toughness 98. Furthermore, CNTs are an ideal component for 

electronic circuit construction in connecting molecular electronics 99,100.  

    Due to CNT’s size and properties, CNTs are well-known as electron emitters 96.  

With the ability to construct an extremely small tip for the electron emitter, a more 

concentrated electric field can be created alongside the improvement in field 

emission. CNTs are appropriate for building low power devices with high current 

density and stability 101. Therefore, CNTs are used in field emission flat panel 

displays where multiple electron guns can be installed for each display pixel 102,103. 

With these characteristics, CNTs act as lightning arrestors and electron 

microscope sources 103.   

2.2.3.3 Environmental Applications 

   CNTs show a promising outcome in environmental monitoring and wastewater 

filtration. Environmental issues such as air and water pollution are the most 

worrying harm to the environment and human beings 104. Therefore, researchers 
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have developed CNTs-based air and water filtration devices to remove bacteria 

and filter microscopic particles 103. 

   CNTs may be used to fabricate CNTs-based gas sensing devices for nitric oxide 

(NO), nitrogen dioxide (NO2), ammonia (NH3), and sulfur dioxide (SO2) 105. 

However, they are low in selectivity; therefore, CNTs are functionalised with metal 

oxides to improve their selectivity and sensitivity towards target species, with a 

faster responding time than pure CNTs-based gas sensor devices 104. Furthermore, 

some gases have no colour, taste, or smell, which increases the difficulty of 

monitoring and treating them. Nevertheless, CNTs efficiently detect and remove 

gases as they are composed of a large active surface area leading to high 

adsorption and selectivity. Hence, many researchers are focusing on developing 

CNTs-based sensors and wastewater treatment devices 104.  

     CNTs also act as an absorbent to remove dyes and toxic chemicals 106. For 

instance, many industries use dyes in their manufacturing process, leading to a 

high possibility of water pollution, which may harm human health. Therefore, the 

functionalisation of CNTs with chitosan hydrogel beads has been investigated for 

dye removal. The presence of amino and hydroxyl groups on chitosan helps CNTs 

remove dyes 107.  

   CNTs may be applied as heavy metal detection devices. Heavy metals in water 

are the most harmful contaminants to the environment and could be lethally 

harmful to humans. Therefore, CNTs have been used to absorb heavy metal ions 

such as copper (Cu2+), nickel (Ni2+), lead (Pb2+), and zinc (Zn2+). The oxidation of 

CNTs in acid solution improves the absorption capacity toward target heavy metal 

ions 104. Sidewall functionalisation increases the interaction between the CNTs 

and the heavy metal ions 108.  

   Finally, CNTs may act as pesticide monitoring sensor devices. In agricultural 

practices, pesticides contain a toxic chemical that is hazardous to the environment. 

The research incorporated CNTs into a biosensor where CNTs act as a catalyst to 

create a signal for pesticide detection with high sensitivity 104.  Furthermore, CNTs 

may be used for solid-phase extraction as absorbents. The CNTs absorbent 
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provides rapid and simultaneous electrochemical detection and extraction for 

pesticides 109. 

 CNTs for Biosensor Fabrication (Relationship between 
Connectivity and Electrical Conductivity) 

   In CNTs electrode sensor fabrication, it is essential to understand the 

relationship between the CNTs connectivity and the associated electrical 

conductivity. The connectivity between CNTs creates an electron pathway for 

current to flow, which determines the conductivity of a fabricated electrode 89. In 

ink deposition, the CNTs ink ejects onto a substrate with random orientations, 

where the solvent evaporates and leaves the CNTs behind on the substrate surface 

in random orientations 110. The CNTs that are in contact with other CNTs provide 

electron pathways for the current to flow and make the electrode usefully 

conductive. On the other hand, those CNTs that are completely isolated are less 

likely to facilitate any current flow in a sensing system 89.  

   Accordingly, the two major factors that may affect the CNT’s electrical 

conductivity are the CNTs concentration and length. Firstly, highly concentrated 

CNTs are more likely to be in contact with each other, which increases the current 

connectivity and enhances the material’s conductivity. Secondly, longer length 

CNTs are more likely to initiate inter-CNTs connectivity and conductivity than 

shorter CNTs 110. CNTs Ink Formulation 

    CNTs are a challenging material as they are difficult to disperse in an aqueous 

solution due to their hydrophobic nature 67. In an aqueous solution, CNTs 

agglomerate and form bundles due to the Van der Waal forces and p-p interactions 

18,111. According to previous research, Van der Waal forces depend on the radius 

of the CNTs, especially when the radius is lower than 7 nm. As a result, this could 

lead to printhead clogging when fabricating CNTs-based devices by inkjet printing, 

which is undesirable for ink deposition. Therefore, an appropriate solvent and 

modification process needs to be selected. According to previous research, CNTs 

ink is formulated through three main techniques: side-wall 
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functionalisation/modification, organic solvent dispersion, and aqueous 

dispersion 19. 

 Sidewall Functionalization of the CNTs 

   The sidewall functionalisation technique is commonly used to disperse CNTs 

into an aqueous solution by adding CNTs into an acid mixture, allowing the 

oxidation process to occur and functionalise the CNTs sidewall with an 

appropriate functional group 82. The most common acids used in this process are 

concentrated nitric acid 112, a mixture of nitric acid and sulfuric acid 113 or a 

mixture of sulfuric acid and hydrogen peroxide 114.  

   For instance, functionalising CNTs sidewall with a mixture of nitric acid and 

sulfuric acid consisted of three major steps: 

1. free carbon atoms formation (initially from CNTs sidewall defects and from 

CNTs dispersion in acid mixture), 

2. free carbon atoms saturation, and 

3. sidewall functionalisation 115,116.  

   As a result, the functionalised CNTs may be dispersed in an aqueous solution 

(such as water).  

   Even though sidewall functionalisation using an acid mixture enhances the 

dispersibility of CNTs. This method may cause defects and break down the CNTs 

into shorter lengths 21. This means that the length of the obtained CNTs may be 

unpredictable and vary in size. As a result, it may not be appropriate for 

applications where accuracy and precision are necessary. Nevertheless, for 

electrode fabrication by inkjet printing, shortened CNTs may improve the ink 

deposition by preventing nozzle clogging 19.   

 Dispersion of CNTs in Organic Solvent 

   In the organic solvent dispersion technique, CNTs do not require any 

modification or functionalisation. Instead, the organic solvent separates CNTs 

bundles and homogenises CNTs into the solvent 117. Various hydrophobic organic 
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solvents attract the CNTs sidewall, which is also hydrophobic. As a result, the 

organic solvent molecules on the surface of the CNTs repel and break the Van der 

Waal forces between the CNTs, which allow the CNTs to spread apart  110. 

Dichloromethane and hexane, for example, may be used to disperse CNTs 117. 

While in some cases, commercially available polymers, ranging from polyvinyl 

chloride (PVC), and polystyrene (PS) to poly(vinyl pyrrolidone) (PVP), may be 

used to enhance the dispersion of the CNTs in the organic solvent by acting as a 

dispersant80. 

   An organic solvent-based CNTs ink is suitable on non-porous substrates, 

including glass, PVC, and ceramic substrates, since the organic solvent evaporates 

rapidly 110. However, due to the organic solvent evaporation behaviour, there is a 

higher chance of the ink drying out and blocking the printhead. Therefore, it is 

important to completely seal the inkjet cartridge to avoid any evaporation of the 

solvent 110. However, hydrophobic solvents may cause concerns on both health 

and environmental issues 118,119. 

 Dispersion of CNTs in Aqueous solvent  

    Dispersing CNTs in water is challenging due to the CNTs’ hydrophobicity and 

associated Van der Waal forces 120. A surfactant, an amphiphilic compound 

comprising a hydrophilic head and hydrophobic chain, is introduced to disperse 

CNTs in an aqueous solution 110,121. The hydrophobic part of the surfactant attracts 

and adsorbs onto the CNTs sidewall that is also hydrophobic, leaving the 

hydrophilic head facing the aqueous solvent 122. As a result, it reduces Van der 

Waal forces between CNTs and repels CNTs apart 110. Several surfactants have 

been used in CNTs dispersion, such as SDS and SDBS 123. The challenges of using 

surfactants are identifying the most appropriate surfactant for CNTs dispersion 

and dispersion techniques 124.  
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2.3 Overview of Inkjet Printing Deposition Techniques  

 Commercial Inkjet Printer 

   The commercial inkjet printer is user-friendly, cost-effective, high speed, precise, 

and highly available in the market; therefore, it has been applied in many fields, 

including the electrochemical research field 23. Thus, inkjet printers could 

significantly reduce the production cost, especially for mass production 24. 

   A commercial inkjet printer (also known as a home-office inkjet printer) comes 

with different features and printing technologies depending on the desired 

purposes. Inkjet printers are differentiated into two major categories: continuous 

and drop-on-demand (DOD) inkjet printers. The most common printing 

technologies used among well-known brands are thermal inkjet printers and 

piezoelectric inkjet printers 25. These inkjet printers can be modified and used to 

print any desired materials. However, since each printing technology operates 

distinctively, it tends to have different pros and cons that affect the printing 

performance.  

    Although continuous inkjet printers are fast, suitable for industrial applications, 

and prevent nozzle clogging, they have a higher initial cost than DOD inkjet 

printers. In addition, due to ink restriction, a continuous inkjet printer is not the 

most suitable printing technique for electrode printing 25. 

2.3.1.1 DOD Inkjet Printer 

   DOD inkjet printers only eject ink when required; therefore, ink droplet 

deposition is more controllable than a continuous inkjet printer 125. This 

technology does not require any droplet charging, deflection, or recycling system. 

Depending on the nozzle size, the ink droplets can be as small as 15 μm in diameter 

(150 to 200 pL), giving a higher image resolution than the continuous inkjet 

printer 25. Several techniques are available to create pressure for ink deposition: 

acoustic, valve, electro-hydrodynamic, thermal, piezoelectric, and electrostatic 

ejection methods 24. Nevertheless, thermal and piezoelectric inkjet printing is the 

most common technique, while other methods are still developing 25. 
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2.3.1.1.1 Thermal Inkjet Printing Technology  

Figure 2.5: DOD thermal inkjet printing technology. 

   The thermal inkjet printer is low-cost, simple, high quality, and appropriate for 

various substrates 25. In the ink deposition process, the printer uses electricity to 

electrify the resistor in the nozzle head to heat the ink. This creates rapid ink 

bubble expansion, pushing the ink through the nozzle head onto a substrate in a 

few microseconds  (figure 2.5) 25,126. However, since the printer requires a high 

temperature of up to 400℃, it may not be suitable for a specific type of ink. 

Furthermore, although the heating process is only for a few microseconds, some 

inks could degrade once exposed to high temperatures. Therefore, there is a 

limited number of ink options 25,126. In ink droplets, the droplet size is 

approximately 50 pL larger than the ink droplet from the piezoelectric inkjet 

printer and with fewer varieties 25. 
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2.3.1.1.2 Piezoelectric Inkjet Printing Technology 

Figure 2.6: DOD piezoelectric inkjet printing technology.  

   The piezoelectric inkjet printer consisted of materials such as piezoelectric 

crystals or ceramics at the nozzle head. Once the electrical signal is applied to the 

microscopic piezoelectric material, the element bends and moves the vibration 

plate, allowing ink deposition to occur mechanically without heat 126. In addition, 

the vibration plate or the diaphragm prevents any unwanted interaction between 

the ink and the piezoelectric elements (figure 2.6) 101. Alternatively, if no impulse 

is applied, the piezoelectric material will remain in its initial position to prevent 

the ink from flowing through the printer nozzle 25.  

   The ejecting methods include squeeze, bend, shear, and push inkjet printing 

(figure 2.7) 25. Firstly, the squeeze method involves a contraction of the 

piezoelectric elements once the electrical impulse is applied. As a result, the 

piezoelectric elements bend and squeeze the ink through the printer nozzle onto 

the paper 25. Secondly, the bending technique involves bending the piezoelectric 

elements and the vibration plate (also known as the diaphragm) to eject the ink 

through the nozzle head 25,127. Thirdly, shear inkjet printing may operate where 

more than one inkjet channel is present in the system. Once the electrical signal is 

applied, the upper half shear is followed by the lower half; as a result, the inner 

volume decreases and pushes out the ink through the printing nozzle 25,128. The 
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wall returns to its original shape by removing the electrical signal as all the 

printing systems do. Finally, the push mode deposits the ink by bending the 

piezoelectric element and the diaphragm as in the bending method 25,128. 

Figure 2.7: Different types of piezoelectric inkjet printing techniques 

   A piezoelectric inkjet printer differs from a thermal inkjet printer since no 

heating is involved in the printing process; therefore, more ink varieties are 

applicable. The printer could run for a more extended period. As a result, the ink 

droplet is more spherical and has more controllable droplet volumes that can go 

down to 1.5 pL 25. As the volume of the ink droplet changes, the qualities and 

details of the printed image change. This is because smaller ink droplets produce 

finer images than larger droplets. Since no bubbles are created, ink deposition is 

more accurate 25. However, good quality imaging comes with a price where a more 

expensive high-density nozzle head increases the production cost 119. 

   In conclusion, the inkjet printer is a useful alternative tool for developing 

technology through material deposition; it is suitable for paper-based device 

fabrication due to its simplicity, high resolution and accuracy, reasonable 

thickness control, and relatively low cost.  
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2.4 Paper-based CNTs Electrode Sensor Devices 

 State of the Art: Paper Substrates 

   Paper substrates are used in many research fields, including microfluidic devices 

and sensors, analytical chemistry, food industries, and environmental and medical 

applications 125,129. Paper substrates are low-cost, thin, lightweight, flexible, 

compatible with various chemicals, and biodegradable 15,20. Paper is composed of 

mainly cellulose but can provide different properties and characteristics 

according to its porosity, thickness, and flow rate, as summarised briefly in Table 

2.4.  

Table 2.4: Types and properties of the paper substrate 

Since each type of paper substrate offers different properties and characteristics, 

several factors could affect their penetration behaviour: 

• Material: Some paper substrate is composed of blended cellulose or material 

coating on top; therefore, the penetration rate of the solvent may vary 

according to the primary material of the substrate. 

• Porosity: The paper substrate with a larger pore size is more likely to be 

penetrated faster than a smaller porosity substrate 15. For example, the solvent 

is likely to penetrate Whatman filter paper grade 4 faster than Whatman filter 

paper grade 1 since its porosity is approximately 10-15 µm larger 15. 

Type of Paper Material Properties Ref. 

Whatman Grade 1 Cellulose 
Porosity: 11 µm, Thickness: 108 

µm, Weight: 87 g m-2 
15 

Whatman Grade 3 Cellulose 
Porosity: 11 µm, Thickness: 390 

µm, Weight: 97 g m-2 
15 

Whatman Grade 4 Cellulose 
Porosity: 20-25 µm, Thickness: 

210 µm, Weight: 92 g m-2 
15 

Glossy Paper 
Inorganic 

filler blended 
cellulose 

Porosity: 0.02-0.04 µm 130,131 

180 gm office paper Cellulose Thickness: 190 µm 129 
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• Thickness: The substrate thickness significantly affects the stability and 

durability of the material. This is because thinner paper substrates can hold a 

lower volume of solvent, which is unsuitable for applications requiring a larger 

sample volume or longer detection time.  

   Therefore, it is essential to choose the paper substrate accordingly for inkjet 

printing with CNTs. 

 Paper-based Device Application 

    Figure 2.8 shows the summary of inkjet-printed paper-based devices 

application. Paper-based devices are widely used throughout the medical field as 

they are low-cost, user-friendly, and simple for clinical usage. One of the most 

recent paper-based devices application is a lateral flow SARS-CoV-2 antigen 

detection device. This paper-based device was widely used during the Covid-19 

pandemic in the past two years 132,133. Moreover, a paper-based device can detect 

specific substances in the urine, saliva, and blood. In urine, glucose, uric acid, 

lactate, nitrate, ketone, nucleic acid, ascorbic acid, protein, and other analytes can 

be detected and measured using paper-based devices 15,16. At the same time, blood 

group, glucose level, diabetes markers, and glycated haemoglobin are identified 

from a blood sample 15.  

   Paper-based may also be used as an environmental monitoring system and food 

and safety monitoring devices. A paper-based device supports electrochemical 

sensors to detect heavy metals and toxic chemicals in contaminated areas 15. For 

example, paper-based devices determine the concentration of the contaminant, 

optically and analytically. These include Cr(VI) Cu, Cd, Zn, Ag, Pb, Ni, and Hg. 17. 

While in food safety and food and beverage monitoring device, the paper-based 

colourimetric sensor devices change colour if there is any deterioration within the 

product (biologically, chemically, or physically) 15,134. Besides, due to the rules and 

regulations related to alcohol and quality control, paper-based devices may be 

used to measure alcohol level, carbohydrates and ethanol in beer 15. 
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Figure 2.8: Application of paper-based sensing devices 15–17,132–134
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 Components of Electrochemical Sensor 

   An electrochemical sensor usually consists of three electrodes which are the 

working electrode (WE), reference electrode (RE) and counter electrode (CE) 135. 

These three electrodes have their role that helps each other to enhance the 

performance of the overall sensing device. 

• WE: the main component of the electrochemical sensor. Therefore, the 

reaction of interest occurs on the WE, and the target analyte is detected in this 

area. The electron transfer takes place in a controlled process at the WE 135.  

• RE: the standard electrode to compare the potential changes with the WE. 

Thus, the potential at the RE should be highly stable and should not fluctuate 

during the reaction since it can affect the detection performance 136. Ideally, 

the current flow towards the RE is zero, and the CE is used to balance the 

current flow and keep the RE stable at virtual zero current  137.   

• CE: Also known as an auxiliary electrode, it balances out the electrochemical 

reaction at the WE and closes the current circuit 138. It prevents the current 

from flowing between the WE and the RE by allowing the current created to 

leave through the CE 139.  Although the CE is not involved in the reaction, it 

enhances the detection efficiency by preventing the current flow in the RE 140. 

Commonly, the CE is made of platinum, iron, or graphite and usually has a 

larger surface area than the WE to prevent any current limitation that could 

slow down the electron transfer reaction on the WE 137. 

 Electrochemical Sensor Electrode Design 

   In electrode designs, electrode size and shape vary according to the application. 

Nevertheless, it comes with a similar concept. As reported by Kit-Anan and co-

workers, the optimal electrode area ratio is 1:1:4 (WE: RE: CE), with the smallest 

gap possible between the WE and the RE. This is to do with the uncompensated 

resistance within the potentiostat circuit, which is usually not too significant if the 

sensing current is low (e.g., µA ranges) 139. Nevertheless, the electrode area also 
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influences the detection speed, mass transport, and current flow of the 

electrochemical system 141. Therefore, the electrode size should be fabricated 

according to the sample volume to enhance the sensor’s effectiveness.  

   The electrode designs may be fabricated according to the user’s ideas and 

imagination. Although the design is changeable, the surface area ratio remains 

fixed to optimise the detection performance of the electrochemical sensor. For 

instance, in Nie’s research group, the electrodes are designed to have a long 

rectangular shape in which the area of the RE is slightly smaller than the WE and 

the CE by 1.5 mm2 142. This shape is very simple and easy to construct with no 

complicated shape or design. Other research groups also use the design but with 

different surface areas 139. Despite the difference in the electrode designs, these 

electrodes share a similar area ratio  23,143. 

 Types of Electrochemical Sensor 

     There are three major electrochemical sensors which are potentiometric, 

conductometric, and amperometric electrochemical sensors 140.  

2.4.5.1 Potentiometric Sensors 

   Potentiometric sensors have been commonly used for centuries as they are easy, 

simple, and low-cost. This method consisted of three major types: ion-selective 

electrodes, ion-selective field-effect transistors (ISFET), and coated wire 

electrodes 140. The potentiometric sensor measures the potential difference 

between the RE and the WE. The potential difference appears when the potential 

at the WE or membrane changes with the environment while the RE remains fixed 

135. There is no counter electrode, as potentiometric measurements are at as close 

to zero current as possible.  

