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Nowadays, water pollution significant jeopardizes the continuous clean drinking water supply that results in the damage of human health, and economy development. Adequate sensors are not only able to greatly benefit the treatment process but also can continuous monitoring of the watershed for contaminates which help effectively control pollution and manage the water resources. However, the commercial available sensors are expensive and required frequently maintenance. These limitations make these sensors not sufficient in continuous water monitoring application. 
In this thesis, sensors for some of the essential sensing targets including dissolved oxygen, phosphate and chlorine are developed. These sensors are low cost, easy operation and minimum maintenance required. These advantages make the sensors suitable to be applied in the continuously water quality monitoring system in multiple water systems such as drinking water, surface water and wastewater. Furthermore, an all solid state rechargeable palladium nanostructure based reference electrode and a universal dopamine/PEG/albumin antifouling coating technique are also studied in order to further extend the lifetime of these sensor thus reduces the need of maintenance. 


[bookmark: _Toc365362641][bookmark: _Toc365386245][bookmark: _Toc400714521]Acknowledgments 
First, I would like to sincerely appreciate my supervisors, Dr. Ravi Selvaganapathy, Dr. Qiyin Fang and Dr. Chang-Qing Xu for their offer that provided me an opportunity to pursue my Ph.D study under their supervisions five years ago. This was a very treasurable opportunity that positively influenced my whole life.
During my Ph.D study, I am very grateful to my main Ph.D. supervisor, Dr. Ravi Selvaganapathy for his supports, his patience, his advices and opportunities to work in various research projects he has provided throughout my studying period. I would also like to thank my co supervisors Dr. Qiyin Fang and Dr. Chang-Qing Xu for their helpful discussions in each committee meeting. In addition, I would also like to thank my perfect collaborator, Dr. Enamul Hoque for his contributions in the development of chlorine sensor. Furthermore, I would like to thank Sharon, Xiaojing and Yafei for their great help in antifouling coating developments. Also, I’d like to thank Dr. Leyla Soleymani, Dr. Peter Kruse, Dr. John Brash, Dr. Jamal Deen, and Dr. Hong Chen for their valuable suggestions and for their time and effort on editing the manuscripts. I also would like to thank Zhilin and Dorris for their help in cleanroom and Marcia for her help in SEM imaging.    
Moreover, I would like to thank all of my good friends and colleagues, who have been always so helpful and caring to me, and giving me such a great experience at McMaster during these years. Many thanks to all CAMEF members, Dr. Chan Ching, Dr. Wen-I Wu, Dr. Pouya Rezai, Siawash, Bo, Shihad, Ali, Russel, Ding Sheng, Reza, Rana, Sondos, Pankaj, Aliakbar, Juncong, Harpreet, Shubham and many others for their friendship, tremendous help and useful discussions. In particular, I want to thank James Li, Dr. Song Tao Yang, Dr. Yuguo Cui, Dr. Tainyi Guo and Jun Yang for their great accompany and friendship. 
 
Finally, I would love to thank my parents, my in-laws, my sisters Erin and Joyce and my family members for their warm support. Special thanks to my wife Allison Yeh, my daughter Naomi for giving me so much love and joy during these years.     



Table of Contents
Chapter 1.	Introduction	1
1.1	Water Pollution	1
1.1.1	Wastewater	2
1.1.2	Surface and Ground Water	3
1.1.3	Drinking Water	6
1.1.4	Need for Online Monitoring Sensors	7
1.2	Current Challenges of On-line Water Sensors	9
1.2.1	Cost and lifetime	9
1.2.2	Summary of Current Challenges of On-line Water Sensors	11
1.3	Sensing Systems	11
1.3.1	Dissolved Oxygen Sensors	12
1.3.2	Chlorine Sensors	22
1.3.3	Nitrate Sensors	23
1.3.4	Phosphate Sensors	26
1.3.5	Summary of the Sensing Mechanisms	29
1.3.6	Reference electrode	30
1.4	Dissertation Overview	32
Chapter 2.	Development of a Low-Cost Hemin-based Dissolved Oxygen Sensor with Anti-Biofouling Coating for Water Monitoring	39
2.1	Introduction	40
2.2	Materials and Methods	42
2.2.1	Materials	42
2.2.2	Electrode fabrication	42
2.2.3	Electropolymerization and electrochemical characterization	42
2.2.4	Sensor design	43
2.2.5	DO sensing	45
2.3	Results and Discussion	45
2.3.1	DO sensing electrode performance	45
2.3.2	Lifetime	50
2.3.3	Interference and PDMS membranes	50
2.3.4	Accelerated bio-fouling test	51
2.4	Conclusion	53
Chapter 3.	Stable and reusable electrochemical phosphate Sensor for continuous Water Monitoring	56
3.1	Introduction	57
3.2	Materials and Methods	59
3.2.1	Materials	59
3.2.2	Sensor Design	60
3.2.3	ISM synthesis and sensor fabrication	61
3.2.4	Phosphate sensing	62
3.3	Results and Discussion	62
3.4	Conclusion	64
Chapter 4.	A Carbon Nanotube Based Resettable Sensor for Measuring Free Chlorine in Drinking Water	67
4.1	Manuscript	68
Chapter 5.	Bottom-up top-down fabrication of structurally- and functionally- tunable hierarchical palladium materials	75
5.1	Introduction	76
5.2	Materials and Methods	78
5.2.1	Reagents:	78
5.2.2	Substrate fabrication:	78
5.2.3	SEM Characterization:	79
5.2.4	Electroplating and electrochemical characterization:	79
5.2.5	Photolithography:	79
5.2.6	Surface Enhanced Raman Scattering:	79
5.2.7	Data Processing:	79
5.3	Results and Discussion	81
5.3.1	Hybrid bottom-up, top-down approach to fabrication of integrated multi-scale structures	81
5.3.2	Control of nanostructures by varying the deposition kinetics	82
5.3.3	Surface area and hydrogen storage capacity	89
5.3.4	SERS enhancement	92
5.3.5	Electrochemical sensing	93
5.4	Conclusion	94
5.5	Supporting Information available	95
Chapter 6.	Integration of Polyhemin DO-Sensitive Electrode and Palladium-Reusable Reference Electrode	99
6.1	Introduction	100
6.2	Materials and Methods	101
6.2.1	Materials	101
6.2.2	Synthesis of DO-sensitive electrode	102
6.2.3	Synthesis of Pd/H reference electrode	102
6.2.4	Electrochemical experimental setup	102
6.2.5	Integration of working and reference electrodes	102
6.3	Results and Discussion	103
6.3.1	Pd/H reference electrode	103
6.3.2	Integrated all solid state DO sensor	108
6.4	Conclusion	109
Chapter 7.	Anti-Biofouling Coating for Environmental Dissolved Oxygen Sensor	112
7.1	Introduction	113
7.2	Materials and Methods	115
7.2.1	Reagents	115
7.2.2	Substrate Preparation	115
7.2.3	Preparation of PDA	115
7.2.4	BSA Saturation, PEG Treatment, and Backfilling	115
7.2.5	Radiolabeled BSA adsorption	116
7.2.6	Contact angles	116
7.2.7	Dissolved oxygen sensing	116
7.3	Results and Discussion	117
7.3.1	Surface modification of PDMS and Protein absorption	117
7.3.2	Commercial DO sensor	119
7.3.3	Universal method for surface modification	120
7.4	Conclusion	121
Chapter 8.	Summary and Recommendations for Future Work	123
8.1	Research Contributions	125
8.2	Recommendations for Future Work	126


[bookmark: _Toc400714523]


List of Figures
Figure 1‑1 Life cycle of nitrogen waste in nature	8
Figure 1‑2 The schematic of the biofouling process [36]. Reprinted with the permission fromAnnual Review of Materials Research (Annual Reviews publications).	10
Figure 1‑3 Clark type electrode	14
Figure 1‑4 Typical structure of metal-porphyrin (M: transition metal (i.e.Co, Fe, Mn); Ar: different functional groups, i.e. benzene)	17
Figure 1‑5 Structures of different Fe porphyrin [74]Reprinted fromournal of Electroanalytical Chemistry,Vol 288, issue 1-2, Y. Oliver Su,Theodore Kuwana, and Shen-Ming Chen, Electrocatalysis of oxygen reduction by water-soluble iron porphyrins Thermodynamic and kinetic advantage studies, Copyright (1990), with permission from Elsevier	18
Figure 1‑6 Greiss test, a typical colorimetric method for nitrite detection. During the test, nitrite first reacts with sulphanilic acid to form a diazonium salt. The salt then reacts with azo dye agent and produces the pink color products to be detected.	24
Figure 1‑7 Distribution of soluble orthophosphate species according to pH at 25°C [111].Reprinted fromBiosensors and Bioelectronics, 41, Christopher Warwick, Antonio Guerreiro, and Ana Soares, Sensing and analysis of soluble phosphates in environmental samples: A review, 1-11, Copyright (2013), with permission from Elsevier	27
Figure 2‑1 Schematic of DO sensitive electrode, (a) the exploded view; and the different designs of the DO sensitive layer: (b) electrodeposited pure hemin (c) co-deposited hemin/polypyrrole complex, (d) polyhemin/polypyrrole/silver co-deposited complex and (e) the experimental setup of DO sensing.	44
Figure 2‑2 Cyclic voltammogram (CV) for DO sensitive electrodes of varying composition in tap water.  CV scans were conducted over a range of 0.5 V to -1 V at a 0.1 V/s scan rate. The area of the DO-sensitive material was 25 mm2.	46
Figure 2‑3 (a) Chronoamperogram of DO sensor (hemin+ppy+silver) in water with DO concentration 6.8 mg/L, 4.5 mg/L, 2.9 mg/L and 2 mg/L. The current at steady state (200s) is taken. (b) Plots of currents in steady state of different DO concentration which shows a linear relationship. The sensitivity of the sensor is calculated as the slope of fitted line.	48
Figure 2‑4 Comparison of the sensitivity of DO sensors prepared under different conditions. (a) copolymerization at different potential; (b) copolymerization for different duration; and (c) comparison between one and two layers of layer-by-layer polymerization as well as copolymerization. The sensitivity values are: 4.12 (LBL 1), 1.95 (LBL 2), 8.48 (CO50s), 8.5 (CO100s), 3.22 (CO200s), 3.09 (CO300s), 7.08 (0.8V) and 4.25 (0.7V). All DO sensing experiments were done by chronoamperometry with the potential fixed at -0.7V for 200 s to achieve stable current.   Data are means +/- SD, n= 3	49
Figure 2‑5 The SEM images of the DO electrode surface (A) coelectropolymerization 100s (CO100s) and (B) layer-by-layer (LBL1).	50
Figure 2‑6 Current response of DO sensors in the presence of interfering species nitrates and phosphates with and without 20 µm PDMS overlayer. Bare electrode without PDMS coating shows significant changes in current due to presence of nitrates and to a lesser extent phosphate. However, PDMS coating allows only DO and water vapor to permeate and shows no influence on the current due to presence of nitrates and phosphate. (n= 4).	51
Figure 2‑7 DO data for sensors after exposure to accelerated bio-fouling environment for 7 days. (n= 4)	52
Figure 2‑8 Response current of sensors in tap water after 1, 2, 7, 14, and 21 days. The solid triangular symbols indicate the corresponding DO concentration measure by a commercial optical DO sensor (HORIBA).	53
Figure 3‑1 The Schematic design of the phosphate sensor	61
Figure 3‑2 Potentiometric measurements of the ISM based phosphate senor exposed to various dissolved phosphate concentrations (10-1 M to 10-4 M). (a) Potential of sensor is measured continuously with pauses during switching solution; inset: The potential transient of the sensor during sensing the 10-1 to 10-2 M phosphate solutions. Experiments were perform in solutions with 10-3 M sodium acetate buffer with pH = 6.8 added.(b) Plots of potentials in steady state of different phosphate concentration which shows a linear relationship. Data are means ± SD, n= 3 (c) Potentiometric measurement of the phosphate sensor in various concentrations of phosphate with (6 ppm) and without DO (0 ppm).± SD, n= 3(d) Interference effect of nitrate; potentiometric measurement of the phosphate sensor in various concentrations of phosphate and nitrate. Data are means ± SD, n= 3.	65
Figure 4‑1 (a) Schematics and (b) photograph of the PCAT-SWCNTs based chlorine sensor	70
Figure 4‑2 (a) The plot of current vs time in the sensing device for solutions with chlorine concentration from 0.06 mg/L to 60 mg/L. Arrows in the graft represent the injection of the chlorine solution. The current is stable below 50 nA before each sensing and then raise after PCAT-SWCNTs contact the free chlorine solutions. The current then decreases and stabilizes at a certain level. The stable current readings of each solution are ~100 nA for 0.06 mg/L, ~200 nA for 0.6 mg/L, ~300 nA for 6 mg/L and ~500 nA for 60 mg/L. (b) The relationship between the chlorine concentration and the current which is semi-log relationship (solid line) between 0.06 to 6 mg/L (R2= 0.9767); the dotted line between 6 to 60 mg/L represents the non-linear relationship of the log chlorine concentration and the current in that range.	71
Figure 4‑3 The graphs demonstrate the resetting of the chlorine sensing device by applying -0.8 V across one of the gold electrodes and the inlet of solution that de-dopes the PCAT-SWCNTs switching back the current readings to residual value. The reset process is tested by successive oxidation and reduction of sensing device for 60 mg/L free chlorine solution. The reset test is repeated three times in order to examine the reproducibility of the reset process. The triplicate experimental results plotted both in (a) successive and (b) overlapping pattern.	73
Figure 5‑1 A hybrid top-down, bottom-up approach to fabrication of integrated multi-scale structures. (a)-(e) The process flow of the hybrid approach: electrodepositing Pd nanostructure on Cr substrate; spin coating 4 µm of positive photoresist on the Pd nanostructure; applying designed photo mask and UV exposure; developing the exposed photoresist; etching the un-protected Pd by aqua regia and photoresist removal. (f) Low magnification (left), intermediate-magnification (middle and right) and high-magnification (right) SEM images of the hierarchical Pd films fabricated using the hybrid bottom-up, top-down approach. (g) Cyclic voltammograms obtained from the interdigitated electrodes of acicular Pd nanostructures immersed in 100 mM potassium ferrocyanide solution (scan rate 0.01V/s).	82
Figure 5‑2 Morphology of electrodeposits created under different applied potentials. SEM images of structures electrodeposited in a palladium bath (14 g/L PdCl2 and 0.02 M H2SO4) at (a) -0.2 V, 20s, (b) -0.3 V, 20 s, (c) -0.4 V, 20 s, (d) -0.2 V, 90 s (planar), (e) -0.3 V, 90s (acicular), and (f) -0.4 V, 90 s (nodular). Solid and dashed scale bars represent 1 µm and 100 nm, respectively. (g) The current-transient chronoamperometry curves of the three classes of Pd structures demonstrated in panels d-f.	84
Figure 5‑3 Study of electrodeposition parameters on structure. SEM micrographs demonstrating the effect of (a) electrolyte mixing time (I: 30 s; II: 5 minutes; and III: 30 minutes) on the morphology of 90 s deposits (solution: 14 g/L Pd and 0.02 M H2SO4). (b) electrolyte concentration (I: 0.002 M; II: 0.02 M; and III: 0.2 M) on the morphology of 90 s deposits (solution: 14 g/L Pd, mixing time: 30 min). (c) deposition durations (I: 60 s; II: 90 s; and III: 5 min) on the morphology deposits (solution: 14 g/L Pd and 0.02 M H2SO4, mixing time: 30 minutes)    (d) Pd ion concentration (I: 3.5 g/L; II: 7 g/L; and III: 14 g/L) on the morphology of 90 s deposits (solution: 0.02 M H2SO4, mixing time: 30 min).  All scale bars represent 1 µm.	87
Figure 5‑4  The electrochemical characterization of Pd hierarchical structures. Cyclic voltammetry results of (a) unmodified Pd films (black baseline is used for calculating the integrated charge) and (b) hydrogen- charged Pd films (1200 s at -1 V) in 0.5 M H2SO4 at a scan rate of 0.1 V/s for acicular (red), nodular (blue), and planar (green) (c) The open circuit potential of a acicular H2/Pd electrode versus a commercial Ag/AgCl reference electrode. The palladium electrodes were used after 1200 s of hydrogen sorption.	91
Figure 5‑5 Tunability in Surface Enhanced Raman Spectra. Shown are Raman spectra of 4-mercaptopyridine molecules adsorbed on Pd substrates with acicular, nodular, and planar surface morphologies.	93
Figure 5‑6 Electrochemical sensing behaviour of palladium deposits. (a) Cyclic voltammograms obtained from Pd nanostructures with three different morphologies immersed in 2 mM potassium ferrocyanide solution (scan rate 0.01V/s). (b) Peak oxidation current readings during CV measurements (scan rate 0.05V/s) of Pd nanostructures with three different morphologies in solutions with various concentrations of potassium ferrocyanide. The error bars represent standard deviation.	94
Figure 6‑1: Experimental setup and pictures of each electrodesof the all solid state DO sensing device. Working: Polyhemin DO sensitive electrode on ITO substrate (1.5x1.5 cm2), Reference: Pd/H electrode (1.5x1.5 cm2), Counter: Stainless Steel. Inert is the SEM picture of 3D acicular Pd structure.	104
Figure 6‑2 Standard OCP curve of Pd/H reference electrode after polarizations (potential: -1.2V; duration: 1000s). Both polarization and OCP were performed in PBS buffer.	105
Figure 6‑3 (a) Effects of polarization duration in both pre-stabilization durations and lifetime, polarization potentialwas consistently set at -1.2 V. (b) Effects of polarization potential in both pre-stabilization durations and lifetime, polarization durationwas consistently set at 200s . All polarization and OCP were performed in PBS buffer. (n=3 ±SD)	107
Figure 6‑4 Three times repeat OCP measurements on single Pd electrode after polarizations (potential: -1.2V; duration: 100s). Both polarization and OCP were performed in PBS buffer.	108
Figure 6‑5 (a) Cyclic voltammogram (CV) for DO sensing devicein tap water. CVscans were conducted over a range of 0 V to -1.5 V at a 0.1 V/s scan rate. The area of the DO-sensitive material was 2.25cm2.(b) Plots of currents reading of different DO concentration (0, 5, 8, 12, 14, 21 ppm) in tap water which shows a linear relationship. Thesensitivity of the sensor is calculated as the slope of fitted line. (n= 3± SD)	110
Figure 7‑1 (a) Surface modification processes and the contact angle measurements of surfaces after each step (b) The BSA adsorption results of PDMS, PDMS-DOPA-PEG and PDMS-DOPA-PEG/BSA surfaces	118
Figure 7‑2 The performance decrease of commercial DO sensors covered with modified and unmodified PE membranes emerged in accelerated biofouling solution after 1,3, 5, 7, 10, 15,and 30 days. n=3, ±SD	120
Figure 7‑3 Surface energy characterizations (contact angle measurements) of PC, PMMA, PS, PTFE, and silicon surfaces before and after surface modification with DOPA-PEG/BSA.	121







List of Tables
Table 1‑1 The negative impacts of eutrophication in water	5
Table 1‑2 Current density of some ORR catalysts	19
Table 1‑3 Optical Properties of DO Sensing Luminescence	21
Table 1‑4 Selected Information of Colorimetric Chlorine Sensing Techniques	23
Table 1‑5 Selected Information of Optical Nitrate Sensing Techniques	25
Table 1‑6 Distribution of soluble orthophosphate species according to pH at 25°C	27
Table 1‑7 Selected Information of Phosphate Ionophores	28
Table 1‑8 Parameters of commercial DO and chlorine sensors	30
Table 1‑9 Reactions of common reference electrodes	31
Table 5‑1 The summary of the phase II slope of current-transient curves obtained when various electrodeposition parameters were used.	88
Table 5‑2 The electro active surface area and hydrogen storage capacity of deposited structures.	90
Table 8‑1 Parameters of all solid state DO sensor and PCAT-CNT chlorine sensor	125


Ph.D. Thesis –Leo (HuanHsuan Hsu)             McMaster University-Biomedical Engineering

1

67

[bookmark: _Toc425009848][bookmark: _Toc425011521][bookmark: _Toc425015321][bookmark: _Toc425020119][bookmark: _Toc425450716][bookmark: _Toc426296429][bookmark: _Toc426296559][bookmark: _Toc426302980]Introduction
Water is vital for all known forms of life. A reliable supply of clean and drinkable water is essential to human in sustaining life and development. However, human development and population growth are depleting the already limited clean drinking water source. Recent studies suggest that due to the increasing demands of clean water, 1.8 billion people will confront the shortage of clean drinking water by 2025 [1–5]. This shortage of clean drinkable water supply is called “water crisis.” Even in Canada, one of the top five countries has abundant clean water supplies, water crisis has already occurred in some area such as western prairie provinces, which affects ~250,000 people [3]. Furthermore, the effects of global warming can dramatically influence the precipitation, ice melting (glaciers, and snow-packs) and evaporation of surface water [2,4]. These dramatic surface water level variations challenge the conventional water storage and management strategies, cause stress to reliable access of drinking water. Minimizing the impacts from population growth and global warming in drinking water demands the long term collaboration of the whole world. 
Water contamination in both natural water resource before collection and in treated drinking water during transportation further jeopardizes this situation. The causes and existing solutions of water contamination are first reviewed in this chapter. Compared with stresses such as population growth and global warming; water pollution causes an immediate and dramatic impact on water supply. Therefore, continuous monitoring of source of pollution and immediate action could mitigate the negative consequence of such stresses and is the broad motivation for the research reported in this thesis.
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Water pollution is one of the most significant threats that aggravate the existing water crisis. In Canada and US, some of the major drinking water resources such as the great lakes are also confronting different degrees of water pollution from minor (restrictions on fish and wild life consumption; i.e. Toronto area and St. Lawrence River) to severe (restrictions on drinking water consumption; i.e. St. Clair River) [6]. Similarly, in China, a recent national water quality survey showed that only 58.3% of the river sections, 49.7% of lakes, 79.5% of reservoirs, and 38.7% of groundwater wells met the quality criteria for source water supply [1].
Sources of water pollution can be categorized as point source and non-point source. According to the definitions provided by United States Environmental Protection Agency (USEPA) the point source as [7]:“The term "point source" means any discernible, confined and discrete conveyance, including but not limited to any pipe, ditch, channel, tunnel, conduit, well, discrete fissure, container, rolling stock, concentrated animal feeding operation, or vessel or other floating craft, from which pollutants are or may be discharged. This term does not include agricultural storm water discharges and return flows from irrigated agriculture.” In the general term, the point source is any discernible polluted water which always transports to certain locations with highly concentrated contaminants presented. 
The other source of water pollution is the non-point source which is defined as [7] “Any source of water pollution that does not meet the legal definition of "point source".” Unlike the point source pollutant which is eventually collected in wastewater treatment facility, non-point source pollutant is usually directly transported into natural water system due to precipitation from many sources. The uncertainties in both occurrence timing and location enhance the difficulty of non-point pollutant management. Nowadays, even in the most developed countries, pollutants from non-point sources are still the main contaminants which affect the nature water system from both surface water and groundwater pathways [2]. 
For the purposes of this thesis, water is categorized as: waste water, surface and ground water, and treated drinking water. The major pollution sources of these three kinds of water, current solutions, and challenges are discussed in following sections.
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Wastewater is the major point source pollution. The major sources of wastewater are urban wastewater sewers, and industrial wastewater discharge. The strict enforcement of water quality regulations and treatment of waste water before discharge have been recognized as critical to reduce the impact of waste water on the environment [2]. Further improvement of the water treatment process should focus on the improvement of the process flow. Automation of wastewater treatment facilities to maintain water quality requirements is increasingly been seen as the best way to efficiently treat and to meet the water quality regulations at discharge [8]. In other words, combining on-line sensing instrumentation, control elements, controllers, software, and programming is essential to building an automated, computer-based control system. Based on the on-line sensing data, this system can optimize the process parameters to best fit the real time wastewater condition, which improves process performance and reliability of the facilities. Furthermore, the precise control of treatment parameters can also reduce the cost of chemicals, energy and labor. Since all the process parameters are controlled based on the wastewater conditions, on-line sensors have become one of the critical components to build the automated wastewater treatment facility. 
Dissolved oxygen sensor is the most critical sensor among all on-line sensors applied in the automated wastewater treatment facility. In wastewater treatment process, the harmful organic pollutant is usually biochemically degraded by the aerobic bacteria into inorganic byproducts such as carbon dioxide and water. In this process, aeration (replenishing of dissolved oxygen) is necessary to maintain the activity of aerobic bacteria. The aeration process is generally the largest operating cost of a wastewater treatment facility and 15 to 20% of electricity costs can be reduced if dissolved oxygen level can be precisely monitored and controlled during the aeration process [8].
	Residual chlorine sensor is another important sensor in the automated wastewater treatment process. Chlorination is the process that kills most of the noxious microorganism by adding free chlorine into wastewater. Free chlorine is commonly overdosed to ensure the efficiency of the chlorination. The residual un-reacted chlorine, which is also detrimental to human and wild animals, has to be completely removed from the treated water before it can be discharged into nature water system. This chlorine removal process is conducted by the dosage of dechlorination agent (i.e. SO2 ions), and an on-line chlorine sensor is necessary to not only determine that the dechlorination agent is fully functional, but also ensure its right dose [8].
[bookmark: _Toc425009851][bookmark: _Toc425011524][bookmark: _Toc425015324][bookmark: _Toc425020122][bookmark: _Toc425450719][bookmark: _Toc426296432][bookmark: _Toc426296562][bookmark: _Toc426302983]	Other on-line sensors such as pH, oxidation–reduction potential, streaming current, ammonia and ammonium, nitrate and nitrite, pH, phosphorous and orthophosphate, solids analyzers, and sludge blanket level are also important to successfully build a comprehensive automated wastewater treatment facility [8]. However, high cost, short lifetime and biofouling restrict widespread use of current commercial available sensors in this application. Therefore, development of low cost, long lifetime sensors will be significant benefit in automated of waste water treatment and in the optimization of wastewater treatment process flow.
Surface and Ground Water 
Surface water refers to water in streams, lakes, ponds and rivers while ground water refers to subsurface water in the water table that could be tapped for human and agricultural use. The pollution in these waters is mainly due to non-point source pollutants which are directly transported and released into them without any treatment which significantly affects their quality. There are three major sources of the non-point pollution which are introduced as follows:
(i) Soil erosion from agricultural production and run-off from farm lands is one common non-point pollutant. Soil erosion is often aggravated by intensive land use due to human activities. The intensive land use leads to the reduction of natural vegetation cover, which accelerates the soil wash-off from lands. Although the soil does not directly damage to aquatic life, this run-off soil can cover up spawning area as well as stunt the growth of aquatic vegetation. These negative impacts can eventually damage the aquatic eco-system and to human [9]. The prevention of soil erosion can be achieved by good water management practices, reinforcement of erosion lands, and restriction of certain types of land use [10].
(ii) Pathogens, pesticides, herbicides and heavy metal ions contained in precipitation flow are all potential non-point pollutions. These pollutions are usually released from the overflow of urban and industrial wastewater into nature water system. These highly toxic and pathogenic materials would cause dramatically damage humans and animals (both aquatic and land) if the contaminated water is consumed. These types of pollutions may be prevented via redesigning of old wastewater treatment plants to satisfied current treatment demands [10]. 
(iii) Among all non-point source pollutants, many investigations suggest that nutrient pollution can lead to the most severe damage [7,11–21]. Nutrient pollution is currently the major challenge in maintenance of clean drinking water resource even in developed countries such as United States, Canada and European Union [11–13,21]. The nutrient pollution is mainly from both agricultural and urban activities. In agricultural activities, the fertilizers are usually overdosed to ensure the sufficient nutrient supply during plant growth. The excess amounts of fertilizers which cannot be consumed by plants are later carried by the precipitation into surface and groundwater as the non-point source. For example, in a single year of 1996, 58 thousand tonnes of phosphorus-related compounds and 208 tonnes of nitrogen related compounds are contained in Canadian land, which may be runoff into water and lead to damages [11]. Manure is another source of agricultural nutrient pollution. The modern intensive animal production involves feeding high density of animals in a confined but open area. These large amounts of animals generate enormous nutrient-containing waste. These nutrient wastes may be recycled by applying the manure to cropland. However, the amount of waste is far above the recycling capacity. The excessive amount of nutrient waste can only build up in soil, then run off or infiltrate to water supplies and pollute water systems. There are also significant amounts of nutrients entering surface water from urban nonpoint sources, such as construction sites, runoff of lawn fertilizers and pet wastes. In the US, the urban runoff is the third biggest source of nutrient pollution that contaminates 28% of the lake areas in the whole US territory [12].
The direct impact of nutrient pollution to human health is minor. Generally, the phosphorus-in water is not significantly harmful in itself to humans and animals. Nitrates are only harmful at high concentrations (45 ppm) [12]. Nevertheless, nutrients in surface water cause eutrophication. Some of the negative impacts of eutrophication in water systems (lakes, reservoirs, rivers, and coastal oceans) are listed in Table. 1.1 [18]. Algae bloom, excessive growth of algae and aquatic weeds, is the most obvious and significant damage in water system caused by the eutrophication. The massive growth and decomposition of algae directly lead to the depletion of dissolved oxygen in water, which kills all other aquatic plants and animals. Eutrophication is a factor in the loss of aquatic biodiversity [17]. The algal blooms (i.e. blue-green algae) can also cause bad odor and toxicity in drinking water source [20]. Furthermore, during water treatment, the algae can react with the disinfectant and lead to the formation of trihalomethane which is harmful to humans [20]. Some neuro- and hepatotoxins may release during the death of the algae, which can significantly affect health [16].  
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	Negative Impacts

