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Abstract 

This PhD dissertation research has developed a simple, miniaturized, sensitive, selective, 

reproducible, and disposable 3D (inkjet printed – additive manufacturing technology) gold (Au) 

plated electrochemical sensor (ECS) on shape memory polymer (SMP) for aqueous lead detection.  

This technology has shown promising performance in the application of electrochemical sensing 

(lead (II) detection) due to increased effective electrode surface area (7.25 mm2 ± 0.15 mm2) 

despite miniaturizing lateral surface area (4.19 mm2).  The design, fabrication processes, 

optimization including bismuth functionalization, evaluation, uncertainty analysis, and cost 

analysis of the novel SMP based inkjet printed Au plated sensor have been delineated in this 

manuscript in detail.  Sensor characterization, optimization, and evaluation have been performed 

using electrochemical analysis i.e., cyclic voltammetry (CV), square wave anodic stripping 

voltammetry (SWASV), and electrochemical impedance spectroscopy (EIS).  The fabricated ECS 

consists of Au working electrode (WE), Au counter electrode (CE), and silver chloride (AgCl) 

reference electrode (RE).  Immersion Au plating (24K) has been applied on inkjet printed silver 

(Ag) electrodes to fabricate Au WE and CE.  Chlorination using sodium hypochlorite solution has 

been utilized to fabricate AgCl reference electrode.  Bismuth functionalization has been performed 

in two different ways i.e., ex situ - a full range of CV has been conducted to bismuth plate the Au 

electrode with the solution of 400 µg/L bismuth salt and in situ – CV and SWASV have been 

performed with lead contaminated aqueous solution diluted with 200 µg/L bismuth salt.  The limit 

of detection of the fabricated inkjet printed ECSs are 0.76 µg/dL – Au WE, 0.64 µg/dL – bismuth 

plated WE, and 1.4 µg/dL –Au WE with lead contaminated aqueous solution diluted with 200 

µg/L bismuth salt.  EIS measurement for the fabricated ECSs (64.07±7.19 Ω) has also been 
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conducted using phosphate buffer saline (PBS; pH 7.4) to investigate the reproducibility of the 

fabricated ECSs. 
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Chapter 1:  Inkjet Printed Electrochemical Sensors for Lead Detection 

This PhD dissertation research explores inkjet printing technology on shape memory 

polymer (SMP) substrate for lead (II) detection in aqueous solutions (electrochemical 

applications).  It has been observed from the literature review that inkjet printing on SMP has 

potential to fabricate 3D metal electrodes.  However, literature review on lead (II) – heavy metal 

ion (HMI) detection always indicates the popularity towards screen printing technology (SPT) or 

lithography.  Lithography is an expensive process that typically requires a cleanroom facility.  

Contrastingly, SPT is cheaper but inconsistent from batch-to-batch fabrication which results in 

variations that fail to provide reliable data in case of lead (II) detection.  Unfortunately, no studies 

have been found yet to consider inkjet printed metal electrodes for HMI detection (electrochemical 

and bio-sensing applications).   

It has been demonstrated in this manuscript that inkjet printing on SMP provides a larger 

surface area and 3D topology to the printed sensors which provides consistent data and higher 

sensitivity towards lead (II) detection in aqueous solution.  This technology – combination of inkjet 

printing on SMP offers three specific advantages i.e.  quick and simple fabrication (simultaneous 

curing and shrinking), miniaturization, and increased effective electrode surface area despite 

miniaturization.  Therefore, this PhD dissertation research has developed a simple, miniaturized, 

sensitive, selective, reproducible, and disposable 3D (inkjet printed – additive manufacturing 

technology) gold (Au) plated electrochemical sensor (ECS) on shape memory polymer (SMP) for 

aqueous lead (II) detection.  Section 1.1 provides a brief overview of the complete dissertation 

research, Section 1.2 illustrates the rationality for choosing inkjet printing – additive 

manufacturing technology for ECS fabrication, Section 1.3 demonstrates the exigency of this 

research – problem statement, Section 1.4 represents detailed specific research goals, Section 1.5 
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provides a brief discussion about scope and objectives, and Section 1.6 briefly outlines the 

complete dissertation.  