2.4.5.2 Conductometric Sensors 

   A conductometric sensor is a simple and low-cost electrochemical sensor where 

a CE is not required. The sensor measures the changes in conductivity at different 

frequencies. The changes in conductivity may be used to quantify the 

concentration of analytes present in the sample solution  135. Although a 

conductometric sensor is user friendly, it is non-selective 140. Therefore, modifying 
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the electrode surface enhances the selectivity, creating a simple and rapid 

conductometric sensor with high selectivity 140. 

2.4.5.3 Amperometric Sensors 

   The amperometric sensor measures the current created from the oxidation or 

reduction reaction on the WE by applying a constant potential to the system 140. 

There are two major types of amperometric sensors: a simple process where two 

electrodes immerse into the electrolytes at a controlled potential and complex 

instrumentation containing three electrodes where a RE is introduced into the 

system. The detection efficiency of the amperometric sensor is mainly affected by 

the material of the WE; therefore, it is important to choose an appropriate 

conductive material selectively 140.  

2.5 Plasma Polymerization (PP) 

 Plasma  

   Plasmas are the fourth state of matter after solid, liquid and gas 144. Plasma is 

quasi-neutral gas which consists of photons, metastable particles, radicals, ions, 

neutral, and electron species 145–148.  It can be found in the natural environment 

(e.g. lightning, stars, flames, and aurora) and can also be generated artificially 

using electron beams, laser, nuclear fusion, flames, or electrical discharge 145,149. 

Electrical discharge or glow discharge is one of the most common approaches for 

plasma generation in which the plasma generated is referred to as ‘non-

equilibrium’ or ‘cold’ plasma 148.  

   Generally, plasmas can be divided into two major types, thermal (equilibrium) 

and non-thermal (non-equilibrium) plasma, according to the temperature of the 

electrons, ions and neutral 150. In thermal plasma, the temperature of the atoms 

and the heavy particles in plasma is the same 149,150. In contrast, non-thermal 

plasma refers to a plasma with an electron temperature higher than the heavy 

particles (neutral particles and ions) at room temperature 150,151. Further details 

on non-thermal plasma will be explained in section 2.5.2. 



Chapter 2: Background and Literature Review 

Saruta Deeprasert - October 2022 31 

   One of the outstanding features of plasma is that they are electrically conductive 

152. Plasma is electrically neutral since the number of positive and negative charges 

is similar, while the number of neutral molecules may vary 149,152.  Figure 2.9 

illustrates the overview of different types of plasma according to the relation 

between the temperature and electron density. 

Figure 2.9: Types of plasma in relation to electron density (Ne), energy (E), and 
temperature (K)  152 

    Cold Plasma (Non-Thermal/Equilibrium Plasma) 

   Cold plasma or non-equilibrium plasmas are the plasma generated in which the 

heavy particles (including ions) have different kinetic energy or temperature from 

the electrons 148. In PP through electrical discharge from applied electrical power, 

the energy is received only by the electrons; therefore, the temperature or the 

kinetic energy of the electrons is much higher than that of the heavy particles, and 

the neutral atoms are at room temperature. The production of cold plasma can be 

ignited through electrical energy, which can be carried out under atmospheric or 

reduced pressure at room temperature 148.     

   The advantages of using cold plasma are the ability to modify and control the 

surface properties without interfering with the bulk properties of the solid 
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materials 153.  Moreover, this prevents any thermal damage that may occur on the 

substrates due to the low temperature of heavy particles 148.  

   The properties that the cold plasma may alter include surface wettability, 

adhesion, energy, chemistry and topography, for example 149,154,155. Therefore, 

cold plasmas are commonly used in biomedicine (e.g. wound healing and dental 

canal disinfection) 150, food industries (e.g. inactivate contamination of microbes 

in food) 156,157, and environmental sciences (e.g. wastewater treatment) 158.  

 Formation of Polymer in Plasma 

   PP is a technique to form polymeric materials using plasma state monomers or 

reactive species created in the plasma state 146. PP is a one-step process where a 

thin film of material deposits onto the surface of the substrate 153. The coating of 

plasma polymer provides the material’s surface modification where the functional 

group retention can be controlled by adjusting the PP extrinsic parameters. These 

parameters include power, time, flow rate, and pressure 149,159. Further details will 

be discussed in section 2.5.5.    

   PP occurs through ionisation of organic monomer gas at high-frequency 

electrical discharge 160. For example, glow discharge uses an electrical field to 

provide energy to free electrons, and the collision between free electrons and 

neutral molecules reduces that energy. The energy transfer towards gas molecules 

creates chemically reactive species and becomes precursors for PP 145,147. 

2.5.3.1 Stages of Plasma Polymerisation 

   PP consisted of three main stages: 

• The initiation (ignition) process: Free radicals and atoms formation. The 

formation occurs through the collision of electrons and ions with the gas 

monomers 160. 

• The generation process: Polymeric chains formation 160 
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• The termination process: Polymer chains terminate, the plasma polymers 

generated form 3D complex networks on the substrate surface, with high 

cross-linking and branching. With such a structure, the plasma polymers are 

mechanically and chemically stable 28,149,153,161.  

2.5.3.2 Different Types of Monomers Used in Plasma Polymerisation 

   In PP, monomers with different functional groups have been investigated to 

modify the substrate surface through functionalisation. These functionalities 

include primary amine (-NH2), hydroxyl (-OH), and carboxyl (-COOH) 162. In this 

research, PP of amine-based and carboxyl-based monomers will be discussed.  

   PP of amine-based monomers is an efficient approach to modifying the chemical 

functionality and properties (e.g. wettability, adhesion and topography) of the 

substrate surface with nitrogen-containing functional group 155,163.  Amine groups 

(-NH2) are known for their positive charges, which attract negatively charges 

molecules. PP of amine-based monomers have been widely used to introduce 

amine-rich coating to the substrate surface 155,162.  . This includes allylamine 164–

166, ethylenediamine 167, heptylamine 168,169, propylamine170, for example. 

   PP of monomers containing carboxyl groups (e.g. acrylic acid 171,172, acetic acid 

173, and maleic anhydride172) provide a carboxyl-rich coating on the substrate 

surface. Acrylic acid is one of the most widely used carboxyl-based monomers for 

PP at atmospheric pressure 171,174,175. This carboxyl-rich coating enhances the 

surface wettability, adhesion, retention and surface reaction 172.   

 PP Apparatus 

   There are different designs for plasma polymerisation reactor, but they share 

common features, including an enclosed chamber, a pumping mechanism to lower 

pressure for low-pressure systems, a technique of adding monomer(s), and a 

method of igniting and maintaining the plasma 159.  

   In the case of plasma polymerising functionalised coatings,  the system is set to 

vacuum pressure (from  1 x 10 -2 mbar to 1 mbar) in order to ignite the plasma at 

an appropriate input power 159. Liquid nitrogen and a vacuum pump are used to 
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create vacuum conditions inside the glass barrel for PP 160.  While the excitation 

can be provided using different techniques such as DC, RF, microwave, as well as 

continuous wave or pulsed. Depending on the PP reactor designs, the electrodes 

may be connected internally or externally to the chamber and coupled directly or 

indirectly to the power source 159.  Figure 2.10 illustrates a schematic diagram of 

a PP reactor. This illustrates typical glass-barrelled reactor and is a stylised 

representation of the system used in this PhD research project. (Refer to Chapter 

5 for more details on the PP reactor used in this research project) 

Figure 2.10: Schematic diagram of the PP reactor used in this PhD research 160 

 Factors Affecting PP 

   PP can alter the surface chemistry and the properties of the substrate without 

interfering with the bulk properties of the substrate or being affected by the 

chemical reactivity or the substrate structure 28,176,177. Varieties of functional 

group compounds can be coated onto the substrate at high concentration and 

stability, depending on the type of gas used 153,177,178. However, many factors may 

affect the plasma chemical and physical properties and deposition efficiency 179. 

The possible factors are: 

• Power/flow rate ratio: High power /flow rate ratio may lead to an increase in 

the amount of chemical functionality retained by the deposit 144,177 
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• Power: High power may lead to an increase in ionisation degree and plasma 

potential 144 

• Flow rate: High flow rate may lead to high system pressure, which increases 

the density of uncharged molecules within the system 144 

• Pressure: Vacuum condition is required to undergo PP. If the pressure 

fluctuates or exceeds the required condition for each plasma polymer, it may 

cause external contamination 176,177.  Additionally, the pressure also affects the 

functional groups retention and the plasma deposition rate of the PP process 

159,180. 

2.6 Surface Analysis and Characterisation 

 X-Ray Photoelectron Spectroscopy (XPS) 

   X-ray photoelectron spectroscopy, also known as electron spectroscopy for 

chemical analysis (ESCA), is a surface-sensitive analytic technique to study the 

sample’s surface chemistry, including elemental composition, empirical formula, 

chemical state, and electronic state of the element 176,181,182. It is widely used to 

characterise polymeric materials, qualitatively and quantitatively, potentially 

identifying the functional groups on the sample surface 183.  These functional 

groups may have resulted from the synthesis process or polymer processing by 

PP surface modification or other approaches (e.g. additive) 183.  

   The benefits of using this surface analysis are high surface sensitivity and the 

ability to identify the chemical state of the elements presented on the sample 

surface 182. Almost all elements and surface composition can be detected by this 

technique, quantitatively, apart from helium and hydrogen 184. Therefore, the XPS 

can be used to investigate and identify most materials.  

    Since every interaction between materials occurs on the material surface, the 

surface properties and chemical composition of the material significantly 

determine the material’s wettability, adhesion, and charge transfer, for example 

182.  Hence, it is essential to investigate and study the surface chemistry of the 

materials.  



The Fabrication of Paper-based Multi-walled Carbon Nanotubes Electrode Sensors Using Inkjet 
Printer 

36  Saruta Deeprasert - October 2022  

W
or

d
 T

em
p

la
te

 b
y 

Fr
ie

d
m

an
 &

 M
or

ga
n

 2
0

1
4

 

2.6.1.1 Principles 

2.6.1.1.1 Photoelectron Generation 

   In XPS characterisation, soft x-ray beams are irradiated on a material surface in 

which the electrons in the sample absorb photons at a certain energy level, leading 

to photoelectron emission from the top 1 to 10 nm surface 176,182,184 (figure 2.11). 

These electrons escape the material surface without any energy loss and are 

therefore diagnostic of the element from which they originate. Electrons that lose 

energy (e.g through inelastic collisions) contribute to the background the 

photoelectron peak sits.  The number of emitted electrons is counted over the 

electron’s kinetic energy using an electron analyser/detector to generate a 

photoelectron spectrum 181. Figure 2.12 shows a schematic diagram of XPS.  

Figure 2.11: Photoelectron generation process by x-ray irradiation, emission of 
a) photoelectron and b) Auger electrons 185 
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Figure 2.12: Schematic diagram of XPS   

   The photoelectron peaks with unique binding energy (BE) represent the element 

quantity and identity on the material surface. The binding energy can be calculated 

using equation 2 176.  

2.6.1.1.2 Auger Electrons 

   Auger electron refers to a low-energy electron created during the relaxation 

process 186. Figure 2.11b illustrates the process of Auger electrons. During the 

excitation of the atom by an X-ray beam, there is an electron loss in the core shell, 

creating an electron-hole 187. This hole is filled by the electron from the outer shell 

(valence orbital), leading to a difference in energy. During this relaxation process, 

the excess energy is transferred to the outer shell and leaves the atoms in the 

forms of x-ray fluorescence and Auger electron emission 182,185,187. The energy 

released by Auger electrons can be detected by the XPS.  

Eb = hv - Ex - ϕsp  (Equation 2) 

Eb = binding energy of the inner shell electron 

hv = x-ray photon energy 

Ek =kinetic energy 

Φsp = spectrometer work function 
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2.6.1.1.3 Surface Sensitivity 

   XPS characterisation is a surface-sensitive technique because only the electron 

that escapes from the sample surface without any inelastic collision within the 

atomic structure of the sample will be detected and analysed as photoelectron 

peaks 182. Generally, the x-ray beam penetrates many microns deep into the 

sample substrate. It is only the electrons that originate from near the surface (a 

top few nm) that can escape without energy losses that are diagnostic.  While the 

electrons located deeply in the sample will lose all the energy before escaping the 

sample surface or reaching the detector, due to inelastic collision 182. In some 

cases, the electrons involved in inelastic collisions will reach the detector and 

appear as a background signal due to their low energy. Therefore, the 

photoelectrons created at more than 2-5 nm deeper into the sample surface are 

less likely to escape the sample surface with enough energy to be detected 182,188.   

2.6.1.2 Chemical Environment  

   XPS is a technique used to determine the oxidation state and the chemical 

environment of the sample material, where the survey spectra or wide spectra are 

used to identify the elemental composition of the sample surface 182,189. While the 

core line spectra determine the most details in terms of the oxidation state 

presented on the sample surface 185.  

2.6.1.3 The Chemical Shift Effect 

   Within a core level spectrum, the exact binding energy of electrons are 

influenced by the chemical environment 185. The chemical shift occurs in relation 

to the electronegativity of the atoms bonded to carbon (the higher the 

electronegativity of the atoms, the larger the chemical shift). Therefore, it is 

essential to consider the chemical shift effect for XPS data analysis.  

2.6.1.3.1 C1s Coreline shift 

   C1s binding energy is in the range of 248.5 – 285.0 eV 185,190,191. When carbon is 

bound with other elements, there is a shift in binding energy caused by primary 

and secondary substituent effects 185. In the case where carbon is bound to fluorine 
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(the highest electronegative element), the largest core line shift is generated. For 

single fluorine substitution, the binding energy shifted by approximately 2.9 eV 

(primary shift) and 0.7 eV (secondary shift) 185. While in the case of oxygen, the 

shift is slightly lower. The primary shift would be around 1.4 eV for single bond 

(C-O) and 2.8 eV for double bond (C=O) 185,191. In terms of other functional groups, 

the shift is relatively small and does not show as much shift as per mentioned 

earlier 185.   

2.6.1.3.2 N1s Coreline Shift 

   In the case of nitrogen-containing functional groups such as amine, amide, 

nitrile, and nitrogen in aromatic rings, where nitrogen is bound to carbon, the 

binding energy of the N1s spectrum lies in a range of 398.0 eV to 400.5 eV 192. 

However, the chemical shift effect may occur if nitrogen is bound to atoms with a 

higher oxidation state than carbon. This leads to an increase in binding energy 185.  

2.6.1.4 Summary of Carbon Chemical State Binding Energy 

   Table 2.5 summarises the binding energy of each carbon chemical state 
reference. 

 
Table 2.5: Binding energy of carbon chemical state (reference for C1s spectra) 

182,190,193. 

 

 

 

Chemical State BE (eV) 
C-C or C=C ~284.8 

O-C-O ~286.0 
C-N ~286.0 
C-O ~286.5 

C-CFn ~287.1 
C=O ~288.0 
CF ~288.4 

O-C=O ~289.0 
CF-CFn ~289.9 

CF2 ~292 
CF3 ~293-4 
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 Contact Angle (CA) Measurement 

   The CA is a quantitative measurement of an angle (ϴ) between the substrate 

surface and the liquid-vapour interface of a liquid droplet, defined by Young’s 

equation (Equation 3) 176,194. If the CA is low, the material is hydrophilic and 

hydrophobic at high CA, as shown in figure 2.13. 

 

Figure 2.13: Schematic diagram of CA measurement 160 

 SEM Characterisation 

   SEM characterisation is an electron microscope used to provide magnified 

images of the sample by scanning the sample surface with electron beams 195. 

During the scanning, the electron passes through the lens until it reaches and 

enters the sample surface, where different interaction between electrons and the 

sample surface happens and creates a signal. The signals are detected and used to 

produce magnified images. Figure 2.14 shows a schematic diagram of SEM.  

𝛾𝐿𝑉𝑐𝑜𝑠𝜃 = 𝛾𝑆𝑉 −  𝛾𝑆𝐿   

 

γ LV = surface tension of liquid and vapour 

γ SV = surface tension of solid and vapour 

γ SL = surface tension of solid and liquid 

(Equation 3) 
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Figure 2.14: Schematic diagram of SEM characterisation 
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3 MWCNTs Ink 

Formulation Preparation 

and Characterisation 

3.1 Introduction 

   This chapter focuses on formulating CNTs ink for electrode fabrication using the 

inkjet printer. The formulated CNTs ink aims to be compatible with a home inkjet 

printer and less hazardous and environmentally friendly; therefore, water-based 

ink is chosen as the solvent base for the ink. MWCNTs are selected for CNTs ink 

formulation as they are lower in cost but have higher mechanical and chemical 

stability 70,79. (Refer to Chapter 2 for details) 

   The first step is to identify the most homogenised CNTs ink compatible with 

inkjet printing. Side-wall functionalisation of a carboxylic acid group and aqueous 

dispersion technique will be investigated.  

• Side-wall functionalisation using a mixture of nitric acid (HNO3) and sulfuric 

acid (H2SO4). This is to functionalise and modify the CNTs sidewall to 

hydrophilic, to disperse in water solution.  

• Aqueous dispersion using a surfactant such as sodium dodecyl 

benzenesulfonate (SDBS) and sodium dodecyl sulfate (SDS) to disperse CNTs 

in a water solution. The comparison between the two surfactants will be 

carried out to identify the most appropriate surfactant for CNTs dispersion in 

water solution and determine the suitable composition of the CNTs ink 

formulation.  
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• The combination of functionalised CNTs and a surfactant to observe the effects 

on their homogeneity. Even though the functionalisation of CNTs sidewall 

should provide hydrophilic properties, there is the possibility that some 

unfunctionalised CNTs remain. Therefore, this combination may enhance their 

dispersibility and printing performances.  

   To observe the associated ink dispersion and inkjet printing efficiency, these 

formulations will be examined on MWCNTs with different tube lengths and 

diameters.  

   The next step is to identify the most appropriate inkjet printer for CNTs ink 

deposition and electrode fabrication. There are two common types of inkjet 

printers: Thermal inkjet printers and Piezoelectric inkjet printers 25. They differ in 

their printing technology and component; hence, the study of Canon inkjet printer 

(thermal) and Epson inkjet printer (piezoelectric) will be carried out 25,126. (Refer 

to Chapter 2 for details). Evaluation of the printing performance of the formulated 

inks will identify the appropriate inkjet printer for electrode fabrication and 

determine their compatibility.  

   To identify the most compatible CNTs ink, a range of analytical techniques were 

utilised:  

1. Scanning electron microscopy (SEM) characterisation (section 3.2.4.4.1) 

2. X-ray photoelectron spectroscopy (XPS) characterisation (section 

3.2.4.4.2)  

3. Resistance measurement (section 3.2.4.4.3) 
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3.2 Experimental and Method 

 Material and Equipment 

   Sulfuric acid (95%) was purchased from Fisher Scientific (CAS no: 7664-93-9). 

Ethanol (96%) (CAS no: 64-17-5), glycerol (CAS no: 56-81-5), multi-walled carbon 

nanotubes (MWCNT, 50-90 nm, >95%) (CAS no: 308068-56-6), nitric acid (70%) 

(CAS no: 7697-37-2), sodium dodecyl benzenesulfonate (SDBS) (CAS no: 25155-

30-0), and sodium dodecyl sulfate (SDS) (CAS no: 151-21-3) were purchased from 

Sigma-Aldrich. Pre-functionalized multi-walled carbon nanotubes (MWCNT-

COOH, 10- 30 µm length, 3-5 nm (inner diameter), 10-20nm (outer diameter), 99.9 

w%), were purchased from CheapTube Inc.  

   An Epson XP960 A3 photo printer, and a Canon PIXMA TS205 printer and Canon 

black PG-745 cartridges were purchased from Seiko Epson Cooperation and 

Canon Inc., respectively. Whatman qualitative filter paper grade 1 (CAS no: 1001-

917) was purchased from Merck. XPS was from Kratos Analytical Ltd., and SEM 

was from JEOL Ltd. The Digital multimeter (Fluke 116 True RMS HVAC 

Digital Multi-meter) was purchased from Fluke Cooperation, Netherland.  