	Increased biomass of phytoplankton

	Shifts in phytoplankton to bloom-forming species that may be toxic or inedible 

	Increases in blooms of gelatinous zooplankton (in marine environments) 

	Increased biomass of benthic and epiphytic algae 

	Changes in macrophyte species composition and biomass 

	Death of coral reefs and loss of coral reef communities 

	Decreases in water transparency 

	Taste, odor, and water treatment problems 

	Oxygen depletion 

	Increased incidence of fish kills 

	Loss of desirable fish species 

	Decreases in perceived esthetic value of the water body

	Reductions in harvestable fish and shellfish 



The nutrient pollution may increase in the near future due to human population growth. Population growth increases the demand in food (agricultural demands), growth of urban areas, and the accumulation of nutrients due to human activities (manufacturing of fertilizer and the usage of fossil fuel) [14]. Since nutrient pollution is usually triggered by precipitation, both occurrence timing and location cannot be accurately estimated. These uncertainties enhance the difficulty in prevention of non-point pollution. In order to prevent the concentration of nutrient pollution from exceeding certain level that results in eutrophication, many management plans and policies have been established. A usage limitation of soil nutrient fertilizers can be set up based on a sophisticated agricultural phosphorus and nitrogen management plan. This plan can restrict the overdose amount of fertilizer, thus reduce the amount of nutrient leaching effectively. The urban runoff management plan is also able to prevent the nutrient from entering the water system. This is mainly achieved by upgrading the existing sewer system to a modern one [12]. A high quality continuous on-line monitoring system of nutrient leaching is necessary to enforce these plans and policies. This system can report the nutrient pollution immediately after it is present in water. It not only can trigger emergency response to avoid severe nutrient contamination, but also can trace the source of contaminates to reinforce the management plan which prevents further increase of pollution concentration. There are many commercial available sensors have been developed for nutrient pollution monitoring. However, some challenges such as high cost, frequent maintenances required and biofouling still restrict the application of these sensors as an on-line monitoring system of nutrient leaching.
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The drinking water treatment systems in modern world provide reliable supply of this essential resource to millions of people, which is a great milestone of improving the quality of human daily life. Drinking water guidelines are usually set up to ensure the drinking water quality at the point of production and are strictly regulated [22]. There are few underground natural water sources which meet the requirements in the guideline without treatment and can be directly distributed. However, most of easily-accessible surface water sources (i.e. lakes and rivers) are affected by the non-point source water pollution to different degrees; therefore, this water usually required treatment to meet the standards in the guideline before distribution. The most commonly treatment includes filtration, flocculation/sedimentation, and disinfection. Some treatment also includes ion exchange and adsorption [23]. Each drinking water facility is able to design individual treatment process to accommodate different water conditions. 
Today, these drinking water treatment techniques are mainly able to guarantee the safety of drinking water when it leaves the treatment facility into the distribution system. However, there are also two kinds of potential problems that may occur in the drinking water supply system [24]. The first problem is related to the unusual or sudden variation in source water quality which can lead to the failure of treatment process. This problem can be detected by daily laboratory-based analytical methods and rectiﬁed at the treatment stage. The other problem is the accidental contamination during transportation from treatment site to the supply ends. This problem cannot be reliably detected by the existing technology; thus it may lead to instances which could have significant consequences to public health [24]. Microbial growth in the water distribution system is the major source of this problem, which may be controlled by the addition of disinfectants in the distribution systems.  
Free chlorine from dissolved hypochlorite is the most common disinfectant used in drinking water due to its outstanding oxidation capacity [25,26]. The residual chlorine concentration in the distribution system has to be accurately controlled within a certain range between 0.5 - 2 mg/L to assure drinking water safety. Low chlorine (chlorine < 0.5 mg/L) level creates the possibility of bacterial contamination. At high concentrations (chlorine > 2 mg/L), chlorine may react with natural organic matter and produce trihalomethane (THMs) which is harmful to humans [25][27]. Thus an on-line free chlorine sensor network along the distribution system is necessary for drinking water safety assurance. 
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Effective wastewater treatment, nutrient pollution control and contamination free drinking water supply are three major goals of any comprehensive water management plan to combat the effect of point and non-point pollution sources on public and environmental health. On-line sensing and monitoring systems that can provide highly accurate data in real time can be the key component to benefit all these three aspects. However, the development of a comprehensive sensing system that can detect all parameters is labor and cost intensive. Thus, appropriate selection of targeted indicator is important in order to design a sufficient and practical sensing system. Based on this principle, this thesis focuses on developing the on-line sensors that target on some of the most critical indicators. These critical parameters are listed as following:
i) Dissolved Oxygen (DO): Since oxygen is an essential compound during the degradation of water containments, the dissolved oxygen (DO) level is always an important factor for water monitoring. Therefore, DO concentration is one of the primary factors for monitoring pollution in nature water. Generally, water with higher DO level indicates less nutrient concentration and vice versa[28]. Additionally, DO is one of the major parameters that has to be precisely controlled during the wastewater treatment [29,30]. Exceeding required DO concentration can cause waste of energy during aeration, whereas low DO concentration can cause failure treatment processes. A sensitive and reliable DO sensor can significantly contribute in both improvement of wastewater treatment and prevention of nature water pollution.
ii) Chlorine: Chlorine is one of the most common used disinfectants to ensure the drinking water quality during transportation. It is also widely used in wastewater treatment process for degradation of organic contaminants. The chlorine concentration has to be strictly controlled to meet the requirement of different applications. For example, the residual chlorine in wastewater discharge is regulated as 0 mg/L to prevent the damage in natural eco-system. Nevertheless, the residual chlorine in drinking water has to be maintained between 2 - 0.5 mg/L to ensure drinking water safety. Thus, a reliable chlorine on-line sensor is necessary to precisely control the residual chlorine level in order to meet the regulation.
iii) Nitrate and phosphate: Generally, the concentration of final degradation products in the nutrient cycle (nitrogen & phosphorus cycles) can reveal the level of nutrient contamination. Thus these chemicals can be used as the sensing targets in nutrient sensing system [21]. Figure 1.1 illustrates the common nitrogen cycle after n-contained contaminants presented in water. First, the n-contained contaminants dissolved in water and presented as the ammonium (NH4). Second, some bacteria (Nitrosomonas) begin to develop and oxidize the ammonia into nitrites under aerobic condition. Then, the nitrites can be converted into nitrates by another species of bacteria (Nitrospina). Finally, both the bacteria (nitrosomonas and nitrospina) and nitrate serve as the nutrient that can be consumed by aqueous animals and plants [11]. In the nitrogen cycle, nitrate is considered as the final product which can present concentration of the total nitrogen contained contaminants [21]. 
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Unlike the nitrogen cycle, phosphorus occurs in nature as phosphate ion (PO4)3-. The phosphate can be determined into three different categories based on different sources. Organic phosphate is usually synthesized during metabolism and condensed phosphate is one of the main components in detergents [31]. Those two types of phosphates are mainly present in sewage as the point sources. The orthophosphate is the main non-point source of phosphorus contaminants that normally used as the fertilizers [31]. Thus, the orthophosphate is the main compound in water system, which is strongly related to the phosphorus contaminants.
Since nitrate and phosphate are the ultimate products in the nutrient cycle, these chemicals can serve as the index of nutrient pollution level in single water system.
The general requirements of the on-line water sensing system and the common challenges which prevent most current techniques to meet these requirements are discussed in section 1.2. Current sensing techniques of individual selected targets (DO, chlorine, NO3 and PO4) and the major limitations of these techniques are reviewed in section 1.3. 
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There are some general requirements for environmental on-line sensors such as: (i) capability for autonomous operation, (ii) good sensitivity, (iii) low cost, and (iv) sufficient lifetime. There have been several investigations on the development of on-line water monitoring systems [21,24,32–34]. Three main categories of sensing mechanisms have been used in these on-line water monitoring systems, namely: (i) colorimetric, (ii) optical, and (iii) electrochemical approaches. Colorimetric sensing is implemented by adding selective indicators into the sample. These indicators can react with the sensing targets and develop color. The color intensity is proportional to the concentration of the sensing target, which can be measured by the spectrometer. 
Ion selective materials are commonly used in the optical and electrochemical methods. They produce the optical or electrical signals selectively when the sensing target is present. Then, the concentration of the sensing target can be deduced from the signal intensity. These sensing mechanisms can achieve automatic sensing with sufficient sensitivity. However, high cost and lifetime are two major limitations which restrict the implementation of these sensors in real world on-line sensing applications.
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High cost is always one of the major factors that prevent the widespread implementation of on-line water monitoring devices in real world. The high cost of these sensors is mainly because of two factors: its manufacturing and operation. Use of expensive materials and components (i.e. noble metals, optical filter, laser light source, etc.) as well as consumables (i.e. chemicals) increase the cost of conventional sensor manufacturing. Miniaturization of sensors using microfabrication methods provides a new approach to build a novel low cost integrated water monitoring system. Microfabrication provides numerous beneﬁts such as significant reduction of the sensor cost due to mass production, precise control of sampling volume, fast sensing process, good reproducibility, highly portable and low power consumption [35]. Therefore, miniaturization of water sensors can dramatically benefit the development of continuous and automatic on-line water monitoring device, which is the objective of this research work.
Lifetime of on-line sensing device is usually affected by two factors: (i) degradation of sensor and (ii) biofouling. The degradation of each sensor has to be addressed individually and depends on its sensing mechanism. Since the degradation only occurs when the sensor is operated, arrays with multiple sensor bundles may be one obvious solution for this issue. By using these multiple sensors one after another, the lifetime of the sensing system can be enhanced significantly. However, low cost sensor is necessary to build the sensor array in order to maintain the manufacturing cost within a desired range. Thus, development of miniaturized sensors is critical in this on-line sensor research work.
Biofouling is another major factor that reduces the lifetime of any water monitoring device. Biofouling is referred to the unwanted deposition and growth of the hydrophobic biofilms that contains many organic and inorganic matters including: extracellular polymeric substances (mainly protein), organic and inorganic debris (i.e. humic acid) and microorganism (i.e. algae, bacteria and cells). Fig. 1.2 shows the development of biofilm on common surfaces immersed in surface and ground water. 
Biofouling starts at the moment when surfaces contact with water which can be classified to four different stages: first, the adsorption of organic molecules such as protein and humic acids forms a conditioning layer. Second, the primary colonization happens when microorganisms such as bacteria and diatoms attached to the conditioning layer. Next, visible algae and invertebrates attach and create the “soft macrofouling” layer, and consequently the “hard macrofouling” layer can be formed by the shelled invertebrates like barnacles and tube worms [36].
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This biofilm can dramatically reduce the sensing performance of the water monitoring devices; therefore, in most cases, water sensors require frequent maintenance to remove these biofilms. The Alliance for Coastal Technologies estimates that the maintenance cost due to biofouling consumes 50% of operational budgets. To prevent the biofouling, some commercially available products are usually applied, which can be separated into two groups: (1) copper-based antifouling products (i.e. copper-alloy screens, copper tape, and copper-containing paints) and physically separation products (i.e. plastic wrap, protective plastic sleeves, and sensor guards) [37]. These methods show good improvement in extending the lifetime and maintenance cycle in commercially available sensors. Nevertheless, it is not feasible to apply the commercially available macroscale antifouling products to microscale sensing devices of different scales. Since the miniaturization of on-line water monitoring device is the ultimate goal of this research work, a novel antifouling strategy should be applied to extend the lifetime of on-line water monitoring device. 
Surface modification of the sensor surface to alter its hydrophobicity can hinder the formation and growth of biofilms in nature since hydrophobic interaction aggravates the adhesion of nature fouling agent such as humic acid and bacteria [38]. Thus, surface modification of sensor surface can be a simple and low cost strategy to prevent biofouling. Various surface modification methods have been proposed to alleviate biofouling on the miniaturizedsensing device surface. These include gas plasma treatment [39], ultraviolet irradiation [40], metal coating [41], dynamic surface modiﬁcation that involves ionic liquids or surfactants [42], and polyethylene glycol (PEG) grafting by wet chemical methods. Among the available methods , PEG grafting is a relatively simple and effective method [43] that is widely used in the antifouling aspects. Traditionally, the PEG grafting on to different materials are usually accomplished by various chemical strategies specific to each material [43–47]. However, different sensors are usually constructed by different materials. Thus, a comprehensive MEMS on-line sensing device usually contains multiple materials. In order to extend lifetime of the MEMS device, a novel modification method has to be developed to coating the antifouling agents onto them. 
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In summary, the development of miniaturized sensor with antifouling coating can effectively reduce the cost as well as extend the lifetime of the on-line water monitoring devices. Thus, development of miniaturized sensors of the selected sensing targets determined in section 1.1 becomes the ultimate goal of this research work as well as the discovery of a reliable and affordable anti-fouling method for the miniaturized water sensors.
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As discussed in section 1.1, an on-line sensing system which integrated all sensors of targeted indicators plays the key role in solving the current challenges of water pollution. There are certain critical indicators that the on-line sensing system should be able to detect such as DO level, nutrient concentration, and chlorine concentration. Many sensing mechanisms of these targets have been studied in last decades. There are different degrees of challenges remaining in each sensing mechanism; modifying existing sensing methods to overcome these challenges is the most efficient way to build an adequate sensor. Toward this goal, the detection methods of each critical indicator including DO, chlorine, NO3, PO4 are reviewed this section.
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Various detection methods of DO have been developed for more than six decades. Numerous research has been done to optimise the detecting procedures, sensor designs and reduce sensing limitations[48]. Most of the DO sensors that have been developed are based on three different principles: (i) Colorimetric methods (ii) Electrochemical methods (Clark Electrode) and (iii) Luminescence quenching (Optical):

1.1.1.1 Colorimetric methods
The colorimetric method for DO detection was first developed by Dr. Winkler in 1888, so it is also named the “Winkler Method [49].” The serial chemical reactions of this method are shown as following:e.q.1.1 
e.q.1.3


e.q.1.2



e.q.1.4
e.q.1.5


In these series of reactions, the Mn2+ ions are oxidized by dissolved oxygen and then become Mn3+. Then, the Mn3+ reacts with I- and produces I2. Concentration of I2 is proportion to the DO concentration; thus I2 can work as an indicator which shows blue color in water. The DO concentration then can be detected by the titration results of I2 by using S2O3- as a reductive agent. This method is still the national standard method for determining the DO concentration in many countries such as US [50].  
Although it is able to precisely detect DO concentration, there are some disadvantages of this method: (i) it is time consuming (5 minutes per test); (ii) it has high cost (15 USD per test) due to the complicated chemical reactions [51], and (iii) it is labor intensive. These inherent disadvantages make this technique unsuitable in the development of DO on-line monitoring device.
1.1.1.2 Electrochemical methods
Electrochemical DO sensing electrodes were first made by Dr. L. C. Clark in 1956 [52]. The configuration of this sensor is shown in Fig 1.3. Electrochemical DO sensing electrodes which are designed based on this configuration are called “Clark type” electrode. 
In a Clark type electrode, the sensing electrode is typically made of platinum (Pt) which works as a catalyst for oxygen reduction reaction. The sensing electrode and sample are separated by a gas permeable membrane. The counter electrode is usually made of silver. When immersed in a reference solution of KCl, the surface of the silver electrode is converted to silver chloride and to maintain a stable electrochemical potential on the counter electrode. The reactions that occur on Clark type sensor are shown as following:

e.q.1.6.1

e.q.1.6.2
e.q.1.6



While sensing, the oxygen reduction reaction (ORR) is catalytically triggered on the Pt working electrode. The current generated from this reaction is proportional to the concentration of DO and can be calculated by the following equation [53]: 

e.q.1.7


Where I is the measured current, F is Faraday’s constant, Pm is O2 permeability of membrane, A is surface area of the working electrode, b is thickness of the membrane and P(O2) is the partial pressure of oxygen. Then, the DO concentration can be calculated by the solubility of oxygen in water with certain partial pressure that has been found by e.q. 1.7. 
The ORR in aqueous solution occurs mainly through two pathways: (1) four-electron pathway which directly reduce oxygen (O2) to water (H2O), and (2) two- electron pathway which first reduce O2 to H2O2, and then H2O2 is reduced to H2O. In general, the ORR would be triggered if a -1.2 V (vs. standard hydrogen electrode) or higher potential is applied at working electrode. However, water can also be electrolysed at this potential and produce oxygen which can affect the sensing result. Therefore, a catalyst which can reduce the ORR potential is essential for all applications of ORR. 
ORR is important not only in the context of DO sensor but also in fuel cells. A significant body of literature has been published on the oxygen reduction reaction and numerous alternative catalysts to platinum have been developed for fuel cells. The catalysts of ORR can be classified into three types: (i) Platinum (Pt), (ii) other metals, and (iii) organometallic compounds. Detailed information of these catalysts is reviewed in following paragraph.
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Platinum
Pt-based catalysts are the best for catalyzing ORR due to its high efficiency and stability [54]. Thus, ORR on Pt electrode is the most exhaustively studied mechanism in all catalytic ORR reaction [55]. Some researchers suggested that the most possible reaction pathway of ORR on Pt electrode surface is thorough the four electron pathway. Two mechanisms have been proposed. The first one is shown in e.q. 1.8 to e.q. 1.9. [56]:

(1) Dissociative Mechanism

e.q.1.8.2
e.q.1.8.1

e.q.1.8



Where * is a site on Pt surface. First, O2 adsorbs on Pt surface and breaks the O-O bond to form adsorbed atomic O. The O atom then further gains two electrons in the two consecutive steps, and forms water. This mechanism can be considered as the direct 4-electron pathway.



(2) Associative Mechanism

e.q.1.9.1

e.q.1.9.2

e.q.1.9.3

e.q.1.9
e.q.1.9.4



This mechanism suggests that after O2 absorbed on Pt surface, the O-O bond may not be broken. The active O2* results in the formation of H2O2. It is found that the produced H2O2 would be further reduced to H2O since very less H2O2 is observed during ORR on Pt. 
Although the efficiency of Pt is superior to other catalysts for catalyzing ORR, there are still certain challenges that should be addressed: (1) Pt is a rare metal and expensive; (2) Pt is very active in catalyzing reduction reaction. Therefore, interferences such as Fe2+ and NO2 would lead to reading errors if gas permeable membranes are not employed; (3) Even with gas permeable membranes, in some situations, a sample may contain gases (i.e. Cl2, NO, and Br2) that interfere with the detection of dissolved oxygen [57]. Hence there is a need to develop alternate catalysts to Pt;

Other Metals
Many metals are known as ORR catalysts for many chemical reactions [58]. ORR on ruthenium (Ru) has been studied by cyclic voltammetry (CV) and rotating disk electrode (RDE) [59]. It shows Ru is not as effective an ORR catalyst since its ORR current density is close to 0.015 (mA/cm2) when RDE spin rate is 900 rpm. This value is much lower than the ORR catalytic efficiency of Pt (3.8 mA/cm2) under the same conditions.
Silver can be a good substitute for Pt catalyst due to its relatively low cost. However, owing to its low catalytic activity, large surface area silver electrode is usually necessary to provide sufficient ORR current for DO sensing application [65]. Lee et al. studied the electrochemical reaction of silver nanoparticle catalyst coating on carbon black electrode (Ag/C) to increase the surface area of Ag coverage [60]. This electrode containing 30% (w/t) silver catalyst showed a current density equivalent to a 10% (w/t) Pt/C catalyst synthesized under the same conditions. Nevertheless, the synthesis of nano Ag particles coated carbon black electrode can be a high cost process which may not suitable for a low cost DO sensor. Additionally, Ag based sensors have a short lifetime since Ag corrodes when exposed to water in the presence of DO [60].
Palladium (Pd) is another noble metal which has similar chemical property as Pt and can also catalyze ORR. However, pure palladium is not an efficient catalyst of electro reduction of oxygen [61]. Therefore, Pd is usually incorporated with other material to enhance the ORR catalyst efficiency. For example, Pd nanoparticles on gold electrodes were tested by Shen et al. for ORR activity [62]. This electrode is able to catalyze ORR in KCl solution at -0.2 V; however, this catalyst is not stable. Carbon (C) based Pd complex is superior to most other Pd complex in terms of cost efficiency. Among all carbon based Pd complex, the Pd/ carbon nanotubes (CNT) complex shows must higher ORR efficiency than other Pd/C complex owing to its unique electrical properties [63]. In the research from Lin et al., Palladium nanoparticles have been coated onto CNT [63]. When bare CNT was deposited on a glassy carbon electrode, oxygen reduction occurs at 0.4 V in saturated H2SO4 solution. For the Pd–CNT deposited glassy carbon electrode, oxygen reduction shifted to approximately 0.5 V under the same conditions. This shows that Pd-CNTs have higher activity to ORR than bare CNT. This Pd-CNT composite has a potential to become an effective ORR catalyst. However, the expensive processes of Pd-CNT synthesis such as supercritical carbon dioxide deposition or chemical vapor deposition (CVD) limit the application of this catalyst to be used in low cost DO sensor development.
In summary, low ORR catalytic efficiency inherently limits the usage of other metals as the DO sensitive electrode. Although sufficient ORR current can still be obtained by increasing the surface area of catalyst when replacing Pt by other metals, this approach complicates the manufacturing process and increases its cost and size; therefore, it is not suitable for development of a miniaturized and low cost DO sensor.
Organometallic Compounds
The transition metal N4-macrocycles compounds such as metal-porphyrin complexes (Fig. 1.4) have been extensively studied as a candidate for ORR catalysts because of their high catalytic activities [64]. Recently, other compounds such as cyanine which are structurally similar to transition metal porphyrin have also been studied to ﬁnd promising ORR catalysts.  
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Figure 1‑4 Typical structure of metal-porphyrin (M: transition metal (i.e.Co, Fe, Mn); Ar: different functional groups, i.e. benzene)

Furthermore, many investigations also used the porphyrin compounds as the replacements for Platinum in dissolved oxygen sensing [8][9][67]. All of the research showed that porphyrin-based DO sensors have good sensitivity and have 10 to 100 times of catalytic efficiency (Table 1.2) as compared with metals such as Au or Ru. However, the manufacturing process of porphyrin DO sensor required layer by layer synthesis procedures to immobilize porphyrin onto electrodes, which is time consuming and complicated [68]. Therefore, a novel synthesis strategy was needed.
A comprehensive review of the porphyrin catalytic ORR has been done by Song et al. [56]. The catalytic activities of those compounds were varied with the central metal in the following order: Fe>Co>Ni>Cu. With different metal center, the activity will be changed with the chelating atoms of the macrocyclic ring. For example, the active rank of Fe center porphyrin is: N4>N2O2>N2S2>O4=S4 (inactive). 
Alt et al. [69] explained that in the interaction between O2 and a transition metal, electron transfer occurs first from oxygen into the empty dz2 orbital, forming an σ bond, lowering the π orbitals of O2 and raising the energy of the dxz and dyz orbitals of the transition metals, thus allowing the electron transfer from these filled orbitals to the π orbital of O2, which breaks the O=O bonding.
The ORR catalyzed by mononuclear Co porphyrin usually produce H2O2 as an intermediate product [70]. However, as reported, bi-nuclear Co porphyrin such as Co2TAPH can directly catalyze ORR and produce water [71]. This catalytic activity is due to the interaction between O2 and the bi-Co metal centers which can weaken the O-O bond effectively and then break it. Furthermore, face-to-face Co porphyrin can also directly catalyze ORR if the distance of two Co centers is around 4 Å. If the distance is larger or smaller than 4 Å, H2O2 would be produced as the intermediate product [56].
The ORR usually directly forms H2O when catalyzed by Fe-based porphyrin [70]. However, Shi et al. [72] found that ORR catalyzed by Fe tetrakis(4-N-methylpyridyl) porphyrin produced a mixture of H2O and H2O2. Moreover, the functional groups outside of the porphyrin ring can also affect the catalytic behaviour of Fe porphyrin. The research of Su et al.[73] demonstrated that the responding currents of catalyzed ORR were approximately equivalent for Fe(4-TMPyP) and Fe(3-TMPyP), which is higher than the responding current of Fe(2-TMPyP). (N-methyl-n-pyridyl) porphyrin structures are shown in Fig 1.5.
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Electrodes with higher current density indicate that higher current (energy or signal) can be produced in the same surface area. The current density produced by ORR is directly affected by the efficiency of catalyst. Table 1.2 shows the current density of some promising catalysts of ORR. Based on the information presented, FeTPP is the most effective ORR catalyst other than Pt, which is expensive, and may be the most suitable replacement of Pt to produce low cost DO sensor. 
Hemin is a FeTPP which contain two carboxyl functional groups. Hemin is able to electropolymerize via chain formation of the carboxyl groups once applied desired electrical potential. This polymerization can create a larger surface coverage than other FeTPP which can only be immobilized onto electrode by conventional layer by layer self-assembling. Recently, Hemin is found to be able to catalyze the oxygen reduction reaction (ORR). Because Hemin is easily available and low cost, it has been investigated more widely. Antoniadou et al. [75] studied the ORR on Hemin modified pristine and carbon fibre electrodes. This work showed that 4 electron pathway is catalyzed when ORR takes place in aqueous and methanolic solution. Ye et al.[74] built a Hemin oxygen sensor by coating hemin on the multi-walled carbon nanotube electrodes. The Hemin modiﬁed electrodes in pH 7.4 phosphate buﬀer solution (PBS) showed the oxygen reduction peaks are close to 0 V (vs. Ag/AgCl). Carbon-supported Hemin was studied by Liang et al.[76] as a nonprecious metal catalyst of ORR. The research showed that the catalytic activity was signiﬁcantly improved after the heat treatment of hemin/carbon electrodes. Also, the catalytic activity of Hemin/carbon electrode was improved with increased Hemin content. However, most of these works were focus on the fundamental research of ORR reaction on Hemin in the context of their application in fuel cells. Scant attention has been given to its application in other areas such as DO sensing in water. Furthermore, high surface area carbon based substrates (i.e. carbon nanotube) is usually applied to increase the surface area of this Hemin based ORR electrodes. This strategy increases the complexity of manufacturing. Moreover, the layer by layer synthesis mechanism is mostly used in synthesis Hemin based ORR electrode which is expensive. The relatively low cost electropolymerization method for Hemin electrode synthesis has not been investigated as a method for fabrication of DO sensor.