SECTION 1.1. INTRODUCTION 

This PhD dissertation research has investigated and developed a simple, miniaturized, 

sensitive, selective, reproducible, and disposable 3D (inkjet printed – additive manufacturing 

technology) gold (Au) plated electrochemical sensor (ECS) on shape memory polymer (SMP) for 

aqueous lead (II) detection.  This technology has shown promising output in case of 

electrochemical sensing (lead (II) detection) due to increased effective electrode surface area (7.25 

mm2 ± 0.15 mm2) despite miniaturizing lateral surface area (4.19 mm2) of the fabricated ECSs 

– data calculated using 15 different measurements collected from 15 different fabricated inkjet 

printed ECSs.  The effective electrode surface area has been calculated using Randles -Sevcik 

quasi reversible equation.  The design, fabrication processes including printing recipe development 

for Dimatix Materials Printer (Fujifilm – DMP 2850) in case of both printheads (i.e., legacy – the 

old one and Samba – newly launched (2021)), optimization including bismuth functionalization, 

evaluation, uncertainty analysis, and cost analysis of the novel SMP based inkjet printed Au plated 

sensors have been delineated in this manuscript in detail.  Sensor characterization, optimization, 

and evaluation have been performed using electrochemical analysis i.e., cyclic voltammetry (CV), 

square wave anodic stripping voltammetry (SWASV), and electrochemical impedance 

spectroscopy (EIS).  The fabricated ECS consists of Au working electrode (WE), Au counter 

electrode (CE), and silver chloride (AgCl) reference electrode (RE).  Immersion Au plating (24K 

brush gold solution) has been applied on inkjet printed silver (Ag) electrodes to fabricate Au WE 

and CE.  Chlorination using sodium hypochlorite solution (3% v/v) has been utilized to fabricate 

AgCl reference electrode.  Bismuth (Bi (III)) functionalization has been performed in two different 
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ways i.e., ex situ - a full range of CV (-800mV to -200 mV) -  has been conducted to bismuth plate 

the Au electrode with the solution of 400 µg/L Bi (III) salt and in situ –CV/SWASV have been 

performed with lead (II) contaminated aqueous solution diluted with 200 µg/L Bi (III) salt.  The 

limit of detection of the fabricated inkjet printed ECSs are 0.64 µg/dL – Bi (III) deposited WE, 

0.76 µg/dL – Au electroplated WE, and 1.4 µg/dL –Au electroplated WE with lead (II) 

contaminated aqueous solution diluted with 200 µg/L Bi (III) salt.  The R–squared (R2) measure 

of the correlation coefficient value in case of each WEs are 0.999, 0.992, 0.995 respectively.  To 

investigate the potential ECSs reproducibility, EIS measurement for the fabricated ECSs 

(64.07±7.19 Ω) has also been conducted using phosphate buffer saline (PBS; pH 7.4) - data 

calculated using 10 different measurements collected from 10 different fabricated ECSs.  

Additionally, the green fabricated – mercury free inkjet printed ECSs have been validated using 

uncertainty analysis following “Type A evaluation of standard uncertainty” approach from 

“Evaluation of Measurement Data – Guide to the expression of uncertainty in measurement” for 

15 different ECS sample in case of reduction factor (%), resistivity measurement (Ω-□), and peak 

current measurement (mA) for electrochemical analysis. 

SECTION 1.2. WHY INKJET PRINTED ELECTROCHEMICAL SENSOR? 

Inkjet printing – additive manufacturing technology has been chosen as the potential 3D 

printing method for electrochemical sensor (ECS) fabrication as it offers high resolution, low-cost, 

low-waste, uniformity in the roll-to-roll fabrication (very rare in popular existing technology i.e.  

screen printing technology), and, compatibility with a wide variety of polymer substrates.  This 

PhD dissertation research targeted inkjet printing on shape memory polymer (SMP) substrate to 

fabricate a simple, sensitive, selective, and reusable ECS for lead (II) detection in aqueous solution.    

According to the United States Environmental Protection Agency, the maximum allowable level 
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of lead (II) in aqueous solution/drinking water is 1.5 µg/dL (USEPA, 2023).  This technology – 

combination of inkjet printing on SMP based ECS potentially detected a much lower concentration 

of lead (II) in aqueous solution compared to the USEPA standard.  The limit of detection of the 

fabricated inkjet printed ECSs are 0.64 µg/dL – bismuth (Bi (III)) plated working electrode (WE), 

0.76 µg/dL – gold (Au) WE, and 1.4 µg/dL –Au WE with lead (II) contaminated aqueous solution 

diluted with 200 µg/L Bi (III) salt. 