 XPS Characterisation (Surface Analysis) 

   XPS analysis was performed using a Kratos Analytical Axis Supra X-ray 

photoelectron spectrometer (XPS) equipped with a monochromatic Al Kα source, 

operating at 1486.7 eV. Samples were mounted on a stage using CuBe plates. An 

internal flood gun was applied for neutralising charging effects on sample 

surfaces. Wide scan (survey) and high-resolution core-line (e.g., C1s, N1s, O1s) 

spectra were recorded at pass energies of 160 eV and 20 eV and step sizes of 1 eV 

and 0.1 eV respectively. Wide-scan and core-line spectra were recorded with a 

sweep time of 160 s and 120 s. Spectra were acquired using a take-off angle of 90° 

(relative to the surface), power of 225 W (15 kV x 15 mA) and an analysis area of 

700 x 300 µm. 

   Data were acquired using Kratos Analytical ESCApe software. Data were 

converted into VAMAS format and analysed using CasaXPS (ver.2.3.23PR 1.0, Casa 
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Software Ltd). Spectra were quantified using linear baseline correction. All spectra 

were calibrated by offsetting the binding energy according to the C-C chemical 

state of the C1s spectrum, 285.0 eV.  Peak fitting for core-line spectra was 

performed using expected chemical shifts from the literature 185,191. 

   Relative sensitivity factors (RSFs) were used to scale the measured raw peak 

area (selected peak region) and quantify the atomic composition information of 

the material surface. RSFs were set for each element, and the atomic compositions 

were calculated and analysed through CasaXPS software. Appendix A summarises 

the RSFs of the element used in this research project. 

 Resistance Measurement 

   There are multiple ways of measuring resistance using a digital multimeter. 

Generally, a small current is applied to the material, and the voltage drop is 

measured. The known current and the voltage drop measured will be used to 

calculate the material’s resistance using Ohm’s law (Equation 4).  However, the 

probes may provide additional resistance to the measurement 196.  Figure 3.1 

shows a schematic diagram of a multi-meter.  

Figure 3.1: Schematic diagram of digital multimeter  

 

V = I x R  Equation 4 

 V = Voltage 

 I = Current 

 R = Resistance 
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 Methodology 

3.2.4.1 MWCNTs Ink Formulation  

3.2.4.1.1    Formulation 1.1: Sidewall functionalisation with diluted acid 
mixture through magnetic stirring 

   Diluted acids were prepared by diluting 98% sulfuric acid (H2SO4) and 70% 

nitric acid (HNO3) to 10 M and 4 M, respectively.  

   108 mg pristine-MWCNTs were added into 15 mL H2SO4 (10 M) and 5 mL HNO3 

(4M). The suspension was stirred vigorously at room temperature for 18 hr and 

24 hr using magnetic stirring. Next, the solution was centrifuged at 4000 – 5000 

rpm for 10 -15 min. The supernatant was collected, and vacuum filtered until the 

MWCNTs were completely pH 7. The functionalised MWCNTs were dried in an 

oven at 80 °C overnight and dispersed in DI water (5 mg/mL). Glycerol was added 

at a 1: 3 ratio (glycerol: water) and filtered with a 0.2 µm Millipore syringe filter. 

1 mL of the ink formulation was sonicated until homogenised and ready for 

printing.  

3.2.4.1.2 Formulation 1.2 & 1.3:  Preparation of Pristine-MWCNTs in Aqueous 
Solution with SDS/ SDBS surfactant 

   50 mg of SDS (formulation 1.2) and SDBS (formulation 1.3) were dispersed in 20 

mL of DI water in two separate vials, followed by 100 mg of MWCNTs in each 

solution. The mixtures were sonicated at room temperature for 30 min until the 

suspension was thoroughly homogenised. Then, the mixtures were centrifuged at 

3000 rpm for 2 min to remove any MWCNTs bundles from the well-dispersed 

MWCNTs. This was conducted to prevent nozzle clogging during the printing 

process. The supernatant was collected, and glycerol was added at a volume ratio 

of 1:3 (glycerol: water). 

3.2.4.1.3    Formulation 1.4: Pristine-MWCNTs-COOH dispersed in aqueous 
solution using SDS surfactant  

   7 wt% SDS was added into the water solution and sonicated until homogenised. 

Next, 10 wt% pristine-MWCNTs-COOH was added to the solution and sonicated 

until homogenised.  
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3.2.4.1.3.1 Weight-ratio Observation 

   To study the effect of surfactant on ink formulation homogeneity and identify the 

most appropriate amount of surfactant, the ink formulation was prepared with the 

same technique but varying in wt% of SDS, from 1wt% to 10wt%, and a fixed 

amount of MWCNTs at 7wt%. 

   Other MWCNTs ink formulations attempted are listed in Appendix A. These 

formulations varied in time, temperature, and homogenising process. 

3.2.4.2 Printer Cartridge Preparation 

   For the Epson piezoelectric inkjet printer, no cartridge preparation is required 

as the cartridges were purchased ink-free. 

  For the Canon thermal inkjet printer, the sponge was removed from the cartridge. 

Then, the cartridge and the sponge were cleaned with ethanol and water 

separately until the cartridge was ink-free, using an ultrasonic bath. After the 

cleaning process, the cartridge was left to dry for 1-2 hr(s) at room temperature 

before adding the formulated ink.  

3.2.4.3 CNTs Ink Printing Observation  

   The formulated inks were repeatedly printed as a straight line (1.5 cm x 10 cm) 

for 50 printing cycles to observe their consistency, accuracy, and precision. After 

each printing cycle, the printing was left to try for 2-3 min before the subsequent 

printing. This is to prevent any unnecessary inaccuracy caused during ink 

penetration and printing.  

3.2.4.4 CNTs Ink Formulation Observation and Characterisation 

3.2.4.4.1 SEM Characterisation 

   The formulated CNTs inks printed on Whatman filter papers were cut into 1 cm 

x 1cm sizes for SEM characterisation. The morphology of CNTs printings was 

characterised at 1000x, 10000X, 15000x, and 40000x. ImageJ software was used 

to quantify the number of CNTs deposition per unit area and the diameter and 

length of the CNTs.  A standard of the mean was calculated. 
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3.2.4.4.2 XPS Characterisation  

   1 mL of CNTs ink was pipetted onto a paper substrate and characterised through 

XPS. Survey (wide spectra), and C1s, O1s, Na 1s, and S2s spectra were recorded at 

pass energies for 120.00 sec, three scanning for each sample per spectrum. The 

data were analysed by CasaXPS (ver.2.3.22PR 1.0, Casa Software Ltd). Peak fitting 

for core-line spectra was performed using expected chemical shifts from the 

literature 185,191. 

3.2.4.4.3 Resistance Measurement 

3.2.4.4.3.1 Critical Concentration Determination 

Formulation 1.1 was prepared into different concentration from 0.25 mg/mL and 

0.5 mg/mL to 6.0 mg/mL at 0.5 mg/mL intervals. 1mL of the formulated inks were 

dropped onto Whatman filter paper grade 1 using a pipette. Resistance was 

measured at 1 cm in length between probes. Ten measurements were conducted 

for each concentration, and a standard error of the mean was calculated.  

3.2.4.4.3.2 Fabricated Electrode Sensor Resistance Measurement 

The fabricated CNTs electrode sensor on filter paper resistance was measured at 

1 mm – 20 mm (1 mm interval) length between probes. Three measurements were 

conducted for each interval, and a standard of the mean was calculated. 
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3.3 Results and Discussion  

 Ink Formulation Observation  

3.3.1.1 Formulation 1.1  

   Figure 3.2 shows the CNTs ink of side-wall functionalised MWCNTs in water 

solution at 5 mg/mL. Visually, the CNTs are homogeneously dispersed in the water 

solution. Compared to the other CNTs ink formulations (attempts 1-3, Appendix A), 

formulation 1.1 contains fewer CNTs clusters and precipitation. This is possibly 

due to more carboxylic acid group functionalisation on the CNTs sidewall, which 

initiates bonding with water molecules and enhances CNTs dispersion in water 

solution.  

Figure 3.2: Side-wall functionalised MWCNTs in water solution (5mg/mL) 

3.3.1.1.1  Critical Concentration Determination Using Resistance 
Measurement 

    Figure 3.3 shows the resistance of formulation 1.1 at different concentrations 

(0.5 mg/mL to 6.0 mg/mL) on Whatman filter paper grade 1. This is to identify the 

critical concentration of the CNTs ink, where resistance becomes constant as a 

function of MWCNTs concentration.  
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Figure 3.3: Resistance measurement of formulation 1.1 at 2.5 mg/mL to 6.0 
mg/mL (1 cm length between probes measurement) 

   Figure 3.3 shows high resistance (0.81± 0.06 kΩ at 0.25 mg/mL) until 

approximately 2.5 mg/mL (0.84 ± 0.17 kΩ). The resistance decreases gradually as 

the concentration increases and reaches its plateau at approximately 4.5 mg/mL 

with a resistance of 0.18 ± 0.03 kΩ. This is due to the concentration of MWCNTs 

present and their associated connectivity. When more MWCNTs are present, there 

is an increase in connectivity between CNTs. This is due to increased conduction 

pathways, allowing electrons to flow more effectively. This is determined 

quantitatively by measuring the resistance. Nevertheless, there is a finite point 

where the CNTs conductivity becomes stable. Therefore, formulation 1.1 was 

prepared at a 5 mg/mL concentration for inkjet printing. 

3.3.1.1.2 SEM Characterisation 

    Figure 3.4 shows the SEM images of formulation 1.1 (5 mg/mL) deposited on 

Whatman filter paper grade 1. As shown in the images, CNTs are densely packed 

on the substrate surface with high connectivity, explaining the obtained 

conductivity. Quantitatively, the number of MWCNTs presented per unit area is 

approximately 17.0 ± 0.7 CNT/µm2. The CNTs are approximately 78.6 ± 2.4 nm in 

diameter and 5.3 ± 0.2 μm in length. The measured CNTs length highlights the 
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breakage of CNTs during acid treatment since the length of pre-treated MWCNTs 

(9.11 ± 0.03 μm) is longer, indicating challenges in controlling the length of CNTs 

that could lead to nozzle clogging during the printing process. Therefore, further 

investigation is required to improve the precision. 

Figure 3.4: SEM images of formulation 1.1 (MWCNT-COOH in DI water) at 5.0 
mg/mL concentration on Whatman filter paper grade 1 

3.3.1.2 Formulation 1.2 and Formulation 1.3 

   Since sidewall functionalisation may lead to CNTs breakage, aqueous dispersion 

using SDS (formulation 1.2) and SDBS (formulation 1.3) was investigated. Visually, 

the homogeneity of the formulated inks is very similar; nevertheless, the printing 

performances for these two formulations will be discussed later in the chapter. 

3.3.1.2.1 SEM Characterisation  

   Figure 3.5 and 3.6 shows the SEM images of formulation 1.2 (pristine-MWCNTs 

with SDS in DI water) and 1.3 (pristine-MWCNTs with SDBS in DI water), 

respectively. The CNTs deposition offers high connectivity between CNTs, at 

approximately 15.2 ± 0.4 CNT/µm2 for both formulations. The number of CNTs 

presented is slightly lower compared to the previous formulation. This is possibly 
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due to the length of CNTs, which is longer since there is no such CNTs modification 

in this dispersion process. Therefore, the length of the CNTs remains the same as 

the pristine-MWCNTs, at approximately 15.4 ± 0.4 µm.  

Figure 3.5: SEM images of formulation 1.2 (pristine-MWCNTs with SDS in DI 
water) on Whatman filter paper grade 1 

Figure 3.6: SEM images of formulation 1.3 (pristine-MWCNTs with SDBS in DI 
water) on Whatman filter paper grade 1 

3.3.1.3 Formulation 1.4 

   Formulation 1.4 comprises thinner but longer MWCNTs-COOH with 10 – 20 nm 

diameter and 10 -30 μm length. Pristine-MWCNTs-COOH was prepared with the 

addition of SDS surfactant to enhance their dispersibility. The purpose of using 

smaller MWCNTs is to observe their behaviour on the formulated CNTs ink 

homogeneity and their printing efficiency. The solution presented less clustering 

and aggregation, and the formulation required a much shorter preparation 

process. Using pristine-MWCNTs-COOH prevents unpredictable CNTs length and 

size varieties during the formulation process.  

3.3.1.3.1    Effects of Surfactant towards Ink Formulation 

   Formulation 1.4 was prepared with a different wt% SDS (1 wt% to 10 wt%) but 

a fixed concentration of CNTs (10 wt%) to identify the optimal wt% SDS for CNTs 

ink formulation. The formulated CNTs inks were left standing overnight. As a 
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result, the CNTs ink with less than 5 wt% SDS precipitates while the rest remain 

homogenised. This shows that the presence of SDS does influence the CNTs 

dispersibility. Theoretically, MWCNTs-COOH can disperse in the water solution 

since they contain carboxylic acid groups, which are polar; therefore, ‘like-

dissolves-like’. However, in this research, the addition of SDS shows an 

improvement in dispersibility. SDS likely formed a double layer on the MWCNTs-

COOH. A hydrophilic head faced towards MWCNTs-COOH while the hydrophobic 

tail was attaching to another hydrophobic tail of another SDS surfactant. Despite 

that, further investigation will be required to confirm this statement.  

3.3.1.3.2 SEM Characterisation 

   Figure 3.7 shows the SEM images of formulation 1.4 (7wt% SDS and 10wt% 

MWCNT-COOH in DI water) deposited on Whatman filter paper grade 1.  

Figure 3.7: SEM images of formulation 1.4 (7wt% SDS and 10wt% MWCNT-COOH 
in DI water) on Whatman filter paper grade 1 

    As shown in Figure 3.7, the CNTs are more densely packed than in formulation 

1.1 (Figure 3.4, section 3.3.1.1.2) due to their smaller diameter. Quantitatively, the 

number of CNTs presented per unit area is approximately 118.2 ± 3.9 CNT/µm2 
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with 29.8 ± 0.8 nm in diameter and 10.1 ± 0.02 μm in length. With a higher number 

of CNTs, there is a higher chance that CNTs will be in contact with each other; 

hence, there is likely more connectivity and conductivity.  

   It can be concluded that formulation 1.4 may likely perform more efficiently in 

inkjet printing as the CNTs are smaller in size and are less likely to cause nozzle 

clogging during the electrode preparation process through inkjet printing.  

3.3.1.3.3 XPS Characterisation    

   To study the chemistry of the formulated CNTs ink, XPS was performed on 

formulation 1.4. Figure 3.8 shows wide spectra and C1s spectra of formulation 1.4. 

The spectra consist of counts per second (cps) against the specific BE of the atom. 

The intensities of the BE are used to calculate the atomic percentages (%) of each 

element, as summarised in Tables 3.1 and 3.2.   

Figure 3.8: a) Wide and b) C1s spectra of CNTs ink (formulation 1.4) on Whatman 
filter paper grade 1 

Table 3.1: Atomic percentages of CNTs ink (formulation 1.4) on Whatman filter 
paper grade 1 

 
 
Table 3.2: Area percentages of CNTs ink (formulation 1.4) on Whatman filter 
paper grade 1    

   The wide spectra, Figure 3.8a, shows the composition of CNTs ink at of 90.6 % 

carbon (C), 7.9 % oxygen (O), 0.9 % sulfur (S), and 0.7 % sodium (Na), Table 3.1. 

 C 1s O 1s S 2p Na 1s 
CNTs ink 90.6 % 7.9 % 0.9 % 0.7 % 

 C=C C-C/H C-O C=O O-C=O π -π* 
BE (eV) 284.5 285.0 285.9 287.2 288.9 291.1 

CNTs ink 45.4 % 26.0 % 2.2 % 9.6 % 6.3 % 10.5 % 
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S and Na content represents the SDS surfactant, while other compositions (C and 

O) were from the MWCNTs-COOH.  

   The C1s spectra, Figure 3.8b, shows 45.4 % C=C (284.5 eV), 26.0 % C-C/H (285.0 

eV), 2.2 % C-O (285.9 eV), 9.6 % C=O (287.2 eV), 6.3 % O-C=O (288.9 eV), and 10.5 

% π -π* (291.1 eV) (Table 3.2). However, since the formulated ink was 

characterised on Whatman grade 1 filter paper, there is a possibility that the 

composition of the paper substrate is also presented in the data. Therefore, further 

XPS characterisation on the formulated ink will be investigated on different 

substrate types for comparison. 

   Figure 3.8b and Table 3.2 also highlights the ratio between C=C and π -π* at 

4.5:1 (C=C: π -π*). The ratio will be used as a standard to investigate CNTs ink 

printing on the substrates.  

 Thermal Inkjet Printer and Piezoelectric Inkjet Printer 
Comparison and Observation 

   To identify the most appropriate inkjet printing system for electrode fabrication, 

the Epson inkjet printer and the Canon inkjet were used to print the formulated 

CNTs inks (formulation 1.1 – 1.4) onto Whatman filter paper grade 1 for 50 

printing cycles.  

3.3.2.1 Epson Inkjet Printer 

   Figure 3.9 shows the CNTs printing performance on Whatman filter paper grade 

1. Formulation 1.1 (Figure 3.9a), formulation 1.2 (Figure 3.9b), and formulation 

1.3 (Figure 3.9c) was printed onto the filter paper for 50 printing cycles.   
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Figure 3.9: Formulation a) 1.1 (MWCNT-COOH in DI water), b) 1.2 (pristine-
MWCNTs with SDS in DI water), and c) 1.3 (pristine-MWCNTs with SDBS in DI 

water) printed on filter paper by Epson inkjet printer (50 printing cycles) 

   As shown in Figure 3.9, darker shades can be spotted on all three ink 

formulations, indicating CNTs deposition, especially on formulation 1.1 (Figure 

3.9a). While fewer CNTs ink deposition is obtained from formulations 1.2 (Figure 

3.9b) and 1.3 (Figure 3.9c) due to CNTs cluster formation in the ink cartridge 

during the printing process. Besides, no measurable conductivity is detected, 

indicating a lack of CNTs connectivity.  

3.3.2.1.1 SEM Characterisation 

   Figure 3.10 illustrates the SEM images of formulation 1.1 (Figure 3.10a), 

formulation 1.2 (Figure 3.10b), and formulation 1.3 (Figure 3.10c) printed on 

Whatman filter paper grade 1 for 50 printing cycles.  

   As shown in Figure 3.10, all three CNTs ink formulations show a lack of CNTs 

deposition, especially formulations 1.2 (Figure 3.10b) and 1.3 (Figure 3.10c), 

confirming why there is no sign of conductivity detected. The lack of CNTs ink 

deposition is likely caused by the printer construction, where the printer is 

operated with a built-in print head and nonremovable sponge within the cartridge. 

Due to the experienced CNTs aggregation, the nozzle is clogged, and the printhead 

cannot be removed for cleaning. This prevents the printer from providing full ink 

deposition efficiency. Moreover, the sponge within the cartridge might have 

reduced the amount of MWCNTs passing through the nozzle head onto the paper.  
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Figure 3.10: SEM images of a) 1.1, b) 1.2, and c) 1.3 printed on Whatman filter 
paper grade 1 using Epson inkjet printer (50 printing cycles)  

   It was concluded that the Epson inkjet printer might not be appropriate for CNTs 

inkjet printing, and formulation 1.2 and 1.3 shows a lack of ink deposition and 

compatibility, which may not be suitable for electrode sensors fabrication. 

3.3.2.2 Canon Inkjet Printer 

   The Canon inkjet printer differs from the Epson inkjet printer by the printing 

technology and the cartridge construction. In the case of the Canon inkjet printer, 

the printhead is attached to the cartridge, meaning that the printhead is 

replaceable. Therefore, this prevents the problems such as nozzle clogging. 

Besides, the sponge inside the cartridge can be removed entirely without affecting 
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the printing efficiency. This means that the formulated ink will print without any 

blocking.  

3.3.2.2.1 Formulation 1.1 

   Figure 3.11 shows the printing of formulation 1.1 on Whatman filter paper grade 

1 using a Canon inkjet printer for 50 printing cycles (Figure 3.11a) and the SEM 

images (Figure 3.11b). 

Figure 3.11: a) Formulation 1.1 printed on filter paper by Canon inkjet printer 
(50 printing cycles) and b) SEM images of formulation 1.1 printed on filter paper. 

   It can be seen in Figure 3.11a that the presence of CNTs appeared after 20 

printing cycles, indicating more CNTs deposition on the paper substrate. The 

intensity increased as the printing continued. However, the ink spread out from 

the designated area. This is possibly due to the filter paper porosity and thickness, 

which allows the formulated ink to penetrate through. Therefore, using a thicker 

paper substrate could help to prevent this.  