[bookmark: _Toc425452430][bookmark: _Toc425453188][bookmark: _Toc426302699][bookmark: _Toc426302846]Table 1‑2 Current density of some ORR catalysts
	Catalyst
	CurrentDensity 
(mA/cm2)
	Note

	Pt
	3.8
	RDE*2 900 rpm

	Au
	0.2
	3 electrodes

	Ru
	0.015
	RDE 900 rpm

	TPP*
	1.6
	RDE 900 rpm

	Ru TPP
	2.6
	RDE 900 rpm

	Mn TPP
	1.8
	RDE 900 rpm

	Co TPP
	2.6
	RDE 900 rpm

	Co TPP
	3.7
	RDE 2500 rpm

	Co TPP
	0.4
	3 electrodes

	Fe TPP
	6.25
	RDE 2500 rpm

	Fe TPP
	0.86
	3 electrodes


*TPP: tetraphenylporphyrin
*2 RDE: Rotating Disk Electrode (higher rotating speed produces higher current density)

1.1.1.3 Optical methods
Optical DO sensor has been extensively studied and well developed in the last two decades [77]. In most optical DO sensors, fluorophores have been immobilized in an organic polymer matrix then incorporated with optical sensing modules. In oxygen free environment, the fluorophores first absorb energy from excitation light with specific wavelength then relax energy by emitting fluorescence. When oxygen contacts the fluorophore in an excited state, it relaxes through O2 to ground state. This relaxation process is non radiative, thus quenches the fluorescence intensity. The quenching of fluorescence intensity is correlated with the oxygen concentration and can be expressed by the Stern-Volmer equation [78]:

e.q.1.10


Where I0 is the luminescence intensity without oxygen presentation, I is the intensity after luminescence contact with oxygen. KSV,i is the Stern-Volmer quenching constant, and fi is the fractional contribution of the ith component. Consequently, the concentration of dissolved oxygen, [O2], can be calculated.
Many materials can be used as the luminescence probes for oxygen sensing. A detailed review of these materials can be found in work from Amao [79]. Table 1.3 shows the optical properties of the materials in his review article. Generally, the luminescence probes can be categorized into two groups: (i) Organic molecules (i.e. pyrene, pyrene derivative), and (ii) Organometallic (i.e. transition metal (Ru, Os, Ir) complexes. The first organic luminescent probe for oxygen sensing was made by polycyclic aromatic hydrocarbons (PAHs) [80]. The PAHs fluorescent emission can be efﬁciently quenched by oxygen with the partial pressure between 0 to 100 %. Later, pyrene-1-butylic acid (PBA) was chosen as a sensing probe [81]. The PBA probes were also applied in sensing DO level in biological microenvironments. Several researches have been done using PBA probe for detecting DO in tissue [82]. 
Because the organometallic compounds show strong luminescence with long lifetime, these compounds are usually used in optical oxygen sensing. Ru compounds were first developed and have become the most popular organometallic materials for DO sensing due to high photostability, long lifetime and high quenching efficiencies of oxygen [79]. For instance, Ru optical DO sensor has been applied successfully in detecting the DO level of serum [83]. The (Ru(Ph2phen)2+) has also been used as ﬂuorescence oxygen sensing probe. This compound can be excited by blue light and is strongly quenched by oxygen [84]. Moreover, Wolfbeis et al. have reported the development of the optical Ru oxygen sensor for the biochemical oxygen demand in yeast cells [85]. The other organometallic compounds such as Os, Ir and metalporphyrins (Pt and Pd) all show good photo-stabilities and quenching efficiencies of oxygen. Furthermore, the different optical properties such as absorption and emission wavelengths of each organometallic compound allow those compounds to be applied in various situations [58].  
Table 1.3 lists some selected fluorophores and their excitation/emission wavelength. Furthermore, as presented in Eq. 10, the sensitivity of each fluorophore can be evaluated by their ratio of quenched (I) to unquenched (I0) fluorescence intensity (I0/I values). These I0/I values of these fluorophores are also presented in Table 1.3.
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	Luminescence
	Absorbance (nm)
	Emission (nm)
	Solvent for immobilization
	I0/I

	pyrene-1-butylic  acid (PBA)
	365 
	376, 396, 474
	Toluene
	1.5 in PDMS* films

	Decacyclene (DCY)
	380 
	510
	Toluene
	7.8 in PDMS films

	Perylene dibutylate
	457 
	512
	Toluene
	1.5 in PS* films

	Ru(dpp)32+
	337, 457
	610
	Dichloromethane
	1.1 in PS ﬁlm

	Os(dpp)32+
	454, 500, 580, 650
	729
	Dichloromethane
	4.5 in PDMS ﬁlm

	Os(phen)32+
	432, 478, 660
	720
	Dichloromethane
	--

	Ir(ppy)3
	376
	512
	Dichloromethane, 
	1.2 in PS films

	PtOEP
	381, 535
	646
	Dichloromethane, THF, Toluene
	4.5 in PS films

	PtTFPP
	395, 541
	648
	Dichloromethane, THF, Toluene
	3.0 in PS films

	PtOEPK
	398, 592
	758
	Chloroform
	2.0 in PVC ﬁlm,

	PdOEP
	393, 512, 546
	663
	Dichloromethane, THF, Toluene
	11.5 in PS ﬁlm

	PdOEPK
	410, 603
	790
	Chloroform, Toluene
	8.0 in PVC ﬁlm,

	ZnTPP

	422, 549, 588
	470*2
	Dichloromethane,  Toluene, THF
	14.4 in PS film

	ZnTFPP 

	420, 546, 580
	470*2
	Dichloromethane,  Toluene, THF
	47.3 in PS film

	C60 

	300
	750*2
	Toluene
	49.4 in PS film

	C70
	300 
	860*2
	Toluene
	433 in PS film


*PDMS: poly(dimethylsiloxane), PS: polystyrene, PVC: Polyvinyl chloride
*2Wavelengths are the triplet lifetime maximum absorbance (discuss in following paragraph)

The DO sensing based on the fluorescence quenching intensity measurement is straightforward  but may have poor reproducibility due to some many factors such as: (i) inhomogeneous distribution of fluorophore in the matrix (ii) leaching of fluorophore, (iii) unstable light source and (iv) insufficient photodetector sensitivity among other factors [86] To alleviate these disadvantages, the fluorescence lifetime measurement can be performed instead of the intensity measurement. The relation between fluorescence lifetime and DO concentration can be expressed by the modified Stern-Volmer equation [86,87]:

e.q.1.11


Where τ0 and τ are the fluorescence lifetime absence and present of oxygen, respectively. KSV,i is the Stern-Volmer quenching constant, fi is the fractional contribution of the ith component and [O2] is the DO concentration. The fluorescence lifetime measurement is independent of the intensity of fluorescence thus all the interfering factors in intensity measurement can be eliminated [86]. However, the lifetime measurement requires expensive detector with ultra-fast response time (in nano second range) which is the major limitation of this technique. 
There are some unique advantages of DO sensors based on optical sensing mechanism such as (i) no oxygen consumption, (ii) low interference, and (iii) short response time. However, high cost in both components (optical modules) and manufacturing are always two major limitations of the optical DO sensor. On the other hand, electrochemical DO sensing mechanism is relatively low cost and also sufficiently sensitive which is considered as a suitable candidate to produce low cost and reliable DO sensing devices. 
[bookmark: _Toc425009859][bookmark: _Toc425011532][bookmark: _Toc425015332][bookmark: _Toc425020130][bookmark: _Toc425450727][bookmark: _Toc426296440][bookmark: _Toc426296570][bookmark: _Toc426302991]Chlorine Sensors
As the most common disinfectant, chlorine is used in drinking water treatment to prevent the biological contamination during distribution. Since the free chlorine concentration can be strongly influenced by many parameters such as temperature, sunlight and time during water transportation, on-line sensing at many locations along the water supply network is critical to ensure the stable residual chlorine level [27].
Additionally, chlorine is also applied in the wastewater treatment facility to kill most of the noxious microorganism which has to be removed before discharge into the environment. Thus, continuous in-line monitoring of chlorine level is also essential in wastewater treatment. 
The standard and most widely used technique for chlorine sensing is the colorimetric method. The most well-known colorimetric method uses N,N-diethyl-p-phenylenediamine (DPD)/chlorine reaction. In this method, hypochlorous acid or hypochlorite ion produced from the dissolved free chlorine or free available chlorine can react with the DPD indicator and produces pink color in the test solution. The intensity measured at 530 nm is proportional to the chlorine concentration and can be measured by a spectrometer. This standard method requires the use of reagents and has to be operated by well-trained technician which restricts its use to a laboratory setting. Other colorimetric methods such as iodometric titration [26] and amperometric titration [26] also operate on the similar principles as DPD method and suffer from the same disadvantages.
There are some autonomous flow injection or sequential injection sensing devices developed based on the colorimetric sensing principle [88–90]. Other than DPD, many other chemicals have been used as the indicator of chlorine concentration. Table 1.4 summarizes some of the current developments of this sensing technique. Although accurate and selective, this method requires a continuous supply of reagents in addition to optical light sources and detectors, making it unsuitable for use in low-cost, continuous on-line chlorine monitoring at multiple sites along the drinking water supply or wastewater discharging pipelines [91].
[bookmark: _Toc426302701][bookmark: _Toc426302848][bookmark: _Toc425453190][bookmark: _Toc425452432]Table 1‑4 Selected Information of Colorimetric Chlorine Sensing Techniques[88–90,92]
	Technique
	Reagent
	Detection Reage (mg/L)
	Standard Deviation (%) 
	Water Sample

	FIA
	TMK
	0.2- 1
	< 1
	DI

	FIA
	xanthene  
	0. 001– 0.1
	1.6
	Tap

	SIA
	4NPH/NED
	5x10-6 - 0.04
	0.8-1.2
	Surface / Tap

	FIA
	DPD
	0.1 - 4
	1-2
	DI


FIA: Flow Injection; SIA: Sequential Injection; TMK: 4,4’- tetramethyldiaminothiobenzophenone; 4NPH: 4-Nltrophenylhydranne; NED: N-(1-naphthyl)ethylenedramme dlhydrochlorlde
Alternatively, another commercial chlorine sensor is built based on the electrochemical sensing mechanism. These sensors are usually constructed in the conventional three electrode system. In this sensor, the working electrode made of gold, is placed along with the reference and counter electrodes that are made of silver/silver chloride and copper in a standard electrolyte solution and separated from the external environment by a hydrophilic membrane. Application of a constant potential at the working electrode, set to react with free chlorine present, leads to establishment of a current that is proportional to the diffusion of free chlorine from the external environment through the membrane to the electrode. Thus the concentration in the external condition can be calculated directly from the current obtained. This method is simple in design without the need for additional reactants, which is favorable for autonomous continuous monitoring [93–95]. Nevertheless, there are still some common drawbacks of electrochemical sensors. For example, the sensing results are strongly affected by the flow rate and aging of the electrodes [95,96]; thus, a supplementary flow meter is usually equipped with the chlorine sensor to calibrate reading and derive accurate chlorine concentration. Furthermore, the electrolyte solution in this electrochemical chlorine sensor requires periodic maintenance and calibration. These factors limit the lifetime and portability of the sensor.
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The importance of nitrate sensing in nutrient monitoring is not only due to its toxicity to human and animals, but also because it is at the highest oxidation state of the biogeochemical cycle of nitrogen (N). In general, ammonia is the major source of N related nutrient pollution. After ammonia is dispersed into surface water, one kind of bacteria (nitrosomonas) first oxidizes it to nitrite and then another species of bacteria (nitrospina) converts nitrite to nitrate to finish the partial nitrogen cycle in water. Eventually, the full nitrogen cycle can be completed when nitrate is either absorbed by plants or be reduced to nitrogen gas by anaerobic bacteria in oxygen-lacking environment. Therefore, the nitrate concentration in water is able to reflect the level of pollution from nitrogen related nutrients. 
Nitrate has strong UV absorption at 214 and 254 nm which has been used to sense it optically [97]. However, this method is not practical for real time monitoring because of significant interference from other species such as nitrite and organic materials in surface water samples. In most cases, two sensing mechanisms are usually used in environmental nitrate sensing: colorimetric method and ion selective method.  
In real water sample, colorimetric sensing of nitrate is usually performed by flow and sequential injection procedures [98]. The basic principle of flow and sequential injection is based on the reduction reaction of nitrate to nitrite when nitrate passes through the copper/cadmium packed reactor. Then, Greiss test is performed to determine nitrite concentration in both reduced sample and the real sample. After deducting the background nitrite concentration in real sample, the nitrate concentration can be obtained. The typical mechanism (Greiss test) of nitrite sensing is presented in Fig. 1.6 [99]:  
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[bookmark: _Toc425021303][bookmark: _Toc425021767][bookmark: _Toc425452433][bookmark: _Toc425453191][bookmark: _Toc426302809][bookmark: _Toc426302906][bookmark: _Toc426303124]Figure 1‑6 Greiss test, a typical colorimetric method for nitrite detection. During the test, nitrite first reacts with sulphanilic acid to form a diazonium salt. The salt then reacts with azo dye agent and produces the pink color products to be detected.

There are other materials that can also be applied in reduction reaction of nitrate (i.e. cadmium plated zinc particles and nitrate reductase (enzyme)) as well as color development for colorimetric determination. In 2003, Miro et al. presented a comprehensive review article about the detection methods for nitrite and nitrates [100] some of which is shown in Table 1.5
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	Technique
	Reagents
	Detection Range (ppm)
	Standard Deviation (%) 
	Water Sample

	FIA
	Gr/Cu-Cd
	0.056 - 11.29
	2.3
	Urban waste

	SIA
	Gr/Cu-Cd
	0.5 – 50
	1.32
	Surface

	FIA
	PPB/Cu-Cd
	0.01 - 0.36
	2
	Surface

	FIA
	GaL/Cu-Cd
	0.004 - 0.79
	1.5
	Environmental

	FIA
	O3/I-
	0.0014-1.4
	6.7
	Lake

	FIA
	Gr/UV
	up to 3.36
	2.3
	Waste

	SIA
	Gr/Gu-Cd
	0.02 – 2.0
	0.8
	Waste


FIA: Flow Injection; SIA: Sequential Injection; Gr: Griess test regents; Cu/Cd: Copper/Cadmium colume; PPB: phosphomolybdenum blue; GaL: gallocyanine; UV: ultraviolet  

The technique based on ion-selective materials (ionophore) is another commonly used method for nitrate sensing. Generally, this technique can be divided into two categories: optical and electrochemical. Optical nitrate sensor is synthesized by mixing the nitrate ionophore, a proton-selective ionophore with a substrate material (e.g. Poly(vinylchloride) (PVC)) to form a membrane [101]. In the absence of nitrate ions, the nitrate ionophore and the proton-selective ionophore can form ion pairs that have optical absorbance of certain wavelengths. The absorbance is decreased when nitrate is present as the nitrate ionophore binds to nitrate and releases the photon ionophore, thus reducing the number of ion pairs [102]. Electrochemical nitrate sensors are mostly ionophore-based sensors. In this case, the ionophore is mixed with the substrate (usually PVC) to make an ion selective membrane. The ionophore serves as an ion channel that only allows the nitrate to pass through. This membrane is used to separate the electrode and electrolyte from outside environment thus only nitrate can alter the electrical potential via diffusion through the membrane. The concentration of the nitrate is related to the potential of the electrode through the well-known Nernst equation [103]. Tris(1,10-phenanthroline) nickel(II) or tris(4,7-diphenyl-1,10-phenanthroline) nickel(II)  are the most common ionophore of nitrate [103]. Other ionophores such as tetradodecylammoniumbromide (TDABr), tetradodecylammonium nitrate (TDAN), dibutylphathlate (DBP) and o-nitrophenyl octyl ether (o-NPOE) are also reported in previous researched [104–107]. Some research also indicated that copper can selectively reduce nitrate when a suitable electrochemical potential is applied. This phenomenon could potentially be used for sensing, however, the reaction can only occur in acidic conditions (pH = 2), which is not feasible in online water monitoring [108,109].
In short, both colorimetric and ionophore based sensing strategies have sufficient sensitivity in the detection range of 10-1 to 10-6 M (0.056 - 11.29 ppm) [100,110]. However, the requirement of flow control modules and optical detection modules lead to high cost of FIA and SIA devices. The need to periodically replenish the reagents that are used up in colorimetric chemical reactions also increases the operation cost of these devices. These limitations make FIA and SIA based device unsuitable to make a low cost nitrate sensor. Thus, most nitrate sensors are design based on the ion selective technique. Ionophore is the key component which creates the selectivity of this nitrate sensor. The nitrate ionophores have already been well-developed and there are many cost efficient nitrate ionophores which are sufficient in the on-line sensor application. Development of a compatible microfabrication process and integration of this nitrate sensor with other sensors into a multi analyte on-line water monitoring system are relatively straightforward.
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Soluble phosphorus in natural water is mainly present in the form of orthophosphates. Based on the pH, the orthophosphates can be present in four distinct forms: H3PO4, H2PO4- , HPO42- and PO43-. Fig. 1.7 shows the distribution of orthophosphate forms at 25°C according to pH [111]. In natural water (pH = 6-7), the orthophosphates are usually present as the combination of H2PO4 and HPO4. Accumulation of orthophosphates in water bodies causes overgrowth of algae leading to eutrophication [11,21]. Thus, the continuous monitoring the phosphate level, identification of the sources of contamination and addressing it immediately are critical for maintaining the water quality and drinking water safety. As suggested by the Water Framework Directive (EU Directive 2000/60/EC), the measurement of phosphate levels in surface and ground water is important to human to achieve ‘‘good ecological and chemical status’’ of earth. 
Extensive investigations have been conducted over the past few decades to develop reliable phosphate sensors. Colorimetric methods using chemical reactions were developed initially and still remained the most reliable method for monitoring the environmental orthophosphates [34,112]. In this method, a sequence of reactions is designed, which incorporates phosphate as one of the reactants and results in a visible transformation of color of the product. The most common reaction sequence for phosphate detection is the molybdate reduction process (molybdenum blue method) [113]. In this method, phosphate reacts with molybdate in an acid medium to produce a mixed phosphate/molybdate complex.  The complex is then reduced by ascorbic acid. Finally, the molybdenum can be obtained. Its absorbance intensity can be measured by the spectrometer at 700 and 880 nm and the intensity is proportional to the phosphate concentration. Other chemicals such as molybdovanadophosphate, rhodamine, and pyruvate oxidase can also be used for colorimetric phosphate sensing [100]. Table 1.6 listed some of the common used colorimetric phosphate sensing.
The colorimetric method has excellent sensitivity and selectivity [114]; however, it requires reagents to perform those chemical reactions, metering modules to aliquot appropriate amounts of the reagents to be mixed with each other as well as the optical detection modules for quantitative measurement. These requirements make this method expensive, time-consuming, and unsuitable for autonomous monitoring or field applications.
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[bookmark: _Toc425021305][bookmark: _Toc425021769][bookmark: _Toc425452435][bookmark: _Toc425453193][bookmark: _Toc426302810][bookmark: _Toc426302907][bookmark: _Toc426303125]Figure 1‑7 Distribution of soluble orthophosphate species according to pH at 25°C [111].Reprinted fromBiosensors and Bioelectronics, 41, Christopher Warwick, Antonio Guerreiro, and Ana Soares, Sensing and analysis of soluble phosphates in environmental samples: A review, 1-11, Copyright (2013), with permission from Elsevier
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	Technique
	Reagent
	Detection Range (mg/L)
	Standard Deviation (%) 
	Water Sample

	FIA
	Mo-V
	Up to 200
	0.8
	Waste

	FIA
	Mo/Sn-Hy
	0-25
	0.05
	Waste

	FIA
	Mo/Sn
	0.005-0.05
	0.002
	Natural

	SIA
	Mo-V
	Up to 18
	0.15
	Ground

	SIA
	Mo-V-MG
	0.05-0.4
	0.01
	Ground

	SIA
	Mo/Sn
	0.05-4
	0.01
	Ground

	FIA
	Mo-Mg
	Up to 0.018
	0.00006
	Sea


FIA: Flow Injection; SIA: Sequential Injection; Mo: ammonium molybdate; V: ammonium vanadate; Hy: hydrazube; Sn: Tin; MG: malachite green
Alternatively, electrochemical or optical sensors have also been investigated over the past few decades. These methods use ion selective membrane (ISM) that selectively transport phosphate ions to the electrodes for sensing [115–119]. Generally, the selectivity of ISM is due to its affinity for hydrophobic ions preferentially adsorbed and transported through ISM. However, the phosphate ion is relatively hydrophilic compared to other anionic species and at the end of the Hofmeister series (the ranking of hydrophobicity of ions), which has been an impediment in the development of suitable selective ISM for phosphate [118,119]. Lately, there has been some development of ISMs that have selectivity in the reverse order of Hofmeister series and have been specifically developed for phosphates. The most common design of ISM-based electrochemical sensor is presented below:

Sensor (Hg ǀ Hg2Cl2 ǀ KCl(sat) ǀ 0.2 mol/L phosphate buffer (pH 7.2) ISM- membrane)ǀǀ sample solution ǀǀ reference electrode (KCl ǀ AgCl ǀ Ag)

In some case, Ag/AgCl reference electrode can be used inside the sensor body to replace the Hg/Hg2Cl2 electrode. This double reference electrode system not only increases the complexity and cost of sensor manufacturing but also enhances the difficulty of regular maintenance while performing the on-line environmental sensing. Table 1.7 listed some of the lab-based development of the phosphate ionophores [119]: 
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	ISM
	Lenear Detect Range (mg/L)
	Detection limit (mg/L)

	Organotin
	6.8-370
	1

	Cyclic Polyamine
	0.03-3100
	N/A

	Binuclear organotin
	0.16-3100
	0.03

	Molybdenum acetylacetonate
	0.003-3000
	0.002

	Ferrocene/ macrocyclic amide
	0.31-310
	0.07

	Macrocyclic ligand
	0.07-310
	N/A

	Phenylurea substituted calix[4]arene
	0.002-3100
	0.0006
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Alternatively, the Cobalt/cobalt oxide (Co/CoO) system is suggested as the most promising strategy for environmental phosphate sensing[118]. The principle of this technique is using the potentiometric response of Co, CoO and phosphate based on the following two reactions (eq.1.12 and eq.1.13). The CoO reaction can be further separated into two equilibrium reactions as presented in eq. 1.12.1 and eq. 1.12.2

e.q.1.12.1

e.q.1.12.2
e.q.1.12

e.q.1.13


Cobalt can be oxidized in water to cobalt oxide and be reduced back to cobalt simultaneously in water. These reversible reactions create a stable electrochemical potential and if phosphate presents in water, it can react with cobalt to form Co3(PO4)2, which alters the stable potential. Earlier research suggested that the alteration of potential can be described by the Nernst equation that the electrode potential is determined by the bulk concentration of phosphate ions [21,120]. This unique property of cobalt makes cobalt-based phosphate sensing superior to all the other methods in sensor design in terms of its simplicity in design, and reliable sensitivity. However, this sensor requires stabilization of the electrical potential on cobalt surface before each sensing. In addition, the interference from the variation of dissolved oxygen is a significant problem. These factors limit the Co/CoO sensing to be employed as a long term onsite device [118–120]. 
In summary, no sensor-based technology has, so far, been validated to replace the standard colorimetric technique for determining the phosphate content of environmental water. A novel design may be the key to overcome this challenge and achieve continuous phosphate concentration monitoring.
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Overall, the colorimetric strategy is the standard method for determining the concentration of all these targeted chemicals. This method is accurate and with low interference. However, procedures of the colorimetric sensing usually involve many chemical reactions which are tedious and not cost efficient. Additionally, well-trained technicians are usually required in conducting these chemical reactions. These drawbacks make conventional colorimetric methods not suitable for on-line sensing. Recently, there are many flow injection (FI) or sequential injection (SI) devices developed based on the colorimetric sensing principles. These devices can perform the colorimetric sensing continuously and automatically. Nevertheless, the complicate flow control modules and optical detection modules lead to high cost of these FI and SI devices. Frequent maintenance is also inevitable to replenish the consumption from colorimetric chemical reactions. Therefore, FI and SI devices are not applicable in the development of low cost and sufficient lifetime on-line sensors.
Optical sensing mechanism contains the highest sensitivity, accuracy and fastest response time among these three methods. However, cost is always the major disadvantage of the optical sensor. The delicate optical design and costly optical modules also increase the difficulty in reducing the cost by miniaturization. 
The electrochemical method is simple with low cost, low energy consumption and sufficient accuracy. Moreover, the simple configuration makes it the most suitable for miniaturization among these three sensing mechanism. The low cost sensors can be widely set up in the whole water system to form an on-line sensor network and perform sensing continuously. This unique advantage makes the electrochemical sensing mechanism superior to other mechanisms. However, except for the well-developed nitrate sensor, significant challenges exist in the development of low-cost on-line electrochemical sensors with sufficient lifetime of all other targeted indicators (DO, chlorine and phosphate). Overcoming these challenges is the main focus of this thesis. 
The main limitations of current electrochemical DO sensor are high cost and lifetime. Some strategies can be applied to overcome these limitations. First, miniaturized oxygen sensing electrode can be made by employing a low cost manufacturing process and an effective but inexpensive ORR catalyst. Second, the development of all solid state sensor to avoid the use of liquid electrolyte can extend the lifetime of this sensor. Additionally, the antifouling can both reduce the maintenance cost as well as extend the lifetime of this sensor. Application of these three strategies to create a low cost and long term stable on line DO sensor is one of the central goals of this thesis.
Similar to DO sensor, short lifetime due to the use of liquid electrolyte is also the major challenge of commercial chlorine sensor. Development of all solid state sensor for online chlorine monitoring with sufficient lifetime is another key goal of this thesis. Table 1.8 listed some of the important parameters of commercial available DO and chlorine sensors. 
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	DO (Clark type)
YSI model 55
	Chlorine
Hach 9184 sc

	Sensitivity
	10 (μA/cm2)/ppm1
	600 nA/ppm2 

	Dynamic Range
	0-20 ppm
	0-20 ppm

	Error
	± 2%
	± 2%

	Response Time
	8 sec
	90 sec

	Lifetime
	2-8 weeks
	6 months

	Cost
	900 USD
	1000 USD


1Calculated based on optimum experimental condition [53]
2Calculated based on data provided in patent document [121] 

Until now, no phosphate sensor shows ability to accurately determine the phosphate content in environmental sample. However, the ISM electrochemical sensing mechanism has been suggested as the most promising strategy for environmental phosphate sensing. Improvement of this electrochemical method to develop a reliable phosphate on-line sensor is the third goal of this thesis.
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As summarized from previous sections, the development of electrochemical based sensing techniques has been chosen as the main focus of this research work. Reference electrodes are the essential components in most electrochemical systems.
Ideally, a proper reference electrode should be (i) stable, hence no potential drift may happen; (ii) reusable; (iii)compatible with chemicals (that are involved in desired reactions); (iv) easy to construct and maintain; and (v) low liquid junction potential [122]. Based on the above criteria, there are several well-known reference electrodes that are usually applied in various electrochemical systems, including: standard hydrogen electrode (SHE), saturated calomel electrode (SCE), and Silver/Silver Chloride Reference Electrode (Ag/AgCl). The working principle of these reference electrodes is to maintain the concentration of single reactant in specific reversible reactions for potential control. The reactions and controlled reactants are listed in Table 1.8. 
All these conventional reference electrodes depend on incorporation of a reference internal solution for its functioning. However, this causes complex design and fabrication which are not conducive for low cost manufacture. In addition, these electrodes need to be continually maintained and calibrated [123]. To overcome these challenges, some researchers have been focusing on replacing the aqueous electrolytes with solid-state or semi-solid state electrolytes which include polyions [124], ionic liquids [125–127], colloid-imprinted mesoporous carbon [128] and hydrophobic/hydrophilic polymer salts [129]. Although these solid-state REs have been shown to be reliable, the solid state electrolytes are costly, and get consumed over time.
 Palladium (Pd) is a classical hydrogen storage metal which absorbs hydrogen at different circumstances [130]. The Pd-adsorbed H2 can be retained a few days, even with exposure to air or aqua surrounding. The Pd-absorbed H2 system has been investigated for use as a reference electrode. This reference system requires no electrolyte or membrane, which is considered as a simple approach in synthesizing all solid-state reference electrodes. Recently, by applying this property of Pd, Zhen et al. [131] presented a novel miniaturized Pd reference electrode which is simply composed by Pd metal and platinum (Pt) support substrate. However, Pd reference electrodes lack long term stability due to gradual hydrogen desorption when stored/utilized in ambient environments [132]. This is the major limitation of Pd reference electrode which if overcome could be applied in our water monitoring system. 
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	Reaction
	Reactant