SECTION 1.3. PROBLEM STATEMENT 

In April 30, 2019 Centers for Disease Control and Prevention (CDC) reported that 2.0% of 

the entire population of children in the United States have more than 5 µg/dL blood lead (II) levels 

[1].  The CDC concluded their results based on the 18% of the United States children blood lead 

(II) report [1].  Between 1990 to 2010, California Environmental Health Tracking Program and 

the Department of Public Health (DPH) recognized approximately 1.2 million children between 1 

to 5 years with elevated blood lead (II) levels (>10 µg/dL) [2].  Unfortunately, only 50 % (607,000) 

cases were reported to CDC [3].  Many experts predict that the future situation will be worsened 

significantly further increasing the number of affected children.   

Lead accumulates over time in the human body and in plants, and its solubility makes water 

one of the main sources of contamination, that can provide a continuous stream of the heave metal.  

Small amounts of lead (II) exposure to children can cause severe developmental damage such as 

learning disabilities, behavioral disorientation, hearing loss, speech disorder, and attention 

deficiency [3, 4].  The neurotoxic effect of lead (II) causes severe damage to both the central 

nervous system (CNS) and the peripheral nervous system (PNS).  Contaminated drinking water is 

considered as a major source of lead accumulation in human blood.  Drinking water is 

contaminated due to lead containing pipes, faucets, and plumbing features [5].  According to the 
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US EPA and the International Agency for Research on Cancer (IARC), lead (II) is considered as 

an extremely poisonous and carcinogenic to the human body [6].  The combination of these factors 

makes lead a major public health concern both presently and in the future.   

Therefore, it is extremely important to have effective and efficient technology which can 

accurately identify the presence of lead (II) in aqueous solutions and/or blood samples to mitigate 

this public health threat.  Unfortunately, there are a limited number of sensitive, selective, and 

miniaturized commercial lead (II) detection devices currently that provide consistent results, 

ensure reliable measurement techniques, and provide a cost-effective measurement [7-9].  

Lithography and screen-printing technology (SPT) are considered as the state-of-the-art 

technologies for manufacturing electrochemical lead (II) sensing elements [10-24].  In recent 

times, SPT is widely accepted and chosen by many researchers.  However, one major limitation of 

this technology is variation in measurement from batch-to-batch fabrication and materials due to 

the manufacturing method [25].  On the other hand, lithography (etching and lift-off) is extremely 

time consuming, expensive, requires a cleanroom facility and sometimes requires hazardous 

materials.   

To overcome the above-mentioned limitations, this PhD dissertation research aimed to 

fabricate an ECS combining inkjet printing technology with SMP.  For the first time, this research 

has introduced and utilized inkjet printing on SMP technique to fabricate the ECS for heavy metal 

ions (HMIs) detection in aqueous solution.  Actual research on HMIs detection in water started at 

the beginning of 20th century.  Researchers are continuously trying to find out an innovative, 

reliable, effective, and efficient technology for HMIs detection in drinking water.  Nevertheless, it 

is a clear challenge to find a reliable lead (II) detection technology to serve imminent demand.  In 

this context, it is important to mention that three most popular lead sensing devices were recalled 
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from the market by the United States Food and Drug Administration (FDA) during the year of 

2021 due to inconsistent and unreliable results [26].  In addition, CDC revised the presence of 

reference blood lead (II) level in human body i.e. 3.5 µg/dL on May 14, 2021 [27].  It is believed 

that even a minimum amount of lead (II) is responsible for human health hazards and weakens a 

generation with compromised intelligence.  Thus, this research investigated and developed a lead 

(II) sensing system which is not only consistent and miniaturized with inkjet printing on SMP but 

also highly sensitive and would detect target concentration of 1.5 µg/dL, selective (simultaneous 

detection of other HMIs i.e. copper and iron), and reusable.   

SECTION 1.4. RESEARCH GOALS 

This dissertation research has four specific research goals i.e., fabricating inkjet printed 

electrochemical sensor effectively and efficiently, ensuring and experimenting sensitivity and 

selectivity, and finally validating the sensor.  A detail description of each specific research 

aims/goals including every parameters and characteristics have been sketched out in this section. 