   Figure 3.11b confirms the presence of CNTs deposition; however, there is an 

inconsistency in CNTs distribution throughout the paper substrate. Compare 

Figure 3.11 to Figure 3.9 and Figure 3.10; more CNTs ink is deposited onto the 
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filter paper using the Canon inkjet printer than the Epson inkjet printer, indicating 

better compatibility with CNTs ink. Therefore, the Canon inkjet printer will be 

used throughout this research.  

   Figure 3.9 to Figure 3.11 also highlights that formulation 1.1 may not be 

compatible for inkjet printing since both inkjet printers experienced nozzle 

clogging and lack of CNTs ink deposition. Therefore, it can be concluded that 

formulation 1.1 is not compatible with electrode sensor fabrication.  

3.3.2.2.2 Formulation 1.4 

   Figure 3.12 shows the electrode sensor design (Figure 3.12a), the fabricated 

electrode sensor using formulation 1.4 (Figure 3.12b), the SEM image of the 

fabricated electrode sensor top view (Figure 3.12c), and cross-section (Figure 

3.12d and e). Figure 3.13 shows the resistance measurement of the fabricated 

electrode sensors regarding the distance between probes.  

Figure 3.12: a) electrode template, b) formulation 1.4 printed on Whatman filter 
paper grade 1 (50 printing cycles), SEM image of the electrode sensor, c) top-

view and d) and e) cross-section.  
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   As shown in Figure 3.12b, the deposited CNTs ink is much darker than the 

printing on formulation 1.1-1.3, confirming more CNTs deposition. SEM images, 

Figure 3.12c, confirm CNTs deposition throughout the paper substrate with high 

density and connectivity at approximately 105 ± 5.9 CNTs/µm2. However, due to 

the porosity of the filter paper substrate, the CNTs thickness was inconsistent 

throughout the printed area, as confirmed in Figure 3.12d and e. There are some 

areas where the filter paper is presented without any CNTs coverage; hence, 

further printing may be required to cover the substrate surface entirely. 

Figure 3.13: Resistance measurement of formulation 1.4 printed on Whatman 
filter paper grade 1 (50 printing cycles) 

    The resistance of the fabricated electrode sensor was measured, as shown in 

Figure 3.13. The resistance increases as the length between the probe increase, 

where no steady resistance is spotted. The fabricated electrode sensor has a 

specific resistivity of 1.78 ± 0.11 kΩm, indicating that the material is conductive 

and appropriate for further detection.  
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3.4 Conclusion 

   The CNTs ink formulations were prepared and studied to determine the most 

compatible ink for electrode fabrication using inkjet printing. Formulations 1.1 

(side-wall functionalised MWCNTs dispersed in water solution) and 1.4 (pristine-

MWCNTs-COOH dispersed in water solution using SDS) were the two outstanding 

CNTs ink formulations regarding their homogeneity and inkjet printing efficiency. 

The two CNTs ink formulations were compared as they are different in terms of 

MWCNTs length, diameter, and the preparation process. SEM shows higher 

connectivity between CNTs in formulation 1.4 once deposited by the Canon inkjet 

printer. CNTs are densely packed throughout the designated areas of 

approximately 105 ± 5.9 CNTs/µm2. XPS characterisation also confirmed the 

expected chemical composition of the formulated ink. Different ink compositions 

of formulation 1.4 were studied where the wt% of SDS was varied while the 

concentration of MWCNTs remained constant. The results show that the 

formulated ink becomes homogenised when SDS is over 5 wt%.  

   The Epson and Canon inkjet printers were studied due to the differences in 

printing technology. SEM confirmed that the Canon inkjet printer provides more 

CNTs ink deposition than the Epson inkjet printer. However, in the case of 

formulation 1.1, there were printing difficulties on both Epson and Canon inkjet 

printers which caused the nozzle to clog. Even though the CNTs deposition is 

successful, the printed material is not conductive enough to fabricate an electrode. 

Therefore, formulation 1.4 was more appropriate for electrode fabrication with a 

measured specific resistivity of 1.78 ± 0.11 kΩm. 

   Therefore, in the next chapter, different paper substrates will be investigated to 

identify the most appropriate paper substrate for CNTs printing and electrode 

fabrication.  
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4 Paper-based Electrode 
Sensors and Paper 
Substrates Comparison 

   As shown in Chapter 3, the CNTs-based electrode sensor fabricated on Whatman 

filter paper grade 1 suffered from CNTs ink spreading out of the designated area 

due to the paper thickness and ink adsorption, making the fabricated electrode 

sensor inaccurate. Different types of paper substrates will be investigated to 

overcome this challenge, as discussed in this chapter. 

4.1 Introduction 

   This chapter investigates different types of paper substrates to identify the 

optimal paper substrate for electrode sensor fabrication using an inkjet printer. 

The paper substrates with different porosity, thickness, texture, and surface 

chemistry, including Whatman filter paper grade 1 and 3, matte paper and glossy 

paper, will be examined.  

   In the first step, the interaction between the formulated CNTs ink (refer to 

Chapter 3 for details) and the paper substrates will be studied. This is to get a 

general understanding of the paper substrate surface characteristics.  

   The second step is to observe the paper substrate compatibility with the CNTs 

ink through electrode fabrication using a Canon inkjet printer. The printing 

accuracy and precision, as well as the fabricated electrode sensor durability, will 

be investigated. 

   To assess the paper substrate characteristics and electrode sensor fabrication 

efficiency, a range of analytical techniques were utilised: 
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1. Printing test 

2. SEM characterisation (section 4.2.3.3.1) 

3. Resistance measurement (section 4.2.3.3.2) 

4. XPS characterisation (section 4.2.3.3.3)  

5. Anodic stripping voltammetry (ASV) analysis (section 4.2.2) 
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4.2 Experimental and Method 

 Material and Equipment 

   Whatman qualitative filter paper grade 3 (CAS no.: 1003-917) was purchased 

from Merck. Premium glossy photo paper and matte photo paper were purchased 

from Wilko Retail Ltd. Screen-printed carbon on PVC substrate was purchased 

from PINE research instrumentation, Durham, United Kingdom (UK). The 

platinum counter electrode was purchased from Jiangsu Premium Electric 

Instrument Co. Ltd, China.  

   The potentiostat was purchased from EMStat3 PalmSens, Alvertek Ltd., Romsey, 

UK. PSTrace software was purchased from PalmSens. ImageJ software was 

purchased from ImageJ. Other materials and characterisation techniques are the 

same as previously mentioned in section 3.2.1, Chapter 3.  

 Anodic Stripping Voltammetry (ASV) Analysis  

   ASV analysis comprises two steps: 1. pre-concentration (Reduction) and 2. 

Anodic stripping analysis (Oxidation). The potential is applied to preconcentrate 

the target species onto the WE surface, in which the preconcentration duration is 

controlled by the deposition time. This allows the electrode sensor to detect the 

target species at a lower detection limit 197. Next, the preconcentrated target 

species are stripped back to the sample solution, which then be detected through 

potential scanning. As a result, the current created will correspond to the 

concentration of the target species 198. Figure 4.1 shows the schematic diagram of 

an ASV analysis sensing system.  
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Figure 4.1: A schematic of the ASV analysis setup 

 Methodology 

4.2.3.1 Observation of the Paper Substrate Interaction with the Formulated 
CNTs Ink 

   1 mL of CNTs ink was pipetted onto the paper substrates to observe their 

interaction and identify the most compatible paper substrate for electrode sensor 

fabrication visually.   

4.2.3.2 CNTs Printing on Different Types of the Paper Substrate 

   The CNTs ink was printed onto each paper substrate for 50 printing cycles. After 

each cycle, the printing was left to dry for 2-3 mins before the next printing.  

4.2.3.3 Characterisation 

4.2.3.3.1 SEM Characterisation 

   The top-view morphology of uncoated paper substrates and CNTs printed paper 

substrates were characterised at 5000x, 15000x, and 20000x magnification. 

Number of CNTs deposition per unit area and the CNTs length and diameter were 

measured using ImageJ. The standard of the mean was calculated. 
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4.2.3.3.2 Resistance Measurement 

   The fabricated CNTs electrode sensor on each paper substrates resistance was 

measured at 1 mm – 20 mm (1 mm interval) length between probes. Three 

measurements were conducted for each interval, and a standard of the mean was 

calculated. Refer to Chapter 3 for full details. 

4.2.3.3.3 XPS Characterisation 

   The paper substrates survey (wide spectra), C1s, and O1s spectra were recorded 

at pass energy for 120.00 sec, three scanning for each sample per spectrum. The 

data were analysed by CasaXPS. Peak fitting for core-line spectra was performed 

using expected chemical shifts from the literature 185,191.  Refer to Chapter 3 for full 

details. 

4.2.3.3.4 Anodic Stripping Voltammetry Analysis (ASV) 

   ASV was used to observe their sensing performance. A platinum electrode was 

used as a CE and a silver/silver chloride on a commercial screen-printed carbon 

on PVC substrate as a RE. PSTrace5 software was used to measure 10 ppm copper 

(Cu) in 0.5M acetate buffer (provided by a colleague in the research group) at 5 

sec deposition time repetitively and 5 sec to 60 sec (10 sec intervals) at 100 μA 

current range, at a deposition potential (E) from -0.6V to 0.4V with 0.01 E step 

(0.2V E pulse) and time equilibrium at 5 sec (0.02 sec T pulse), differential pulse. 
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4.3 Results and Discussion 

 Paper Substrates Interaction Observation 

   Figure 4.2 shows 1 mL of CNTs ink being dropped onto Whatman filter paper 

grade 1 (Figure 4.2a), premium glossy photo paper (Figure 4.2b), and matte 

photo paper (Figure 4.2c).  This is to study the difference in the interaction 

between the CNTs ink and the paper substrates with different porosity, thickness, 

and roughness. 

Figure 4.2: CNTs ink dropped on a) Whatman filter paper grade 1, b) premium 
glossy photo paper, and c) matte photo paper 

   Figure 4.2a shows the spreading and penetration of solvent on Whatman filter 

paper grade 1, leaving CNTs behind on the substrate surface. This is due to the 

porosity of the filter paper. Figure 4.2b illustrates a slightly different interaction 

where the CNTs ink remained on the substrate surface and the associated solvent. 

This is possibly due to the coating on the substrate surface. However, the solvent 

evaporates after a period, leaving the CNTs on the surface. Unlike matte photo 

paper, Figure 4.2c, the CNTs ink droplet was formed on the substrate surface, 

indicating the hydrophobic properties of the substrate surface or it is non-porous.  

   From the visual observation, it can be concluded that matte photo paper may not 

be compatible for CNTs inkjet printing, while filter paper and glossy photo paper 

are likely to provide better CNTs ink adsorption performance for electrode 

fabrication. Therefore, further investigation on these two substrates will be 

discussed later in the chapter.  
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 Fabricated Paper-based Electrodes and Printing 
Observation 

   Since Whatman filter paper grade 1 and glossy photo paper provide a promising 

interaction towards the formulated CNTs ink, CNTs ink was printed onto the paper 

substrates for 50 printing cycles. This is to observe the printing accuracy and 

precision on different paper substrates and quantify the number of CNTs 

deposition. In addition, the formulated CNTs ink was also printed onto Whatman 

filter paper grade 3 as it has the same porosity but different thickness, to gain more 

understanding of the printing compatibility and accuracy.   

   Figure 4.3 shows the results of CNTs printing on Whatman filter paper grade 1 

(Figure 4.3a), glossy photo paper (Figure 4.3b) for 20 – 50 printing cycles, and 

Whatman filter paper grade 3 (Figure 4.3c) for 50 printing cycles. 

Figure 4.3: Formulated CNTs ink printed on a) Whatman filter paper grade 1, b) 
premium glossy paper at 20 – 50 printing cycles, and c) Whatman filter paper 

grade 3 printing repeats at 50 printing cycles. 

   As shown on Figure 4.3, the printing on filter papers is more accurate and 

precise with no spreading of the solvent outside the designated area, especially on 

Whatman filter paper grade 3. A much darker shade is obtained on Whatman filter 

paper grade 3 (Figure 4.3c) than on Whatman filter paper grade 1 (Figure 4.3a) 

and glossy photo paper (Figure 4.3b), at equivalent printing cycles, indicating 
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more CNTs deposition on the substrate surface. The printing on the glossy photo 

paper (Figure 4.3b) is less accurate where the spreading of the formulated CNTs 

ink can be seen.  

   Figure 4.3a and c highlight the difference in CNTs deposition regardless of the 

same porosity. Denser CNTs deposition can be seen on Whatman filter paper 

grade 3, with less solvent spreading. This is an indication that the thickness of the 

paper substrate influences the printing efficiency.   

 SEM Characterisation  

4.3.3.1 Fabricated CNTs Electrode Sensors 

   Figure 4.4 shows the fabricated CNTs electrode sensor on Whatman filter paper 

grade 1. The fabricated CNTs electrode sensor shows high CNTs deposition 

throughout the designated area with similar accuracy as on Whatman filter paper 

grade 1 (section 3.3.2.2.2, Chapter 3).   

   Figure 4.5 shows the SEM top-view morphology of the fabricated CNTs 

electrode sensors on Whatman filter paper grade 1 (Figure 4.5a), 3 (Figure 4.5b) 

and glossy photo paper (Figure 4.5c). This is to observe the CNTs distribution on 

the paper substrates. Figure 4.6 shows the SEM image of untreated Whatman 

filter paper (Figure 4.6a) and glossy photo paper (Figure 4.6b).   

Figure 4.4: Fabricated CNTs electrode sensor on Whatman filter paper grade 3 
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Figure 4.5: SEM top-view images of fabricated CNTs electrode sensors on a) 

Whatman filter paper grade 1, b) Whatman filter paper grade 3, and c) glossy 
photo paper 

   Figure 4.5 shows densely packed CNTs distribution on all paper substrates, with 

high connectivity. Similar CNTs distribution can be seen on Whatman filter paper 

grade 1 (Figure 4.5a) and 3 (Figure 4.5b) at approximately 105 ± 5.9 CNTs/µm2 

and 117.4 ± 4.6 CNT/µm2, respectively. However, visually, as the printing continues, 

the spreading of the printed ink was observed on Whatman filter paper grade 1, 

which reduces the accuracy of the printing. Thus, a thicker paper substrate 

reduces the ink distribution spreading sideway. 

   Figure 4.5c shows a completely different CNTs distribution on glossy photo 

paper. CNTs remain on the surface of the paper substrate with high connectivity, 

especially across certain areas of the paper substrate. The number of CNTs 

deposition is approximately 90.5 ± 2.8 CNT/µm2. This is due to the flow of the 

deposited CNTs ink towards the cracks. It is believed that this would be beneficial 

as the cracks can manually be created to control the arrangement of the CNTs. 
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4.3.3.2 Untreated Paper Substrates 

Figure 4.6: SEM top-view morphology of a) Whatman filter paper grade 3, and b) 
glossy photo paper 

   Figure 4.6 confirms the difference in surface morphology of Whatman filter 

paper and glossy photopaper, which affects CNTs distribution on each paper 

substrate. Whatman filter paper, Figure 4.6a, shows high porosity with random 

arrangement, explaining the behaviour of CNTs ink penetration in random 

orientations. While glossy photo paper, Figure 4.6b, shows a completely different 

surface characteristic, where the substrate shows a much smoother surface 

texture with some cracks. The cracks on the substrate surface explain the CNTs 

ink flow towards the cracks, causing certain areas to be more concentrated by the 

CNTs ink. 

 Resistance Measurement 

   Figure 4.7 shows the resistance of fabricated CNTs electrode sensor on 

Whatman filter paper grades 1 and 3 and glossy photo paper, with respect to the 

length between probes. The resistance gradually increases as the length between 

probes increases, theoretically expected, for all paper substrates. The relationship 

between the resistance and these variables is shown in Equation 5.  

𝑅 =  𝜌 
𝑙

𝐴
  (Equation 5) 

 

R = Resistance (ohm) 

ρ = Specific resistivity (ohm  m) 

l = Length (m) 

A = Cross-sectional area (m2) 
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   As shown on Figure 4.7, CNTs electrode sensor on Whatman filter paper grades 

1 and 3 shows similar resistance as the length between probes increases, with a 

specific resistivity of approximately 1.78 ± 0.11 kΩm and 2.85 ± 0.30 kΩm, 

respectively. Therefore, these two paper substrates are likely to provide similar 

sensing performance. However, in the case of glossy photo paper, much higher 

specific resistivity was measured, at approximately 8.60 ± 2.50 kΩm.  

Figure 4.7: Resistance measurement of the fabricated CNTs electrode sensors on 
Whatman filter paper grade 1 and 3, and glossy photo paper 

   It can be concluded that Whatman filter paper would be more compatible for 

CNTs electrode sensors fabrication as it provides lower specific resistivity than 

glossy photo paper. However, due to the previous challenges on filter paper 

thickness and electrode sensor fabrication efficiency of Whatman filter paper 

grade 1, Whatman filter paper grade 3 would be more compatible for electrode 

sensors fabrication.  

 XPS Characterisation 

4.3.5.1 Untreated Whatman Filter Paper Grades 1 and 3 

   Figure 4.8 shows the wide spectra and C1s spectra of Whatman filter paper 

grade 1 (Figure 4.8a) and 3 (Figure 4.8b). The intensities of the BE are used to 

y = 1.78x + 36.50
R² = 0.77

y = 2.85x +29.5
R² = 0.92

y = 8.60x +13.19
R² = 0.88

0

20

40

60

80

100

120

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

R
es

is
ta

n
ce

 (
k

Ω
)

Length between probes (mm)

Resistance Measurement of Fabricated CNTs Electrode Sensors

Whatman filter paper grade 1

Whatman filter paper grade 3

Glossy photo paper



Chapter 4: Paper-based Electrode Sensors and Paper Substrates Comparison 

Saruta Deeprasert - October 2022 73 

calculate the atomic percentages (%) of each element, as summarised in Table 4.1 

and Table 4.2. 

   Whatman filter paper grades 1 (Figure 4.8ai) and 3 (Figure 4.8bii) show a 

similar composition of C and O contents at 64.4 % C and 35.6 % O, and 63.6% C 

and 36.4% O, respectively, as stated in Table 4.1. These values are in agreement 

with other studies, which state that the filter paper comprises over 98% cellulose, 

with approximately 60.4% carbon and 39.6% oxygen 199,200. The C1s spectra of 

Whatman filter paper grades 1 (Figure 4.8aii) and 3 (Figure 4.8bii) compose of 

9.4 % C-C/H, 73.0 % C-O and 17.6% O-C-O for Whatman filter paper grade 1, and 

10.9% C-C/H, 70.1% C-O and 19.0% O-C-O for Whatman filter paper grade 3, at 

285.0 eV, 286.8 eV, and 288.2 eV, respectively (Table 4.2). The C-C/H peak is a 

sign of possible contamination that may arise during sample handling. However, 

it is not significant for CNTs electrode sensors fabrication. 

Figure 4.8: i) Wide spectra and ii) C1s spectra of untreated a) Whatman filter 
paper grade 1, and b) Whatman filter paper grade 3 
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Table 4.1: Atomic percentages of untreated Whatman filter paper grade 1 and 3 

 

 
  
Table 4.2: Percent composition of untreated Whatman filter paper grade 1 and 3  

 

 

 

   Compare the wide signal of Whatman filter paper grades 1 and 3 (Figure 4.8) to 

glossy photo paper (Appendix B); the wide spectra show differences in surface 

chemistry of the paper substrates. The glossy photo paper composes of 12.9 % C, 

68.1 % O, 0.6 % N, and 18.4 % Si, which likely makes the surface characteristic 

more hydrophobic than filter paper, that mainly contains cellulose. This explains 

why the CNTs ink deposition is not as efficient as on the filter paper. 

 ASV Analysis 

   To observe the sensing performance, the fabricated CNTs electrode sensors on 

Whatman filter paper grade 3 were used as a WE to detect Cu2+ using ASV analysis. 