	SHE
	
	H2

	SCE
	
	Cl-

	Ag/AgCl
	
	Cl-


[bookmark: _Toc425009864][bookmark: _Toc425011537][bookmark: _Toc425015337][bookmark: _Toc425020135][bookmark: _Toc425450732][bookmark: _Toc426296445][bookmark: _Toc426296575][bookmark: _Toc426302996]Dissertation Overview
As discussed above, nutrient pollution is a significant issue in the management of water resources and influences human health, and economy development. This challenge need to be resolved adequately in order to ensure the world sustainability of clean water supply. Continuous monitoring of the watershed for these nutrients and their consequent effects is an effective strategy towards controlling them and managing the water resources. These devices can report the nutrient pollution immediately after it is introduced, which can immediately trigger effective action. In order to create this sensing system, some of current challenges in sensor design and fabrication are addressed and in this research. The dissertation is organized as the following:
The reduction of DO concentration is a marker for presence of contaminants; therefore, the DO sensor can serve as a non-specific early warning system for nutrient pollution. Current commercial available electrochemical DO sensors are costly, which restrict their application to specific locations rather than an entire watershed. This challenge was overcome by electropolymerized hemin, polypyrrole (ppy) and silver to synthesized low cost ORR catalyst. Additionally, the incorporation of highly gas permeable PDMS thin films coated with anti- biofouling layer provides selectivity while preventing deterioration in performance. The detail of the work is presented in Chapter two. This work is published in IEEE Sensors journal.
Ionophore based sensors are limited by their complex design. Co/CoO system is superior to all the other methods in sensor design in terms of combining the simple design and reliable sensitivity. However, the stabilization of the electrical potential on cobalt surface is inevitable before each sensing; as well as the interference from the variation of dissolved oxygen remains unsolved. To solve these challenges, a novel design has been presented that uses the cobalt/cobalt oxide as the reference system to build a ionophore based sensor which significantly simplify the fabrication and maintenance procedures. The detail of the work is presented in Chapter three.
Chlorine is the most common disinfectant used in drinking water and wastewater treatments. For continuously monitoring its concentration, an autonomous single wall carbon nanotube (SWCNT) device for continuous monitoring of residual chlorine concentration in drinking water is demonstrated. The working principle of this sensor is based on the oxidation and reduction of PCAT (phenyl-capped aniline tetramer) molecule to dope and un-dope PCAT-SWCNTs. This device has sufficient sensitivity and detection range (0.06-60 mg/L) to ensure the safety of chlorine level contained in drinking water. In addition, an electrochemically cathodic polarization of p-doped PCAT-SWCNTs after the sensing is found to electrochemically reset it back to the undoped state so that it can be used for subsequent sensing.The details of the work is presented in Chapter four. This work is published in Applied Physics Letters.
All our electrochemical-based sensors such as DO, phosphate and chlorine sensors require a reference electrode to perform specific electrochemical reactions accurately. We created a long term stable Pd/H2 reference electrode by applying electrochemical reduction reaction to create a high surface area 3D nano Pd structures for all our sensors. The 3D nano Pd structures have many other potential applications such as storage of H2 and enhancement of the raman spectra signal. The detail of the work is presented in Chapter five. This work is published in Journal of The Electrochemical Society.
Additionally, the integration of the developed electrochemical sensors, reference electrode and anti-biofouling coating has been demonstrated. Our DO sensitive electrode coated with the antifouling layer is connected with the Pd rechargeable reference electrode then performs a full range environmental DO sensing (0-20 ppm). The detail of the work is presented in Chapter six. 
Finally, biofouling is the common challenge in the lifetime of all water monitoring devices. A universal antifouling technique was developed by applying 3,4-dihydroxyphenylalanine (DOPA), which is abundantly present in mussel adhesive proteins (MAPs), to functionalize a common antifouling agent, polyethylene glycol (PEG) to the PDMS surface. Additionally, the bovine serum albumin (BSA) also backfill onto the PEG-DOPA covered surface. The detail of the work is presented in Chapter seven.
	In summary, this thesis presents the developments of novel DO, chlorine and phosphate sensors which are low cost, easy operation and minimum maintenance required. These sensors are suitable to be applied in the on-line water quality monitoring system in multiple water systems such as drinking water, surface water and wastewater. Additionally, an all solid state rechargeable Pd reference electrode and a universal antifouling coating technique are also studied in order to further extend the lifetime of these sensor thus reduces the need of maintenance. All the works and contributions are summarized in Chapter eight. A few suggestions for future research work in these areas are also discussed. 
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Abstract
Conventional electrochemical dissolved oxygen (DO) sensors are expensive as they use platinum in their construction. In addition, these sensors bio-foul when used in natural or waste water, which leads to reduced sensitivity and variable performance. Here, we solve these problems by i) replacing platinum with hemin as the low cost alternative for electrocatalysting the oxygen reduction reaction and ii) using silicone rubber (PDMS) functionalized with polyethylene glycol (PEG) as the anti-biofouling gas permeable membrane to provide selectivity with an increased lifetime. This DO sensor has a sensitivity of 2 (µA/cm2)/(mg/L) of dissolved oxygen in a concentration range of 2-7 mg/L. Also, the common interferences such as phosphates and nitrates show minor influence in the DO detection. Furthermore, the PEG functionalization of PDMS membrane reduced biofouling and increased the lifetime of the sensor by 20 times in accelerated bio-fouling conditions.  
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Dissolved oxygen (DO) in water is essential for aquatic life. Marine creatures require a DO concentration of at least 5 mg/L to survive [1]. DO is also important for the sustenance of healthy water bodies. Low DO concentration causes excessive growth of anaerobic bacteria which can damage the water system permanently. More importantly, low DO concentration is indicative of a variety of contaminants, making DO one of the most important parameters in determining the health of water bodies. Usually, DO sensing/measurement is performed using chemical, optical or electrochemical methods. In the chemical method, DO is sensed by chemical titrations that produce color/intensity change in response to concentration. However, this method is labor intensive, uses reagents and requires specially trained personnel to perform it [1].  In the optical method, the DO concentration is rapidly (< 60 s) detected by its ability to quench fluorescence intensity of Ruthenium (Ru) complex immobilized on an oxygen permeable film [2]. Although fast, the complexity of the optical system (light source, detector, and optical filter) and the photobleaching of the DO sensing complex makes this method expensive and difficult to implement. The electrochemical method relies on the electrocatalytic reaction of oxygen on platinum: the sensor based on this reaction is known as the “Clark electrode” [3]. The Clark electrode has three essential components: a platinum (Pt) working electrode, a silver/silver chloride (Ag/AgCl) reference electrode, and a gas-permeable teflon membrane. During sensing, a -0.7 V (vs Ag/AgCl) electrical potential is applied to the Pt electrode. The oxygen reduction reaction (ORR) occurs on the Pt electrode surface at this potential to produce a current proportional to the local DO concentration.  The teflon membrane is used to separate the oxygen from other interfering species that may be present. Because of its simple working principle and high accuracy, the Clark electrode is the best available sensor for continuous DO measurement. It is, however, limited in the following aspects: (i) the Pt catalyst is expensive [4]; (ii) the teflon membrane has low oxygen permeability thus limiting the sensitivity; and (iii) biofouling remains a serious problem. 
Transition metal N4-macrocyclic compounds such as metal-porphyrin complexes have been extensively studied as candidates for the ORR catalysts in fuel cells because of their high catalytic activities [4]. Among these complexes, hemin (chloro(protoporphyrinato) iron(III)) is a promising alternative to platinum because it is inexpensive, has a high catalytic rate for the ORR, (porphyrin with iron center has the highest ORR catalytic activity among all porphyrin groups [5]) and can be easily incorporated on the sensing electrode [6]. Liang et al. developed a hemin-coated carbon electrode as the ORR catalyst and found that its catalytic activity increased with increasing hemin content [7]. Ye et al. developed a hemin-modified carbon nanotube (CNT) electrode as a DO sensor [8]. Due to the high surface area of CNT, this electrode showed a high current response (2 mA/cm2) while sensing DO, but the high cost of CNT and interference due to the interaction of CNT with other ionic species in water limited its effectiveness. Furthermore, since hemin was applied using a layer-by-layer deposition process, it produced fragile films. 
Recently, electrodes prepared by the electropolymerization of hemin have been used for nitric oxide sensing [9]. Electropolymerization gives a strong adhesive bond at the substrate/hemin interface and allows for increased concentration of hemin [10]. However, due to poor current collection capacity, electropolymerized films with higher hemin loading do not produce proportionally higher current or increased sensitivity. In a related development, copolymerized pyrrole and cobalt porphyrin films have been used to significantly enhance the catalytic capacity for fuel cell electrodes [11]. We follow a similar strategy here by co-electropolymerizing hemin and pyrrole to fabricate the electrode and use it for the first time in an oxygen sensing application.
Conventionally, Teflon membrane with the thickness ranging from 25 to 50 µm is used in Clark type electrodes as a gas permeable barrier to prevent interfering species from interacting with the electrode. Teflon has good mechanical and chemical stability but low gas permeability (3 Barrer-O2 and 13-40 Barrer-H20), thus limiting the sensitivity of the Clark electrode. Poly(dimethylsiloxane) (PDMS) is an excellent alternative to teflon because of its high gas permeability (400-800 Barrer-O2 and 32000 Barrer-H20). However, since it is strongly hydrophobic, PDMS is prone to foul via the adsorption of proteins and other components in environmental samples [12].  
Various surface modification methods have been proposed to alleviate biofouling on PDMS. These include gas plasma treatment [13], ultraviolet irradiation [14], metal coating [15], dynamic surface modiﬁcation, which involves ionic liquids or surfactants [16], and polyethylene glycol (PEG) grafting by wet chemical methods. Among the methods available, PEG grafting is a relatively simple and effective method [17] and is used in present work to minimize fouling on PDMS.
In this paper, we report the development of the first, low-cost DO sensitive electrode for water monitoring using polyhemin rather than platinum as the ORR catalyst. A new electropolymerization method incorporating hemin, polypyrrole (ppy) and silver has been developed to achieve sufficient sensitivity for environmental DO sensing needs. Highly oxygen permeable PDMS thin films have been incorporated with anti-biofouling coating that provides selectivity while also preventing deterioration in performance.  
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Chloro[3,7,12,17-tetramethyl-8,13-divinylporphyrin-2,18-dipropanoato (2−)] iron(III) (hemin) 98%, pyrrole (98%), silver nitrate (AgNO3, 99%), poly(ethylene glycol) dicarboxylic acid (PEGDA) (MW=600, >96%), N,N’-dicyclohexylcarbodiimide (DCC) (>99%), 3-aminopropyltriethoxysilane (APTES) (99%) and yeast extract were purchased from Sigma-Aldrich (St. Louis, Missouri). Polydimethylsiloxane (PDMS) Sylgard 184 was purchased from Dow Corning (Midland, MI). Sulfuric acid (H2SO4, 98%) was purchased from Calden (Georgetown, Ontario). 
Phosphate buffer solution (PBS) (10×) was purchase from Bioshop (BioShop Canada Inc, Burlington, Ontario). All reagents were of analytical grade and were used without further puriﬁcation. Nitrogen gas (99.9999% pure) was purchased from Alphagaz (Montreal, Quebec). Milli-Q grade water (18.2 MΩ.cm) was used to prepare all solutions, unless otherwise noted. 
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Indium tin oxide (ITO) substrates of 200 nm thickness were made by plasma sputtering (Torr Compact Research Coater CRC-600 manual planar magnetron sputtering system, New Windsor, New York) on a soda-lime glass substrate. The sputtered glass substrates were diced into 5 mm×10 mm pieces for further processing.
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All electrochemical depositions and characterizations were performed using an EmStat2 electrochemical workstation (PalmSens, Utrecht, The Netherlands) and a standard three-electrode setup. The electrochemical system consisted of an Ag/AgCl reference electrode, a platinum wire counter electrode, and the fabricated hemin DO sensor as the working electrode. The control of electrochemical workstation and data collection were all performed by PS tracer 3.0. 
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Three design configurations of DO sensors are proposed. As shown in Fig. 2.1 (a), each design has four layers: a conductive layer, a DO sensitive layer, a PDMS membrane layer and an anti-biofouling layer. ITO thin film serves as the bottom conductive substrate in all the designs due to its low cost and stability. The major difference between three designs is the composition of the DO sensitive layer which are pure hemin (Fig. 2.1 (b)), hemin/polypyrrole co-deposition complex (Fig. 2.1 (c)), and hemin/polypyrrole/silver co-deposition complex (Fig. 2.1 (d)). 
Hemin is used as a replacement of platinum as the oxygen reduction reaction catalyst. Due to its carboxyl end groups, hemin is amenable to electrochemical polymerization which simplifies the synthesis procedure of DO sensitive electrode since other porphyrin-based DO sensitive electrodes are usually synthesized via layer-by-layer method that requires multiple coating and washing processes [1]. Furthermore, electropolymerization also increases the loading density of hemin on the electrode, as compared to layer-by-layer deposition. Thus, the electropolymerized hemin is chosen as the DO sensitive layer of the first design (Fig. 2.1(b)). However, electropolymerised hemin may be not sufficiently conductive and unable to produce higher current despite the higher loading. Co-polymerization with a conductive polymer such as polypyrrole (ppy) has been shown to improve the current collection capacity of cobalt porphyrin electrodes and therefore was co-deposited in the second design (Fig. 2.1 (c)). In addition, co-deposition of cobalt porphyrin with transition metal oxides have been found to enhance its ORR catalytic properties [2,3] which motivated co-deposition with silver [4] in the third design (Fig. 2.1 (d)). The sensitivity of each design is tested the results are presented in the results and discussion section. The third layer is a thin PDMS film (20 µm in thickness) that serves to isolate the electrode from interfering species such as nitrates and phosphates while allowing oxygen and water vapor to permeate freely. 
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[bookmark: _Toc403998183][bookmark: _Toc425452439][bookmark: _Toc425453197][bookmark: _Toc426302811][bookmark: _Toc426302908][bookmark: _Toc426303126]Figure 2‑1 Schematic of DO sensitive electrode, (a) the exploded view; and the different designs of the DO sensitive layer: (b) electrodeposited pure hemin (c) co-deposited hemin/polypyrrole complex, (d) polyhemin/polypyrrole/silver co-deposited complex and (e) the experimental setup of DO sensing.

Finally, the top most layer is a single monolayer of surface functionalized poly ethylene glycol (PEG) used to prevent biofouling of the PDMS surface. PDMS is susceptible to the adhesion of proteins, cells and other biological materials due to its strongly hydrophobic character. This leads to fouling that isolates the sensor from its environment and ultimately causes failure of the device. To prevent fouling, PEG chains were grafted on the PDMS surface. Hydroxyl groups were first formed on the surface by air plasma treatment (HARRICK PLASMA, Ithaca, NY). A layer of APTES was then formed by reaction of the ethoxy groups of APTES (5% solution, 80ºC, 30 min) with the hydroxyl groups on the PDMS surface [5]. The PDMS-APTES surface was then treated with PEGDA (20 mM in tetrahydrofuran, 24 h) containing 20 mM N,N’-dicyclohexylcarbodiimide (DCC). The PEG with free carboxyl end groups is chemically attached to the PDMS by reaction with the amino groups of PDMS-APTES. The water contact angle was shown to decrease from 100° before grafting to 20° after grafting indicating that the PEG is successfully grafted onto PDMS surface reducing itshydrophobicity. Protein adsorption experiments were conducted to assess the fouling resistance of the modified PDMS [6]. The image of a fully fabricated electrode is shown as an inset in the depiction of the experimental setup for characterization of the sensor (Fig. 2.1(e)). Based on this design, the material cost alone be reduced by a factor of 17. In addition, this solid state electrode does not need further assembly or reference solution filling as the conventional Clark electrode that will further reduce the cost.
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All DO sensing experiments were performed using the chronoamperometry method at a fixed potential of -0.7 V for 200 seconds to obtain a stable current. The three electrode system was used for the chronoamperometry experiments (Fig. 2.1(e)). The electropolymerized DO sensitive electrodes were connected to the working electrode of electrochemical workstation. Tap water was used as the “test sample” for DO concentration measurement. During sensing, DO sensitive electrodes were submerged into water and the desired electrical potential was applied to trigger the ORR while recording the current. The DO concentration was varied by nitrogen purging [7]. A calibration curve of oxygen concentration versus N2 purging time was obtained using a commercial dissolved oxygen meter (U-21ex, HORIBA). All experiments were carried out at room temperature. The average of three replicate measurements was used.
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To evaluate the system’s performance, electro polymerization was performed in solutions with the key components in the different combinations (each component at 0.1 M) by applying a potential of 0.9 V for 100 s. The catalytic property of these DO sensitive electrodes was tested in 0.1 mM PBS solution by cyclic voltammetry (CV) method over the range of 0.5 V to -1 V with a 0.1 V/s scan rate. The CV results are shown in Fig. 2.2. The CV of bare ITO electrode showed that no electrochemical reaction occurred spontaneously in this potential range. The CV of polyhemin immobilized electrode showed a peak at -0.7 V [8] during the reverse scan while there was no obvious peak in the forward scan. The pure polyhemin coated electrode showed a small but definite ORR current (100 µA) as compared to the bare ITO electrode. 
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[bookmark: _Toc425021309][bookmark: _Toc425021773][bookmark: _Toc425452440][bookmark: _Toc425453198][bookmark: _Toc426302812][bookmark: _Toc426302909][bookmark: _Toc426303127]Figure 2‑2 Cyclic voltammogram (CV) for DO sensitive electrodes of varying composition in tap water.  CV scans were conducted over a range of 0.5 V to -1 V at a 0.1 V/s scan rate. The area of the DO-sensitive material was 25 mm2.

The CV of the polyhemin+polypyrrole co-deposited film showed a nearly linear response in current over the measurement range. Although the current was higher it did not show a characteristic peak at the ORR potential of poly hemin. It is possible that the conductivity of the polypyrrole is still not large enough and polypyrrole reacts with the reactive oxygen species generated to produce this behavior. 
The CV of the electrode produced by co-deposition of silver with polypyrrole and polyhemin shows the highest current response. A clear ORR peak can be observed at -0.7 V during the reverse scan indicating not only that the ORR reaction occurs on the electrode but also that the current thus produced is effectively collected from it. This deposition condition and material combination was used in all subsequent experiments as the optimized configuration for the electrode.
Next, chronoamperometry measurements were performed on the DO sensing electrodes in 0.1 mM PBS solution with various DO concentrations (2-6.8 mg/L) at a polarization potential of -0.9 V. As shown in Fig. 2.3 (a), the initial current density is high but falls rapidly and reaches a steady state value which depends on the concentration of the DO in the solution. This behavior is expected as initially the concentration of the dissolved oxygen near the electrode is high, producing a high current. Once the oxygen in the vicinity of the electrode is consumed, a diffusion layer is established close to the electrode and the rate of the reaction is controlled by the mass transfer of oxygen across the diffusion layer. As the diffusion layer grows, the rate becomes smaller, eventually reaching a steady state. At steady state, the current is proportional to the concentration gradient across the diffusion layer and hence to the bulk concentration of DO in the solution. 
The relationship between current and DO concentration in a mass transfer controlled case can be expressed by following equation:
e.q.2.1



where I is the response current during DO sensing, F is the Faraday’s constant, Pm is the gas permeability of the membrane, A is the surface area of DO sensitive material coverage on working electrode, P(O2) is the partial pressure of oxygen and b is the thickness of the membranes. The concentration of DO then can be obtained from P(O2) by Henry’s law: 
e.q.2.2



where X is the concentration of DO, and K is Henry’s constant. Fig. 2.3 (b) shows the steady state current density plotted against the DO concentration and shows a linear relationship as expected from theoretical considerations. The sensitivity of this electrode is then defined as the slope of the regression line fitting the data.
In order to determine the best electropolymerization conditions for the DO sensitive electrodes, various preparation conditions were tested and their sensitivities compared with electrodes prepared by layer-by-layer electropolymerization as shown in Fig. 2.4. First, the potential at which the electropolymerization was carried out is varied from 0.7 V to 0.9 V while maintaining the deposition time at 100s. Fig. 2.4 (a) shows that the sensitivity of DO electrodes increases with the increase in the deposition potential. This is expected and can be explained as follows. Pyrrole electropolymerization occurs at 0.2V while silver is at 0.6V and electropolymerization of hemin occurs at 0.7 V. Therefore, it is expected that the amount of hemin polymerized on the electrode will be smallest at 0.7 V and the largest at 0.9V corresponding to the sensitivities observed.  The potential of copolymerization cannot be increased over 0.9 V as polypyrrole oxidation occurs, leading to a drastic reduction in its conductivity [20]. Therefore, 0.9 V was identified as the optimal deposition potential. 
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[bookmark: _Toc425452441][bookmark: _Toc425453199][bookmark: _Toc426302813][bookmark: _Toc426302910][bookmark: _Toc426303128]Figure 2‑3 (a) Chronoamperogram of DO sensor (hemin+ppy+silver) in water with DO concentration 6.8 mg/L, 4.5 mg/L, 2.9 mg/L and 2 mg/L. The current at steady state (200s) is taken. (b) Plots of currents in steady state of different DO concentration which shows a linear relationship. The sensitivity of the sensor is calculated as the slope of fitted line.

Next, the duration of the electropolymerization was varied from 50 – 300 s while maintaining the deposition potential at 0.9V. The sensitivities of the DO electrodes thus prepared are shown in Fig. 2.4 (b). It shows that a copolymerization time of ≤100 s gave the highest sensitivity. Electron microscopy of the deposited layer shows a thickness of ~350 nm at 100s deposition in this condition. Reduced sensitivity was observed at durations longer than 100s where the deposited layer becomes too thick, perhaps restricting the electron transfer from the top surface to the substrate electrode. Therefore, 100s electropolymerization was chosen as the optimal time for electrode preparation.      
Fig. 2.4(c) shows the comparison between the electrode formed by electropolymerization at the best condition as identified in the previous experiments and the conventional layer by layer electropolymerization method. The layer-by-layer electrodes showed 50-75% lower sensitivity than co-polymerized electrodes indicating the higher loading of hemin and better conductivity of the polymer in the electropolymerized case. It should be noted that the electrodes copolymerized for 100s at 0.9V (CO100s-0.9V) have the smallest variation in sensitivity (0.4 µA/(mg/L)) as compared with all other conditions, indicating that this synthesis condition of electrodes was optimal and has good reproducibility. 
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[bookmark: _Toc425452442][bookmark: _Toc425453200][bookmark: _Toc426302814][bookmark: _Toc426302911][bookmark: _Toc426303129]Figure 2‑4 Comparison of the sensitivity of DO sensors prepared under different conditions. (a) copolymerization at different potential; (b) copolymerization for different duration; and (c) comparison between one and two layers of layer-by-layer polymerization as well as copolymerization. The sensitivity values are: 4.12 (LBL 1), 1.95 (LBL 2), 8.48 (CO50s), 8.5 (CO100s), 3.22 (CO200s), 3.09 (CO300s), 7.08 (0.8V) and 4.25 (0.7V). All DO sensing experiments were done by chronoamperometry with the potential fixed at -0.7V for 200 s to achieve stable current.   Data are means +/- SD, n= 3
CO = coelectropolymerization; LBL=layer-by-layer in separate solutions in the order, number refers to the number of layer of each component: silver, ppy, polyhemin. The potential was 0.9 V for all experiments except CO 100s (0.8V) and CO 100s (0.7V).




Fig. 2.5 shows the SEM images of the surface of the electropolymerized (CO100s) and layer-by-layer (LBL1) DO electrode which are significantly different from each other, indicating that the arrangement and topography of the electrode could play a part in the increase in sensitivity. For instance, it can be seen that the co-polymerized electrode has a distribution of silver nanoparticles on the co-polymerized hemin-pyrrole matrix which could enhance the conductivity and current collection. Furthermore, the sensitivity was reduced as the numbers of layers were increased from one layer (LBL 1) to two layers (LBL 2), indicating that even with the increased hemin loading, the loss of charge collection capability leads to a lower response and sensitivity.
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[bookmark: _Toc425452443][bookmark: _Toc425453201][bookmark: _Toc426302815][bookmark: _Toc426302912][bookmark: _Toc426303130]Figure 2‑5 The SEM images of the DO electrode surface (A) coelectropolymerization 100s (CO100s) and (B) layer-by-layer (LBL1).
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The life time of the DO sensitive electrode was determined by repeatedly sensing DO concentration in a tap water sample for 120 times. The DO sensor was placed in water with stir bar set at 200 rpm to ensure a constant mass transfer rate of DO towards the electrodes. Measurements were performed repeatedly for durations of 200 s with interval between the measurements were set as 10 s. The electrode is stable for over 60 measurements (<1% deviation) and has a deviation of (~25%) at 120 measurements.  
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Many ionic species such as phosphates and nitrates that may be present in natural water can alter the response of a bare DO electrode. Experiments were performed by measuring the current responses of four individual DO sensor electrodes in the solutions with and without the interfering species but the same concentration of DO (6.8 mg/L). The concentrations of interfering species were chosen as 0.01 M which is close to the upper limit of the range of concentration of these species present in surface and waste water [9]. The presence of these species increases the current response and their effect is measured as the difference in the current with and without the interfering species normalized to the current without them. Experimental results (Fig. 2.6) show that addition of 0.01 M nitrate and phosphate to 0.1 mM PBS buffer with 6.8 mg/L DO causes about 30% and 70% current variation respectively in the response of the bare DO sensor. This large variation will have a significant impact on the accuracy of the sensor.
However, if a gas permeable PDMS membrane was used as a protective barrier, it allows the DO and water vapor to permeate through it while minimizing the transport of interfering species such as nitrates and phosphates. In this case, PDMS was applied to the DO sensor by spin coating at 4000 rpm for 60 s. This process produces a PDMS coating of 20 µm in thickness. As expected, the PDMS membrane can effectively reduce the current variation to less than 5% for both nitrate and phosphate (Fig. 2.6).  
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[bookmark: _Toc425452444][bookmark: _Toc425453202][bookmark: _Toc426302816][bookmark: _Toc426302913][bookmark: _Toc426303131]Figure 2‑6 Current response of DO sensors in the presence of interfering species nitrates and phosphates with and without 20 µm PDMS over layer. Bare electrode without PDMS coating shows significant changes in current due to presence of nitrates and to a lesser extent phosphate. However, PDMS coating allows only DO and water vapor to permeate and shows no influence on the current due to presence of nitrates and phosphate. (n= 4).
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Biofilms were grown on both modified and unmodified DO sensitive electrodes under laboratory conditions by using nutrient solutions prepared by adding 1% yeast extract to tap water to accelerate the biofouling [10]. The sensing results of both sensors after 7 days of biofilm growing and fresh (day zero) sensors are shown in Fig. 2.7. It can be seen that the bare electrode does not respond as well to the variation in DO concentration after 7 days due to biofouling. The film developed on the surface of the electrode does not allow permeation of oxygen through it and hence the sensitivity of the sensor is lost. However, the surface modified sensor even after 7 days in accelerated biofouling environment shows a linear response to variation in DO concentration indicating that the biofilm formation has been reduced and the sensor can still function despite being immersed in an accelerated biofouling environment.
In order to further examine the antifouling capacity of both sensors, we recorded the response current of both DO sensors to fresh tap water after 1, 2, 7, 14, and 21 days of accelerated biofouling process and the results are shown in Fig. 2.8. The actual DO concentration in these samples were measured using a commercial optical DO sensor which was clean and not in the accelerated biofouling environment. The duration of the test was chosen to be 21 days as the commercially available DO sensor membranes biofoul within 14 days in this accelerated environment [11]. The results show that the bare PDMS coated sensors lose their sensitivity within a day while the PEG grafted PDMS coating is able to withstand accelerated biofouling environment for over 21 days and still measure the DO concentration accurately.
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[bookmark: _Toc403998187][bookmark: _Toc425452445][bookmark: _Toc425453203][bookmark: _Toc426302817][bookmark: _Toc426302914][bookmark: _Toc426303132]Figure 2‑7 DO data for sensors after exposure to accelerated bio-fouling environment for 7 days. (n= 4)
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[bookmark: _Toc403998189][bookmark: _Toc425452446][bookmark: _Toc425453204][bookmark: _Toc426302818][bookmark: _Toc426302915][bookmark: _Toc426303133]Figure 2‑8 Response current of sensors in tap water after 1, 2, 7, 14, and 21 days. The solid triangular symbols indicate the corresponding DO concentration measure by a commercial optical DO sensor (HORIBA).
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In summary, we demonstrate an inexpensive, anti-fouling DO sensitive electrode based on co-electropolymerization of hemin and pyrrole with silver and with sufficient sensitivity for environmental monitoring. In addition, a PDMS membrane was used to prevent interference and showed less than 10% of the current change in presence of phosphate and nitrate. The PDMS was modified with PEG to minimize biofouling. The modified sensor maintained its sensitivity under accelerated bio-fouling conditions while the bare PDMS sensor lost function within one day. The DO sensing electrode (bared, without PDMS) had a sensitivity of 2 (µA/cm2)/(mg/L) over a DO concentration range of 2-7 mg/L, i.e the usual range encountered in water monitoring (4-7 mg/L). Although this sensor has a lower sensitivity (2 (µA/cm2)/(mg/L)) as compared to commercially Pt electrodes (10 (µA/cm2)/(mg/L)) it is sufficient enough for environmental sensing application. The main advantages of this sensor are its lower cost for manufacture and its longer lifetime. In addition, since this is a solid state sensor, it could be miniaturized and integrated with a microfabricated reference electrode such as those that have been recently published [28-30] to form a complete sensing system at a very low cost.
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Introduction to the chapter: Phosphate ion is one of the major nutrient pollutants in nature surface water which can cause severe eutrophication. Continuous monitoring is thus required. Standard colorimetric method is accurate but complex since many chemical reactions are involved. This method is not suitable in continuous monitoring application. In contrast, the ion selective material (ISM) based sensor is simple and also provides sufficient sensitivity and selectivity, which is promising as an environmental phosphate sensor. However, the designs of these ISM based sensor are complex, leading to high cost in manufacturing. Furthermore, this complex design also impedes regular maintenance while performing on-line environmental sensing. This chapter demonstrates the preliminary results of an ISM based electrochemical phosphate sensor by using Co/CoO/Co3(PO4)2 as the reference system inside the ISM electrochemical phosphate sensor. This sensor can accurately sense phosphate from 10-1 to 10-3 M with good reproducibility. The same sensor can bear multiple uses without extensive pretreatment. This device significantly simplifies the design of common ISM-based phosphate sensor, and can ultimately reduce the manufacturing and maintenance cost for continuous phosphate monitoring.
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Although orthophosphates are one of the major pollutants of water resources worldwide, a simple, low-cost, continuous and maintenance free method to measure them in remote, in-line or field use applications do not exist. This chapter presents a proof-of-concept of a novel design of hybrid cobalt/cobalt oxide electrode with ionophore-based electrochemical phosphate (PO43-) sensor that is stable, reagent-free, reusable without extensive preparation, and shows reasonable selectivity against some of the common interfering species that are present in environmental water. This sensor has a linear sensing response (5mV/log(M)) over the range of concentrations (10-1 to 10-3 M) which makes it suitable for  identifying severe phosphate leaching events. Additionally, this design significantly simplifies the manufacturing and maintenance procedures when compared with other ionophore-based phosphate sensors. This sensor thus offers an opportunity for remote or in-line monitoring of phosphates in the environment.
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The sensing of phosphate in aquatic environment has been in growing demand for decades. Accumulation of orthophosphates in water bodies causes overgrowth of algae that leads to eutrophication [1,2]. High concentration of orthophosphates by themselves is toxic to aquatic animals. Therefore, continuous monitoring of phosphate leaching, identification of the sources of contamination and addressing it immediately is critical for maintaining the water quality and drinking water safety. However, there are many widely distributed sources including point (industry and urban runoff) and non-point (agriculture, rainfall carrying and natural decomposition of organic) sources that are responsible for phosphate contamination [1]. Thus, developing low cost, and long-term stable phosphate sensors which can be instrumented over the entire watershed is necessary to continuously detect the phosphate leaching from all the potential sources.
Extensive investigations have been conducted over the past few decades to develop reliable phosphate sensors. Colorimetric methods using chemical reactions were developed initially and still remain the most reliable method for monitoring the environmental orthophosphates [3,4]. In this method, a sequence of reactions is designed that incorporate phosphates as one of the reactants and result in a visible transformation of color of the product. The most common reaction sequence for phosphate detection is the molybdate reduction product (molybdenum blue method) [5]. In this method, phosphate reacts with molybdate in an acid medium to produce a mixed phosphate/molybdate complex.  The complex is then reduced by ascorbic acid. Finally, the molybdenum blue can be obtained and its absorbance can be measured by spectrometer at 700 nm and 880 nm. The absorbance intensity is proportional to the phosphate concentration. Other chemicals such as molybdovanadophosphate, rhodamine, and pyruvate oxidase can also be used for colorimetric phosphate sensing [6]. The colorimetric method has excellent sensitivity and selectivity; however, it requires reagents to perform the chemical reactions, metering modules to aliquot appropriate amounts of the reagents to be mixed with each other as well as detectors and light sources to convert the color produced into electrical signals for quantitative measurement. These requirements make this method expensive, time-consuming, and unsuitable for autonomous monitoring or field applications.
Alternatively, electrochemical or optical sensors with ion selective membrane (ISM) that selectively transport phosphate ions to the electrodes for sensing have also been investigated over the past few decades [7–11]. Generally, the selectivity of ISM is due to its affinity for hydrophobic ions which are preferentially adsorbed and transported through ISM. These ISM electrodes provide sufficient sensitivity and selectivity. Among most developed ISM, cyclic polyamine groups showed excellent sensitivity and detection limit (-29 mV/log [PO4] and 10-7 M, respectively) and also easily synthesized. This design of the phosphate sensor shows a lot of promise for application as field deployable  environmental phosphate sensor [12]. The most common design of ISM-based electrochemical sensor is presented below:

Sensor (Hg ǀ Hg2Cl2 ǀ KCl(sat) ǀ 0.2 mol/L phosphate buffer (pH 7.2) membrane)ǀǀ sample solution ǀǀ reference electrode (KCl ǀ AgCl ǀ Ag)

In some case, Ag/AgCl reference electrode can be used inside the sensor body to replace the Hg/Hg2Cl2 electrode. This double reference electrode system not only increases the complexity and cost of sensor manufacturing but also enhances the difficulty of regular maintenance while performing the on-line environmental sensing. In some cases, a bare Ag/AgCl electrode without the reference KCl solution can also be used as the internal reference electrode directly dipped in the reference phosphate buffer which the fabrication a bit simpler [13]. Although suitable for one time use, the bare Ag/AgCl electrode will dissolve over time in the absence of high concentration of Cl- ions in the reference phosphate buffer which leads to eventual degradation of its performance. In addition, the buffer solution is aqueous and can evaporate over time and therefore requires periodic maintenance and calibration even when it is not used. 
Cobalt/cobalt oxide (Co/CoO) system on the other hand, is considered as the most promising method for environmental phosphate sensing. The principle of sensing is the potentiometric response of Co/CoO electrode due to the interactions with phosphate in the sample based on the following two reactions (eq. 3.1 and eq. 3.2). The CoO reaction can be further separated into two equilibrium reactions as presented in eq. 3.1 (a) and eq. 3.1 (b)    
eq.3.1 (b)
eq.3.1 (a)

eq. 3.1 

eq. 3.2 


Cobalt can be oxidized in water to cobalt oxide and be reduced back to cobalt simultaneously in water (eq. 3.1). Additionally, there is another reversible reaction between phosphate and cobalt oxide that leads to formation of Co3(PO4)2 (eq. 3.2). These two reactions can create an electrochemical system of which potential mainly sensitive to the phosphate concentration variation. Earlier research suggested that this system can be directly applied in phosphate sensing and provided a Nernstian potentiometric response [2,14]. However, there are two major disadvantages associated with this approach. First, it is single-use and extensive electrode regeneration is needed before it can be re-used. In addition, the response of the electrode is affected by the dissolved oxygen concentration that interferes with the equilibrium reaction (eq. 3.2). These limit the bare Co/CoO to be directly employed as an environmental sensing device [10,11,14]. Nevertheless, the unique reversible chemical reactions between Co/CoO and phosphate can still be applied in ISM sensor to replace the design of reference electrode/ phosphate buffer solution thereby simplifying the design of ISM based phosphate sensor. 
In this chapter, Co/CoO electrode is incorporated with a cyclic polyamine based ISM membrane to simplify the design of conventional ISM phosphate sensor. This Co/CoO/ISM phosphate sensor combines the advantages of both systems making it is simple to fabricate, reusable and sufficiently selective. Such a sensor has a potential to be used in autonomous environmental phosphate sensing. 
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Cobalt wire (1mm diameter, 99.995%) Poly(viny1 chloride)  (high molecular weight), sodium ethoxide, dibutylsebacate, diethyl malonate, 1-bromodecane, diethylenetriamine,  triethylenetetramine,  tetraethylenepentamine,  pentaethylenehexamineand the 1-Ethyl-3-methylimidazolium dimethyl phosphate ionic liquid (phosphate IL) (98%) were purchased from Sigma-Aldrich (St. Louis, Missouri). Nano porous frits (D = 4 mm) and heat shrink tubes were purchased from Gamble Technologies Limited (Mississauga, Ontario, Canada). Sodium phosphate (Na2HPO4, 99%) was purchased from EMD (Darmstadt, Germany). All reagents were of analytical grade and were used without further puriﬁcation. Nitrogen gas (99.9999% pure) was purchased from Alphagaz (Montreal, Quebec). Milli-Q grade water (18.2 MΩ.cm) was used to prepare for all solutions, unless otherwise noted.
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The schematic design of the sensor is presented in Figure 3.1. The sensor consists of the Cobalt wire covered by a Cobalt oxide film is immersed in a phosphate IL as the reference solution. The electrode and the reference solution are sealed in a chamber with an ISM membrane at one end that ensures establishment of electrical connection and a liquid junction between the reference solution and the external sample solution. The working principle of the electrode is as follows. Cobalt oxide can react with phosphate anion in solution, forming Cobalt phosphate. This establishes an equilibrium that determines the potential. The ionic liquid serves as the internal solution providing a stable level of phosphate ions. It has very low vapor pressure and hence is stable over long duration of time. When this electrode is immersed in a sample solution, phosphate ions from the internal and external solution adsorb onto the respective hydration layer inside the pores of the ISM membrane and form a double layer. Since the concentrations are different on either side of the ISM membrane, phosphate transport processes then lead to formation of a junction potential. The overall potential, a sum of the electrode potential and the junction potential, is thus proportional to the concentration of the phosphate ion in the external solution and can be used in environmental sensing of phosphates. Since cobalt surface and its composition are maintained during sensing, the sensor can be used repeatedly. Furthermore, the interference from other common ions (i.e. NO3; Cl; and Br) can be minimized since ISM membrane can preferentially transport the phosphate ion over the other ions into the sensor. Finally, this design eliminates one of two the internal reference solution used in a conventional phosphate ISM sensor and uses IL for the other reference. Since ILs have very low vapor pressure, they can make the sensor long lasting, easy to store and eliminate the need for periodic calibration which make this format suitable for on-line monitoring
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The synthesis of phosphate ionophore is based on work presented by Carey et al. [12]. Briefly, Diethyl malonate (1.1 mol) was slowly added to sodium ethoxide (1 mol) in 127 mL of methanol, while in anoil bath at 45°C. 1-Bromodecane (1 mol) was then added slowly to this mixture. The color of the solution changed from clear brown-orange to opaque yellow. After a 4 hours reflux period, methanol was removed by increasing the temperature to 50 °C overnight. The mixture was cooled to room temperature and was transferred to a funnel for extraction into 550 mL of H2O. The resultant two layers were the same brown color, with the top layer being a clear, slightly straw-colored liquid which contained the Diethyl α-Decylmalonate. Diethyl α-Decylmalonate is the precursor of phosphate ionophore synthesis. Phosphate ionophore (3-Decyl-1,5,8-triazacyclodecane-2,4-dione) synthesis was accomplished in 1 L diluted methanol solution to avoid polymerization and to encourage cyclization to form the desired product. Diethyl a-decylmalonate (22.80 g) and diethylenetriamine (7.74 g) were refluxed for 7 days in methanol. After termination of the reflux, methanol was removed under reduced pressure. The product was then recrystallized from cold acetonitrile to yield white precipitate, the ionophore. The yield obtained was low (5%, around 1 g) as compared with previous research (62% yield). This low yield may due to the short reaction time (7 days) as compared to previous research (42 days) [12]. Next, the ionophore (80 mg) was well-mixed with 130 mg PVC and 140 mg dibutylsebacate in 3 mL of tetrahydrofuran (THF) to produce the ISM membrane cocktail. After air-drying the solution to remove the THF, ISM membrane with around 30 μm thickness was obtained. The ISM membrane was then attached onto the sensor body using a commercially available epoxy glue. A Co wire was inserted into the body which was then pre-filled phosphate ionic liquid and sealed using heat shrink tubing. 
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All electrochemical experiments were performed in an open circuit potential measurement model using an EmStat2 electrochemical workstation (PalmSens, Utrecht, The Netherlands) and a standard three-electrode setup. The electrochemical system consisted of an Ag/AgCl reference electrode, a platinum wire counter electrode, and the fabricated phosphate sensor as the working electrode. The control of electrochemical workstation and data collection were all performed by PS tracer 3.0 (PalmSens, Utrecht, The Netherlands). The phosphate concentration range of sensing was controlled from 10-1 to 10-4M in log succession. The sensing durations of each measurement were controlled manually and terminated until a stable potential plateau was observed. Interference tests for common anions (nitrate chloride and bromide) were also performed in order to determine the selectivity [7–9,14]. Interference effects of anions were determined according to IUPAC recommendations [15] using the separate solution method  with a constant concentration of interference (10−1 M). The DO concentration in the testing solution was removed by nitrogen purging for 10 minutes.
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The potentiometric response of the ISM membrane covered Co/CoO/Co3(PO4)2 phosphate sensor to various phosphate concentrations (from (10-4 M) to (10-1 M)) was tested first. All test solutions for sensing experiments were prepared in 10-3 M sodium acetate buffer with pH = 6.8 to eliminate any effect of solution conductivity or pH on the results. The sensing results were shown in Figure 3.2 (a) and (b). As seen in Figure 2 (a), the as-built sensor was initially dipped in 10-5 M phosphate dissolved in 10-3 M acetate buffer. The sensor took about 20 minutes in order to obtain a stable starting potential at this concentration. This may be due to initial wetting of the membrane or due to the low concentration of the phosphate in the sample solution. The sensor demonstrated immediate potential response of ~ 6 mV/ ten-fold increase in the phosphate ion concentration to phosphate concentration between 10-3 M to 10-1 M. The response time was within10 seconds. At lower concentration between 10-3- 10-4 M the response was lower at ~1 mV / ten-fold increase in the phosphate concentration. Similar phosphate ion sensing results can also be obtained when DI water is used to replace acetate buffer as the base solution which indicates that the acetate buffer does not cause major change in the sensor. Acetate buffer has been used here to eliminate the effect on pH and conductivity on the sensing results. The sensitivity (potential response) and detection limit obtained here are lower  compared to other studies using the same ionophore [16]. This may be due to low yield obtained in its synthesis which makes the concentration of the ionophore in the ISM much lower than other studies. It is believed that both sensitivity and detection limit can be significantly improved by optimizing the ionophore synthesis process as suggested in previous research [12]. The change in the potential in response to external phosphate ion concentration is similar to other ISMs [17]. The junction potential is the maximum at low concentrations as the concentration gradient is the highest between the internal and the external solution. The potential reduces along with the concentration gradient resulting in a positive shift in potential of the electrode. The effect of dissolved oxygen (DO) was also tested since the CoO formation is strongly depending on the DO concentration. The conventional Co/CoO sensor requires additional measurement of DO for calibration. The phosphate sensing was conducted in testing solutions conditions with (6 ppm) and without DO (0 ppm) to determine the influence of it on the potential of the electrode. The DO concentration was controlled by the nitrogen purging and its concentration confirmed by a commercial electrochemical DO sensor (YSI 550A). Preliminary tests (Figure. 3.2 (c)) indicate that there is a very minimal (±1 mV) variation effect and that this sensor does not require an independent DO measurement for accurate measurement of phosphate levels in environmental samples. The minimization of DO interference can be attributed to the extremely high concentration of phosphate in the inner IL solution which would have converted most of CoO to the cobalt phosphate which is no longer sensitive to the ambient DO concentration.
Nitrate is chosen as the model anion to perform the interference test since it is the most abundant nutrient pollutant other than phosphate and is likely the most common interference species of the environmental phosphate sensing. Before the nitrate interference test, the sensor was first stabilized in 10-5 M phosphate solution for 20 minutes in order to obtain a stable starting potential. The sensor was then submerged into nitrate solutions in the sequence of ten-fold increase in the nitrate concentration. The results were shown in Figure 3.2. (d) with a comparison of phosphate sensing results. As shown in the figure, the sensor only shows a total of 6 mV potential response when NO3concentration varies from 10-4 M to 10-1 M; whereas, the response of the sensor to phosphate concentrations within the same range is almost doubled (11 mV). The results suggested that the sensor shows a certain degree of selectivity to phosphate over nitrate. In the case of an ideal ISM, the junction potential will only be influenced by the concentration gradient of the ion of interest. However, since most ionophores do have some affinity to other ions [12], these ions will also influence the junction potential is the same manner as the ion of interest but with a reduced effect. In this case, the nitrate ions shows some affinity to the ionophore and has a reduced influence on the electrode potential as compared the same concentration of phosphate ion.
In addition, the effect of other interference species on phosphate sensing such as chloride (Cl) and bromide (Br) was also tested under similar experimental setup. Selectivity coefﬁcients of these ions were determined according to IUPAC recommendations [15] using the separate solution techniques where varying concentration of phosphates (from 10-4 M to 10-1 M) was tested in the presence of a constant concentration of interfering species (10−1 M) of nitrate, chloride, or bromide ions. Our cobalt sensor demonstrated some degree of selectivity to phosphate compared to other anions as its potential changes by 6 mV upon introduction of 10-1 M phosphate while it changed by a smaller amount when the same concentration of other anions such as NO3: 2 mV; Cl: 3 mV Br: 2 mV were introduced individually. These results corresponds with the previous research that the selectivity of this ionophore is HP04- >> C1- > NO3 > lactate ion >> acetate ion [12]. After calculations based on the mixed solution methods of IUPAC standard [15], the selectivity coefficients () of our sensor to the interference species were: NO3 (6.67×10-2); Cl (5×10-2); and Br (6.67×10-2), respectively. The selectivity was also expected to be further increased by optimizing the ionophore synthesis process as suggested by previous research [12].
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In conclusion, we have demonstrated a novel design of phosphate sensor by using Co/CoO/Co3(PO4)2 as the reference system inside the ISM electrochemical phosphate sensor. As presented in this work, sensors based on this design can sense phosphate in the range from 10-1 to 10-3 M with good reproducibility. The same sensor was used multiple times (~ 20 times) without extensive pretreatment. This novel design can significantly simplify the design of common ISM-based phosphate sensor, which can reduce the manufacturing and maintenance cost. Further work is ongoing to optimize the ISM synthesis procedures in order to improve the sensitivity and detect limit toward the value suggested by Carey et al. (-29 mV/log [PO4] and 10-7 M, respectively[12]).
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[bookmark: _Toc425021310][bookmark: _Toc425021774][bookmark: _Toc425452448][bookmark: _Toc425453206][bookmark: _Toc426302820][bookmark: _Toc426302917][bookmark: _Toc426303135]Figure 3‑2 Potentiometric measurements of the ISM based phosphate senor exposed to various dissolved phosphate concentrations (10-1 M to 10-4 M). (a) Potential of sensor is measured continuously with pauses during switching solution; inset: The potential transient of the sensor during sensing the 10-1 to 10-2 M phosphate solutions. Experiments were perform in solutions with 10-3 M sodium acetate buffer with pH = 6.8 added.(b) Plots of potentials in steady state of different phosphate concentration which shows a linear relationship. Data are means ± SD, n= 3 (c) Potentiometric measurement of the phosphate sensor in various concentrations of phosphate with (6 ppm) and without DO (0 ppm).± SD, n= 3(d) Interference effect of nitrate; potentiometric measurement of the phosphate sensor in various concentrations of phosphate and nitrate. Data are means ± SD, n= 3.
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Introduction to the chapter: Chlorine is the most common disinfectant in drink water. The residual chlorine level has to be strictly controlled to prevent bacteria contamination (when < 0.5 ppm) without being hazardous to human health (when > 2 ppm). Thus a continuous in-line chlorine sensor is necessary to ensure drinking water safety. Standard colorimetric method is accurate but complex, which is not suitable in sensor development. Although several chlorine sensors do exist in the market, none of them is capable of long term and continuous sensing as replenishing the reagents is required. The chapter details the results of resettable switching of doping states in carbon nanotube (CNT) films due to the chemical oxidation and reduction of phenyl-capped aniline tetramer (PCAT) adsorbed on it. This mechanism can be applied to sense free chlorine in water. The PCAT-CNT sensor obtains sufficient sensitivity (50 nA/ppm) and detection range (0.06-60 ppm) to ensure the safety of free chlorine level contained in drinking water. In addition, a cathodic polarization process after the sensing is found to electrochemically reset this sensor back to the original state so that the sensor can be used for subsequent sensing. In short, this sensor is reagent-free and resettable, suitable for long term and continuous monitoring the free chlorine level in drinking water. 
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Free chlorine from dissolved chlorine gas is widely used as a disinfectant for drinking water. The residual chlorine concentration has to be continuously monitored and accurately controlled in a certain range around 0.5 - 2 mg/L to ensure drinking water safety and quality. However, simple, reliable and reagent free monitoring devices are currently not available. Here, we present a free chlorine sensor that uses oxidation of a phenyl-capped aniline tetramer (PCAT) to dope single wall carbon nanotubes (SWCNTs) and to change their resistance. The oxidation of PCAT by chlorine switches the PCAT-SWCNT system into a low resistance (p-doped) state which can be detected by probing it with a small voltage. The change in resistance is found to be proportional to the log-scale concentration of the free chlorine in the sample. The p-doping of the PCAT-SWCNT film then can be electrochemically reversed by polarizing it cathodically. This sensor not only shows good sensing response in the whole concentration range of free chlorine in drinking water but is also able to be electrochemically reset back many times without the use of any reagents. This simple sensor is ideally suited for measuring free chlorine in drinking water continuously. Following with the published manuscript, some interference tests were also performed. The results indicated that phosphate and nitrate can only cause minor interference effect which can be neglected when performing the chlorine sensing. These results explore the possibility for this sensor to be used in discharge wastewater.
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Free chlorine from dissolved chlorine gas is the most common disinfectant used in drinking water due to its high oxidation capacity. The residual chlorine concentration has to be accurately controlled in a certain range around 0.5 - 2 mg/L to avoid both bacterial contamination (free chlorine < 0.5 mg/L)1 and hazard to human health (free chlorine > 2 mg/L)2. Current standard technology for free chlorine sensing requires use of reagents which restricts its use to laboratory based settings3. Therefore, free chlorine concentration is typically monitored only at the source of tap water supply. However, monitoring the concentration preferably at many points along the water distribution network, continuously,  is crucial to guarantee drinking water quality as the free chlorine concentration can be strongly affected by many parameters such as temperature, sunlight and duration of water transportation2. Free chlorine concentration can be typically measured by titration (iodometric or amperometric3), chemiluminescence and electrochemical methods. Titration based approaches use reagents and is not suited for continuous or autonomous monitoring. The chemiluminescence method also uses reagents, where the sample is first reacted with chemiluminescent indicators to generate optical signal intensity which is proportional to the concentration of free chlorine in the sample4–6. In addition, they also use optical light sources and detectors, making it expensive 7. Electrochemical methods, on the other hand, are simple in design, do not need additional reactants and produce sensory signals in the electrical form which is favorable for autonomous, continuous monitoring8–10. Nevertheless, there are still some common drawbacks of electrochemical sensors; for example, the sensing results are strongly affected by the flow rate and aging of the electrodes9,11; thus, frequent calibration is necessary. 
The controlled modification of the band gaps of single wall carbon nanotubes (SWCNTs) has be applied in various electronic applications12. The amphoteric nature of SWCNT makes it feasible to modify the electronic properties of SWCNTs by doping with either non­carbon atoms or compounds at small concentrations13–16. In earlier research, using  Raman spectroscopy, our group observed the charge transfer induced reversible switching mechanism (from doped to un-doped state) of SWCNT networks by applying an aniline oligomer (phenyl capped aniline tetramer (PCAT)) as the dopant17. Normally, the PCAT-SWCNT is undoped and the resistance of it will be similar to the resistance of the SWCNT. When the PCAT is oxidized, it removes some of the charge from the SWCNT and p-dopes it which will reduce the electrical resistance of the PCAT-SWCNT. Thus the oxidation and reduction of PCAT can switch the PCAT-SWCNT system back and forth between low resistance (p-doped) and high resistance (un-doped) states. The resistance change between the p-doped and un-doped PCAT-SWCNTs is due to the change in the chemical structure of the reduced and oxidized PCAT molecule. The oxidized PCAT has a more conjugated structure, and therefore a smaller HOMO/LUMO gap than the reduced PCAT17,18. The HOMO/LUMO gap of organic molecules can also electrochemically measured by cyclic voltammetry 19. The gap between the oxidation and reduction peak indicates the HOMO/LUMO gap. Cyclic voltammetry of PCAT/SWCNT shows that the HOMO/LUMO gap of the oxidized state was smaller than the reduced state (See supplementary material22) which would result in a reduced resistance. We hypothesize that this resistance changes can be applied to sensing free chlorine which is a strong oxidant. When chlorine-containing water flows in a microchannel, it oxidizes the PCAT and the resistance of PCAT-SWCNTs is lowered which can be measured. 
Using this mechanism, we have designed a simple sensing device as shown in Figure 4.1 for free chlorine. This device is composed of two parallel gold electrodes connected by the PCAT-doped SWCNT film and a single microchannel across the PCAT-SWCNT film that brings the sample in contact with the film while preventing its contact with the gold electrodes directly. The device was fabricated by first sputter depositing a thin 200 nm gold layer on glass slide and photolithographically patterning it into the desired electrode shape (width = 1mm) with 1 mm spacing in between. Then 200 µL of SWCNT suspension in methanol was drop deposited between two gold electrodes which forms a film of about 100 µm thickness connecting the two gold electrodes. The resistance between the two electrodes is in the range of 0.5 – 3 kΩ. Subsequently, a polydimethylsilioxane (PDMS) microchannel (Length:width:thickness = 15mm:2mm:2mm) made by conventional soft lithography20 is bonded on top of the glass substrate by air plasma. 
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[bookmark: _Toc425021311][bookmark: _Toc425021775][bookmark: _Toc425452449][bookmark: _Toc425453207][bookmark: _Toc426302821][bookmark: _Toc426302918][bookmark: _Toc426303136]Figure 4‑1 (a) Schematics and (b) photograph of the PCAT-SWCNTs based chlorine sensor

PCAT in methanol (PCAT:SWCNTs = 1/10 w.t.) solution (2 mL) is flowed through the PDMS channel in order to adsorb the PCAT onto SWCNT film. Then, the device is left to sit for 5 minutes for complete adsorption. The device was characterized by flowing 2 mL of free chlorine solution through the microchannel at a flow rate of 0.1 mL/min. The free chlorine solutions were prepared by diluting a commercially available hypochlorite bleach solution (LAVO, Montréal).  Four different concentrations of free chlorine solutions are tested: 0.06 mg/L, 0.6 mg/L, 6 mg/L and 60 mg/L which covers the whole range of free chlorine concentrations commonly present in drinking water. A test potential of 0.1 mV was applied across the PCAT-SWCNTs through the two gold electrodes and the resulting current was measured. The applied potential of 0.1 mV ensured that there was no other electrochemical reaction at the SWCNT-water interface. As shown in Figure 4.2 (a), the results demonstrate a significant increase in the current through the PCAT-SWCNT layer once it comes in contact with free chlorine in the sample solution. The current is stable below 50 nA before the sample solution is introduced. It increases sharply upon the initial contact and then settles down to a stable value  around  125 nA for 0.06 mg/L, 190 nA for 0.6 mg/L, 300 nA for 6 mg/L and 612 nA for 60 mg/L, respectively. We found that the measured current is linearly proportional to the log of the free chlorine concentration in the range of 0.06 – 6 mg/L (solid line) and this relationship is shown in Figure 4.2 (b). 
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[bookmark: _Toc425453208][bookmark: _Toc426302822][bookmark: _Toc426302919][bookmark: _Toc426303137]Figure 4‑2 (a) The plot of current vs time in the sensing device for solutions with chlorine concentration from 0.06 mg/L to 60 mg/L. Arrows in the graft represent the injection of the chlorine solution. The current is stable below 50 nA before each sensing and then raise after PCAT-SWCNTs contact the free chlorine solutions. The current then decreases and stabilizes at a certain level. The stable current readings of each solution are ~100 nA for 0.06 mg/L, ~200 nA for 0.6 mg/L, ~300 nA for 6 mg/L and ~500 nA for 60 mg/L. (b) The relationship between the chlorine concentration and the current which is semi-log relationship (solid line) between 0.06 to 6 mg/L (R2= 0.9767); the dotted line between 6 to 60 mg/L represents the non-linear relationship of the log chlorine concentration and the current in that range.   

This result indicates that the amount of free chlorine in the solution is strongly related to the oxidation of the PCAT and consequently the degree of doping of the SWCNTs which leads to changes in the resistance of the PCAT-SWCNT layer. Hence, the current readings can be used to distinguish various free chlorine concentrations. It should be noted that the reading of 60 mg/L free chlorine sample (dotted line) did not follow the semi-log relationship established earlier. This result suggests that at a higher chlorine concentration of 60 mg/L, other mechanisms such as direct oxidation of the SWCNT system may also play a role in doping that could lead to higher sensitivity. Nevertheless, the semi-log range (0.06 – 6 mg/L) of this sensor covers the full range of free chlorine concentration that is required for a free chlorine sensor to be used in drinking water (0.5 -2 mg/L). Experiments performed on similarly deposited CNT films without PCAT did not show a change in resistance to the flow of oxidizing species in the microchannel.  
The act of sensing the free chlorine concentration oxidises the PCAT molecules and therefore, the sensor has to be regenerated by reducing it before it can be used for subsequent measurements. Therefore, we investigated resetting the sensor electrochemically, so that the sensor can be reused multiple times. The p-doped PCAT-SWCNTs can be polarized cathodically and be electrochemically un-doped to regain its original resistivity. The “reset” of the sensing device was performed by applying -0.8 V for 5 minutes between one of the gold electrodes and a copper counter electrode placed in the outlet of the microchannel which was filled with methanol. This procedure reduces the PCAT molecules, un-doping the SWCNTs which regenerates the current reading of PCAT-SWCNTs to the original stage (below 50 nA). The reset test is repeated three times in order to examine the reproducibility of this reset process and the current measurement is shown in Figure 4.3 (a). The results suggest that the resistance can be switched back and forth from original (high) level to oxidized (low) level by the sensing and reset processes. This ability to reset the device allows the CNT sensing device to be applied as an autonomous device for continuous monitoring of free chlorine. The current vs time characteristic plot of three individual p-doped/reset cycles is also shown in Figure 4.3 (b). The results show the similar response in each independent experiment, which demonstrates the excellent repeatability of the sensing output from our device. We also investigated the reset of this sensor in tap water itself rather than methanol in order to make it reagent free. We found that it was possible to reset the sensor in tap water but due to presence of free chlorine already present the PCAT oxidises and the current increases immediately reaching a stable value indicative of the free chlorine concentration in it. Nevertheless, this experiment demonstrates that the sensor can be reset both in methanol as well as in water. 
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[bookmark: _Toc425453209][bookmark: _Toc426302823][bookmark: _Toc426302920][bookmark: _Toc426303138]Figure 4‑3 The graphs demonstrate the resetting of the chlorine sensing device by applying -0.8 V across one of the gold electrodes and the inlet of solution that de-dopes the PCAT-SWCNTs switching back the current readings to residual value. The reset process is tested by successive oxidation and reduction of sensing device for 60 mg/L free chlorine solution. The reset test is repeated three times in order to examine the reproducibility of the reset process. The triplicate experimental results plotted both in (a) successive and (b) overlapping pattern. 