 
1. Innovate/propose/develop a novel approach (reliable and consistent) to fabricate a simple, 

cost-effective, sensitive, selective, and disposable ECS. 

• Exploring different sizes (regular-mm and micro-below 5mm) and shapes (square 

and circular) for fabricating the sensors. 

• Measure surface area before and after shrinking – calculate the reduction factor (%) 

and effective electrode surface area calculation. 

• Explore/optimize the selective surface coating (under potential deposition of 

bismuth on gold electrode) – Bi functionalization. 

• Measure the resistivity (Ω.□) of each fabricated ECSs. 

• Cleaning cycle optimization. 
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• Characterize and optimize the fabricated ECSs with the potential reported (in other 

published research) electrochemical analysis i.e. cyclic voltammetry (CV) and 

anodic stripping voltammetry (ASV) – current vs. potential graph. 

• Finalize ideal/optimum deposition time for electrochemical analysis (CV/ASV). 

• Explore the limit of detection (LOD) and limit of quantitation (LOQ) for the 

fabricated ECSs. 

• Collect and observe the SEM images and energy dispersive spectroscopy (EDS) to 

understand the 3D topology of the inkjet printed material (silver nanoparticle 

conductive ink) of the shrunk ECS.  

• Model peak currents vs. concentration in case of different levels of lead (II) 

contaminated optimized aqueous solution. 

2. Apply and ensure the effectivity of the fabricated ECSs for the lower (i.e. below 15 µg/L - 

lead) and ultra-trace level (i.e. below 0.1 µg/dL - lead) HMIs detection in the aqueous 

solution (sensitivity). 

• Experiments are going to be performed for optimized aqueous solution with and 

without lead (II) contamination. 

3. Verify the efficiency of the fabricated ECS for simultaneous presence of other HMIs – 

cadmium and mercury (selectivity). 

• The contaminated optimized drinking water sample will be prepared with specific 

amount of lead, cadmium, and copper together to experiment the selectivity of the 

fabricated ECS. 

4. Validate the fabricated ECS by conducting uncertainty analysis (considering 15 fabricated 

ECSs) after sintering and shrinking the ECSs. Reduction factor (%), resistivity 
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measurement (Ω-□), and peak measurement (mA) for electrochemical sensing in case of 

HMIs detection in the drinking water are going to be analyzed following GUM approach. 

SECTION 1.5. SCOPE AND OBJECTIVE 

The broader aspect of this research is to establish a multi-functional inkjet printed 

electrochemical microchip sensor (green fabricated and mercury free) incorporating Au-plated 

SMP for HMIs (lead, copper, and mercury) detection in aqueous solution (blood sample and 

drinking water).  The primary goal to achieve the above-mentioned overarching vision is to 

analyze/develop a cost-effective, accurate, consistent, and reliable fabrication processes for 

manufacturing ECSs for lead (II) detection.  The next step is to apply the novel/potential 

technologies to fabricate a simple, cost-effective, sensitive, selective, and disposable ECS for lead 

(II) detection in the aqueous solution.  Appropriate electrochemical analyses (CV and ASV data) 

in case of HMIs detection need to be collected and analyzed/scrutinized before making 

further/final progress.  The green fabricated ECSs will be finally validated using uncertainty 

analysis for 15 ECSs samples.  Hence, the specific objectives of this research project are consistent 

and reliable ECS fabrication with increased effective electrode surface area for HMIs detection, 

ensure high sensitivity and selectivity of the ECS for HMIs detection, maintain green fabrication 

and cost-effectivity, and validate the fabricated ECS with uncertainty analysis. 
 
SECTION 1.6. OUTLINE 

This dissertation focuses on the fabrication of a simple, cost-effective, sensitive, selective, 

and disposable inkjet printed Au plated ECSs for lead (II) detection in aqueous solutions.  The first 

half of the dissertation discusses about the justification of the research, problem statement, a detail 

and through background and literature review, limitation and/or challenges of the existing 

technology, and finally, the fabrication processes of the novel inkjet printed Au plated ECS for 
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lead (II) detection in aqueous solution.  The second half mostly focuses on the optimization, 

characterization, and validation of the fabricated ECSs. 