Figure 4.9 and Figure 4.10 shows ASV analysis of Cu in acetate using fabricated 

CNTs electrode sensors on Whatman filter paper grade 3, at 5 sec and 10 sec to 

120 sec (10 sec intervals) (Figure 4.10), and 5 sec deposition time, repeatedly for 

3 times (Figure 4.10). Refer to Appendix B for standard ASV analysis using 

commercial WE. 

 

 C 1s O 1s 
Whatman filter paper grade 1 64.4 % 35.6 % 
Whatman filter paper grade 3 63.6 % 36.4 % 

 C-C/H C-O O-C-O 
BE (eV) 285.0 286.8 288.2 

Whatman filter paper grade 1 9.4 % 73.0 % 17.6 % 
Whatman filter paper grade 3 10.9 % 70.1 % 19.0 % 
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Figure 4.9: ASV analysis of fabricated CNTs electrode sensors on Whatman filter 

paper grade 3 at 5 sec to 60 sec deposition time (condition: 10 ppm Cu in 
acetate) 

Figure 4.10: ASV analysis of fabricated CNTs electrode sensors on Whatman filter 
paper grade 3 at 5 sec deposition time (condition: 10 ppm Cu in acetate) 
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   As shown in Figure 4.9, a clear peak can be seen only at 5 sec deposition time 

while other measurements, at different deposition times, remain low. It is likely 

that the fabricated CNTs electrode sensors are suitable for single use only. To 

confirm this statement, Figure 4.10 shows the multiple ASV analysis at 5 sec 

deposition time, where only the first measurement shows a clear peak while the 

rest remained low. This confirms that the fabricated electrode sensors may 

suffered from poor durability and stability due to aqueous absorption and 

degradation. Therefore, further studies are required to overcome these challenges. 

 
  



Chapter 4: Paper-based Electrode Sensors and Paper Substrates Comparison 

Saruta Deeprasert - October 2022 77 

4.4 Conclusion 

   Different paper substrates, including Whatman filter paper grades 1 and 3, matte 

photo paper, and glossy photo paper, were studied to identify the most compatible 

paper substrate for CNTs ink deposition and electrode sensor fabrication using an 

inkjet printer. Visual observation, SEM, resistance measurement, XPS, and ASV 

analysis were utilised to assess the paper substrates compatibility.  

   Visually, matte photo paper showed hydrophobic surface characteristics 

towards CNTs ink, indicating incompatible behaviour with the water-based CNTs 

ink. While the CNTs ink penetrates through Whatman filter paper, leaving the 

CNTs on the material surface, showing high compatibility with the CNTs ink. 

Similar to glossy photo paper, the CNTs ink solvent partially penetrates the paper 

substrate at a slower rate. 

   SEM images showed high CNTs connectivity and distribution on the substrate 

surface for both Whatman filter papers and glossy photo paper, but in a different 

arrangement. In the case of Whatman filter paper, the CNTs deposited throughout 

the material surface homogeneously. Whereas on glossy photo paper, the CNTs 

are more concentrated on certain areas, especially at the cracks on the surface. 

The SEM images of bare substrates were characterised, confirming such 

behaviours are due to the surface characteristics where the filter paper is porous 

while glossy photo paper is smoother but contains cracks. Quantitatively, there 

are more CNTs deposition on Whatman filter paper (105 ± 5.9 CNTs/µm2 and 

117.4 ± 4.6 CNT/µm2 for grades 1 and 3) than on glossy photo paper (90.5 ± 2.8 

CNT/µm2). Resistance measurement of the fabricated CNTs electrode sensors 

shows lower specific resistivity on filter paper at 1.78 ± 0.11 kΩm for Whatman 

filter paper grade 1 and 2.85 ± 0.30 kΩm for Whatman filter paper grades 3 than 

glossy photo paper (8.60 ± 2.50 kΩm).  

   XPS showed the composition of Whatman filter paper and glossy photo paper. 

Whatman filter paper composes mainly of cellulose with a composition of 64.4 % 

C and 35.6 % O (grade 1), and 63.6% C and 36.4% O (grade 3); therefore, the 

substrate is hydrophilic by nature and is more compatible with CNTs ink. While 
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glossy photo paper contains multiple components, including Si, C, N, and O 

content. This likely induces the hydrophobicity of the substrate surface; therefore, 

it interacts with the CNTs ink differently.   

   ASV analysis for Cu2+ detection using fabricated CNTs electrode sensors on 

Whatman filter paper was conducted to observe the detection performance. The 

electrode sensor suffered from poor durability and stability due to aqueous 

absorption and degradation as it is appropriate for single use only. Therefore, the 

next chapter will examine possible techniques to enhance the paper substrate’s 

durability and stability.  
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5 Plasma Polymerisation on 

Filter Paper to Enhance 

Electrode Sensor 

Performance and Stability 

Using PFC and AA 

   As shown in Chapter 4, the CNTs-based electrode sensor fabricated on a 

Whatman filter paper grade 3 suffered from poor durability and stability due to 

water absorption and filter paper degradation, making the electrode 

inappropriate for multiple uses. Therefore, the technique of PP will be utilised to 

overcome this issue, as discussed in this chapter.  

5.1 Introduction 

   PP is a process wherein a plasma source is used to generate a gas discharge, 

which can polymerise a monomer (gas or liquid) onto the material surface to form 

thin films 153. The main advantage of using PP is its ability to modify the surface 

characteristics of a substrate without modifying the bulk properties. PP is highly 

suitable as it is a clean, dry and solvent-free process that can coat a variety of 

shapes/geometries, including fibres and membranes. (Refer to Chapter 2 for more 

details) 

   The methodology utilised to improve the performance and stability of CNTs-

based electrode sensors on filter paper using PP has been summarised in Figure 

5.1. 
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Figure 5.1: PP process of PFC and AA on Whatman filter paper grade 3 

   The first step was to improve the hydrophobic properties and stop water ingress 

into the Whatman filter paper to overcome the degradation in an aqueous 

environment. This was achieved by coating the filter paper with PFC via PP 

(Figure 5.2a). The PFC used in this work composes of fluorocarbon, where all 

hydrogens of a cyclobutane are replaced by fluorine (F). Fluorocarbons have been 

widely used to introduce hydrophobic properties to the material surface 201.    The 

second step was to induce hydrophilicity to the surface of PFC-coated filter paper 

for the water-based CNTs ink to be printed/deposited on the filter paper. To 

achieve this, AA (Figure 5.2b) was deposited onto the filter paper using PP.    The 

advantage of using PP is that you can layer distinctly different chemistries. It 

would not be possible, for example, to cast a polymer AA on fluoropolymer from a 

solvent. 
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Figure 5.2: Structure of a) PFC and b) AA. 

   To assess the change in surface properties of plasma-treated Whatman filter 

paper, a range of analytical techniques were utilised: 

1. Contact angle (CA) measurement (section 5.2.4.5.1) 

2. XPS characterisation (section 5.2.4.5.2) 

3. SEM characterisation (section 5.2.4.5.3) 

4. Resistance measurement (section 5.2.4.5.4)  
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5.2 Experimental and Method 

 Material and Equipment 

   AA was purchased from Merck (CAS no.: 79-10-7). PFC was purchased from 

Apollo Scientific (CAS no.: 115-25-3). Whatman filter paper grade 3 was purchased 

from Sigma-Aldrich (CAS no.: 1003-917). The formulation of CNTs ink can be 

found in Chapter 3. The camera (40 – 1000x magnification) for the CA 

measurement was purchased from Juision Ltd. XPS was from Kratos Analytical, 

and SEM was from JEOL Ltd. 

 Plasma Polymerisation 

   The plasma reactor (Figure 5.3) was custom built using a glass barrel (500 mm 

length, 100 mm diameter) from De Dietrich Process Systems Ltd, Stafford, UK 

(part number 2PL10050330N000). The glass barrel was clamped between two 

custom-built stainless-steel plates, which served as two ground electrodes and 

attached to a bespoke stand with an integrated Faraday cage. Different monomers 

used separate glass barrels to avoid any contamination. The glass barrel also acted 

as a holder for the substrate (Whatman filter paper or silicon wafer (Si) wafer).   

Figure 5.3: Plasma reactor 

   The vacuum system was maintained using an Edwards RV3 rotary vane pump 

(base pressure: 2 x 10-3 mbar). The pressure within the system was monitored by 

mbar 
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Thermovac TTR 96N SC Pirani gauge and Display One Controller (Leybold UK Ltd, 

UK). An in-line liquid nitrogen cold trap was installed to enhance the system base 

pressure and prevent monomer vapours from reaching the rotary pump. Plasma 

was ignited using a RFG-C-100-13 power generator and automatic matching 

network (Coaxial Power System Ltd, Eastbourne, UK), operated at a frequency of 

13.56MHz, connected to a 1 cm thick copper wire (Tranect Ltd, Liverpool, UK) 

wrapped around the glass barrel, three times. 

   For compressed gas monomers like PFC, the gas cylinder was connected to the 

glass barrel using a needle valve (Chell Instruments Ltd, North Walsham, UK). 

While for liquid monomer solutions like AA, a 5 mL aliquot of the monomer 

solution was added in a 50 mL round bottom flask (Scientific Laboratory Supplies 

Ltd, Z-10068) and connected to the barrel via a needle valve. Freeze-pump thaw 

degassing was carried out using liquid nitrogen.   

Refer to Chapter 2 for full details on plasma polymerisation.  

 CA Measurement 

   A custom-built system was constructed to obtain the CA measurement. The 

system consists of a camera (Jiusion 40 – 1000x magnification digital microscope), 

light and support, connected to the laptop, as shown in Figure 5.4. Refer to 

Chapter 2 for full details on the CA measurement principle.  

 
Figure 5.4: CA measurement system 

.  
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 Methodology 

5.2.4.1 PP on Whatman Filter Paper Grade 3 and Si Wafer (PFC and AA 
Coating) 

   Prior to initiating the PP process, the glass barrel was thoroughly cleaned using 

isopropyl alcohol, acetone, and DI water to remove excess chemical residues. Prior 

to polymerisation using PFC and AA, an air plasma was operated at 60 W, 2x10-1 

mbar for 10 min, to decontaminate the barrel. It should be noted that the different 

glass barrels and needle valves were used for each type of monomer to minimise 

potential cross-contamination. 

5.2.4.2 PFC Plasma Coating 

   The glass barrel was pre-conditioned with PFC at 20 W, 2x10-1 mbar for 10 min. 

The filter paper/ Si wafer was placed inside the glass barrel, and a plasma polymer 

coating of PFC coating was conducted at 20 W, 2x10-1 mbar for 10 min.  

5.2.4.3 AA Plasma Coating 

   Plasma polymer coating of AA was pre-conditioned under the following plasma 

operational parameters:  

• 5 W, 2x10-1 mbar for 10, 15, 20 min 

• 10 W, 2x10-1 mbar for 10, 15, 20 min 

• 50 W, 2x10-1 mbar for 10, 15, 20 min 

   AA plasma polymerisation was performed on PFC-coated and untreated 

substrates, as per the parameters aforementioned. 

5.2.4.4 CNT Inkjet Printing  

    The CNTs ink was printed on the AA-PFC filter paper using an Inkjet printer 

(CANON PIXMA TS205) for 50 printing cycles. After each cycle, the printing was 

left to dry for 2-3 minutes before the next printing.  
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5.2.4.5 Surface Characterisation 

5.2.4.5.1 CA Measurement 

   10 µL of the aqueous solution (DI water and CNTs) was aliquoted using a pipette 

on the substrate (PFC-coated filter paper, AA-coated filter paper and AA-PFC filter 

paper). A photograph was taken using the camera, followed by measuring the CA 

between the substrate and DI water/CNTs ink using ImageJ software. Six CA 

measurements for each condition were conducted, and a standard error of the 

mean was calculated.  

5.2.4.5.2 XPS Characterisation 

   The samples were attached onto XPS sample bars using clips. Survey (wide-scan 

spectra) and core line C1s, O1s and F1s spectra were recorded at pass energies of 

160 eV and 20 eV for 160.00 sec and 120.00 sec, respectively. Samples were 

measured using a large area acquisition of 700 x 300 µm, an emission angle of 0° 

relative to the surface normal, and a power of 225 W (15 kV x 15 mA) using a 

monochromated Al Kα source. Three scans were performed for each sample per 

spectrum. The data were analysed using CasaXPS (ver.2.3.22PR 1.0, Casa Software 

Ltd). All spectra were calibrated by offsetting the BE according to the C-C chemical 

state of the C1s spectrum (285.0 eV). Peak fitting for core-line spectra was 

performed using expected chemical shifts from the literature 185,191. (Refer to 

section 3.2.2, Chapter 3 for full details) 

5.2.4.5.3 SEM Characterisation 

   Untreated filter paper, PFC-coated filter paper, or AA-PFC filter paper was cut 

into 1 cm x 1cm pieces. The substrate morphology and cross-section were 

characterized at 1000x magnification (for surface morphology) and 250x 

magnification (for cross-section). ImageJ software was used to measure the filter 

paper thickness, and a standard of the mean was calculated. 

5.2.4.5.4 Resistance Measurement 

   The fabricated CNTs electrode sensor on AA-PFC filter paper resistance was 

measured at 1 mm – 20 mm (1 mm interval) length between 2. Three 
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measurements were conducted for each interval, and a standard of the mean was 

calculated. 
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5.3 Results and Discussion 

 Interaction Between Plasma Coated Filter Paper and Water 
Solution 

   Figure 5.5 shows the surface properties of plasma-polymerised filter paper in 

an aqueous environment (water solution). Untreated filter paper (Figure 5.5a), 

PFC-coated filter paper (Figure 5.5b), and AA-PFC filter paper (Figure 5.5c) were 

dropped in a beaker with DI water. Figure 5.5d shows the water droplets at five 

different spots on PFC-coated filter paper. At the same time, PFC-coated filter 

paper was left in the water solution for one month (Figure 5.5e). 

Figure 5.5: a) untreated filter paper, b) PFC-coated filter paper (20 W, 2x10-1 
mbar for 10 min), c) AA-PFC filter paper (50 W, 2x10-1 mbar for 10 min) dropped 

in water solution, d) water dropped on PFC-coated filter paper, and e) PFC-
coated filter paper in water solution after one month 

   As shown in Figure 5.5a, the untreated filter paper sunk to the bottom of the 

beaker, confirming the hydrophilic nature of the filter paper. This can be credited 

to the water absorbed by filter paper composed of cellulose. Figure 5.5b shows 

the PFC-coated filter paper floating on top of the water surface, indicating the 
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hydrophobic properties induced by plasma coating on the filter paper. To confirm 

this, water was aliquoted on five different spots (four corners and in the middle) 

of PFC-coated filter paper, as shown in Figure 5.5d. It can be seen that water does 

not absorb into the PFC-coated filter paper in all five spots. This also highlights the 

uniform and homogenous coating achieved after PP. To assess the durability of the 

PFC-coating, PFC-coated filter paper was left in the water beaker for a month. 

Figure 5.5e shows the hydrophobic nature of PFC-coated filter paper remained 

unchanged after a month, highlighting the potential of PP to achieve a durable and 

highly- stable PFC coating on the filter paper.  

   Figure 5.5c shows that the AA-PFC filter paper was also floating on water but 

slightly submerged. This indicates that the filter paper does not absorb water and 

the durability of the PFC coating. Whether the AA layer is still present or soluble 

in the DI water cannot be determined.  

 CA Measurement 

5.3.2.1 PFC Coating 

   Figure 5.6 shows the CA of untreated filter paper and PFC-coated filter paper 

with DI water and CNTs ink. As shown in Figure 5.6a, the untreated filter paper 

absorbed the DI water (Figure 5.6ai) and the CNTs ink (Figure 5.6aii) 

completely, resulting in a 0° CA. After PFC coating (Figure 5.6b), the CA increases 

to 120.59° ± 2.67 and 104.67° ± 1.24 for DI water (Figure 5.6bi) and CNTs ink 

(Figure 5.6bii), respectively. The photographs show droplet formation, thus 

confirming the presence of PFC coating on the filter paper at a reasonable 

thickness and preventing any water absorption. The CA with DI water was higher 

than that of CNTs ink. This difference can be credited to the lower surface tension 

of CNTs ink than DI water (Appendix C). 
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Figure 5.6: CA measurement of a) untreated filter paper and b) PFC coated filter 
paper (coating condition: 20 W, 2x10-1 mbar for 10 min) with i) DI water and ii) 

CNTs ink. 

   To understand how the roughness of the filter paper was affecting CAs, PP was 

performed on a Si wafer substrate. Figure 5.7 shows the CA of the untreated 

silicon wafer and PFC-coated Si wafer with DI water/CNTs ink. The CA of an 

untreated Si wafer was 34.8° ± 1.24 with DI water (Figure 5.7ai) and 11.1° ± 4.54 

with CNTs ink (Figure 5.7aii). After PFC coating, the CA increased to 97.40° ± 5.12 

in the case of DI water (Figure 5.7bi) and 63.01 ° ± 1.61 in the case of CNTs ink 

(Figure 5.7bii). In comparing untreated (Figure 5.7a) with PFC-coated 

substrates (Figure 5.7b), it can be seen that the CA was higher for PFC-coated 

substrates. This highlights the plasma coating of PFC increases the hydrophobicity 

of both filter paper and Si wafer. 
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Figure 5.7: CA measurement of a) untreated Si wafer and b) PFC coated Si wafer 
(coating condition: 20 W, 2x10-1 mbar for 10 min) with i) DI water and ii) CNTs 

ink. 

   In a comparison of Figures 5.10bii and 5.11bii, it can be concluded that CNTs 

ink CA is lower than DI water for both filter paper and Si wafer due to lower 

surface tension. At the same time, there are lower CAs on filter paper than on Si 

wafer (DI water and CNTs ink) because of surface roughness. Since the filter paper 

is rough, more air is trapped in the material, causing higher water repellence and 

higher CA. These results confirm that the properties of a substrate (such as surface 

roughness) influence the quality (or extent) of hydrophobicity induced by PP.  

5.3.2.2 AA Coating 

   Table 5.1 summarises the CA of AA-coated filter paper and AA-coated silicon 

wafer, with DI water and CNTs ink, at different power discharges (5 W and 50 W). 

As shown in the table, the CA of untreated and AA-coated filter paper at both 

power discharges was 0.00°. This is expected as AA does not impart the same 

hydrophobic property of PFC as discussed previously in section 5.3.2.1. Further, 

AA coating may not provide a barrier layer that prevents the absorption of water 
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into the filter paper. As discussed later, the AA coating will be soluble in DI water 

and CNTs ink.  

   In the case of the Si wafer, the untreated Si wafer had a CA of 19.14 ° ± 1.77 and 

11.1° ± 4.54 with DI water and CNTs ink, respectively. Upon PP, CA of AA-coated 

silicon wafer with DI water was 34.8° ± 1.24 and 55.44 ° ± 1.68, and with CNTs ink 

was 17.85° ± 1.68, and 25.36 ° ± 4.35 at 5W, and 50W, respectively. The DI water/ 

CNTs ink CAs on the Si wafer were significantly higher than that on filter paper, 

for both untreated and plasma-coated. This can be credited to the solid nature of 

the Si (i.e., no absorptive capacity).  

   The surface smoothness of the Si wafer allows further exploration of changes in 

CA. Unlike AA-filter paper, the AA-Si wafer showed an increase in CA with plasma 

coating and an increase in CA with an increase in the power in the plasma 

discharge. These results also indicate that the AA coating provides a contiguous 

coating and that whilst they may be partially soluble in DI water and CNTs ink, 

they are not entirely soluble. An increase in CA with AA -plasma coating indicates 

that at least some (if not all) coating is not soluble in DI and CNT ink. The increase 

in CA from 5w to 50W indicates that the latter is a more hydrophobic coating.   

Table 5.1: CAs between DI water/CNTs ink and AA-coated substrates (filter paper 
and Si wafer) at 5 W and 50 W for 10 min 

CA measurement DI water CNTs ink 

Untreated filter paper 0.00 ° 0.00 ° 
5 W AA-filter paper 0.00 ° 0.00 ° 

50 W AA-filter paper 0.00 ° 0.00 ° 
Untreated Si wafer 19.14° ± 1.77 11.1° ± 4.54 

5 W AA-Si wafer 34.8° ± 1.24 17.85° ± 1.68 
50 W AA-Si wafer 55.44° ± 1.68 25.36° ± 4.35 

5.3.2.3 AA-PFC Coating 

   Table 5.2 summarises the CA of AA-coated filter paper and AA-PFC silicon wafer, 

with DI water and CNTs ink, at different power discharges (5 W and 50 W). Putting 

AA on PFC substrates lowers the CA, which is the objective to increase printability. 