In conclusion, we have demonstrated an inexpensive, autonomous device for continuous monitoring of residual chlorine concentration in drinking water based on the oxidation and reduction of PCAT molecule to dope and un-dope PCAT-SWCNTs. This device has sufficient sensitivity and detection range (0.06-60 mg/L) to ensure the safety of free chlorine level contained in drinking water. In addition, cathodic polarization of p-doped PCAT-SWCNTs after the sensing is found to electrochemically reset it back to the undoped state so that it can be used for subsequent sensing. It also has to be emphasized that no significant variation in conductivity was found after 30 hours of experiments which suggest that the CNT film is stable over a reasonable time frame over which it was tested. Since this device is sensitive to the oxidant strength of test solution and not selective to free chlorine alone, the interference from other oxidant species may be possible and this needs further investigation. Nevertheless, this sensor is suitable for measuring free chlorine along the water distribution network as drinking water is highly controlled and the only oxidant species allowed is free chlorine21. 
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Introduction to the chapter: Electrochemical based sensor is simple, low cost and sensitive which is adequate in in-line water sensor development. Reference electrodes are the essential components in most electrochemical systems. However, all conventional reference electrodes depend on incorporation of a reference internal solution for its functioning. This causes complex design and fabrication that are not conducive for low cost manufacture. In addition, these electrodes need to be continually maintained and calibrated thus limit the lifetime of whole electrochemical system. The Pd-absorbed H2 system has been investigated for use as a reference electrode which requires no electrolyte or membrane. This Pd/H system is considered as a simple approach in synthesizing all solid-state reference electrodes in water sensing application. Toward this application, the manufacturing of a high surface area Pd electrode is desire to obtain long term stability due to high hydrogen storage capacity. In this chapter, a Pd electroplating technique is studied in detail to develop a high surface area hierarchical Pd nanostructure. This structure shows 30 folds enhancement in the electro-active surface area when compared to planar palladium structures. The high surface area directly benefits to the enhancement of hydrogen storage capacity (22.8 folds increase when compared to planar palladium structures). The Pd/H electrode composed by this hierarchical structure is able to maintain stable electrical potential for more than 5 hours each time after charging hydrogen which is sufficient in water sensing application.  
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Palladium nanomaterials have shown great promise for use in sensing and energy storage devices, and developing simple and inexpensive top-down and bottom-up methods for creating such materials has attracted much attention. In spite of tremendous progresses in recent years, creating hierarchical multiscale materials which are dually optimized at the nanoscale for addressing various functional demands and are amenable for micro/macroscale integration into practical devices, remains a challenge. Here we demonstrate a rapid and simple approach based on kinetically-controlled electrochemical deposition and photolithography for creating programmable hierarchical multiscale palladium structures. Through electrochemical methods, we are able to structurally and functionally program palladium materials based on their deposition kinetics. Structures ranging from 2D thin films into 3D globules decorated with nano-needles are created with a tunable hydrogen storage capacity, Raman signal magnitude, and analytical sensitivity. Furthermore, lithography-based methods are used to pattern these programmable structures into highly organized and periodic configurations.
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Palladium (Pd) is a versatile material with unique properties that make it suitable for applications such as catalysis and hydrogen storage. It is considered as one of the most efficient catalysts and is applied in many reactions such as electrooxidation of formic acid and ethanol; automotive exhaust puriﬁcation; and Suzuki or Heck coupling reactions.[1–4] In addition, Pd demonstrates unique and exceptional abilities in its interaction with hydrogen: it is able to absorb more than 600 times its own volume of hydrogen, it catalyzes the breaking of the H-H bond in diatomic hydrogen, and it facilitates hydrogen diffusion within other materials. Taking advantage of such unique interactions between hydrogen and palladium, several palladium-based devices and systems including the hydrogen storage matrix, hydrogen sensors, metal-hydride batteries, and hydrogen-saturated Pd reference electrodes[5–7] have been successfully synthesized. 
In the route towards creating application-specific and highly efficient palladium-based material systems, the synthesis of highly tuneable nanostructured palladium has attracted significant interest in recent years. Nanostructured Pd materials, with higher surface area to volume ratio compared to bulk Pd, have shown enhanced performance in applications including catalysis, hydrogen storage, and hydrogen sensing.[6,8,9] Nanostructured palladium materials displaying surface plasmon resonance have been applied in colorimetric sensing, enhancement of electromagnetic fields transmission, and optical sensing of hydrogen.[10,11] Furthermore, highly controllable nanostructured palladium has shown great promise as a substrate for Surface Enhanced Raman Spectroscopy (SERS), where the spectral range and intensity enhancement were shown to be dependent on the size and morphology of the nanostructured palladium substrate.[12] 
In order to create functional devices that benefit from the unique properties of palladium nanomaterials, it is essential to develop a fabrication process that addresses the following two requirements. Firstly it enables the creation of nanomaterials that are tunable in size, morphology, density, and hierarchical organization. Secondly, it patterns these nanomaterials into microstructures and macrostructures that are easily interfaced with other devices and integrated into functional systems. 
Photolithography-based fabrication is well suited for defining patterns in the microscale and integrating these patterns into complex devices and systems. However, the use of this class of top-down methods for defining hierarchically-organized nanostructures with a 3D morphology is costly and challenging as it involves several complex high-precision processes and controls. [13] Consequently, there is a need for an inexpensive, simple, and single step bottom-up method to form 3D hierarchical nanostructures that can be integrated with photolithographic methods for implementation in practical devices. 
Electrodeposition is one such bottom-up method and uses electric potential to reduce solution-borne ions directly on various conductive and semiconductive substrates in a controllable manner to form 3D nanostructures. It allows for exquisite control of deposition kinetics through the control of current and voltage, resulting in a wide range of morphologies.  As a result, electrodeposition has been previously used to create highly controllable and uniform zero-dimensional (nanoparticle), 1-D ( nanowire), 2D (nanosheet), and 3D (nanosphere, nanoflower, nanoblades) Pd nanomaterials.[14–21]  
In this paper, we demonstrate a rapid, inexpensive, dynamic and highly tunable method for application-specific deposition of hierarchical multi-dimensional palladium structures with structural and functional tunability. The novelty of this method stems from the marriage of two methods, electrodeposition – ideal for deposition of micro/nanostructures – and photolithography – ideal for creating highly organized periodic patterns in the microscale –, for creating integrated hierarchical materials with structures that span from the nm to mm range. This combined with a unique ability to precisely tune structures in the nanoscale based on their deposition kinetics allows us to create materials that are not only structurally programmable, but are tunable for addressing specific functional demands. The tunable Pd nanostructures can be directly created on the substrate in less than two minutes. Furthermore, by tuning various parameters such as the applied potential, electrodeposition bath composition, and reaction time, we are able to precisely tune the morphology of the deposited structures from submicron spheres decorated with nano-scale needles (spiky spheres) to submicron nodular structures, which could be tuned further to create a relatively smooth 2D palladium film. In order to integrate these nanomaterials into microsystems, we combine this bottom-up method with top-down microfabrication and pattern these nanomaterial forests into interdigitated electrodes with easily accessible contact pads.
We use this fabrication method towards controlling the size, morphology, and surface texture of Pd nanostructures to tune their functionality and to optimize their performance as hydrogen storage electrodes, sensing electrodes, and SERS substrates.  Towards this goal, we create a spiky sphere structure that shows 30 folds enhancement in the electro-active surface area when compared to planar palladium structures, which dramatically enhances its hydrogen storage capacity. We create sensing electrodes that demonstrate a morphology-dependant analytic sensitivity. Furthermore, the preliminary Raman study demonstrates the feasibility of using highly optimized Pd spiky sphere-modified substrates in various SERS-related applications. 
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[bookmark: _Toc425011573][bookmark: _Toc425015373][bookmark: _Toc425020170][bookmark: _Toc425450767][bookmark: _Toc426296480][bookmark: _Toc426296610][bookmark: _Toc426303031]Reagents:  
Potassium hexacyanoferrate(II) trihydrate (K4Fe(CN)6· 3H2O, > 98.5%), Palladium Chloride (PdCl2, 99%), cobalt sulfate (CoSO4 · 7H2O, ≥ 99%), 4-Mercaptopyridine (C5H5NS, 95%) were purchased from Sigma-Aldrich (St. Louis, Missouri). Sulfuric acid (H2SO4, 98%) was purchased from Calden (Georgetown, Ontario). MICROPOSIT™ S1818™ positive photoresist and MICROPOSIT™ MF™-319 developer were purchased from MicroChem (Newton, Massachusetts). All reagents were of analytical grade and were used without further puriﬁcation. Milli-Q grade water (18.2 M Ω) was used to prepare all solutions. 
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Cr substrates (74 mm × 24 mm) used for all electrodeposition were made by plasma sputtering using a Torr Compact Research Coater CRC-600 manual planar magnetron sputtering system (New Windsor, New York) onto the soda lime glass slides which were washed by isopropyl alcohol. A 99.99% purity chromium target (LTS Chemical Inc., Chestnut Ridge, New York) was used for all sputtering. The argon ( > 99.999% purity, AlphaGaz, Air Liquide, Montreal, Quebec) plasma was created by a RF power of 90 W, which allowed for a typical Cr deposition rate, monitored by the quartz crystal thickness sensor, of 1.1 Å/s. The sputtered thickness of the Cr was set at 200 nm and estimated according to the deposition rate and the deposition time. The sputtered glass slides were then separated into 5 mm×10 mm small pieces for further fabrication.
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SEM images of the Pd deposition structures were obtained using both JEOL JSM-7000S and TESCAN VP systems based on the required resolution. The accelerating voltage was set at10 kV with working distance of 6 mm.
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All electrochemical work was performed using a EmStat2 electrochemical workstation (PalmSens, Utrecht ,The Netherlands) and a standard three-electrode set-up. The electrochemical system consisted of an Ag/AgCl reference electrode, a platinum wire counter electrode. The Cr substrate was used as the working electrode for electrodeposition while Pd nanostructures or Pd interdigitated structures (Figure 5.1 only) were used as the working electrode for electrochemical characterization. All the parameters applied for electrochemical works were presented in the result and discussion section.
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For executing the photolithography, a 4 µm layer of MICROPOSIT™ S1818™ positive photoresist was first spin-coated onto the deposited Pd nanostructures at 3000 rpm for 30 s. The positive 1818 photoresist is chosen because of its high resolution. The photo mask was drawn by AutoCAD and printed on a transparency sheet. The pre-baking, exposure, post baking and MF-319 developing procedures are conducted based on the standard recipe provided by Microresist (http://www.microresist.de/products/room_haas/pdf/microposit_s1800_g2_serie.pdf). After creating the designed patterns of 1818 photoresist, the uncovered Pd nanostructures are etched by aqua regia (nitric acid:hydrochloric acid = 1:3) for 10 seconds. 
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Three substrates with different morphologies were first washed with DI water then incubated in a 4 mM aqueous 4-mercaptopyridine solution for 1 h. The incubated substrates were rinsed with deionized water, and dried with a stream of air. Raman spectra were measured in backscattering configuration utilizing a 532nm solid-state laser (Laser quantum excel 1000) and a cooled CCD detector (Andor IDus DU401A-BV).  The laser power was 2 mW and the exposure time was 5 minutes. The beam size was 5 µm.
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Electroactive Surface Area measurement:
The electrochemically-active surface area (ESA) of various morphologies was obtained using cyclic voltammetry (CV) in 0.5 M H2SO4 solutions at a scan rate of 50 (mV/s). The typical CV curves of the nanostructures with three different surface morphologies are shown in Figure 5.4 (a). The plateau in the electrical current observed in voltage ranging from 0.6 V to 1 V on the forward scan indicates the formation of a monolayer of palladium oxide. This oxide monolayer can be reduced back to Pd metal in the voltage ranging from 0.4- 0.6 V resulting in a current peak in the reverse scan cycle. The total integrated charge contained in each peak was calculated using the data analysis software (Origin 6.0 Pro) by manually defining a baseline excluding the capacitive current and dividing the area under the CV curve by the scan rate to obtain the total charge in coulombs. The calculation is presented in the results and discussion section.  
Hydrogen desorption data analysis:
The hydrogen storage capacities of Pd deposits with different morphologies were estimated by first cathodically polarizing the electrodes (for 1200 s), followed by conducting cyclic voltammetry experiments to measure the amount of charge involved in the hydrogen desorption process during the first positive scanning. The total charge involved in the hydrogen desorption process, which is proportional to the amount of absorbed/adsorbed hydrogen, is deduced from the area under the curve for the peaks observed in the voltage range of hydrogen desorption defined based on the peak of first hydrogen desorption scanning. The total integrated charge contained in each peak was calculated using the data analysis software (Origin 6.0 Pro) by manually defining a baseline excluding the capacitive current and dividing the area under the CV curve by the scan rate to obtain the total charge in coulombs.
Electrochemical sensing data analysis 
The electrochemical responses of Pd structures are using conventional CV scanning in a wide range (1-100 mM) of potassium ferrocyanide concentrations and oxidation current peaks are plotted against analyte concentration for each structure. The electrochemical sensing responses are judged by the slope of the regression lines of the oxidation current peaks against analyte concentration which is obtained by the inherent excel function.
Nucleation growth rate data analysis
In this research, the nucleation rates are defined as the slopes of current density against time curves obtained during the nucleation growth region of each deposition. The nucleation growth regions are determined as the current density decrease regions during the electrodeposition and the slope is obtained by the regression lines of the oxidation current peaks against analyte concentration which is obtained by the inherent excel function. Details of each region during electrodeposition are discussed in the result and discussion section.  
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We develop a hybrid approach that combines bottom-up electrochemical deposition of controllable nanoscale features with top-down lithography-based processes for patterning these features into specific macro and microscale designs. The fabrication process is depicted in Figure 5.1 (a). First, thin films of 3D hierarchical nanostructures are grown on the substrate using electrochemical methods. After depositing this nanostructured thin film using electrodeposition, photolithography is used to pattern the layer into micro and macroscale features and integrated into functional devices (detailed fabrication in the methods section). Figure 5.1 (b) demonstrates the low-, intermediate-, and high-magnification scanning electron microscopy (SEM) images of the fabricated microelectrode array. The low-magnification SEM image demonstrates a set of 20 x 5000 µm electrodes interdigitated with a set of 40 x 5000 µm electrodes, which are precisely defined using the photomask pattern. The intermediate-magnification SEM images demonstrate that the microelectrode array is composed of well-defined micro-scale features with excellent edge definition, and the high-magnification SEM image demonstrates that the microelectrodes are composed of uniform 3D hierarchical nanoscale features. In addition to structural evaluation using microscopy, we used cyclic voltammetry (CV) to study the electrochemical behaviour of these top-down/bottom-up electrodes (Figure 5.1 (g)). The CV curve demonstrates the expected redox signature of the analyte (100 mM potassium ferrocyanide), with a shape that is similar to that observed with the previously reported Pd microelectrodes [22]. These results indicate that uniform multidimensional Pd structures can be synthesized by our simple and robust hybrid fabrication process, and potentially integrated as electrodes into functional devices applicable to sensing [21] and biological sample preparation [23].
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[bookmark: _Toc425021312][bookmark: _Toc425021776][bookmark: _Toc425452450][bookmark: _Toc425453210][bookmark: _Toc426302824][bookmark: _Toc426302921][bookmark: _Toc426303139]Figure 5‑1 A hybrid top-down, bottom-up approach to fabrication of integrated multi-scale structures. (a)-(e) The process flow of the hybrid approach: electrodepositing Pd nanostructure on Cr substrate; spin coating 4 µm of positive photoresist on the Pd nanostructure; applying designed photo mask and UV exposure; developing the exposed photoresist; etching the un-protected Pd by aqua regia and photoresist removal. (f) Low magnification (left), intermediate-magnification (middle and right) and high-magnification (right) SEM images of the hierarchical Pd films fabricated using the hybrid bottom-up, top-down approach. (g) Cyclic voltammograms obtained from the interdigitated electrodes of acicular Pd nanostructures immersed in 100 mM potassium ferrocyanide solution (scan rate 0.01V/s).
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We investigated the growth of palladium nanostructures under various conditions of applied potential, electrodeposition bath composition and mixing time, and deposition duration to determine the influence of these parameters on the morphology of the deposit. Deposition duration of 90 s was found to provide sufficient time for the nanostructures formed to reach their steady state configuration (Figure 5.2). Following this finding, we investigated the formation of deposits under a range of applied potentials (-0.2 V, -0.3V, -0.4 V) for the fixed duration of 90 s in a solution containing palladium salt (14 g/L PdCl2) and supporting electrolyte (0.02 M H2SO4). SEM images presented in Figure 2d-f demonstrate that three types of structures are observed under these deposition conditions: sub-micron globules of Pd aggregating to form a 3D layer of deposit (Figure 5.2 (f)), microscale globules of pd decorated with nanoscale spikes (Figure 5.2 (e)), and faceted low-aspect ratio clusters aggregating to form a 2D thin film (Figure 5.2 (d)).
To better understand the underlying differences in the deposition kinetics of the three different classes of structures demonstrated in Figure 5.2, and to be able to design the desired Pd morphology under various conditions, we analyze the chronoamperometry scans obtained during electrodeposition. It is evident from theses chronoamperograms (Figure 5.2(g)) that they are composed of three kinetic phases of: I. initial, rapid and linear current density increase, II. gradual and linear current density decrease, and III. stable current density plateau. These features can be attributed to nucleation (phase I), reaction-controlled nucleus growth (phase II), and diffusion-controlled structure growth stages [24] (phase III). We observe that the slope of the current versus time curve, especially in phase II is a key indicator of the morphology of the final structure. This indicates that there are optimum conditions of balance between the kinetics of the reaction at the solid/liquid interface and the diffusion of the species in the solution leading to the growth of particular structure geometry. It also points to an interesting possibility that control of morphology could be obtained through the control of the current time characteristics. To facilitate the study of deposition kinetics and structural evolution, Table 5.1 is used to summarize the experimental data including the current versus time slope (phase II) and the morphology of the obtained structures, along with the experimental conditions used. 
Comparing the SEM images at two different time points during the growth, the differences in morphology between three types of structure can be observed even at the initial stages of growth (Figure 5.2(a-c)) when the substrate is not fully covered. This observation confirms the notion that the initial phases of growth and its rate determine the initial morphology, and that the subsequent growth during phase III follows the template set in phases 1-II. Similar phenomenon of how growth kinetics changes the morphologies of the electrodeposited nanostructures have been observed when constant currents of varying magnitudes were applied during electrodeposition [18]. However, an underlying mechanism has not been detailed. 
In order to explain the dynamics of formation of the observed structures, we propose the following hypothesis. When the applied potential is low compared to the equilibrium potential, the rate of electrochemical reaction at the surface is small compared to the rate of diffusion of the ions from the solution. In this case, the growth occurs in an environment where there is ample reactants where growth along certain directions or crystallographic planes may be preferred leading to the kinds of structures seen in Figure 5.2(a). At intermediate applied potentials, the rate of reaction at the surface is in the same order as the diffusion of the ionic species to the surface. Initially, since the concentration near the surface is high, we see a growth that is isometric (Figure 5.2(b)). However, when a small depletion layer sets in, growth occurs at those locations that are slightly protruding and this process reinforces itself forming acicular outgrowths as seen in Figure 5.2(b). It should be noted that, when the same growth condition is maintained with the solution stirred, the morphology of the deposit is not acicular (Supplementary Figure S1), confirming that diffusion of the ionic species is a key element in this process.
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[bookmark: _Toc425453211][bookmark: _Toc426302825][bookmark: _Toc426302922][bookmark: _Toc426303140]Figure 5‑2 Morphology of electrodeposits created under different applied potentials. SEM images of structures electrodeposited in a palladium bath (14 g/L PdCl2 and 0.02 M H2SO4) at (a) -0.2 V, 20s, (b) -0.3 V, 20 s, (c) -0.4 V, 20 s, (d) -0.2 V, 90 s (planar), (e) -0.3 V, 90s (acicular), and (f) -0.4 V, 90 s (nodular). Solid and dashed scale bars represent 1 µm and 100 nm, respectively. (g) The current-transient chronoamperometry curves of the three classes of Pd structures demonstrated in panels d-f. 

When the applied potential is further increased, Pd ions at the electrode vicinity are rapidly reduced causing the depletion layer to become very thick.[25] While nanoscale acicular protrusion can be seen on the deposits at 20 s (Figure 2c-inset), the dimensions of these protrusions (<100 nm) are too small compared to the thickness of the diffusion layer (>10 μm at times longer than 20 s).[26] This results in non-preferential deposition at different sites on the deposits and the coalescence of closely-spaced spikes forming nodular structures at the sub-micron scale. When these assemblies of globules with feature sizes in sub-micron scale protrude into the solution, preferential deposition on these structures occurs indicating similar dynamics as the previous case but in a different size scale.
To better understand our experimental results in the context of the previously-developed theoretical models, we looked at fitting our experimental data based to the nucleation theory developed by Scharifker and Hill [27]. Based on this theory, the nucleation process can be categorized into instantaneous or progressive nucleation. To differentiate the nucleation processes observed here, we plotted our experimental results in unit-less current versus time coordinates against theoretical plots for both instantaneous and progressive nucleation processes (Figure S2). The equations used for calculating the theoretical current versus time curves representing the instantaneous and progressive nucleation processes are summarized in Table S1. As shown in this figure, none of the experimental curves (planar, acicular, or nodular) fit well with the theoretical curves. We suspect this deviation from the theoretical model to be due to processes not accounted for in the Shariker and Hill model: 
(1) the electrodeposition potentials used here (-0.2 V to -0.4 V versus Ag/AgCl) overlapped with background electrochemical processes that occurred in the presence of H2SO4 as the electrolyte (as seen in Figure 5.4(b)) [28]. The reduction current generated through these processes could be responsible for the larger than expected current.
(2) An aggregate growth mechanism recently presented by Terryn et al.[29], where primary nuclei diffuse on the substrate forming nanoclusters could be at play. The recrystallization and coalescence of these nanoclusters strongly influence the current transient during the growth of electrodeposited structures. Consequently, we believe the widely-used Scharifker and Hill model is not be suitable for describing the nucleation and growth processes observed here.
In order to create application-specific palladium nanomaterials, we extended our search in the electrodeposition parameter space and investigated parameters including the electrolyte mixing time, electrolyte concentration, deposition duration and Pd ion concentration to find suitable recipes for controlling the deposition kinetics and consequently the morphology of nanomaterials. 
The changes in the morphology of the deposits as a result of varying the mixing duration of H2SO4 and PdCl2, prior to electrodeposition and application of potential are shown in Figure 5.3(a). Although all electrodepositions are performed in solutions containing the same amount of reagents (14 g/L PdCl2 mixed with 0.02M H2SO4), the duration at which PdCl2 and H2SO4 are in contact are varied from 30 s to 30 minutes. At the shortest mixing time of 30 s, sub-micron structures with a morphology in between the microscale acicular structures and nodular structures as observed in Figure 5.2 were obtained. As the mixing time is increased, the deposits become nodular and finally become similar to the microscale acicular structures of Figure 5.2 beyond 30 min. We also observed that the desired acicular structures can be fabricated when H2SO4 is replaced with CoSO4 (Supplementary Figure S3) while, this was not possible when the supporting electrolyte was replaced with HCl, indicating that the presence of the SO42- ion is critical for the formation of the desired structure. Previous results point out that when chloride ions are present at the reaction interface, they lead to enhanced surface mobility of palladium complexes resulting in deposits with an isotropic geometry[21,30]. Based on these previous reports and our observations in relations to mixing time, we suspect the interactions between the sulphate and chloride ions when PdCl2 is present in a sulphate containing electrolyte to be important in determining the overall morphology of the deposits. 
The electrodeposition were also examined under various concentrations of H2SO4 (0.2 M, 0.02 M and 2 mM), while keeping the rest of the parameters constant (deposition at -0.3V for 90s in saturated PdCl2 solutions) to study the effect of sulfate ion concentration on structure morphology. As shown in Table 1, higher nucleus growth rate is obtained when increasing the concentration of H2SO4 in solution. Investigation of the SEM images corresponding to these depositions (Figure 5.3 (b)) suggests that deposition at the 0.02 M H2SO4 concentration leads to the formation of acicular structures (Figure 5.3 (b) II). High H2SO4 concentrations (0.2 M) formed nodular deposits (Figure 5.3 (b) III); whereas the planar structures were synthesized at low concentrations (2mM) (Figure 5.3 (b) I). Former studies have suggested that the equilibrium concentration and reversible potential of soluble palladium species involved in the electrodeposition process can greatly influence the deposition mechanism[30]. More specifically, it has been shown that increasing the Pd-sulfate complex concentration causes the reversible Pd potential to shift towards more positive values (from 0.34 V to 0.52 V [28]), which enhances the deposition rate when applying the same potential [31,32], which is consistent with the results observed here.
Additional electrodepositions were performed under conditions that had previously led to the formation of acicular structures (14 g/L PdCl2; 0.02M H2SO4; -0.3V) for various durations of time to identify whether the structures formed had a morphology with a transient nature or their morphology remained unchanged as they grew in size. Figure 5.3 (c) shows the structures deposited under identical conditions at different durations (60 s; 90 s; and 5 minutes). We observe that the initial morphology is set early in the deposition and continues to grow in size over the remaining duration of deposition. 
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[bookmark: _Toc425453212][bookmark: _Toc426302826][bookmark: _Toc426302923][bookmark: _Toc426303141]Figure 5‑3 Study of electrodeposition parameters on structure. SEM micrographs demonstrating the effect of (a) electrolyte mixing time (I: 30 s; II: 5 minutes; and III: 30 minutes) on the morphology of 90 s deposits (solution: 14 g/L Pd and 0.02 M H2SO4). (b) electrolyte concentration (I: 0.002 M; II: 0.02 M; and III: 0.2 M) on the morphology of 90 s deposits (solution: 14 g/L Pd, mixing time: 30 min). (c) deposition durations (I: 60 s; II: 90 s; and III: 5 min) on the morphology deposits (solution: 14 g/L Pd and 0.02 M H2SO4, mixing time: 30 minutes)    (d) Pd ion concentration (I: 3.5 g/L; II: 7 g/L; and III: 14 g/L) on the morphology of 90 s deposits (solution: 0.02 M H2SO4, mixing time: 30 min).  All scale bars represent 1 µm.

We investigated the effect of Pd concentration on the morphology of the deposits by testing depositions under three different concentrations (3.5 g/L; 7 g/L and 14 g/L (saturated)). The slope of the chronoamperogram in phase II (Table 5.1) slightly increases as the Pd ion concentration increases. This minor variation in slope does not affect the nucleus growth kinetics in a significant manner resulting in three similar structure morphologies as observed in Figure 5.3(d). Although the three structures have a similar general morphology of globules decorated with nanoscale spikes, the overall coverage of the substrate with the deposits, the size of the structures and the size of the nanoscale spikes increase as the concentration of the Pd ions is increased from 3.5 to 14 g/L.
In addition to studying the effect of the abovementioned parameters on the morphology of the deposits, we analyzed their effect on the deposition kinetics by looking at the chronoamperometry results observed during electrodeposition. The summary of the relationship between the nucleus growth rates (slope of the phase II of chronomamperometry curves) and deposition factors are presented in Table 5.1 indicating that planar, acicular, and nodular structures are obtained when the slope of current-transient curve at the nucleus growth stage is around 30-60 µA/s.cm2, 100-200 µA/s.cm2, and larger than 800 µA/s.cm2 respectively.
[bookmark: _Toc425021313][bookmark: _Toc425021777][bookmark: _Toc425452451][bookmark: _Toc425453213][bookmark: _Toc426302707][bookmark: _Toc426302854]Table 5‑1 The summary of the phase II slope of current-transient curves obtained when various electrodeposition parameters were used.
	Structure
	Nucleation Rate ((µA/s)
	Applied Potentials (V)
	H2SO4 Mixing Duration (min)
	H2SO4  Conc. (M)
	Pd ion Conc.
(g/L)

	Planar
	12.48
	-0.3
	60
	0.002 
	14

	Acicular
	67.45
	-0.3
	60
	0.02 
	14

	Nodular
	314.47
	-0.3
	60
	0.2
	14

	Small particle
	154.79
	-0.3
	½
	0.02
	14

	Small particle
	89.23
	-0.3
	5
	0.02
	14

	Acicular
	37.82
	-0.3
	30
	0.02
	14

	Planar
	23.35
	-0.2
	60
	0.02
	14

	Acicular
	41.75
	-0.3
	60
	0.02
	14

	Nodular
	176.4
	-0.4
	60
	0.02
	14

	Acicular
	38.45
	-0.3
	60
	0.02
	14

	Acicular* 
	26.38
	-0.3
	60
	0.02
	7

	Acicular*
	25.97
	-0.3
	60
	0.02
	3.5


*The structures are lower density and lower roughness as compare with normal acicular structure
In summary, the combination of SEM and current transient analysis of structures deposited under different conditions further confirm that deposition morphologies are strongly related to the initial rate of growth which can be strongly influenced by the applied potential and H2SO4 concentration and weakly by the Pd ion concentration. If the initial growth rate can be precisely controlled, the deposited structures can be accurately tuned to the desired nodular, acicular and planar morphologies. This confirms that knowledge from the current-time deposition curves can be used to precisely tune the morphology of the deposits.
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One indication of hierarchical morphology is its increased effective surface area when compared to planar thin films. In order to characterize the effective surface area and its increase, we investigated the electrochemically-active surface area (ESA) of various morphologies obtained using cyclic voltammetry (CV) in 0.5 M H2SO4 solutions at a scan rate of 50 (mV/s). The typical CV curves of the nanostructures with three different surface morphologies are shown in Figure 5.4 (a). The plateau in the electrical current observed in voltage range 0.6 V to 1 V on the forward scan indicates the formation of a monolayer of palladium oxide. This oxide monolayer can be reduced back to Pd metal in the voltage range 0.4- 0.6 V resulting in a current peak in the reverse scan cycle. The ESAs of Pd nanostructures can be estimated from the electric charge involved in these reductions according to the following equation:e.q. 5.1


In equation 1, Q represents the charge transferred during the reduction of PdO monolayer, and is calculated by integrating the area under the baseline of the CV curve (Figure 4a) divided by the scan rate. The charge required to reduce a monolayer of PdO has been previously calculated to be 424 (µC/cm2).[15,16] The ESA and the roughness factor (ESA / geometric surface area of planar Pd) values are summarized in Table 5.2. Each data represents the average and standard deviation obtained from 3 individual samples of each morphology. The results show that the roughness factor of acicular and nodular structures are much higher (4 times and 3 times, respectively) than planar structures. We also noticed that the sample-to-sample variability of ESAs measured for acicular structures are relatively small (5%) when compared with planar (33%) and nodular structures (43%), which suggests that the acicular structures have the highest reproducibility compared with other structures.   
This high surface area obtained here from the hierarchical morphology can be beneficial in a number of applications including hydrogen storage. To characterize the hydrogen storage capacity of various structures, hydrogen absorption/desorption experiments were performed as illustrated in Figure 5.4 (b). Hydrogen can be generated locally by cathodically polarizing (at ~ -1V) nanostructured Pd electrodes in aqueous electrolyte (0.002M H2SO4) to split water, and then be absorbed and stored into the Pd nanostructure.[33] A higher surface area is beneficial for greater absorption of hydrogen into the Pd matrix and for linearity in its absorption and release.[34] 
The hydrogen storage capacities of Pd deposits with different morphologies were estimated by first cathodically polarizing the electrodes (for 1200 s), followed by conducting cyclic voltammetry experiments to measure the amount of charge involved in the hydrogen desorption process (Figure 4b). The results show that hydrogen desorption from hydrogen-saturated structures begins at the start of forward scanning at -0.3 V. As the potential is scanned through more positive values, the measured current continuously increases indicating an acceleration in the hydrogen desorption reaction. This is followed by a sudden decrease in current indicating the complete consumption of the absorbed hydrogen.[35] The total charge involved in the hydrogen desorption process, and proportional to the amount of absorbed hydrogen, is deduced from the area under the curve (Figure 4b) for the peaks observed in the voltage range -0.3 to 0.9 V [16,36] and is summarized in Table 5.2. The total integrated charge contained in each peak was calculated using a data analysis software (Origin 6.0 Pro) by manually defining a baseline excluding the capacitive current and dividing the area under the CV curve by the scan rate to obtain the total charge in coulombs. These results demonstrate that nodular and acicular structures are able to store 3.5 and 6.5 times more hydrogen compared to planar structures under the same condition respectively. This confirms that the increase in ESA translates to an enhancement in the hydrogen storage capacity as a larger amount of Pd becomes in contact with hydrogen during adsorption. In addition, although the acicular structures exhibit slightly higher ESA compared to nodular structures, they present a tremendous improvement in hydrogen storage capacity. This improvement can be contributed to the observed nano-voids between spikes/needles, creating porous structures suitable for hydrogen storage. 
[bookmark: _Toc425453214][bookmark: _Toc426302708][bookmark: _Toc426302855]Table 5‑2 The electro active surface area and hydrogen storage capacity of deposited structures.
	Structure
	EAS / electrode surface area (cm2/cm2)
	Maximum Hydrogen Storage Capacity (mC/cm2)*
	

	Planar
	7.9±2.6
	56.1±11.18
	

	Acicular
	30.83±1.64
	365.8±11.04
	

	Nodular
	21.4±9.16
	196.5±20.1
	


*Charge generation during hydrogen desorption per electrode geometric surface area.
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[bookmark: _Toc425453215][bookmark: _Toc426302827][bookmark: _Toc426302924][bookmark: _Toc426303142]Figure 5‑4  The electrochemical characterization of Pd hierarchical structures. Cyclic voltammetry results of (a) unmodified Pd films (black baseline is used for calculating the integrated charge) and (b) hydrogen- charged Pd films (1200 s at -1 V) in 0.5 M H2SO4 at a scan rate of 0.1 V/s for acicular (red), nodular (blue), and planar (green) (c) The open circuit potential of a acicular H2/Pd electrode versus a commercial Ag/AgCl reference electrode. The palladium electrodes were used after 1200 s of hydrogen sorption.