Chapter 2 covers an overview of the related topics i.e., inkjet printing, printing substrate – 

shape memory polymer, three-electrode system, electrochemical analysis, and uncertainty 

analysis.  This chapter also provides a detail idea about the current existing technology in the area 

of heavy metal ion or lead sensing.  The thorough literature review provides a clear perception 

regarding the state-of-the-art technologies, their characteristics, and recent challenges/limitations.  

Chapter 3 focuses on the fabrication of the inkjet printed ECSs.  Chapter 3 consists of 4 different 

sections.  The first section of this chapter illustrates materials and reagents utilized to fabricate the 

inkjet printed sensors.  This section also includes different designs and their efficacy for the printed 

sensors in case of electrochemical sensing applications.  The second section of Chapter 3 details 

out the printing recipe development tools and techniques i.e., fluid properties characterization of 

the nanoparticle ink and jetting recipe development and optimization.  The third section of this 

chapter shares the information regarding the characterization of the printing substrate – shape 

memory polymer.  Finally, the fourth section of Chapter 3 provides description of each step of 

fabrication processes in detail of inkjet printed gold plated ECSs. 

Optimization and characterization of the fabricated ECSs are extremely important to utilize 

the sensors potently in any specific application.  Chapter 4 explains broadly about the 

characterization and optimization in case of resistivity, cleaning cycle, and electrochemical 

analysis – cyclic voltammetry (CV).  Chapter 5 is the result section of this dissertation.  This 

section covers all the potential data collected, analyzed, and observed to understand the behavior, 

characteristics, strength, and limitations/challenges of the fabricated inkjet printed gold plated 
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ECSs for lead detection in aqueous solution.  This chapter also includes validation technique – 

uncertainty analysis and cost analysis of the fabricated ECSs.   

Chapter 6 concludes this dissertation by providing specific summary of the entire research 

i.e., problem statement, state-of-the-art technologies, research gap, proposed approach, fabrication 

processes, characterization, optimization, research findings, contribution to the field, limitations, 

and potential future scopes.  The Appendix sections of this dissertation include theoretical and 

mathematical descriptions of different equations/models – reduction factor and effective electrode 

surface area calculation, explanation of different statistical data including regression model in case 

of determining limit of detection and limit of quantitation of the fabricated sensors, and unit 

conversions of different sample analytes. 
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Chapter 2: Background 

There are two specific goals of this chapter.  First, to provide a brief but complete 

explanation on the basics of inkjet printing, shape memory polymer (SMP), three-electrode system, 

electrochemical analysis, and uncertainty analysis in order to make the readers familiar with the 

technical concepts and terminology.  Second, a thorough literature review is presented to determine 

the state of the art in lead (II)/heavy metal ion (HMI) sensing research in order to contextualize 

the idea and necessity of using inkjet printing additive manufacturing technology on SMP for 

fabricating inkjet electrochemical sensors (ECS) for HMI detection.   

SECTION 2.1.  INKJET PRINTING BASICS 

Additive manufacturing (AM) is a process of joining materials layer by layer to make/print 

3D objects.  The four AM technologies are fused deposition modeling (FDM), selective laser 

sintering (SLS), stereolithography (SLA), and inkjet printing (IP).  It is determined to use inkjet 

printing to manufacture ECS for lead (II) detection in this research.  The inkjet printing technology 

is chosen based on certain characteristics of the manufactured product such as resolution, surface 

finish, throughput, and range of usefulness of materials.  It is considered as a unique and potential 

fabrication method to fabricate ECS due to its high resolution, low-cost fabrication, incredible 

control over the material deposition (drop on demand), and multi-material characteristics.  It allows 

direct patterning of structure from metal nanoparticle conductive inks utilizing piezoelectric inkjet 

cartridge.  After simple steps of curing and sintering (heat treatment processes) the deposited ink 

pattern turns into a conductive film.  Figure 2.1 illustrates the processes of inkjet printed ECS 

pattern.   
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Figure 2.1: Inkjet printing (IP) - additive manufacturing (AM) processes for electrochemical 
sensor (ECS) fabrication.   