As discussed previously in section 5.3.2.1, there is no water ingress into the filter 

paper after PFC-coating. 
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Table 5.2: CAs between DI water/CNTs ink and AA-PFC substrates (filter paper 
and Si wafer) at 5 W and 50 W for 10 min 

 

 

 

   As shown in Table 5.2, the CA decreases upon AA-coating on both substrates 

(filter paper and Si wafer). In the case of DI water for 5 W and 50 W AA-PFC filter 

papers, the CA decreases from 120.59° ± 2.67 (PFC-coated filter paper) to 66.59° 

± 8.04 (5W) and 83.77° ± 5.0 (50 W). The same trend applied to CNTs ink, where 

the CA decreases from 104.67° ± 1.24 (PFC-coated filter paper) to 41.45° ± 3.36 (5 

W) and 42.32° ± 1.62 (50 W). The CA increases from 5 W to 50W for DI water, 

while there is no change in CNTs ink CA. In comparing AA-PFC filter paper with 

AA-PFC Si wafer, and AA-PFC Si wafer, Table 5.2 shows the success of reducing 

CA for both DI water and CNTs ink. The CA decreases from 97.40° ± 5.12 (PFC-

coated Si wafer) to 33.7 °± 3.65 and 45.0° ± 4.10 with DI water and from 63.01 ° ± 

1.61 to 6.0° ± 0.76 and 23.1° ± 3.11 with CNTs ink for 5 W and 10 W AA-PFC Si 

wafers, respectively. The results on Si wafer for plasma power are consistent that 

higher power (50 W) furbishes a more hydrophobic contacting.  

   Without further data on the AA-PFC Si wafer on the coatings and interaction with 

DI water and CNTs ink, it is very challenging to draw a further conclusion on what 

may be behind these effects. In section 5.3.4, surface analysis is undertaken to 

provide further insight into these wetting experiments. It can be concluded that 

regardless of the difference in CA, the trend observed from both AA-PFC 

substrates shows the success of AA coating, especially at 5 W, as the lowest CA 

were observed. 

  SEM Characterization 

    As previously stated, the aim of PP is to modify the surface properties of the 

substrate without interfering with the bulk properties such as morphology. 

Therefore, the morphology of the substrate (filter paper) was assessed using the 

technique of SEM (Figure 5.8). Figure 5.8 shows the morphology of the top view 

CA measurement DI water CNTs ink 

5 W AA-PFC filter paper 66.59° ± 8.04 41.45° ± 3.36 
50 W AA-PFC filter paper 83.77° ± 5.0 42.32° ± 1.62 

5 W AA-PFC Si wafer 33.7° ± 3.65 6.0° ± 0.76 
50 W AA-PFC Si wafer 45.0° ± 4.10 23.1° ± 3.11 
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(a,c,f) and cross-section view (b,d,e) of untreated, PFC-coated and AA-PFC filter 

paper, respectively.  

   Comparing Figure 5.8a with Figures 5.8c and e, it can be seen that PFC and AA 

coating does not change the top morphology of the filter paper. Similarly, in the 

case of cross-section, the thickness of the filter paper remained within the same 

range at 250.39 ± 1.13 µm, 247.85 ± 2.59 µm and 247.25 ± 3.01 µm for untreated 

(Figure 5.8b), PFC-coated (Figure 5.8d), and AA-PFC (Figure 5.8f) filter paper, 

respectively. This indicates that PP does not change the bulk characteristic but 

only the material’s surface properties.  
 

Figure 5.8: SEM images of untreated filter paper a) top view and b) cross-section, 
PFC-coated filter paper c) top view and d) cross-section and AA-PFC filter paper 

e) top view and f) cross-section 

 XPS Characterization 

  The behaviour seen in section 5.3.2 on CA (DI water/ CNTs ink) is difficult to 

reconcile without further data on the plasma coating. To analyse the changes in 

the surface chemistry of the substrate after the PP technique, XPS characterisation 

was performed on PFC-coated (section 5.3.4.1), AA-PFC-coated (section 5.3.4.2), 

and CNT-printed on AA-PFC filter paper (section 5.3.4.3), as discussed below. 

(Refer to Section 4.3.5.1, Chapter 4, for untreated filter paper and Appendix C for 

untreated Si wafer XPS data) 



The Fabrication of Paper-based Multi-walled Carbon Nanotubes Electrode Sensors Using Inkjet 
Printer 

94  Saruta Deeprasert - October 2022  

W
or

d
 T

em
p

la
te

 b
y 

Fr
ie

d
m

an
 &

 M
or

ga
n

 2
0

1
4

 

5.3.4.1 Comparison between PFC-Coated Filter Paper and Si Wafer 

   Figure 5.9 and Figure 5.10 shows the wide spectra and C1s spectra of PFC-

coated filter paper and PFC-coated Si wafer, respectively. The spectra consist of 

counts per second (cps) against the specific BE of the atom. The intensities of the 

BE are used to calculate the atomic percentages (%) of each element, as 

summarised in Tables 5.3 - 5.6.  

Figure 5.9: a) wide spectra and b) C1s spectra of PFC-coated filter paper at 20W 
for 10 min, 2 x 10-1 mbar 

Figure 5.10: a) wide spectra and b) C1s spectra of PFC-coated Si wafer at 20W for 
10 min, 2 x 10-1 mbar 

   As shown in the wide spectra of PFC-coated filter paper (Figure 5.9a), PP using 

PFC introduces a peak for F at 686.00 eV. This confirmed that PFC is successfully 

coated onto the filter paper. In comparing Figure 5.9 with untreated filter paper 

(section 4.3.5, Chapter 4), the results highlight the lack of O content and the 

changes in C1s spectra with the F signal upon PFC-coating. This indicates that the 

PFC coating layer is thicker than the XPS sampling depth. 

   The overall composition was calculated (Table 5.3) as 54.9 % F, 44.6 % C, and 

0.5 % O. Moreover, upon PFC-coating, the O composition reduced from 36.4 % on 

untreated filter paper (section 4.3.5.1, Chapter 4) to 0.5 %. The C1s spectra in 
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Figure 5.9b shows the presence of C-CFn, CF, CF-CFn, CF2 and CF3 on PFC-coated 

filter paper at BE of 287.7 eV, 289.0 eV, 291.0 eV and 293.1 eV and at a composition 

of 18.7%, 10.6%, 17.6%, 28.3% and 24.8% at, respectively (Table 5.5).  

   To further investigate how PP impacts different types of substrates with varying 

surface properties, XPS analysis was performed on a PFC-coated Si wafer (Figure 

5.10). The wide spectra (Figure 5.10a) shows F content being introduced on a 

PFC-coated Si wafer at 686.00 eV. The overall composition was 51.7 %, 47.2 %, 

and 1.0 % for F, C and O respectively (Table 5.4). In comparing Figure 5.10a and 

Table 5.4 to Figure 5.9a and Table 5.3, it can be observed that the F, C, and O 

composition of PFC-coated filter paper and PFC-coated Si wafer is very similar.  

   Figure 5.10b shows the C1s spectrum of the PFC-coated Si wafer. It can be seen 

that C-CFn, CF, CF-CFn, CF2 and CF3 were a presence on PFC-coated Si wafer at a 

composition of 17.3%, 10.6%, 15.2%, 31.6% and 25.5% (Table 5.6), which is 

similar to that of PFC layer on PFC-coated filter paper as summarised in Figure 

5.9b and Table 5.5. These data all confirm that with very similar chemistry, PFC 

has been successfully coated on two types of substrates using PP. 

   Comparison between AA-Coated Filter Paper and Si Wafer 

   Table 5.3 summarises the composition of AA-coated filter paper at 5 W and 50 

W power discharge. Overall, using corelines from the wide spectra, Table 5.3 

show higher C content than O for all discharge power. For the AA-coated filter 

paper, C content increased with the power discharge, whereas O content 

decreased when comparing 5 W to 50 W.  

   Table 5.4 summarises the composition of AA-coated Si wafer at 5 W and 50 W 

power discharge. C content also increased while O content decreased with power 

discharge.  

   Comparing Table 5.3 and 5.4, a similar trend was observed for both AA-coated 

filter paper and AA-coated Si wafer. Overall, AA-coated filter papers have higher C 

content and lower O content than AA-coated Si wafers. As shown in Table 5.3, C 

content increased from 78.7 % to 83.0 % in the case of 5 W and 50 W AA-coated 
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filter paper, respectively. Similarly, AA-coated Si wafer C content increased from 

74.0 % (5 W) to 81.6 % (50 W) (Table 5.4). The O content decreased as the power 

discharge increased, from 21.3 % to 17.0 % for AA-coated filter paper (Table 5.3) 

and 26.0 %, and 18.4 % for AA-coated Si wafer, at 5 W, and 50 W, respectively 

(Table 5.4). It can be concluded from Tables 5.3 and 5.4 that there is a slightly 

different in AA-coating on filter paper and Si wafer. The possible explanations are 

that the coatings are thinner than the XPS sampling depth, so particularly in the 

case of AA-coated filter paper, the filter paper can still be seen, or the substrates 

are having some effects on the surface chemistry of the deposit. 

Table 5.3: Atomic percentages of untreated filter paper, PFC-coated filter paper at 
20 W for 10 min and AA-coated filter paper at 5 W and 50 W for 10 min, 2 x 10-1 
mbar 

 

 

 

 
Table 5.4: Atomic percentages of PFC-coated Si wafer at 20 W for 10 min and AA-
coated silicon wafer at 5 W, and 50 W for 10 min, 2 x 10-1 mbar 

 

 

 

 

   Table 5.5 summarises the peak-fitting of the C1s spectra, providing chemical 

state composition for AA-coated filter paper at different power discharges (5 W 

and 50 W). While Table 5.6 summarises the C1s spectra of AA-coated Si wafer at 

different power discharges. On both filter paper and Si wafer, the presence of 

carboxylic acid (O-C=O/COOH) peak confirms AA deposition on both substrates.  

   As shown in Table 5.5, O-C=O was introduced onto the paper substrate at 12.0% 

and 5.5% at 289.0 eV for 5 W and 50 W, respectively. A similar trend was observed 

 C 1s O 1s F 1s 
Untreated filter paper 63.6 % 36.4 % - 

PFC-coated filter paper 44.6 % 0.5 % 54.9 % 
5 W AA-coated filter paper 78.7 % 21.3 % - 

50 W AA-coated filter paper 83.0 % 17.0 % - 

 C 1s O 1s F 1s Si 2p 
Untreated Si wafer 11.6 % 21.5 % - 66.9 % 

PFC-coated Si wafer 47.2 % 1.0 % 51.7 % - 
5 W AA-coated Si wafer 74.0 % 26.0 % - - 

50 W AA-coated Si wafer 81.6 % 18.4 % - - 
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on the AA-coated Si wafer, as shown in Table 5.6. O-C=O content decreased from 

17.1% at 5 W to 6.4% at 50 W AA-coated Si wafer (Table 5.6).  

   By comparing Table 5.5 and 5.6, it can be seen that, at any given power 

discharge, lower percentages of O-C=O were observed on filter paper than on Si 

wafer. This could result from the coating thickness (i.e., coating thickness is lower 

than the XPS sampling depth) or that the substrate properties influence the nature 

of plasma deposition. As discussed earlier, one possibility is that AA likely 

penetrates the filter paper; a potential consequence of this could be a thinner 

overall deposit on the filter paper (confirmed by the Si wafer). However, based on 

the data available, it is not possible to determine which of these possibilities 

applies.  

   Nevertheless, what is clear from these data is that 5 W provides greater O-C=O 

retention than 50 W, with a COOH composition of 12.0% for filter paper (Table 

5.5) and 17.1% for Si wafer (Table 5.6).  
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Table 5.5: Percent composition of untreated filter paper, PFC-coated filter paper at 20 W for 10 min and AA-coated filter paper at 5 W and 
50 W for 10 min, 2 x 10-1 mbar 

 
Table 5.6: Percent composition of PFC coated silicon wafer at 20 W for 10 min and AA-coated silicon wafer at 5 W, and 50 W for 10 min, 2 
x 10-1 mbar 

 

 C-C/H C-O C=O O-C-O O-C=O C-CFn CF CF-CFn CF2 CF3 
BE (eV) 285.0 286.8 287.7 288.2 289.0 286.5 287.7 289.0 291.0 293.1 

Untreated filter paper 10.9 % 70.1 % - 19.0 % - - - - - - 
PFC-coated filter paper - - - - - 18.7 % 10.6 % 17.6 % 28.3 % 24.8 % 

5 W AA-coated filter paper 70.2 % 12.0 % 5.8 % - 12.0 % - - - - - 
50 W AA-coated filter paper 73.1 % 13.7 % 7.7 % - 5.5 % - - - - - 

 C-C/H C-O C=O O-C=O C-CFn CF CF-CFn CF2 CF3 
BE (eV) 284.9 286.1 287.3 289.1 286.3 287.6 288.9 291.0 293.0 

PFC-coated Si wafer - - - - 17.3 % 10.6 % 15.2 % 31.6 % 25.5 % 
5 W AA-coated Si wafer 62.1 % 13.9 % 6.3 % 17.1 % - - - - - 

50 W AA-coated Si wafer 66.3 % 17.8 % 9.4 % 6.4 % - - - - - 
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5.3.4.2 AA-PFC Filter Paper 

Figure 5.11 shows the wide spectra (ai, and bi) and C1s spectra (aii, and bii) of 

5 W, and 50 W AA-PFC filter papers, respectively. This was conducted to optimise 

the PP condition and identify the plasma-polymerised substrate most appropriate 

for electrode sensors fabrication.  

Figure 5.11: i) wide spectra and ii) C1s spectra of AA-PFC coated filter paper at a) 
5 W, and b) 50 W for 10 min, 2 x 10-1 mbar 

   Figure 5.11 shows three major peaks: C, F and O in the case of all power as 

shown on the wide spectra. AA-PFC coated filter paper plasma-coated at 5 W, and 

50 W consist of 75.4 % C, 22.0 % O and 2.6 % F, and 73.2 % C, 17.7 % O and 9.1 % 

F, respectively (Table 5.7). Upon AA-coating, F content decreases, and O content 

increases at all coating conditions compared to PFC-coated filter paper (section 

5.3.4.1, Table 5.3), thus, confirming AA deposition, especially at 5 W. The AA 

coating imparts hydrophilic characteristics on the substrate surface for CNTs 

inkjet printing. 

   Figure 5.11 ai-bi also highlights that AA coatings do not mask all signals from 

the underlying PFC and the prominent increase in F content as the power 
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discharge increased from 5W to 50 W.  F content increased from 2.6 % (5 W) to 

9.1 % (50W). This is possibly due to a thinner AA-coating than the XPS sampling 

depth for 50 W AA-coating (and that XPS can see through the AA layer to the 

underlying PFC) or the sputtering of F from PFC in AA-plasma. Nevertheless, CA 

data shows a sufficiently hydrophilic substrate surface to print onto. 

Table 5.7: Atomic percentages of AA-PFC filter paper at 5 W, and 50 W for 10 min, 
2 x 10-1 mbar 

 

 

   Figures 5.11 aii and bii shows the C1s spectra of 5 W and 50 W of AA-PFC filter 

papers, and the functional group composition was calculated and summarised in 

Table 5.8. Table 5.8 shows a decrease in O-C=O (289.1 eV) composition as the 

power discharge increased, from 15.7% at 5 W to 6.3 % (combination of O-C=O 

and CF-CFn) at 50 W. Further, at 50 W, a signal from CF3 can be seen. This 

indicates that at 50 W, the AA-coating is either thinner than the XPS sampling 

depth, or there has been sputtering of PFC. 

   The XPS data help explain the CA behaviour of the plasma-polymerised filter 

paper since there is evidently a difference in AA-surface chemistry at 5 W and 50 

W. The lower CA at 5W fits with greater retention of O-C=O (or conversely, the 

greater level of F in the 50W). Either way, from these observations, it can be 

concluded that 5 W power discharge is more likely to be more compatible for CNTs 

printing due to the greater wettability of 5W AA deposition and likely higher 

propensity for H-bonding with the CNTs through the higher density of O-C=O. 

 C 1s O 1s F 1s 
5 W AA-PFC filter paper 75.4 % 22.0 % 2.6 % 

50 W AA-PFC filter paper 73.2 % 17.7 % 9.1 % 



Chapter 5: Plasma Polymerisation on Filter Paper to Enhance Electrode Sensor Performance and Stability Using PFC and AA 

Saruta Deeprasert - October 2022 101 

Table 5.8: Area percentages of acrylic acid coated on PFC filter paper at 5 W and 50 W for 10 min, 2 x 10-1 mbar 

 C-C/H C-O C-CFn C=O CF O-C=O CF-CFn CF2 CF3 
BE (eV) 285.0 286.5 287.5 289.1 291.3 293.5 

5 W AA-PFC filter paper 61.1 % 15.9 % - 7.3 % - 15.7 % - - - 
50 W AA-PFC filter paper 63.7 % 18.1 % 9.8 % 6.3 % 0.9 % 1.3 % 
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5.3.4.3 CNTs Electrode Sensors on AA-PFC Filter Paper 

Figure 5.12 shows the fabricated CNTs electrode sensors on untreated filter 

paper (Figure 5.12a), 5 W (Figure 5.12b), and 50 W (Figure 5.12c) AA-PFC filter 

paper. Figure 5.12a shows more CNTs deposition with higher accuracy and 

precision on untreated filter paper than on 5 W (Figure 5.12b) and 50 W (Figure 

5.12c) AA-PFC filter paper. It is possible that the surface chemistry of AA-PFC 

filter papers has an effect on the CNTs printing performance.  

   Such printing inconsistency in the CNT electrode may disrupt the electron 

pathway and conductivity, especially on 50 W AA-PFC filter papers. To assess this, 

the resistance measurements were performed, as discussed in section 5.3.4.3.2. 

Figure 5.12: CNTs printed on a) untreated filter paper, b) 5 W AA-PFC filter 
paper and c) 50 W AA-PFC filter paper (AA coating condition: 5 10 min, 2 x 10 -1 

mbar) 

5.3.4.3.1 XPS Characterisation of CNTs Electrode Sensor on AA-PFC Filter 
Paper 

Figure 5.13 shows the wide spectra of fabricated CNTs electrode sensors on 

untreated filter paper (Figure 5.13a), 5 W (Figure 5.13b), and 50 W (Figure 

5.13c) AA-PFC filter papers. Table 5.9 summarises the composition of CNTs ink 

on untreated filter paper and CNTs electrode sensor on untreated filter paper, 5 

W and 50 W AA-PFC filter papers. (Refer to section 3.3.1.3.3, Chapter 3, for a droplet 

of CNTs ink on untreated filter paper XPS data)p 
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Figure 5.13: Wide spectra of CNTs printed on a) untreated filter paper, b) 5 W, 
and c) 50 W AA-PFC filter paper, 10 min, 2 x 10 -1 mbar 

Table 5.9: Atomic percentages of CNTs ink droplet on untreated filter paper and 
fabricated CNTs electrode sensors on untreated filter paper, 5 W and 50 W AA-
PFC filter papers 

   Figure 5.13a shows the wide spectra of the CNTs electrode sensor on 5 W AA-

PFC filter paper with a composition of 75.8 % C, 10.6 % O, 11.5 % F, 1.5 % S and 

0.5 % Na, as summarised in Table 5.9. As shown in Figure 5.13b, the peaks for S 

and Na arise from SDS surfactant within the CNTs ink formulation. S and Na 

composition are higher on 5 W (1.5 % and 0.5 %) than on 50 W (0.7 % and 0.2 %) 

AA-PFC-coated filter paper, indicating more CNTs ink deposition at lower power 

discharge. However, the increase in F content on both substrates most likely 

 C 1s O 1s F 1s S 2p Na 1s 

CNTs ink droplet on untreated 
filter paper 

90.6 % 7.9 % - 0.9 % 0.7 % 

CNTs on untreated filter paper 65.4 % 33.8 % - 0.4 % 0.4 % 

CNTs on 5 W AA-PFC filter 
paper 

75.8 % 10.6 % 11.5 % 1.5 % 0.5 % 

CNTs on 50 W AA-PFC filter 
paper 

78.1 % 10.5 % 10.5 % 0.7 % 0.2 % 
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indicates that CNTs ink deposition dissolves the AA layer, causing the PFC layer to 

re-appear in the XPS. Despite this potential issue, the XPS data indicate that 

printing is likely to be more consistent on the 5 W AA-PFC filter paper than on 50 

W AA, as the XPS reveals more CNTs ink deposition.   