Palladium hydride reference electrodes – created by storing hydrogen in a palladium matrix – are ideal for use in miniaturized microsystems since they can be easily fabricated and integrated into the solution reservoir without the need for membrane-separated microscale compartments. In spite of this advantage, palladium hydride reference electrodes are rarely used as their lifetime is directly depend on the hydrogen storage capacity which is limited especially in the microscale. [7] Given that our hierarchical palladium structures show a significant (365.8 mC/cm2 for acicular structures) improvement in hydrogen storage capacity compared to the previously reported low roughness factor (2.7) palladium surfaces (16 mC/cm2 defined by the charge involved in hydrogen desorption),[37] we expected them to demonstrate electrochemical potential stability over a long duration. The stability of the acicular electrode – showing the highest hydrogen storage capacity – was tested after it was polarized cathodically, by measuring the open circuit potential against a commercially-available Ag/AgCl electrode (Figure 5.4c). These results indicate that the acicular hierarchical structure is able to continuously maintain a stable potential difference of -275 mV (with a variation of ±1 mV) between Ag/AgCl and PdH electrodes for more than 5 hours. This potential difference is consistent with previously reported values obtained in solutions of similar PH (~2.4); however, the lifetime of the acicular electrode is significantly improved compared to the previously reported H2/Pd reference electrodes having a one hour stability [7,38].
[bookmark: _Toc425011584][bookmark: _Toc425015384][bookmark: _Toc425020181][bookmark: _Toc425450778][bookmark: _Toc426296491][bookmark: _Toc426296621][bookmark: _Toc426303042]SERS enhancement 
Pd nanostructures were previously shown to dramatically enhance the intensity of Raman signals when used as the substrate for SERS measurements.[12] As a result, there is a need for a simple synthesis procedure, which can be used to create highly controllable nanostructured SERS substrates with high degree of reproducibility. We performed a preliminary investigation to find out whether the structural variability of the demonstrated deposits can be translated to tunability in the SERS signal. The SERS spectra (Figure 5.5) of 4-mercaptopyridine-modified Pd structures show that well-resolved peaks can be obtained from all three morphologies. However, nodular and acicular structures yield signals that are 7.1 and 10.6 times stronger in magnitude respectively compared to signals obtained from the planar structure (calculation based on ref.[12]). These results indicate that the electrodeposited Pd structures form SERS-active substrates for the detection of molecular species, and that the SERS signal can be magnified by increasing the surface area and the surface roughness of deposited structures through the electrochemical deposition process.[12] 
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[bookmark: _Toc425453216][bookmark: _Toc426302828][bookmark: _Toc426302925][bookmark: _Toc426303143]Figure 5‑5 Tunability in Surface Enhanced Raman Spectra. Shown are Raman spectra of 4-mercaptopyridine molecules adsorbed on Pd substrates with acicular, nodular, and planar surface morphologies.
[bookmark: _Toc425011585][bookmark: _Toc425015385][bookmark: _Toc425020182][bookmark: _Toc425450779][bookmark: _Toc426296492][bookmark: _Toc426296622][bookmark: _Toc426303043]Electrochemical sensing 
Electrodes with a high surface area to volume ratio were previously shown to significantly improve the sensitivity of electrochemical[39] and electrical[40] sensing systems. To investigate the applicability of the tunable nanostructured electrodes developed here to electrical and electrochemical sensing, we studied their electrochemical response using conventional CV scanning in 2 mM potassium ferrocyanide. Figure 6a shows the typical CV results of the acicular, nodular and planar structures. In this figure, the typical redox signature of ferrocyanide with well-defined oxidation and reduction peaks is observed, and as we would expect, the redox peaks associated with the acicular structures with a larger measured surface area are increased when compared to the other two structures.  Furthermore, to find out whether there is a correlation between electrode morphology and sensitivity in analyte detection, we carried a number of CV experiments over a wide range of concentrations. In Figure 5.6, oxidation current peaks are plotted against analyte concentration for each structure. This figure shows that all three structures display a linear current response as the concentration was varied between 1-100 mM; however the acicular structure shows the largest slope (ΔI/ΔC=1.23 (µA/cm2)/mM) resulting in a larger sensitivity (1.23 (µA/cm2)/mM). In addition to improved sensitivity, the acicular structure showed better repeatability compared to the other two structures, suggesting that the acicular structures have the potential to be used as highly sensitive and reliable electrochemical sensing devices with broad applications. 
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[bookmark: _Toc425453217][bookmark: _Toc426302829][bookmark: _Toc426302926][bookmark: _Toc426303144]Figure 5‑6 Electrochemical sensing behaviour of palladium deposits. (a) Cyclic voltammograms obtained from Pd nanostructures with three different morphologies immersed in 2 mM potassium ferrocyanide solution (scan rate 0.01V/s). (b) Peak oxidation current readings during CV measurements (scan rate 0.05V/s) of Pd nanostructures with three different morphologies in solutions with various concentrations of potassium ferrocyanide. The error bars represent standard deviation.
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We have developed a rapid, dynamic, and inexpensive bottom-up/top-down method combining programmable electrochemical deposition with photolithography for fabricating tunable hierarchical palladium structures. Using this fabrication method, periodic arrangement of the deposited materials can be manipulated in microscale using photolithography to create microelectrodes arranged in various configurations. In addition, the morphology of the micro/nanoscale building blocks of these electrodes can be precisely controlled by adjusting the nucleus-growth-stage kinetics.  More specifically, by varying different deposition parameters including the applied potential, electrolyte concentration, and electrolyte mixing time, we are able to precisely tune the deposits from smooth planar structures to high aspect ratio acicular structures. 
In addition to tunability in structure, our demonstrated fabrication method enables tunability in function including hydrogen storage capacity, SERS signal amplification, and electrochemical detection sensitivity. Through electrochemical characterization, we demonstrated that acicular structures show 30 folds enhancement in the electro-active surface area when compared to bulk palladium, which translates to enhanced hydrogen storage capacity. Moreover, our ability in fabricating high surface area acicular structure enables us to create substrates applicable to Surface-Enhanced Raman Spectroscopy (SERS). The SERS tests carried in this work show that the intensity of the SERS signal depends on the morphology of the deposited structures and that the 4-mercaptopyridine signals can be enhanced 10 times when using the acicular substrate. The analytical sensitivity (ΔI/ΔC) of the three structures was also correlated with their morphology indicating their applicability in a broad range of sensing applications. 
In summary, this work represents an important advance in the creation of structurally and functionally programmable and tunable micro/nano systems offering novel possibilities for use in lab-on-a-chip and energy storage systems.
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SEM micrograph of structures deposited at -0.3 V for 90 s in saturated PdCl2 solutions mixed with 0.2M H2SO4; magnetic stirring was executed during electrochemical deposition. The I2/Im2 v.s T/Tm relationships of three structures and the theoretical derives of both instantaneous  and progressive nucleations SEM micrograph of structures deposited at -0.3 V for 90 s in saturated PdCl2 solutions mixed with 0.2M CoSO4. This material is available free of charge via the Internet at http://pubs.acs.org.
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Supplementary Figure S1 Deposition in a stirred solution. SEM micrograph of structures deposited at -0.3 V for 90 s in saturated PdCl2 solutions mixed with 0.2M H2SO4; magnetic stirring was executed during electrochemical deposition.  The scale bar represents 1 µm.
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Supplementary Figure S2 The I2/Im2 vs T/Tm  plots of three different structures and the theoretical models of instantaneous nucleation and progressive nucleation.  (The equstions used are presente in Supplementary Table 1)
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Supplementary Figure S3 The effect of sulphate ions on surface morphology. SEM micrograph of structures deposited at -0.3 V for 90 s in saturated PdCl2 solutions mixed with 0.2M CoSO4. The scale bar represents 1 µm.
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Supplementary Figure S4 The lifetime/stability test by continuously conducting 20 cyclic voltammetry scans of (a) nodular (b) acicular and (c) planar Pd structures immersed in 2 mM potassium ferrocyanide solution (scan rate 0.01V/s).

Supplementary Table S1 The equations for theoretical models calculation of instantaneous nucleation and progressive nucleation; where Im represent the maximum current occurred during electroplating; Tm means the time when Im occurred.
	Instantaneous nucleation
	Progressive nucleation
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Introduction to the chapter: Dissolved oxygen (DO) is consumed during the decomposition process of the organic contaminants in water. Therefore, DO is not only the common indicator of water quality but also the major factor that influences the efficiency of the waste water treatment process. Hence, a sensitive, long term reliable, in-line DO sensor is essential in sustainability of water ecosystems and supply of clean drinking water. As suggested in previous chapters, electrochemical DO sensor is sensitive, low cost and simple which is adequate in in-line sensor application. However, this sensor requires periodic maintenance and calibration and is expensive to fabricate as it uses liquid electrolytes in the sensing process. This chapter introduces a low cost all-solid state DO sensing device by the integration of polyhemin based DO sensitive electrode and Pd/H reference electrode developed in the previous chapters. This DO sensing device has a sensitivity of 4.8 (µA/cm2)/ppm over a DO concentration range of 0-20 ppm. The all solid-state feature allows this sensing device to be applied as a long-term DO sensor for continuous in-situ water monitoring.
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Dissolved oxygen (DO) is an indicator of the health of an ecosystem and low levels of it indicates that aquatic life may be at stress [1]. It is also used as a measure of the effectiveness of the water treatment process [2], [3]. The development of a sensitive, reliable, in-situ, remote DO sensor is then of significant importance for sustainability of ecosystems and supply of clean drinking water. Electrochemical sensing is one of the most widely used techniques for continuous monitoring of DO level in situ due to its simplicity and sensitivity [4]. However, it requires periodic maintenance and calibration and is expensive to fabricate as it uses liquid electrolytes in the sensing process. These factors limit the lifetime, ability for autonomous operation and portability of these sensors [5]. In the previous chapters, a low cost solid-state electrochemical DO sensing electrode consisting of polyhemin (low cost oxygen sensitive material), polypyrrole/silver (solid state electrolyte) and Poly(dimethylsiloxane) (PDMS) (membrane, to separate interference) has been developed. This sensing electrode did not require an internal liquid electrolyte or calibration, and was able to repetitively sense DO over 60 times [4]. 
Nevertheless, a complete sensing system usually requires two additional electrodes other than the DO-sensitive electrode, namely, counter electrode (CE) and reference electrode (RE) [6]. Any inert conductive material can be used as the CE (i.e. stainless steel) to transfer current and complete the electrochemical circuit. However, conventionally used RE such as saturated calomel electrode (SCE), and Silver/Silver Chloride Reference Electrode (Ag/AgCl) contain aqueous electrolytes which act as (i) salt bridge to minimize the liquid junction potential, and (ii) buffer for reversible reaction on the electrode to maintain stable potential [7]. Although stable, the same limitations as the conventional DO sensing electrode exist for these Res and make any sensing system that incorporate them not suitable for remote autonomous sensing. To overcome these challenges, some researchers have been focusing on replacing the aqueous electrolytes with solid-state or semi-solid state electrolytes which include polyions [8], ionic liquids [9]–[11], colloid-imprinted mesoporous carbon [12] and hydrophobic/hydrophilic polymer salts[13]. Although these solid-state Res have been shown to be reliable, the solid state electrolytes are costly, and get consumed over time.
Palladium (Pd) is a classical hydrogen storage metal which absorbs hydrogen under various conditions [14]–[17]. The Pd-adsorbed H2 can be retained for a few days, even with exposure to the air or surrounding liquid. After absorption, H2 redox reactions occur spontaneously in the Pd matrix, thus this Pd/H2 system is able to stabilize the potential and can be used as a standard hydrogen reference electrode (SHE). This reference system requires no internal electrolyte, which can make it a completely solid-state reference electrode and simplify its fabrication. Recently, by applying this property of Pd, Zhen et al. [18] presented a novel miniaturized Pd reference electrode simply composed of Pd metal and platinum (Pt) support substrate. However, Pd reference electrodes lack long term stability due to gradual hydrogen desorption when stored/utilized in ambient environment [16]. This turns out to be a major limitation of Pd reference electrode for water monitoring. 
In chapter five, an electroplating technique capable of generating a large surface area acicular Pd structure on a chromium substrate has been developed. This acicular Pd structure shows a 22.8-fold improvement in hydrogen storage capacity compared to the previously reported low roughness factor palladium surfaces [17]. This high hydrogen storage capacity directly improves the lifetime of this acicular Pd structures as a reference electrode. In our preliminary study, the lifetime was found to be more than 5 hours with a variation of ±0.001 V, which outperforms the previously reported Pd/H electrodes that had 1-hour stability [19]. Furthermore, Pd/H electrode can be regenerated by replenishing the H2 [20]. This advantage makes Pd reference electrode superior to other reference electrode in the context of electrochemical water sensors since H2 can be easily generated by water electrolysis in the sample itself. Thus, electrochemical sensing system with Pd reference electrode can function continuously by periodically replenishing the hydrogen stored in order to maintain a stable potential.
In summary, both the low-cost solid-state DO sensitive electrode and solid state Pd reference electrode have been developed in the previous chapters. In this chapter, the electropolymerization conditions of polyhemin DO sensing electrode were first optimized to obtain a better sensitivity than in the previous chapter. Then the operation parameters of the Pd reference electrode are characterized and optimized for DO sensing. Finally, these two optimized electrodes are integrated to build an all solid state DO sensing device and applied in real water samples. This all solid state DO sensitive/Pd reference integrated device is expected to overcome the challenges of current remote DO sensing devices.
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Chloro[3,7,12,17-tetramethyl-8,13-divinylporphyrin-2,18-dipropanoato(2)] iron(III) (hemin) 98%, pyrrole (98%), silver nitrate (AgNO3, 99%) and Palladium Chloride (PdCl2, 99%) were purchased from Sigma-Aldrich (St. Louis, Missouri). Sulfuric acid (H2SO4, 98%) was purchased from Calden (Georgetown, Ontario). Hydrochloric acid (HCl, 36.5-38%) was purchased from fisher scientific (Ottawa, Ontario). Polydimethylsiloxane (PDMS) Sylgard 184 was purchased from Dow Corning (Midland, MI). Phosphate buffer solution (PBS) (10×) was purchased from Bioshop (BioShop Canada Inc, Burlington, Ontario). All reagents were of analytical grade and were used without further puriﬁcation. Nitrogen gas (99.9999% pure) was purchased from Alphagaz (Montreal, Quebec). Milli-Q grade water (18.2 MΩ.cm) was used to prepare all solutions, unless otherwise noted.
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Polyhemin DO sensitive electrode was synthesized by co-electropolymerizing silver, polypyrrole and polyhemin onto a sputtered indium tin oxide (ITO) substrate of 200 nm thickness. The co-electropolymerizing potential was set at 0.9 V v.s. Ag/AgCl and the duration was 100 s. The synthesis procedures were detailed in our previous work [4]. However, the electropolymerization solution was modified to enhance the sensitivity of the DO-sensitive electrode. The solution contains 0.1 mM of hemin, 0.1 M of pyrrole, 0.05 M of HCl and 0.1M of silver nitrate. Also, the mixture of Acetonitrile and DI water (9:1) was used as the solvent. PDMS membrane with 10 μm thickness was then spin coated onto the DO sensitive electrode to for a gas permeable membrane that prevents interference from dissolved ions
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Acicular Pd structure (Figure 6.1 inert) was produced by electroplating Pd onto a sputtered chromium substrate of 200 nm thickness. The applied potential of electroplating was -0.3V for the fixed duration of 90 s in a solution containing palladium salt (14 g/L PdCl2) and supporting electrolyte (0.02 M H2SO4). Details of the electroplating were introduced in our previous work [17]. 
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All electrochemical depositions and characterizations were performed using an EmStat2 electrochemical workstation (PalmSens, Utrecht, The Netherlands) and a standard three-electrode setup. The electrochemical system consisted of a reference electrode, a stainless steel counter electrode, and a working electrode. Two different reference electrodes were used in this work: commercial Ag/AgCl (CH instrument, China) was used when characterizing the Pd/H electrode and the Pd/H reference electrode synthesized in this work was used. The control of electrochemical workstation and data collection were all performed by PS tracer 3.0.
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The polyhemin electrode with 2.25 cm2 surface area is used as the working electrode in DO sensing experiment. Pd/H electrode (2.25 cm2) is applied as the reference electrode and stainless steel rod is used as the counter electrode (height: 2 cm; diameter: 0.1 cm). These three electrodes were integrated by simply adhering with commercial available 3M Scotch® ATG Adhesive Transfer Tape. This tape was applied on the back side of both DO sensitive electrode and Pd/H electrode thus DO sensitive material and Pd can still exposed to water samples. The image of this experimental setup is shown in Figure 6.1. The areas of DO sensitive materials and acicular Pd structure are both 2.25 cm2. This solid state sensing system does not need further assembly or reference solution filling, which will further reduce the cost.
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In order to obtain optimal conditions for a stable Pd/H reference electrode, the potential variation of the electrode with hydrogen loading was characterized. The Pd electrode was first cathodically polarized in PBS buffer so that H2 can be generated and stored in Pd electrode during water electrolysis. A polarization potential of -1.2 V (hydrogen evolution potential) v.s. Ag/AgCl was applied over a duration of 1000 second (s) in PBS buffer. After loading the electrode with H2, its open circuit potential (OCP) against a commercially-available Ag/AgCl electrode was measured to determine the duration over which the electrode potential remains stable. Figure 6.2 shows the open circuit potential (OCP) measurement over time. As shown in the figure, the potential on Pd electrode was -538 mV immediately after polarization. It gradually increased to -515 mV over 2000 s and was stable after that. This stable potential was maintained for around 2.6 hours with only ±0.5 mV variation. Then, the potential increased again, indicating the reference electrode has lost its stability. This -515 mV stabilized potential is higher than the value reported by other previous research, where Pd/H electrode is stabilized at -556 mV v.s. Ag/AgCl in pH=7 solution (reported as -0.6 V v.s. Saturated calomel electrode) [16]. This difference is owing to the production of H2 during polarization, which reduced the local pH on the Pd surface and could have shifted the potential to a more positive value. 
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[bookmark: _Toc425453218][bookmark: _Toc426302830][bookmark: _Toc426302927][bookmark: _Toc426303145]Figure 6‑1: Experimental setup and pictures of each electrodes of the all solid state DO sensing device. Working: Polyhemin DO sensitive electrode on ITO substrate (1.5x1.5 cm2), Reference: Pd/H electrode (1.5x1.5 cm2), Counter: Stainless Steel. Inert is the SEM picture of 3D acicular Pd structure.

The behaviours of the electrode potential can be explained based on the hydrogen loading of the palladium. There are three different atomic phases of Pd/H, α phase, β phase and α+β phase which are determined by the [H]:[Pd] atomic ratio. The α phase exists upto the atomic ratio of [H]/[Pd] = 0.03, whereas the pure β phase prevails at a minimum atomic ratio of [H]/[Pd] = 0.57. In the range of ratios from 0.03 to 0.57 [H]/[Pd], the α and β phases are at heterogeneous equilibrium (α+β phase) [21]. The electrical potential of the Pd/H system is only stable when α+β phase are present [22]. The potential change of the Pd/H electrode after polarization can be described based on the formation of these atomic phases as the hydrogen diffuses out of the electrode. As shown in Figure 6.2, the initial loading of hydrogen induced a β phase and the potential of the electrode varies continuously as some of the hydrogen desorbs from the metal. This process continues till the hydrogen loading reaches a limit that the α+β phase appears. Therefore an initial transient time (corresponding to the β phase) is required before the electrode reaches a stable potential. Subsequently, the potential was found to be stable for a duration of 10023 s with variation of 302 s in three repeat measurements and this corresponds to the hydrogen loading condition (0.03 to 0.57 [H]/[Pd]) where both the α and β phases coexist (α+β phase region). Beyond this time the [H]/[Pd] ratio is such that the material is completely in the α phase where the potential is not stable.  
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[bookmark: _Toc425453219][bookmark: _Toc426302831][bookmark: _Toc426302928][bookmark: _Toc426303146]Figure 6‑2 Standard OCP curve of Pd/H reference electrode after polarizations (potential: -1.2V; duration: 1000s). Both polarization and OCP were performed in PBS buffer.