 
SECTION 2.2.  SHAPE MEMORY POLYMER 

Shape memory polymer (SMP) can be defined as a polymer that can recover deformation 

and/or apply force in response to a stimulus such as heat, light, solvent, etc.  Basically, recovering 

deformation is not the property of SMP rather it is the effect caused by appropriate programming 

(heating and applying stimulus) and polymer structure.  Figure 2.2 illustrates different stages which 

provides information about the transformation cycle of SMP.  The reason for applying force at 

higher temperature (above glass transition temperature) is that it provides chain mobility to reshape 

polymer microstructure.  On the other hand, the polymer is stored at lower temperature (below 

glass transition temperature) because it restricts chain mobility (preserves microstructure of 

polymer strictly).  SMPs are commonly made from polystyrene or polyolefin.   In case of 

electrochemical (ECS) fabrication, the pattern is inkjet printed on SMP substrate.   Then SMP is 

shrunk as well as the metal ink is sintered by applying higher temperature (greater than glass 
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transition temperature and lower than melting point) simultaneously.   When, the contraction 

occurs on the substrate, the 3D printed pattern is also contracted.   Hence, 3D microstructure is 

fabricated in a simple, cost-effective, and time efficient way.   

 

Figure 2.2: Shape memory polymer (SMP) cycle consists of three stages: programming, storing, 
and recovery stage.   
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SECTION 2.3.  THREE ELECTRODE SYSTEM 

The three-electrode system consists of a cell with one working electrode (WE), one counter 

electrode (CE), and one reference electrode (RE).  This system is used in different types of 

voltammetry to observe current as a function of the applied potential.  In this setup, the 

charge/current flows between working and counter electrode and the potential of the working 

electrode is measured with respect to the reference electrode.  The three-electrode system 

eliminates the error in the electrode potential due to polarization current.  An additional reference 

electrode is utilized in this setup to make the system stable.  The working electrode in this research 

is a gold (Au) plated silver (Ag) based inkjet printed electrode.  A specific potential is set at the 

working electrode so that it makes the contact with the analyte.  The working electrode potential 

is controlled by the constant potential of reference electrode.  In this research the reference 

electrode is silver chloride (AgCl) reference electrode.  The reference electrode does not pass any 

current.  The applied potential on the Au working electrode surface should be adequate enough to 

conduct oxidation-reduction or reduction-oxidation.  Finally, the Au counter electrode passes the 

currents by completing the circuit.  This current rate is limited by the electron transfer capacity on 

the gold working electrode surface. 

SECTION 2.4.  ELECTROCHEMICAL ANALYSIS 

In this research, cyclic voltammetry (CV), square wave anodic stripping voltammetry 

(SWASV), and electrochemical impedance spectroscopy (EIS) have been performed on the 

fabricated ECSs for electrochemical analysis.  In any kind of voltammetry, current is measured as 

a function of voltage/potential.  In case of CV, a sweeping potential is applied across working and 

reference electrode.  Because of the sweeping voltage, there comes a point when there will be 

enough positive chare on the electrode surface.  In this phenomenon, the sample analyte in the  



15 
 

 

Figure 2.3: Three electrode system with working electrode – WE, counter electrode – CE, and 
reference electrode – RE. 

 

solution i.e., lead ion (II) in this research is going to lose an electron.  Whenever there is an electron 

transfer, there will be current flowing through the system.  The oxidation peak represents the 

maximum number lead (II) ions oxidizing per second.  The decaying current in the oxidation cycle 

represents less amount of available lead (II) ions to lose electron.  When the sweeping potential 

starts decreasing there will be enough negative potential on the working electrode surface.  In this 

circumstance, it will start donating the electrons to the lead (II) ions in the sample solution.  This 

is defined as reduction.  And the reduction peak represents maximum number of lead (II) ions 

reduced per second.  As the layer gets depleted, a gradual increase in current is observed.  And 

when there is no ion left for reduction, the cycle is complete.  So, the forward sweep represents 

the stripping/oxidation of lead (II) ion and the reverse sweep represents the reduction/deposition 
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of lead (II) ion. CV is fast, cost-effective, and potential for higher concentration measurement.  

Figure 2.4 represents step by step processes of CV and Figure 2.5 shows actual CV for 5mM of 

lead (II) contaminated optimized DI water. 

 
Figure 2.4: Step by step processes of cyclic voltammetry. 
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Figure 2.5: Cyclic voltammogram for 5 mM of lead (II) contaminated optimized (0.1 M HCl) DI 

water. 
 