5.3.4.3.2 Resistance Measurement of CNTs Electrode Sensor on AA-PFC filter 
paper 

   Resistance measurement was conducted on fabricated CNTs electrode sensors 

on 5 W and 50 W AA-PFC filter papers; however, no signal can be measured on 50 

W AA-PFC filter papers. Figure 5.14 shows the resistance of the fabricated CNTs 

electrode sensors on untreated filter paper and 5 W AA-PFC filter papers with 

respect to the distance between the probes.  

Figure 5.14: Resistance measurement of CNTs printed on 5 W AA-PFC filter 
paper and untreated filter paper 

   As shown in Figure 5.14, the resistance gradually increases as the length 

between probes increases, theoretically expected, in the case of both untreated 

and AA-PFC filter paper. However, the specific resistivity of 5 W AA-PFC-coated 

filter paper (16.88 ± 3.85 kΩm) is higher than CNTs printing on the untreated 

substrate (2.85 ± 0.30 kΩm). This confirms that the CNTs electrode fabricated on 
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the plasma-coated filter paper is not as electrically conductive nor as accurate as 

the untreated filter paper. A further investigation is required to optimise the AA 

on PFC coating to improve CNTs deposition and printing accuracy. Different 

plasma will be investigated in the next chapter. 
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5.4 Conclusion  

   The technique of PP was utilised to coat PFC and AA on Whatman filter paper 

grade 3 to enhance the durability and stability of the CNT-based paper sensor in 

test sample solutions. Various analytical and characterisation techniques, 

including CA measurement, SEM, XPS and resistance measurements, were utilised 

to assess the effects of PP on the substrate.  

   After PFC coating, the CA increased from 0° to 120.59° ± 2.67 and 104.67 ° ± 1.24 

for DI water and CNTs ink, respectively. This confirmed that plasma-coated PFC 

could induce hydrophobic characteristics in the filter paper and prevent 

absorption into the filter paper. XPS characterisation showed an increase in F 

content and a decrease in O content, confirming that PFC introduces hydrophobic 

characteristics onto the paper surface and repels an aqueous solution. SEM images 

show similar top-view morphology, cross-section and thickness (247.85 ± 2.59) 

as untreated filter paper (250.39 ± 1.13 µm), thus indicating the potential of PP to 

improve/modify surface properties without affecting the bulk properties such as 

morphology and thickness.  

   To allow the fabrication of water-based CNTs ink on a hydrophobic PFC-coated 

filter paper, AA was plasma polymerised onto PFC-coated filter paper. 5 W and 50 

W power discharges at 10 min were tested to identify the most appropriate 

coating for CNTs ink printing. After AA coating, the CA reduced at all coating 

conditions, especially for the 5 W coating condition, where the CA reduced from 

120.59° ± 2.67 and 104.67 ° ± 1.24 to 66.59° ± 8.04 and 41.45° ± 3.36 for DI water 

and CNTs ink, respectively. The XPS spectra of AA-PFC filter paper showed an 

increase in O content and a decrease in F content, confirming the presence of AA 

coating. XPS also revealed that at low power discharge of 5W, more carboxylate 

groups were introduced onto the substrate surface than at higher power. 

Therefore, a 5W power discharge was selected for AA-coating on PFC and printing 

CNTs. The XPS spectra of fabricated CNTs electrode sensors on AA-PFC filter paper 

at 5W showed the presence of S and Na peaks, confirming the presence of CNTs. 

However, an increase in F content (from the PFC layer) was observed, indicating 
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that CNTs ink solubilises the AA layer and leads to uneven printing, which is the 

subject of future work. Nevertheless, the fabricated CNT-AA-PFA sensor was 

highly conductive with a specific resistivity of approximately 16.88 ± 0.99 kΩm.  

   It can be concluded that PFC and AA were successfully coated onto the filter 

paper. PFC enhanced the durability of the filter paper when immersed in DI water, 

lasting for up to a month, while the AA allows CNTs printing for electrode sensors 

fabrication. However, further studies and surface modification are required to 

improve the CNTs printing and electrode sensors fabrication efficiency. Therefore, 

the next chapter will examine other possible plasma polymers to compare the 

plasma coating efficiency and electrode sensors fabrication. 
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6 Plasma Polymerisation of 

AAm on PFC-Coated 

Filter Paper 

   As shown in Chapter 5, there were challenges in CNTs electrode sensors 

fabrication on AA-PFC-coated filter paper, including poor CNTs ink printability and 

the solubility of AA in CNTs ink. This is possibly due to the negative net charge of 

both the AA surface and the CNTs ink; therefore, PP of AAm are trialled in this 

chapter to overcome these challenges, with these PPs presenting amine/nitrogen 

functional groups. 

6.1 Introduction 

   AAm (C3H5NH2), Figure 6.1, an organic material, is a colourless to yellowish liquid 

202. The deposition of AAm can be seen visually through the colour changes on the 

paper substrate surface. AAm is a hydrophilic amine-functionalised polymer 203; the 

principle reason for trialling AAm is that it could potentially impart NH2 groups that 

would be available for protonation 204. The working hypothesis is that the CNTs 

printing will be improved by the provision of amine (NH2) groups. Therefore, it 

would be able to modify the PFC filter paper substrate surface and introduce 

hydrophilic characteristics to the substrate surface for CNTs printing and electrode 

sensor fabrication. 

Figure 6.1: Chemical structure of allylamine 202 
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   Due to several factors, this research chooses AAm as an alternative plasma coating 

material. First, AAm provides hydrophilic properties, through the introduction of 

nitrogen functionality e.g. amine groups, to the paper substrate surface 205. 

Therefore, through electrostatic interactions, the formulated CNTs ink should be 

printable onto the coated substrate. Second, plasma-coated AAm is mechanically 

and chemically stable in various aqueous solvents 166. As a result, CNTs ink should 

be able to be deposited onto the paper substrate without dissolving the AAm 

coating layer.  

   In this chapter, AAm will be coated onto PFC-coated Whatman filter paper grade 

3. The purpose of AAm coating is similar to what was conducted in Chapter 5. AAm 

coating on PFC filter paper will be compared with AA- PFC filter paper from Chapter 

5. This is to gain more understanding of different plasma coatings for CNTs printing 

performance and their compatibility with CNTs electrode sensors fabrication. Once 

the most appropriate plasma coating material is identified, a high durability and 

stability paper-based sensor can successfully be fabricated for further detection.  

   To assess the change in surface properties of AAm-treated filter paper, the 

following techniques were utilised:  

1. CA measurement (section 6.2.2.3.1) 

2. XPS characterisation (refer to section 6.2.2.3.2) 

3. Resistance measurement (refer to section 6.2.2.3.3) 
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6.2 Experimental and Method 

 Material and Equipment 

   AAm (purity ≥99%) (CAS no: 107-11-9) was purchased from Sigma-Aldrich. Other 

materials are the same as previously mentioned in section 5.2.1, Chapter 5. 

 Methodology 

6.2.2.1 PP on Whatman Filter Paper Grade 3 (PFC and AAm) 

   For PFC plasma coating, please refer to section 5.2.4.2, Chapter 5  

6.2.2.1.1    AAm Plasma Coating 

AAm was pre-conditioned under the following plasma operational parameters: 

• 5 W, 2x10-1 mbar for 10 min 

• 20 W, 2x10-1 mbar for 10 min 

   AAm plasma polymerisation was performed on PFC-coated and untreated 

substrates, as per the parameters above. 

6.2.2.2 CNTs Inkjet Printing 

    The CNTs ink was printed onto the AAm-PFC-coated filter paper for 50 printing 

cycles. After each cycle, the printing was left to dry for 2-3 minutes before the next 

printing.  

6.2.2.3 Coated Filter Paper and CNT Electrode Sensor Observation and 
Characterization 

6.2.2.3.1 CA Measurement 

   The CA between DI water and CNTs on AAm-PFC-coated filter paper under each 

plasma coating condition was measured. (Refer to section 5.2.3, Chapter 5 for 

details)  

6.2.2.3.2 XPS Characterisation 

   Survey (wide spectra), and C1s, N1s, O1s and F1s spectra of AAm-PFC-coated 

filter paper were recorded. (Refer to section 3.2.2, Chapter 3  for details) Peak fitting 
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for core-line spectra was performed using expected chemical shifts from the 

literature 185,191. Table 6.1 summarises the BE of the common chemical states in 

the C1s spectrum, which was used as a reference for surface chemistry 

identification.  

Table 6.1: XPS reference table with C1s binding energy for allylamine 206–209 

 

 

 

 

6.2.2.3.3 Resistance Measurement 

    The fabricated CNTs electrode sensor on AAm-PFC-coated filter paper resistance 

was measured. Three measurements were conducted for each interval, and a 

standard error of the mean was calculated. (Refer to section 3.2.3, Chapter 3 for 

details) 

 
  

Chemical state BE (eV) 
C-C/C-H 285.0 

C-N 285.7 – 286.0 
C-O/C=N/C≡N 286.5-286.7 

C=O/O=C-N 287.9 -288.3 
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6.3 Result and Discussion 

 CA Measurement 

   Table 6.2 shows the CA for DI water or CNTs ink on the AAm-PFC filter paper to 

observe the effects of varying power discharges (5 W and 20 W at 2 x 10 -1 mbar for 

10 min).  

Table 6.2: CA measurement of AAm-PFC filter paper at different coating conditions 
with DI water and CNTs ink 

 

 

 

   As shown in table 6.2, the CA decreases upon AAm-coating on PFC-coated filter 

paper. In the case of DI water for 5 W and 20 W AAm-PFC filter papers, the CA 

decreases from 120.59° ± 2.67 (PFC-coated filter paper, section 5.3.2.1, Chapter 5) 

to 18.59 °± 1.90 (5W) and 40.32 °± 2.34 (20 W). In the case of CNTs ink, the same 

trend applied; the CA decreases from 104.67° ± 1.24 (PFC-coated filter paper, 

section 5.3.2.1, Chapter 5) to 14.89 °± 1.36 (5 W) and 34.70 °± 2.46 (20 W).  

   Table 6.2 also highlights the increase in CA of DI water and CNTs ink as the power 

discharge of AAm-coating increases. In the case of CNTs ink, the CA increases 

between 5 W and 20 W. Generally, as the power discharge increases, based on 

previous research, it is reasonable to expect that the hydrophilic property of AAm 

reduces due to a reduction in the surface density of nitrogen functionalities and/or 

amine-functional groups and increased PP cross-linking 205.  

   By comparing Table 5.2 from section 5.3.2.3, Chapter 5, with Table 6.2, it can be 

seen that, at a given plasma treatment time and power discharge, the CA of DI water 

was higher than CNTs ink for both AA-coating and AAm-coating. Nevertheless, the 

CA of AAm-PFC filter paper provides lower CA than AA-PFC filter paper for all 

power discharges, indicating (potentially) better compatibility with CNTs ink. This 

is possibly due to a more favourable electrostatic interaction between AAm and 

CNTs ink than AA and CNTs ink.   

 DI water CNTs ink 
PFC-coated filter paper 120.59° ± 2.67  104.67° ± 1.24 

5 W AAm-PFC filter paper 18.59°± 1.90 14.89° ± 1.36 
20 W AAm-PFC filter paper 40.32°± 2.34 34.70° ± 2.46 
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 XPS Characterisation  

6.3.2.1  AAm-PFC Filter paper  

   Figure 6.2 shows the wide spectra of 5 W and 10 W AAm-PFC filter paper. Table 

6.3 summarises the composition of AAm-PFC filter paper at each power discharge. 

Figure 6.3 shows the C1s spectra of 5 W and 10 W AAm-PFC filter paper, and the 

composition was calculated and summarised in Table 6.4. This was conducted to 

optimise the PP condition and identify the plasma-polymerised filter paper that 

was most appropriate for electrode sensors fabrication.  

Figure 6.2: Wide spectra of AAm-PFC filter paper (5 W, and 20 W at 10 min, 2 x 10 
-1 mbar) 

 Table 6.3: Area percentages of AAm-PFC filter paper at 5 W, and 20 W (2 x 10-1 
mbar, 10 min) 
 

 

 

   Figure 6.2 shows four major peaks: C, N, O, and F in the case of all power as shown 

on the wide spectra. As shown in Table 6.3, the N signal represents a 15-16 % 

composition for both 5 W and 20 W, indicating a similar amount of N. The F signal 

is particularly interesting, which is higher in the 20 W, indicating either the AAm 

coating is thinner than the XPS sampling depth or sputtering of the PFC during the 

plasma process. Figure 6.2 also highlights the introduction of O content, higher 

 C 1s N 1s O 1s F 1s 
5 W AAm-PFC filter paper 73.2 % 15.7 % 9.3 % 1.9 % 

20 W AAm-PFC filter paper 70.6 % 16.1 % 10.3 % 3.0 % 

d 
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than PFC-coated filter paper (0.5 % O). The O content arises from either residual 

H2O and/or air in the AAm plasma and from post-plasma reactions with air 210.  

   Whilst F is seen in the wide scan, the fitting of the C1s (Figure 6.3 and quantified 

in Table 6.4) reveals no distinguishable C-Fx functionalities in the 5 W AAm-PFC 

filter paper. However, in the case of 20 W AAm-PFC filter paper, the presence of C-

Fx signals is clear at high binding energy in the C1s of the 20W AAm-PFC filter paper 

(Figure 6.3) with 0.6 % CF2 (291.5 eV) and 0.6 % CF3 (293.4 eV).  A consequence 

of this is that other peaks fitted in the C1s of 20W may have contributions from both 

AAm and PFC, i.e., C-O/C=N/C≡N/C-CFn (286.7 eV), C=O/O=C-N/CF (287.9 eV), 

and CF-CFn/O-C=O (289.1 eV).  Based on relatively low F (wide scan) and CF2 and 

CF3 signals, the contributions from C-CFn, CF and CF-CFn are likely to be relatively 

minor. 

   Figure 6.3 and Table 6.4 also highlights that the C-N component in 5 W and 20 

W AAm-PFC filter paper is relatively constant at 15-16 %, indicating that total 

amine surface density in the PPs is high and equal in both PPs. 

   Figure 6.4 and Table 6.5 show the N1s spectra of 5 W and 20 W AAm-PFC filter 

paper. The fitting indicates a relatively similar N-C, N=C, and NCO composition on 

both 5 W and 20 W AAm-PFC filter paper. From the N1s spectra of both power 

discharges, there are likely to be amines on the substrate surface from PP of AAm. 

Nevertheless, with more F and higher CA on 20 W AAm-PFC filter paper, 5 W AAm-

PFC filter paper may likely be more appropriate for CNTs printing and electrode 

sensor fabrication.    
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Figure 6.3: C1s spectra of a) 5 W and b) 20 W AAm-PFC filter paper (10 min, 2 x 
10 -1 mbar) 
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Table 6.4: Atomic percentages of AAm-PFC filter paper at 5 W, 10 W, and 20 W (2 x 10-1 mbar, 10 min) 

Figure 6.4: N1s spectra of AAm-PFC filter paper at 5 W, 10 W, and 20 W (2 x 10-1 mbar, 10 min) 
 
Table 6.5: N1s spectra atomic percentages of AAm-PFC filter paper at 5 W, 10 W, and 20 W (2 x 10-1 mbar, 10 min) 

 

 

  

 C-C C-N C-O/C=N/ C≡N C-CFn C=O/O=C-N CF CF-CFn O-C=O CF2 CF3 
BE (eV) 284.9 285.8 286.7 287.9 289.1 291.5 293.4 

5 W AAm-PFC filter paper 44.7 % 22.1 % 19.9 % - 11.1 % - - 2.1 % - - 
20 W AAm-PFC filter paper 44.1 % 21.8 % 17.1 % 12.8 % 3.0 % 0.6 % 0.6 % 

 N=C N-C NCO 
BE (eV) 398.4 399.5 401.3 

5 W AAm-PFC filter paper 19.8 % 76.7 % 3.5 % 
20 W AAm-PFC filter paper 18.8 % 74.0 % 7.2 % 
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6.3.2.2 CNTs Electrode Sensors on AAm-PFC Filter Paper 

   XPS was undertaken for CNTs ink printed onto Aam-PFC filter paper. Figure 6.5 

and Figure 6.6 shows the wide spectra (Figure 6.5) and the C1s spectra (Figure 

6.6) of fabricated CNTs electrode sensors on 5 W and 20 W AAm-PFC filter paper 

(10 min, 2 x 10 -1 mbar). Table 6.6 and 6.7 summarises the elemental and chemical 

state composition of CNTs electrode sensors on 5 W and 20 W AAm-PFC filter 

papers.  

    In comparison to the XPS of CNTs ink (section 3.3.1.3.3, Chapter 3), the N1s and 

F1s signals (Figure 6.5) indicate that the C1s of CNTs on AAm-PFC filter paper 

(Figure 6.6) is a sampling of both CNTs ink and underlying PP since there is no F1s 

and N1s signal in the CNTs ink. The C1s spectra of CNTs on AAm-PFC filter paper 

was fitted according to the C=C: π-π* ratio (4.5:1) of the CNTs ink (Figure 3.8, 

section 3.3.1.3.3, Chapter 3) in order to investigate CNTs deposition on AAm-PFC 

filter paper.  

Figure 6.5: Wide spectra of CNTs on AAm-PFC filter paper at 5 W, and 20 W, 2 x 
10-1 mbar, 10 min.  
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Figure 6.6: C1s spectra of CNTs on AAm-PFC filter paper at a) 5 W, and b) 20 W, 2 

x 10-1 mbar, 10 min 

   Figure 6.5 and Figure 6.6 show that S and Na and π-π* content were introduced 

after CNTs printing. S and Na are unique to the formulated CNTs ink (not seen in 

AAm PP) and there is no π-π* signal seen on AAm PPs. Consequently, seeing π-π* 

and C=C signals on C1s spectra (which also not seen in the C1s of AAm-PFC filter 

paper) indicates presence of CNTs ink on the substrate surface.  
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   Figure 6.5 and Table 6.6 show no significant different in S 2p and Na 1s signals, 

at a composition of 2.4 % and 0.3 % for 5 W, and 2.5% and 0.2 % for 20 W, 

respectively. This indicates that the CNTs deposition is similar.  

   Figure 6.6 and Table 6.7 highlight slightly higher C=C and π-π* content on 5W 

AAm-PFC filter paper (Figure 6.6a) than on 20W AAm-PFC filter paper (Figure 

6.6b), at a composition of 9.5 % C=C and 2.1 % π-π* for 5 W and 7.8 % C=C (284.5 

eV) and 1.7% π-π* (291.0 eV) for 20 W. This confirms the CNTs deposition on both 

AAm-PFC filter papers.  