In this Pd/H electrode, amount of H2 loading directly affect the stabilization of potential which depends on both polarization duration and applied potential. This polarization process requires a careful study in order to understand its effect in the performance of this reference electrode. First, -1.2 V polarization potential was applied for various durations (50 - 1000 s) and its effect on both the settling time and lifetime were characterized as shown in Figure 6.3 (a). The results showed that the lifetimes of this reference electrode varied from 916 s for 50 s of polarization, to 10000 s (2.6 hours) for 1000s polarization. The corresponding settling times varied from 281 s for 50 s of polarization, to 2223 s for 1000s polarization. As expected, the lifetime was increased with increasing duration of polarization. The longer polarization time allows diffusion of H2 into the Pd and absorption of larger amounts of H2. However, as the amount of H2 adsorbed is increased, the [H]/[Pd] ratio also increases and converts the material at the surface into β phase which also increases the settling time.  
Next, three different potentials (-0.8 V, -1 V and -1.2 V) were applied to study effects of applied potential in both the settling time and lifetime. In our system, obvious hydrogen generation can only be observed when applied -0.8 V or higher potential. Thus, -0.8 V was chosen as the lowest potential for this characterization. The polarization duration was set as 200 s to clearly reveal the difference in lifetime when different potential applied. The results are presented in Figure. 6.3 (b). The increase in polarization potential from -0.8 V to -1.2 V led to a corresponding increase in settling time from 572 s to 1003 s and a similar increase in lifetime from 2841 s to 4620 s. This is expected as the increase in the polarization potential leads to increase in the amount of H2 generated over the same duration and hence higher loading of the material.
In summary, increasing both the applied potential and duration of polarization can extend the lifetime of this Pd/H electrode. Simultaneously, time to settle into a stable potential after polarization would also increase. It was found that increasing the duration of polarization was an effective method to increase the lifetime with smaller increase in the settling time. The polarization duration and potential have to be determined individually in each application based on different requirements of lifetime and response time.
Pd/H electrode can be regenerated simply by replenishing H2 via water electrolysis. In order to test the feasibility of Pd/H electrode regeneration, three times repeat polarizations (-1.2 V; 100 s) followed by OCP measurements were performed in PBS buffer with the same Pd electrode and the results were shown in Figure. 6.4. Similar amount of H2 generation on electrode surface in each polarization can be expected since both potential and duration are identical. As presented in the results, this Pd/H electrode demonstrates similar OCP curves after each polarization. Potentials of Pd/H electrode are stabilized at -0.515 V with only ± 0.001 V variation between the three OCP curves. The settling and lifetimes of three measurements are similar (693±72 s and 3033±151 s, respectively). These results indicated that this Pd reference electrode can maintain stable potential after water electrolysis. Additionally, settling duration and lifetime of this electrode can also be precisely replicated by controlling the amount of H2 supply. 
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[bookmark: _Toc425453220][bookmark: _Toc426302832][bookmark: _Toc426302929][bookmark: _Toc426303147]Figure 6‑3 (a) Effects of polarization duration in both pre-stabilization durations and lifetime, polarization potential was consistently set at -1.2 V. (b) Effects of polarization potential in both pre-stabilization durations and lifetime, polarization duration was consistently set at 200s . All polarization and OCP were performed in PBS buffer. (n=3 ±SD)
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[bookmark: _Toc425453221][bookmark: _Toc426302833][bookmark: _Toc426302930][bookmark: _Toc426303148]Figure 6‑4 Three times repeat OCP measurements on single Pd electrode after polarizations (potential: -1.2V; duration: 100s). Both polarization and OCP were performed in PBS buffer.
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Next, the Pd/H reference electrode was combined with the solid-state polyhemin-based DO sensitive electrode as shown in Figure 6.1 as experimental setup to demonstrate a complete solid state DO sensing device. First, the Pd/H electrode of the sensor was cathodically polarized at -1.2 V for 100 s in tap water with stainless steel as counter electrode. To perform DO sensing, a three electrode configuration was used with the charged Pd/H as reference electrode, the hemin electrode as DO sensitive working electrode and the stainless steel rod the counter electrodes. Tap water was used as the sample solution in all DO sensing experiments. First, cyclic voltammetry (CV) was performed over a potential range of 0 V to -1.5 V (v.s. Pd/H) at 0.1 V/s scan rate in order to determine the potential at which ORR occurs. The CV curve is shown in Figure 6.5 (a). A clear ORR peak can be observed in the CV curve at -1.15 V. This ORR potential is close to the expected value with Pd/H as reference electrode. Therefore a charging potential of -1.3 V (slightly larger than the ORR peak) was selected so that oxygen reduction reaction can be measured irrespective of the pH of the sample solution [16].
Next, this complete DO sensing device was used to measure samples with various DO concentration between 0-20 ppm which covered the whole range required for DO sensing in drinking water [23]. During DO sensing, a commercial DO sensor (YSI 550A) was immersed in the sample tap water solution along with the fabricated DO sensing device to simultaneously measure the concentration using both sensors. The DO concentration in this tap water sample was controlled by nitrogen/oxygen bubbling. The electrochemical DO sensing was initiated immediately after the commercial DO sensor showed a stable read of DO concentration. The condition to prepare the Pd/H reference electrode are the same as previous (-1.2V; 100s) in tap water. The sensing signal was defined as the current density produced during DO sensing. Three individual tap water samples were used for DO sensing and the presented current densities are the average value of these three measurements. Figure 6.5 (b) shows the current density plotted against the DO concentration, demonstrating a linear variation which  consistent with results presented in the our chapter two [4]. The sensitivity of this device was found to be 4.8 ((µA/cm2)/ppm), which was obtained from the slope of the regression line of the data (dash line in Figure 6.5 (b)). The sensitivity is higher compared with the sensor in the previous chapter (~2 (μA/cm2)/ppm)) [4] which can be attributed to the new and improved electropolymerization solution composition used to deposit polyhemin.
[bookmark: _Toc425015399][bookmark: _Toc425020196][bookmark: _Toc425450793][bookmark: _Toc426296506][bookmark: _Toc426296636][bookmark: _Toc426303057]Conclusion
In summary, we demonstrate a complete solid-state DO sensitive device based on the integration of a low-cost polyhemin DO sensitive electrode and the reusable Pd/H reference electrode. The DO sensing device has a sensitivity of 4.8 (µA/cm2)/ppm over a DO concentration range of 0-20 ppm, i.e the usual range encountered in drinking water monitoring (0-7 mg/L). The all solid-state feature allows this sensing device to be applied as a long-term remote DO sensor for continuous in-situ water monitoring as it is solid-state and the reference electrode can be recharged in-situ through electrolysis of water. This further enhances the reliability of the DO sensing results. Although the potential of this Pd/H system can be influenced by the pH of sample solution, Pd/H is still adequate for drinking water sensing since pH variation is small in drinking water [24]. In addition, based on the characterization of this Pd/H electrode, the response time and lifetime of this Pd/H reference electrode can be easily controlled by carefully selecting the water electrolysis potential and duration.
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[bookmark: _Toc425021314][bookmark: _Toc425021778][bookmark: _Toc425452452][bookmark: _Toc425453222][bookmark: _Toc426302834][bookmark: _Toc426302931][bookmark: _Toc426303149]Figure 6‑5 (a) Cyclic voltammogram (CV) for DO sensing device in tap water. CV scans were conducted over a range of 0 V to -1.5 V at a 0.1 V/s scan rate. The area of the DO-sensitive material was 2.25cm2.(b) Plots of currents reading of different DO concentration (0, 5, 8, 12, 14, 21 ppm) in tap water which shows a linear relationship. The sensitivity of the sensor is calculated as the slope of fitted line. (n= 3± SD)
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Introduction to the chapter: Biofouling is always one of the major challenges of all water monitoring device including DO sensor. An effective antifouling strategy can save more than 50% of operational budgets of all water monitoring. Among all the antifouling methods, PEG grafting is a relatively simple and effective method widely used in the antifouling of materials in biomedical applications. However, a DO sensor may be composed of multiple materials such as polyethylene (PE), Polydimethylsiloxane (PDMS) and Polytetrafluoroethylene (PTFE) while a common PEG grafting approach capable of grafting PEG onto a variety of materials is still lacking. This chapter demonstrates the application of a universal antifouling coating technique in water monitoring devices. This antifouling technique includes PEG modified by using polydopamine (L-DOPA) as the intermediate layer. This L-DOPA intermediate layer allows PEG to be attached on to a variety of surfaces. The bovine serum albumin (BSA) is then used as a backfill to completely saturate all exposed DOPA molecules after PEG grafting, thus it improves the antifouling ability. This technique is applied to the PE membranes of a commercial DO sensor and the results indicate that the lifetime of sensor can be extended to more than 30 days with only 5% of performance decrease in an accelerated biofouling environment. Additionally, this technique can also be applied to multiple materials such as PDMS, PC, PMMA, PTFE and silicon wafers.
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Dissolved oxygen (DO) is a simple indicator of health on the water ecosystem [1]. Additionally, precisely control of the DO concentration during wastewater treatment can significantly benefit the energy efficiency of the process [2], [3]. The development of a sensitive and reliable in-situ remote DO sensor is then of great importance for sustainable water ecosystem management as well as in water treatment. Electrochemical sensing has been considered as the most suitable technique for continuously monitoring of DO level in situ due to its simplicity, low-cost and high sensitivity [4]. 
Electrochemical DO sensor function by allowing dissolved oxygen to permeate through a thin gas permeable membrane into the sensing region of the electrode. Sensitivity is closely related to the O2 permeability of this membrane [5]. Polytetrafluoroethylene (PTFE) and Polyethylene (PE) are two most commonly used materials of the membrane [6]. Polydimethylsiloxane (PDMS) with high O2 permeability has also been used as the membrane to increase sensitivity [4]. However, the hydrophobic nature of these materials promote biofilm formation which can significantly affect (reduce) the O2 permeability of membrane, limiting the lifetime of the electrochemical DO sensor [7]. 
Biofouling, which is the unwanted deposition and growth of hydrophobic biofilms that contain extracellular polymeric substances (mainly proteins), organic and inorganic debris (i.e. humic acid), and microorganism (i.e. algae and bacteria cells) [8], [9] can dramatically affect the performance of water quality sensors in the real settings upon continuous deployment. In most practical applications, DO sensors require frequent maintenance to remove these biofilms [5]. The Alliance for Coastal Technologies estimates that maintenance costs due to biofouling consume 50% of operational budgets of all water monitoring [10]. Common methods to address this problem include use of Copper (Cu) based components such as screens, tapes and copper-containing paints that leach Cu into the local environment and prevent biofilms to physical separation of the sensor using plastic wrap, protective plastic sleeves, or sensor guards [10]. These methods rely on the principles of physical blocking or chemical leaching to prevent biofilm formation that either is detrimental to the environment, may not be suitable for gas sensing which depends on permeability, or increases the cost and complexity of manufacturing. 
Alternatively, hydrophilic surfaces can hinder the formation and growth of biofilms in nature since hydrophobic interaction aggravates the adhesion of natural fouling agents such as humic acid and bacteria [11]. Thus, surface modification to alter the hydrophobicity of the O2 permeable membrane can be a simple and low cost strategy to prevent biofouling on the DO sensor. Various surface modification methods of the O2 permeable materials (i.e. PE, PTFE, PDMS) have been proposed. These include plasma treatment [12]–[14], metal coating [15], [16] and polyethylene glycol (PEG) grafting by wet chemical methods [17]–[19]. Among these methods, PEG grafting is a relatively simple and effective method [19] which is widely used in the antifouling of materials used for biomedical applications. Traditionally, PEG grafting onto different materials is usually accomplished by various chemical strategies which are specific to each material [17]–[23]. However, different materials may be applied as the O2 permeable membrane based on different criteria such as low cost (PE), high mechanical strength (PTFE) or high sensitivity (PDMS). Thus, the development of a novel strategy that can modify a variety of materials is necessary for the antifouling of DO sensor. Furthermore, there are many other materials used to construct the outer surface on DO sensor i.e. Poly(methyl methacrylate) (PMMA), and Polystyrene (PS) which may also biofoul resulting in the decrease of sensing performance. A PEG grafting technique has been recently developed using a well-known intermediate material aminosilane 3-aminopropyltriethoxysilane (APTES) for PDMS surfaces [4]. PEG functionalized DO sensor’s lifetime was extended from one day to more than 21 days in an accelerated biofouling condition [4]. Theoretically, this grafting method can be applied to any surface capable of undergoing air plasma treatment [24]. However, PEG grafting in this method required the use of an organic solvent which restricts the application of this method to materials such as PE, PMMA and PS that are not stable in the solvent. In addition, the optimal conditions for surface modification will differ for different materials. Thus in a sensor composed of multiple materials, some surfaces may not be coated appropriately. Therefore, developing a method for coating an anti-biofouling layer coating which can be applied on all the surfaces simultaneously and efficiently is necessary.
Marine mussels form strong adhesive bonds to virtually all surfaces underwater. Characterization of the mussel adhesive layer revealed that this strong bonding is heavily facilitated by the amino acid L-3,4-dihydroxyphenylalanine (L-DOPA) [25]. PEG modified surfaces have been prepared using L-DOPA tripeptide intermediate layer which can be a generic method to attach PEG on to a variety of surfaces simultaneously [25]–[28]. In our previous work, the 3,4-dihydroxyphenylalanine (DOPA) was also used to tether PEG on to PDMS surfaces. Additionally, a hydrophilic and bio-inactive protein, bovine serum albumin (BSA) was used as a backfill to completely saturate all exposed DOPA molecules after PEG grafting [29], [30]. This hybrid surface showed good protein repellence on polydimethylsiloxane (PDMS), which is essential for preventing biofouling [31]. In this chapter, this novel BSA/PEG-DOPA antifouling coating is applied on a commercially available O2 permeable membrane and the antifouling capacity is tested in the real world wastewater samples. Furthermore, in order to widely exploring the potential applications of this technique, the efficiency of this coating is also examined on multiple materials including PDMS, Poly(methyl methacrylate)(PMMA), polycarbonate (PC), polyurethane (PU), Polystyrene (PS) and silicon. 
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Dopamine hydrochloride and BSA (>98% lyophilized powder) was purchased from Sigma-Aldrich (St. Louis, MO), Methoxy PEG amine (PEG(NH2)) MW 5000 was purchased from Jenkem Technology (Hebei, P. R. China), PS samples were cut from VWR® Petri Dishes (Mississauga, ON) to desired size, PMMA samples with 2 mm thickness were purchased from Pacific Plastics (Brea, CA) and cut into desired size. Three inch single side polished silicon wafers were purchased from University Wafer (Boston, MA), PMDS Sylgard 184 was purchased from Dow Corning (Midland, MI), PTFE and PC membranes were purchase from Sterlitech (Kent, WA), phosphate buffer solution (PBS) (10×) was purchase from Bioshop (BioShop Canada Inc, Burlington, Ontario). All reagents were of analytical grade and were used without further puriﬁcation. Milli-Q grade water (18.2 MΩ.cm) was used to prepare all solutions, unless otherwise noted. 
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Polydimethylsiloxane (PDMS) approximately 1 mm thick was prepared using a Sylgard 184 kit. The base and curing agent were mixed well in a 10:1 ratio by weight and cured at 80°C for 2 h. The substrates were then punched into 6 mm diameter discs, rinsed with 100% ethanol, and finally washed thoroughly with Milli-Q water. PTFE and PC were used as ordered from the manufacturer. The substrates were rinsed with 100% ethanol and Milli-Q water. 
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Adopting the technique by Pop-Georgievski et al. [32], bare substrates were immersed in a 2 mg/mL dopamine solution freshly made from dopamine hydrochloride in PBS buffer at pH 8.5. The samples were put on a shaker in an open glass dish at room temperature for 3 h. The newly modified surfaces were thoroughly rinsed with Milli-Q water and stored in fresh Milli-Q water if not further modified. 
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The PDA modified surfaces were put on a shaker for 24 h at 37ºC in 10 mg/mL PEG(NH2) solution prepared from 10 mM PBS at pH 8.5 to ensure that the dopamine surface was completely saturated. Surfaces were thoroughly rinsed and stored as previously described. PEG treated surfaces were then backfilled with BSA for 24 h at room temperature in 10 mg/mL BSA prepared from 10 mM PBS at pH 7.4. PDA-BSA and PDA-PEG surfaces were prepared using the conditions previously described, omitting the backfill. The completed surfaces were once again rinsed and stored in Milli-Q water before experimentation. 
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BSA was radiolabeled with iodide-125 using the ICl method [19]. The radiolabeled BSA solution was dialyzed at least three times for two hours each in isotonic Tris-buffered saline (pH 7.4). A free iodide test was conducted with acceptable levels being less than 1% free. All surfaces were equilibrated in DPBS at pH 7.4 overnight in 96-well plates. The surfaces were then incubated in five dilutions of 3 mg/mL BSA made from DPBS and 10% FBS stock solutions at 5-10% labeled for 2 hours at room temperature in triplicate. The concentrations selected were 0.05, 0.1, 0.5, 1.5, and 3 mg/ml BSA in DPBS. The concentrations of FBS selected were 1, 2, 5, 7.5, and 10%. Surface radioactivity was determined by γ-counting and quantified using Microsoft Excel. The experiment was repeated three times using three batches of samples modified independently from one another to test the stability of the modification.   
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	Water contact angle measurements were performed on both modified and un-modified surfaces of different materials in order to observe the hydrophobicity changes after the modification. The samples were first washed by isopropyl alcohol and DI water to remove the impurity on the surface. Then the samples were dried by blowing air at room temperature. The water/air contact angle was determined by using conventional sessile drops placed on the dry samples. The water/air contact angle was determined by averaging the readings taken every five seconds within the one minute duration of the measurement. The contact angle measurements were performed using a Krüss contact angle measuring instrument running Drop Shape Analysis (DSA) 1.80.0.2 software.
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	The purpose of dissolved oxygen (DO) sensing was to evaluate the antifouling efficiency of this technique in a real sample. The water sample used was collected from the primary treatment pool in Woodward Avenue Wastewater Treatment Plant (Hamilton, Ontario). YSI 550A electrochemical DO sensor and 5908 DO Cap Membrane (gas permeable polyethylene (PE) membrane) kits were purchased from HOSKIN (Burlington, Canada). Both modified and unmodified PE membranes were immersed into the wastewater samples and incubated at room temperature to grow the biofilm. The incubation duration is chosen as 10, 20, and 30 days to test the lifetime of the modification in wastewater. After the incubation, these membranes as well as one fresh membrane were attached onto the DO sensor to evaluate the impact of biofouling on sensor performance. The biofilm coverage on both the modified and unmodified membranes can be estimated based on the reading of DO concentration which is proportional to the gas permeability of the membranes. 
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Since L-DOPA tripeptide can create an adhesive layer onto multiple surfaces, it is used as an intermediate layer to graft the most widely used antifouling material, namely PEG, onto the PDMS gas permeable material of DO sensor to prevent biofouling. However, the previous studies indicate that PEG functionalization alone does not cover the entire substrate and some of the PDA is open which could lead to enhanced biofouling. A subsequent BSA backfill process was found to passivate the remaining PDA surface and reduce protein adhesion significantly [31]. Thus PEG functionalization with BSA backfill was used in our study. This BSA/PEG-DOPA surface modification process is summarized in Figure 7.1 (a). Each step of this modification was characterized by the contact angle measurements. The modification steps are detailed in our previous work [31]. The initial contact angle of the PDMS surface was found to be xyz. The first step which was coating with L-DOPA formed a PDA film on the surface and reduced the contact angle of the surface from 83° to 65.4°. The formation of the PDA film was visually observable due to a color change from transparent to brownish color. The next step which was coating with PEG reduced the contact angle to 58.3°. This is as expected because PEG is hydrophilic. A further decrease in contact angle of ~ 5° (to 53°) was observed after albumin backfill. This decrease after BSA backfill indicates that the PEG functionalization did not completely cover the PDA surface. 
The antifouling capacity of this modified surface was estimated by the radiolabeled BSA adsorption experiments. The results of BSA adsorption from buffer to the control and modiﬁed surfaces are presented in Figure 7.1 (b). As expected, the PDMS surfaces show high levels of BSA adsorption (310 ng/cm2). A small reduction in the amount of adsorbed proteins was found on the PDMS-DOPA-PEG surface (271 ng/cm2), and a significant reduction of adsorbed proteins was observed on the albumin backfill surfaces (90 ng/cm2). We believe that the smaller protein reduction on DOPA-PEG surfaces is attributed to a low coating density of PEG, therefore BSA can still attach onto the exposed DOPA surface. Thus, backfilling the DOPA-PEG surfaces with BSA reduced further fouling by BSA and other cell adhesive proteins.
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[bookmark: _Toc425021315][bookmark: _Toc425021779][bookmark: _Toc425452453][bookmark: _Toc425453223][bookmark: _Toc426302835][bookmark: _Toc426302932][bookmark: _Toc426303150]Figure 7‑1 (a) Surface modification processes and the contact angle measurements of surfaces after each step (b) The BSA adsorption results of PDMS, PDMS-DOPA-PEG and PDMS-DOPA-PEG/BSA surfaces
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This modification technique was applied in a commercial available polyethylene O2 permeable membrane which is an essential module of the YSI 550A electrochemical DO sensor. The biofilms were grown on both anti-fouling layer (BAS/PEG-DOPA) coated and un-coated membranes in real wastewater samples with 1% yeast extract added as nutrient to accelerate the biofouling. After certain duration, the membranes were taken out of the nutrient solution, rinsed with tap water, assembled onto the commercial YSI DO sensor and then used to acquire DO measurement in fresh tap water samples. These DO measurements were compared with measurements from the identical sensor covered with unmodified, non-biofouled fresh membrane and the results were shown in Figure 7.2. The results are the average values obtained from three individual membranes of both modified and unmodified. The results were presented as the performance reduction which was calculated by the following equation:
e.q. 7.1



Where the Rf is the reading from the fresh membrane covered sensor and R is the reading from the modified or unmodified membrane covered sensor respectively. The data are the average values of three repeat experiments. 
The results suggested that the unmodified membrane covered sensor showed a 4 % reduction of DO reading after one day of accelerated biofilm growth. The reduction of the DO reading increased to 14 % after prolonging the biofilm growth to 10 days. The biofilm growth can inhibit the DO permeation through the membrane, thus reducing the ability of the DO sensor to measure the local DO concentrations accurately. Hence, the DO reading of modified and unmodified membranes compared to the fresh sensor can directly represent the impact of biofouling on sensor performance. The performance reduction does not change between 10 days to 30 days indicating that the biofilm coverage reaches a maximum and remains stable. On the other hand, the modified membrane covered sensor shows only small reduction (less than 2%) of DO reading even after 5 days of biofilm growth which indicated that the biofilm growth was retarded by the PEG-BSA/DOPA modification process. After the biofilm started growth, the reduction of performance then slightly increased to 4% during 5 to 30 days. These results indicate that the biofilm formation on the modified sensor membrane was diminished even after being immersed in an accelerated biofouling environment for a long period of time.
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[bookmark: _Toc425021316][bookmark: _Toc425021780][bookmark: _Toc425452454][bookmark: _Toc425453224][bookmark: _Toc426302836][bookmark: _Toc426302933][bookmark: _Toc426303151]Figure 7‑2 The performance decrease of commercial DO sensors covered with modified and unmodified PE membranes emerged in accelerated biofouling solution after 1,3, 5, 7, 10, 15,and 30 days. n=3, ±SD
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Many materials such as PC, PS, PMMA, PTFE and silicon have low surface energy and thus are easily prone to biofoul. The DOPA-PEG/BSA surface modification technique was applied to these materials in order to test the feasibility of this coating to be applied to various surfaces. The efficiency of this coating was tested by the contact angle measurement. The contact angles before and after modification of PC, PMMA, PS, PTFE and silicon wafers are shown in Figure 7.3. As shown in the figures, except PTFE, all modified materials showed very similar contact angles around 45° as the modified PDMS which suggests that the DOPA-PEG/BSA surface were successfully coated on the surfaces. Furthermore, the contact angle of PTFE surfaces showed 51° (from 124° to 73°) of reduction after modification. Since PTFE is an extremely inert material, the coating technique could only achieve partial coverage of the PTFE surface which resulted in the contact angle remaining higher than other fully covered surfaces. Overall, the hydrophobicities of all materials, even the chemically inert PTFE, can be reduced by the modification process. The contact angle results suggested that the antifouling capacity of these materials can be significantly enhanced by the DOPA-PEG/BSA surface modification technique. 
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[bookmark: _Toc425021317][bookmark: _Toc425021781][bookmark: _Toc425452455][bookmark: _Toc425453225][bookmark: _Toc426302837][bookmark: _Toc426302934][bookmark: _Toc426303152]Figure 7‑3 Surface energy characterizations (contact angle measurements) of PC, PMMA, PS, PTFE, and silicon surfaces before and after surface modification with DOPA-PEG/BSA.
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We developed the DOPA-PEG/BSA surface modification technique. The modified surface also showed strong tendency to prevent non-specific protein adsorption which is typically indicative of good anti biofouling capacity. This technique was applied to the membranes of a commercial DO sensor and the results indicated that the lifetime of sensor can be extended to more than 30 days with only 5% of performance decrease in an accelerated biofouling environment. We believe this technique can become an important tool to reduce biofouling on water monitoring sensors. Additionally, this technique can also be applied to multiple materials such as PDMS, PC, PMMA, PTFE and silicon wafers. The contact angle measurements suggested that the hydrophobicity of all materials were reduced after modification.
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[bookmark: _Toc425020213][bookmark: _Toc425450810][bookmark: _Toc426296523][bookmark: _Toc426296653][bookmark: _Toc426303074]Summary and Recommendations for Future Work
	The International Conference on Water and the Environment stated that water is a vital element for human life, and all human activities. Water is indeed the most important resource that closely connects to human life, health and continuous development. Unfortunately, clean drinkable water is a limited resource in the earth and the demand of this resource is increasing with the population growth on the earth. Furthermore, climate change and water pollution further restrict the supply of clean drinkable water. This shortage of drinking water is called “water crisis.” Water crisis may be one of the most severe damage which jeopardizes human sustainability. Solving this challenge required the collaboration and effort from the whole world including novel water management policies, control of climate change, investment of novel water recycle technique and water pollution control. In this thesis, we purpose the sensing devices as the key element to ensure the clean drinking water supply from both source and transportation aspects. The specific contributions of the work are listed as follow:

(i) In Chapter Two, We developed an inexpensive, DO sensitive electrode based on co-electropolymerization of hemin and pyrrole with silver. The DO sensing electrode had a sensitivity of 2 (µA/cm2)/ppm over a DO concentration range of 2-7 mg/L which is sufficient enough for environmental sensing application. In addition, a PDMS membrane was covered on the electrode to prevent interference and showed less than 10% of the current change in presence of phosphate and nitrate. The PDMS was modified with PEG to minimize biofouling. The modified sensor maintained its sensitivity under accelerated bio-fouling conditions while the bare PDMS sensor lost function within one day. 

(ii) In Chapter Three, we have developed a novel design of phosphate sensor by using the Co/CoO/Co3(PO4)2 as the inner reference system. This sensor has the range from 10-1 to 10-3 M with good reproducibility. This novel design can significantly simplify the manufacturing and maintenance procedures of current ion selective material based phosphate sensor. However, the sensitivity and detection limit have to be further improved by optimizing the ionophore synthesis procedures.
  
(iii) In Chapter Tour, we illustrate the application of the unique electrochemical properties of oxidized and reduced PCAT bonded SWCNTs as an inexpensive, autonomous device for continuous monitoring of residual chlorine concentration in drinking water. This device has sufficient sensitivity and detection range (0.06-60 mg/L) to ensure the safety of chlorine level contained in drinking water. In addition, an electrochemically cathodic polarization of p-doped PCAT-SWCNTs after the sensing is found to electrochemically reset it back to the undoped state so that it can be used for subsequent sensing. 

(iv) In Chapter five, we have developed a rapid, dynamic, and inexpensive programmable electrochemical deposition for fabricating tunable hierarchical palladium structures. Among these tunable structures, the acicular structure show 30 folds enhancement in the electro-active surface area when compared to bulk palladium, which translates to enhanced hydrogen storage capacity and long term stability when applied as a Pd/H2 reference electrode. After saturated absorbed H2, the acicular hierarchical structure is able to continuously maintain a stable potential difference of -275 mV (with a variation of ±1 mV) between Ag/AgCl and Pd/H2 electrodes for more than 5 hours. The lifetime of the acicular electrode is significantly improved compared to the previously reported H2/Pd reference electrodes having only one hour stability.

(v) In Chapter Six, the hemin DO sensing electrode is integrated with Pd reference electrode to build a total solid state DO sensing device. This device shows a sensitivity of 4.8 (µA/cm2)/ppm over a DO concentration range of 0-20 ppm, i.e the usual range encountered in drinking water monitoring (0-7 mg/L). The all solid-state feature allows this sensing device to be applied as a long term remote DO sensor for continuous in-situ water monitoring as it is solid-state and the reference electrode can be recharged in-situ through electrolysis of water.

(vi) In Chapter Seven, We applied the developed DOPA-PEG/Albumin antifouling coating technique onto multiple surfaces including PDMS, PMMS, PS, silicon wafer, PC and PTFE. The contact angle measurements show the reduction of hydrophobicity which indicates the antifouling layer is successfully coated onto the surfaces. The antifouling layer was also applied onto the gas permeable membrane for commercial dissolved oxygen sensor. The results showed that with the protection of this antifouling layer, the membrane was able to maintain the gas permeability for more than 30 days in an accelerated biofouling environment; whereas the uncoated membrane lost the permeability within 10 days

Table 8.1 lists some important parameters of the all solid state DO sensor and PCAT-CNT chlorine sensor developed in this thesis.







[bookmark: _Toc426302709][bookmark: _Toc426302856]Table 8‑1 Parameters of all solid state DO sensor and PCAT-CNT chlorine sensor
	
	DO
	Chlorine

	Sensitivity
	4.80 (μA/cm2)/ppm
	50 nA/ppm

	Dynamic Range
	0-20 ppm
	0.006-60 ppm

	Error
	± 1.5-2 %
	± 2%

	Response Time
	100 sec
	600 sec

	Lifetime
	2-8 weeks
	NA

	Cost
	10 USD
	25 USD



[bookmark: _Toc425020214][bookmark: _Toc425450811][bookmark: _Toc426296524][bookmark: _Toc426296654][bookmark: _Toc426303075]Research Contributions
My research contributions are:
(i) Development of an inexpensive, DO sensitive catalyst based on co-electropolymerization of hemin and pyrrole with silver. By applying this hybrid catalyst to replace commercial used Pt based catalyst, the cost of electrochemical DO sensor can be significantly reduced.

(ii) Designing a phosphate sensor with Co/CoO/Co3(PO4)2 as the inner reference system to simplify common ionophore based phosphate sensor. 

(iii) Application of the different conductivity of oxidized and reduced PCAT bonded SWCNT to make a microfluidic chlorine sensor. The reset procedure is also developed to regenerate the device after each time use for automatically sequence sensing application of this device.  

(iv) Studying the growing mechanism of the electroplating Pd nano structures. This mechanism can be used to control the morphologies of electroplating Pd structure. A high surface area acicular structure is also created which shows great H2 absorption capacity to become a stabile Pd/H2 reference electrode. Other application of this structure such as SERS substrate and sensing device are also studied.

(v) Integration of hemin DO sensing electrode and Pd/H reference electrode to build a total solid state DO sensing device. Additionally, the operation parameters of Pd/H reference electrode are carefully studied. The results suggest that the response time and lifetime of this Pd/H reference electrode can be easily controlled by carefully selecting the water electrolysis potential and duration.  

(vi) Applying the developed DOPA-PEG/Albumin antifouling coating technique onto multiple surfaces including PDMS, PMMS, PS, silicon wafer, PC and PTFE and tested their hydrophobicities change. The antifouling layer was also applied onto the gas permeable membrane for commercial dissolved oxygen sensor and the antifouling capacity of this technique was studied in real wastewater sample.
[bookmark: _Toc425020215][bookmark: _Toc425450812][bookmark: _Toc426296525][bookmark: _Toc426296655][bookmark: _Toc426303076]Recommendations for Future Work
One of the main aspects of future works should be focus on the integration of all the electrochemical based sensors to construct a sensing system. The sensing performance of each sensor as well as reference electrodes are validated via experiments. However, there may be many potential challenges should be aware of when proceeding the integration such as integrated sensor design, and mass production process flow design. Many different materials are applied in the sensor manufacturing i.e. ITO, cobalt, carbon nanotube, chromium and palladium. Dedicated scheme is required to incorporate partial or all of these materials in a single substrate. One of the process should be extremely aware of is the anti-biofouling layer coating on each sensor. How to determine the parameters (i.e. duration of reaction, solution concentration, and pH etc.) to coat the DOPA/PEG-albumin with sufficient density to repel the biofilm coating but not affect the sensor performance required further experiments to confirm. Optimization of the electrical circuit connection between each sensor and reference electrode is also inevitable.
Another future work focus should be the infield test of each sensor. The main aim of this thesis is to design or re-design sensors to monitoring the drinking water quality. Thus the objectives of experiments are to show that the sensors can perform as designed in the lab based environment. Some parameters which may potentially vary in nature did not studied since it’s beyond the focus. These parameters include flow, temperature, pressure, precipitation (rapid concentration change), etc. which may only be tested in real samples. Interference from natural contained ions and microorganisms can be also exanimated when practicing the infield tests of all sensors. Design modification of sensor device may also be conducted based on the data collected during infield test.

Some works associated to specific sensors are also recommended as follow:

(i) The improvement of phosphate electrode
As suggested by Carey et al., the sensitivity and detection limit of the ionophore applied in this work are -29 mV/ log [PO4] and 10-7 M, respectivity [1]. Therefore, optimization of ionophore synthesis procedure to improve the sensitivity and detection limit is the first priority. Future study can also include the solid form phosphate ionic liquid to avoid the influence of frit thus the Nernst response may be obtained when sensing as introduced by the work of Kakiuchi et al. [2]. However, to the best of my knowledge, there is still no commercial available solid phase phosphate ionic liquid which is insoluble in water. The collaboration of synthesis chemist may be necessary to achieve this goal.
(iii) Chlorine sensor
Some potential interference factors of the chlorine sensor should be noticed in the future research included the flow rate of sample, temperature, pH, bacteria grow and dissolved oxygen contain. These interferences are not only able to disturb the sensing results but also can break the bonding between the PCAT to CNT or CNT to the electrode which cause the permanent failure of the device. Interference from other ions such as hydrobromic acid, phosphate, carbonate, and sulfate may also be tested in future research. However, the drinking water is usually strictly regulated; the interferences from this source should be a minor concern of the chlorine sensor aspect. 

(iv) The detail studies of Pd/H reference electrode 
  The high surface acicular Pd structure shows outstanding hydrogen absorption capacity as a long term stable Pd/H reference electrode. The future study of the effects from some environmental factors such as temperature, pH and salinity should be investigated in detail. These factors can affect the desorption of hydrogen thus reduce the lifetime of this Pd/H electrode. Furthermore, damages of the acicular Pd structure by H2 produced during water splitting might were sometimes observed in earlier experiments. The duration and applied potential have to be well controlled to avoid this phenomenon. 
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