ASV consists of two steps i.e., deposition and stripping.  In deposition metal or ion is 

deposited on the working electrode and in the stripping the ion is oxidized or stripped selectively 

from the electrode.  Eventually, the potential difference in the sample solution is measured.  In 

ASV, the linear potential is applied to counter electrode so that the current can flow from the 

working to counter electrode.  On the other hand, the potential between working and reference 

electrode represent the potential in the cell.  At the beginning, a large negative potential to working 

electrode is applied for few minutes to plate the electrode with sample analyte in the solution i.e., 

lead ion (II) in this research.  In the next step i.e., in the stripping part, the deposited ions are 

selectively removed from the working electrode by oxidizing it.  If the peak current is not 

significant enough the deposition time needs to be optimized.  Deposition time is proportional to 

current and hence current is proportional to the concentration of lead (II) ions present in the sample 
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solution. ASV is comparatively slow and expensive but extremely helpful to determine lower 

concentration and selectivity.  It can be utilized appropriately to perform selectivity for up to 5 

different ions present simultaneously in the same sample solution.  Figure 2.6 represents actual 

CV for 5mM of lead (II) contaminated optimized DI water. 

EIS offers different types of electrical and mechanical data of electrochemical system.  It 

has been widely used in case of characterizing different electrochemical and biosensors.  In this 

electrochemical analysis, a sinusoidal signal i.e., ac voltage or current is applied over a wide range 

of frequencies and the sinusoidal response is observed in case of applied disturbance in the state 

of equilibrium.  In this system, a signal excitation is applied for measuring impedance response.  

The impedance is divided into two parts i.e., real and imaginary.  The graphical plot of imaginary 

impedance vs. real impedance is defined as Nyquist plot.  On the other hand, a graphical 

representation of impedance magnitude vs. frequency is defined as Bode plot.  This particular 

graphical plot is extremely popular in engineering community and has been utilized in this 

research.  Figure 2.7 represents impedance vs. frequency characteristics in case of gold-plated 

inkjet printed ECSs in case of phosphate buffer saline (PBS; pH 7.42). 
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Figure 2.6: Square wave anodic stripping voltammetry for 5 mM of lead (II) contaminated 
optimized (0.1 M HCl) DI water. 
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Figure 2.7: Impedance vs. Frequency response using electrochemical impedance spectroscopy 
measurement in case of phosphate buffer saline (PBS) with pH 7.42. 

 
SECTION 2.5.  UNCERTAINTY ANALYSIS 

In this research, “Type A evaluation of standard uncertainty” approach from “Evaluation 

of Measurement Data – Guide to the expression of uncertainty in measurement (GUM)” has been 

used to determine the uncertainty in the raw data.  As, arithmetic mean or average is the best 

available estimate of the expected value out of all possible observations, this has been used as the 

input estimate to determine the measurement results.  The experimental variance of the 

observations has been estimated by the probability distribution of each occurrences.  The 

calculated experimental standard deviation illustrates the dispersion of each observation from their 

mean.  The variance and standard deviation of the mean have been determined by considering the 

experimental variance and experimental standard deviation out of the total number of 
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observations/occurrences.  This variance of mean is defined as Type A variance and the standard 

deviation of the mean is defined as Type A standard uncertainty. 

The best available estimate of a group of observations is the average or arithmetic mean of 

the total number of observations (in this study, total number of observations, n =15 as 15 

sensors/samples have been considered individually for uncertainty analysis).  The average/mean 

has been calculated by, 

                          observation mean =  �1
n
�∑ observationjn

j=1                                           (2.1) 

The individual observations contain different values because of random variations in the influence 

quantities (digital reading, processing time, temperature, and activation energy of diffusion).  The 

experimental variance of the observations, which estimates the variance σ2 of the probability 

distribution of the reduction factor has been determined by, 

                     σ2(observation) = � 1
n−1

�∑ �observationj −  observationmean�
2n

j=1                  (2.2) 

The experimental standard deviation (SD) has been determined from the square root of the 

estimated variance.  Finally, in order to consider the best estimate, Type A variance (experimental 

variance of the mean) has been determined by, 

                                                   σ2(observationmean) =  σ
2(observation)

n
                                        (2.3)      

Finally, Type A standard uncertainty has been calculated by taking the square root of the Type A 

variance. 