   In comparison to the CNTs electrode sensor on AA-PFC filter paper (Figure 5.12b 

and Table 5.9, section 5.3.4.3.1 Chapter 5), the CNTs electrode sensor on AA-PFC 

filter paper is composed of higher F content (11.5 %) than on AAm-PFC filter paper 

(2.0 %) (Figure 6.5 and Table 6.6), at equivalent PP condition of 5 W power 

discharge. This is because, as mentioned in the previous chapter, the CNTs ink 

possibly dissolves the AA layer. Therefore, this indicates that AAm-PFC filter paper 

provides a more stable surface than AA-PFC filter paper, on which to print the CNTs. 
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Table 6.6: Atomic percentages of fabricated CNTs electrode sensor on AAm-PFC filter paper at 5 W, and 20 W (2 x 10-1 mbar, 10 min) 1 

 

 

 

Table 6.7: Area percentages of fabricated CNTs electrode sensor on AAm-PFC filter paper at 5 W, and 20 W (2 x 10-1 mbar, 10 min) 

 

 

 
1 S and Na are markers of CNTs ink 

 C 1s N 1s O 1s F 1s S 2p Na 1s 
CNTs on 5 W AAm-PFC filter paper 75.8 % 8.4 % 11.2 % 2.0 % 2.4 % 0.3 % 

CNTs on 20 W AAm-PFC filter paper 74.0 % 7.6 % 12.3 % 3.3 % 2.5 % 0.2 % 

 C=C C-C/H C-N C-O/ C=N/ C≡N C=O/ O=C-N O-C=O π – π* 
BE (eV) 284.5 285.0 285.8 286.8 287.9 288.9 291.0 

CNTs on 5 W AAm-PFC filter paper 9.5 % 48.1 % 16.7 % 15.6 % 4.7 % 3.3 % 2.1 % 
CNTs on 20 W AAm-PFC filter paper 7.8 % 47.8 % 16.1 % 15.5 % 7.0 % 4.1 % 1.7 % 
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6.3.2.3 CNTs Electrode Sensors Fabrication on AAm-PFC Filter Paper 

   Figure 6.7 shows the images of CNTs electrode sensor on 5 W (figure 6.7a), and 

20 W (figure 6.7b) AAm-PFC filter paper (10 min, 2 x 10 -1 mbar).  

Figure 6.7: CNTs electrode sensor on a) 5 W, and b) 20 W AAm-PFC filter paper 
(10 min, 2 x 10 -1 mbar) 

   As shown in Figure 6.7, CNTs ink was successfully deposited onto AAm-PFC filter 

paper (5 W and 20 W). Both fabricated CNTs electrode sensors show similar CNTs 

printing consistency. The CNTs distribution has been confirmed by the XPS in the 

previous section, indicating that the CNTs deposition is likely to be similar.  

   In comparing Figure 6.7 with Figure 5.12 (section 5.3.4.3, Chapter 5), the 

fabricated electrode sensor on AAm-PFC filter papers was more accurate and 

precise, with higher printing consistency than on AA-PFC filter papers. Generally, 

this indicates higher CNTs ink compatibility on AAm-PFC filter paper than on AA-

PFC filter paper. Therefore, it is likely to provide higher conductivity than AA-PFC 

filter paper. 

   Encouragingly, compared to the CNTs electrode sensor on untreated filter paper, 

Figure 3.12 (section 3.3.2.2.2, Chapter 3), the CNTs printing performance appears 

very similar. Therefore, resistance measurements are carried out in section 6.3.3 to 

confirm this statement.  
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 Resistance Measurement of the Fabricated Electrode Sensor 
on 5 W AAm-PFC Filter Paper 

   Figure 6.8 shows the resistance of the fabricated CNTs electrode sensors on 

untreated filter paper, 5 W AA-PFC, and 5 W and 20 W AAm-PFC filter papers with 

respect to the distance between probes.  

Figure 6.8: Resistance measurement of the fabricated electrode on untreated filter 
paper, 5 W AAm-PFC filter paper and 5 W AA- filter paper 

   Figure 6.8 shows similar trends for all fabricated electrode sensors, where the 

resistance increases with the length between probes. The resistance of CNTs 

electrode sensors on 5 W AAm-PFC filter paper (11.90 ± 0.31 kΩm) and 20 W AAm-

PFC filter paper (12.51 ± 0.36 kΩm) is lower than on 5 W AA-PFC filter paper (16.88 

± 3.85 kΩm); indicating higher conductivity. However, the specific resistivity of the 

CNTs electrode sensor on AAm-PFC filter paper remains higher than on untreated 

filter paper (2.85 ± 0.30 kΩm). Whilst CNTs electrode sensors fabricated on AAm 

plasma-treated filter paper may be more of higher fidelity than AA, and the AAm 

surface is more durable for printing, overall, the printed electrode is still less 

conductive and accurate than on untreated filter paper.   
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   The hypothesis is that the fidelity of printing correlates with the NH2 surface 

concentration and is not directly supported by the C1s fit (21-22% C-N in both PPs). 

It is possible that there is scrabbling of primary amine to other C-N functionalities 

in the plasma, which would be more marked at higher plasma power. This 

hypothesis can be tested by surface labelling with TFBA (part of future work). A 

further investigation is required to optimise the PP process and coating conditions 

to improve CNTs deposition and printing accuracy: In our lab group, we have 

recently shown that NH2 concentration can be significantly enhanced by plasma 

deposition at low power (5.5 W) and high pressure (2 x 10-1 mbar). Further testing 

of this hypothesis will be part of future work and is beyond the scope of this thesis.
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6.4 Conclusion 

   The technique of PP was utilised to coat AAm on PFC-coated filter paper on 

Whatman filter paper grade 3 to enhance the CNTs ink compatibility for paper-

based CNTs electrode sensor fabrication compared to AA coating (Chapter 5). 

Various analytical and characterisation techniques, including CA measurement, 

XPS, and resistance measurements, were utilised to assess the effect of AAm on 

filter paper.   

   Two different power discharges were tested to identify the most appropriate 

coating for CNTs printing. The CA reduced in all coating conditions, especially at the 

5 W coating condition, where the CA decreased from 120.59° ± 2.67 and 104.67 ° ± 

1.24 to 18.6 °± 6.8 and 14.9 °± 6.1 for DI water and CNTs ink. The CAs were lower 

than on AA-PFC filter paper, indicating better CNTs ink compatibility. The XPS 

spectra of AAm-PFC filter paper showed an introduction of N content, indicating the 

potential possibility of AAm-coating. The XPS also revealed that in both PPs, the 

presence of C-N indicates that there may be primary amines on the substrate 

surface. In the case of CNTs printed AAm-PFC filter paper, F content was detected 

on all power discharges, especially on 20 W; this may reflect thinner AAm-coating, 

or more F sputtering at 20 W. It is suspected that the coating is thinner since there 

are CF2 and CF3 in the C1s of 20 W AAm-PFC filter paper. 

   The specific resistivity of the CNTs electrode sensor on 5 W AAm-PFC filter paper 

(11.90 ± 0.31 kΩm) was lower than on 5 W AA-PFC filter paper (16.88 ± 0.99 kΩm) 

but higher than on untreated filter paper. Therefore, it can be concluded that AAm 

coating is more compatible with CNTs electrode sensor fabrication than AA coating. 

CNTs electrode sensor on AAm-PFC filter paper provides high durability and 

conductivity. However, further studies on AAm coating conditions are required to 

enhance CNTs printing and electrode fabrication performances. 
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7 Conclusions 

   The major objective of this research is to fabricate highly durable paper-based 

CNTs electrode sensors using a home inkjet printer (Canon PIXMA TS205). Various 

analytical and characterisation techniques, including SEM characterisation, XPS 

characterisation, CA measurement, ASV analysis and resistance measurement, 

were utilised to assess the fabricated CNTs electrode sensors. 

   Different CNTs ink formulations were examined to identify the most compatible 

ink formulation for paper-based CNTs electrode sensor fabrication. Pristine-

MWCNT-COOH with SDS surfactant dispersed in DI water was found to provide 

optimal homogeneity and inkjet printer compatibility. The specific resistivity of the 

fabricated CNTs electrode sensor on Whatman filter paper grade 1 is 1.78 ± 0.11 

kΩm. However, the fabricated CNTs electrode sensors on Whatman filter paper 

grade 1 suffered from CNTs ink spreading out of the designated area due to the 

paper thickness and ink adsorption; therefore, different types of paper substrates 

were investigated to overcome this challenge.  

   Among all the investigated paper substrates, Whatman filter paper grade 3 

provided the optimal CNTs printing efficiency. The fabricated CNTs electrode 

sensors on Whatman filter paper grade 3 provided a specific resistivity of 2.85 ± 

0.30 kΩm. SEM images showed high CNTs connectivity and distribution at 

approximately 117.4 ± 4.6 CNT/µm2. XPS confirmed the deposition of CNTs onto 

Whatman filter paper grade 3. ASV analysis was utilised to observe the detection 

performance of the fabricated electrode sensors. However, the sensors suffered 

from poor durability and stability due to water absorption and filter paper 

degradation, making the electrode sensors inappropriate for multiple uses. 

Therefore, PP was utilised to overcome this issue. 
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   PP of PFC and AA on Whatman filter paper grade 3 was performed. PFC was 

successfully coated onto the filter paper and introduced hydrophobic 

characteristics onto the paper substrate, stopping water ingress into the filter 

paper to overcome the degradation in an aqueous environment. The CA of DI water 

and CNTs ink increased from 0.00° to 120.59° ± 2.67 and 104.67 ° ± 1.24 for DI 

water and CNTs ink, respectively, confirming the PFC-coating on the substrate 

surface. XPS characterisation shows an increase in F content and a decrease in O 

content, confirming that PFC introduces hydrophobic characteristics onto the 

paper surface and repels an aqueous solution.  

   To allow CNTs printing for electrode sensor fabrication, AA was plasma 

polymerised onto PFC-coated filter paper. The CA reduced to 66.59° ± 8.04 and 

41.45° ± 3.36 for DI water and CNTs ink, respectively, upon AA-coating. This 

confirms the AA-coating. The XPS spectra of AA-PFC filter paper showed an 

increase in O content and a decrease in F content, confirming the presence of the 

AA layer. From the CA measurement and XPS characterisation, 5 W AA-coating on 

PFC filter paper resulted in having the lowest CA and most AA-coating; therefore, it 

was selected for CNTs electrode sensor fabrication. The fabricated CNTs electrode 

sensors on a 5 W AA-PFC filter paper resulted in having approximately 16.88 ± 0.99 

kΩm, which is higher than on untreated filter paper. Furthermore, the CNTs 

printing accuracy is not as efficient as on untreated filter paper; therefore, further 

investigation will be required to improve the CNTs printing and electrode 

fabrication efficiency. 

   Since there were challenges in fabricating CNTs electrode sensors on AA-PFC 

filter paper, AAm-coating was examined to overcome this issue. AAm was plasma 

polymerised onto PFC filter paper. Lower CA was observed on AAm-PFC filter paper 

at 18.6 °± 6.8 and 14.9 °± 6.1 for DI water, and CNTs ink in the case of 5 W AAm-

coating. XPS spectra of AAm-PFC filter paper showed the introduction of N content, 

confirming AAm-coating. The XPS also revealed that 5 W AAm-coating likely 

introduced more amine group onto the substrate than higher power; therefore, 

CNTs electrode sensors were fabricated onto a 5 W AAm-PFC filter paper. The 
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fabricated electrode sensors on a 5 W AAm-PFC filter paper showed better CNTs 

printing performance than on a 5 W AA-PFC filter paper, with a specific resistivity 

of 11.90 ± 0.31 kΩm. The specific resistivity of CNTs on 5 W AAm-PFC filter paper 

was lower than on a 5 W AA-PFC filter paper but higher than on untreated filter 

paper.  

   It can be concluded that PP of PFC and AAm successfully enhanced the durability 

and stability of the fabricated CNTs electrode sensors in an aqueous environment 

while maintaining the CNTs printing efficiency to a reasonable extent. The 

fabricated CNTs electrode sensors on AAm-PFC filter paper were conductive and 

appropriate for further detection and application. Further investigation may be 

required to improve the plasma coating and the conductivity of the fabricated 

electrode sensors on the plasma-polymerised substrate; however, this will be part 

of the future work and beyond the scope of this thesis.
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8 Future Works 

   According to this research project, these are the limitation experienced: 

• The durability and stability of the fabricated CNTs electrode sensors on 

untreated filter paper are inappropriate for multiple uses in an aqueous 

environment. Application should therefore be for single-use sensors. 

• The CNTs ink compatibility and printing efficiency on plasma-polymerised 

filter paper for CNTs electrode sensors fabrication are lower than on 

untreated filter paper 

• The conductivity of fabricated CNTs electrode sensors on plasma-

polymerised filter paper is lower than on untreated filter paper. 

• The optimal PP condition for AA-coating and AAm-coating to reduce the CA 

of CNTs ink for electrode sensor fabrication is yet to be identified  

   Therefore, further studies should investigate: 

• Possible factors that could improve the durability and stability of the 

fabricated electrode sensor on untreated filter paper, such as 

o Introducing a hydrophobic barrier on top of the printed electrode 

sensors. 

o Introducing flow channel to minimise sample solution and excess 

interaction with the electrode sensors 

• Other possible polymers to enhance the plasma-polymerised filter paper 

compatibility with the CNTs ink. 

• The optimal PP condition of AAm-coating to improve CNTs printing 

performance. The parameters that should be considered are pressure, 

plasma polymerisation time and power discharge. (e.g., PP of AAm at lower 

power and higher pressure) 
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o Measuring the density of NH2 group in AAm-PFC filter paper through 

labelling with TFBA 

• Fabricated electrode sensors performance, including 

o Cyclic voltammetry analysis to study the electrochemical properties 

o ASV analysis to detect various target species to observe their detection 

performance 

o AFM characterisation to study the electrode mechanical properties 

• Electrode sensors design, geometry, and complex electrode combinations, 

once optimal electrode sensors were achieved. For example, multi-layer 

printing could add mediator and enzyme layers for a single-use 

electrochemical (amperometric) biosensor, which may be able to compete 

with established screen-printed sensors.  

• Ion-selective membrane preparation for inkjet printing on the fabricated 

CNTs electrode sensors for target species detection. For instance, an ion-

selective electrode sensor for potassium ion detection where the printed 

addition of an ionophore-containing layer could provide a short-lived ion-

selective membrane. This could be applied for single-use measurement of 

key ions in medical applications. 
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Appendix A. Table of RSFs, Inkjet 

Printing Test, and CNTs Ink 

Formulation 

Table of Relative Sensitivity Factors (RSFs) 211 

Name R.S.F 
Si 2p 0.817 
C 1s 1.0 
S 2p 1.677 
N 1s 1.8 
O 1s 2.93 
F 1s 4.43 

Na 1s 8.52 

Inkjet Printer Testing 

   To confirm the performance of the inkjet printer, the inkjet printers filled with 

provided commercial inks were used to print several electrode templates. After 

several printing cycles, the repeatability remains precise and accurate vertically 

and horizontally. Therefore, this guarantees that the results obtained would still be 
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accurate after multiple printing cycles. The minimum feasible distance between the 

electrodes is approximately 0.75 mm for both printers in terms of printer 

resolution. Nevertheless, the result may vary with the viscosity of the formulated 

ink.   

MWCNTs Ink Formulation 

Attempt #1 Sidewall Functionalization with Diluted Acid Mixture through 

Sonication  

   Diluted acids were prepared by diluting 98% sulfuric acid (H2SO4) and 70% nitric 

acid (HNO3) to 10 M and 4 M, respectively.  

   108 mg pristine-MWCNTs were added into 15 mL of dilute H2SO4 and 5 mL of 

dilute HNO3. The mixture was sonicated until homogenised at room temperature 

(Attempt #1.1) and 60°C (Attempt #1.2) and centrifuged at 4000 – 5000 rpm for 

10 – 15 min. The supernatant was collected and vacuum filtered. The functionalised 

MWCNTs were dried overnight in the oven at 80 °C and dispersed in DI water (5 

mg/mL). Finally, glycerol was added at a 1:3 ratio (glycerol: water) to adjust their 

viscosity and filtered with a 0.2 µm Millipore syringe filter to prevent nozzle 

clogging. The ink formulation was sonicated until homogenised and ready for 

printing.  

Attempt #2 Sidewall Functionalization with Diluted Acid Mixture through 

Magnetic Stirrer  

  A 100 mg sample of pristine multi-walled carbon nanotubes (MWCNTs) was 

added into an acid mixture containing 15 mL of 10 M H2SO4 and 5 mL of 4 M HNO3. 

The mixture was stirred vigorously at room temperature for 18 hours using a 

magnetic stirrer. After this process, the mixture was neutralised and vacuum 

filtered using DI water. The sample was dried in the oven at 80 °C overnight. Next, 

the dried sample was re-dispersed in water (5 mg/mL) and sonicated until 

homogenised. To adjust the viscosity of the ink, glycerol was added at the volume 

ratio of 1:3 (glycerol: water) and sonicated until homogenised, as reported in 
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previous research 1. Finally, SDBS and SDS surfactants were added to improve the 

dispersion in a separate vial. The comparison between the two surfactants was 

studied to identify the most appropriate surfactant. 

Attempt #3 Sidewall Functionalization with Concentrated Acid Mixture 

Through Sonication at Different Temperature  

   500 mg pristine-MWCNTs were added into a concentrated acid mixture of 10 mL 

of 98% H2SO4 and 5 mL of 70% HNO3. The mixture was sonicated at room 

temperature (Attempt #3.1) and 60°C (Attempt #3.2) until homogenised, vacuum 

filtered, and until MWCNTs were completely neutral (pH 7). Next, Functionalized 

MWCNTs were dried in the oven overnight at 80 °C. Dried functionalised MWCNTs 

were collected and dispersed in DI water (5 mg/mL). Finally, glycerol was added at 

a 1:3 ratio (glycerol: water) and filtered with a 0.2 µm Millipore syringe filter. The 

ink formulation was sonicated until homogenised and ready for printing.  

Attempt #4 Preparation of Pristine-MWCNTs in Aqueous Solution with SDS 

surfactant  

   140 mg SDS was mixed into the water solution and sonicated until homogenised. 

200 mg pristine-MWCNTs was added to the solution mixture and sonicated for 30 

minutes. The mixture was centrifuged at 5000 rpm for 5 - 10 min. The supernatant 

was collected and vacuum filtered. The sample was mixed in water solution to 5 

mg/mL concentration. 
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Appendix B. XPS Data and ASV 

Analysis 

Wide Spectra and C 1s Spectra of Untreated Glossy Photo Paper and 
Untreated Matte Photo Paper  

Glossy Photo Paper 

Matte Photo Paper 

Wide Spectra 

C 1s Spectra 

 

 C 1s O 1s N 1s Si 2p 
Premium glossy photo paper 12.9 % 68.1 % 0.6 % 18.4 % 

Matte photo paper 65.8 % 32.8 % 0.9 % 0.5 % 

 C-C/H C-O O-C-O O-C=O 
BE (eV) 285.0 286.5 288.1 289.4 

Glossy photo paper 56.8 % 28.3 % 10.8 % 4.1 % 
Matte photo paper 26.1 % 58.7 % 13.3 % 2.0 % 
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ASV Analysis Using Commercial WE 

   A commercial WE (screen printed carbon on PVC substrate) was used as a 

standard for ASV analysis to compare the detection performances of the fabricated 

paper based CNTs electrode sensor on Whatman filter paper grade 3. The results 

show the measurement at different deposition time (5 sec to 60 sec) and that the 

commercial WE are appropriate for multiple usage.   
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Appendix C. DI Water and CNTs ink 

Droplet, AFM and XPS 

Characterisation 

DI Water and CNTs Ink Droplet 

AFM Characterisation of PFC-Coated Filter Paper 

The height fluctuation is between -500 and 500 pm, similar to PFC on silicon wafers 

and glass. 
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XPS Characterisation of CNTs on Untreated, 5 W AA-PFC and 50 W 
AA-PFC Si Wafer 

Wide Spectra 

 C1s Spectra 

   The C 1s spectra of CNTs on a 50 W AA-PFC Si wafer show a combination of CNTs 

ink, AA and PFC, which indicates that the AA coatings do not mask all signals from 

the underlying PFC. This may result from thin CNTs and AA-coating or PFC 

sputtering. 

CNTs ink C 1s O 1s F 1s S 2p Na 1s Si 2p 
Untreated Si wafer 71.9 % 11.6 % - 4.0 % 1.3 % 11.2 % 

5 W AA-PFC Si wafer 88.7 % 6.5 % 1.7 % 1.9 % 1.2 % - 
50 W AA-PFC Si wafer 65.0 % 6.7 % 27.3 % 0.6 % 0.4 % - 

CNTs ink C=C C-C/H C-O C=O O-C=O π-π* 
BE (eV) 284.5  285.0 285.9 287.1 288.6 291.2 

Untreated Si wafer 61.6 % 22.1 % 3.4 % 2.1 % 5.3 % 5.5 % 
5 W AA-PFC Si wafer 79.1 % 8.3 % 5.0 % 3.0 % 2.3 % 2.4 % 