SECTION 2.6.  HISTORY AND STATE OF THE ART 

The direct or indirect presence of highly toxic heavy metal ions (HMIs) in drinking water 

causes severe damage to human health, plants, and animals.   It is well documented that highly 

toxic HMIs such as lead (Pb), arsenic (As), mercury (Hg), cadmium (Cd), antimony (Sb), and 
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chromium (Cr) are producing a significant impact to human health.  Figure 2.8 shows maximum 

allowable rate of HMIs in aqueous solution decided and approved by USEPA (2022).   It is 

important to detect the presence of HMIs level in samples precisely in order to protect and preserve 

the environment.   Therefore, scientists have been making a continuous effort to mitigate the 

pollution of the environment by detecting HMIs in aqueous solution. 

Recent researches try to find out what is the most effective and efficient solution on this 

very eminent issue which endangers human life.  The reliable certified standard analytical methods 

(electrothermal atomic absorption spectrometry – EAAS, flame atomic absorption spectrometry – 

FAAS, inductively coupled plasma mass spectrometry – ICPMS, and inductively coupled optical 

emission spectrometry – ICOES) available in today’s world to assess the lead (II) concentration in 

aqueous solution is time consuming, expensive, bulky, and overall inefficient [7-9].  Therefore, 

several researches are wandering since the beginning of 20th century to mitigate the pollution of 

environment by detecting HMIs in aqueous solution effectively and efficiently.   

 

Figure 2.8: Maximum allowable rate of HMIs in aqueous solution by USEPA (2023).   
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Electrochemical stripping analysis is a sensitive and remarkable technique for ultra-trace 

level HMIs detection and can be easily coupled with inexpensive but efficient instruments [9].  

Table 2.1 summarizes potential state of the art researches/systems to detect HMIs in aqueous 

and/or electrochemical solution using electrochemical stripping analysis.  High sensitivity, short 

response time, specificity, and relatively low production cost makes ECSs eventually a reliable 

and convenient source of research for detecting HMIs in aqueous solution.  Several manufacturing 

technologies such as electrochemical deposition [9, 10, 16, 19, 20], screen printing technology 

(SPT) [11-15, 17, 22, 23], and lithography [21, 24] have been applied to ECSs fabrication during 

the last 20 years.  SPT is chosen and accepted by most of the manufacturers/researchers due to its 

cost-effectivity, favorable quality (only in case of bulk fabrication), flexibility of their design, and 

reproducibility [11-15, 17, 22, 23].  However, this technology has compromised performance such 

as varying quality (in case of batch to batch fabrication and materials), material waste, low 

resolution, and necessity for unique screen for each individual design [25, 28].  On the other hand, 

electrodeposition, lithography, ultrasonication, etc.  are expensive, inconsistent, requires clean 

room facilities and/or hazardous materials.   

Table 2.1: State of the Art Potential Electrochemical Sensors (ECSs) for Heavy metal ions 
(HMIs) Detection. 

Year ECS/System Fabrication 
Technology/ 

Manufacturing 
Company 

Measurement 
Technique 

Detection 
Limit (µg/L) 

 

Deposition 
Time 

(minutes) 

Reference 

2000 Bismuth coated 
carbon electrode 

Deposition of 
bismuth on glassy 
carbon electrode 
(Goodfellow Co., 

Oxford, UK) 

ASV Pb - 1.1 
Cd - 0.3 

Pb - 2 
Cd - 10 

[10] 

2005 Gold electrode Screen printed 
electrode (SPE) 

Square Wave 
Anodic Stripping 

Voltammetry 
(SWASV) 

Pb - 0.5 Pb - 3 [11] 

2010 Bismuth 
deposited carbon 

electrode 

SPE Differential Pulse 
Anodic Stripping 

Pb - 278 
Cd - 208 

Pb - 5 
Cd - 5 

[12] 
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Pb – lead (II); Cd – cadmium (II); Zn – zinc (II); Cu – copper (II); Hg – Mercury (II); 
 

Inkjet printed electrodes have a wide variety of applications in today’s electronic era i.e., 

electrochemical and biosensors [34-35], batteries [36-37], power electronic devices [38-41], and 

Voltammetry 
(DPASV) 

2013 Bismuth based 
porous carbon 

electrode 

SPE ASV Pb - 0.03 
Cd - 0.34 

Pb - 5 
Cd - 5 

[13] 

2016 Phenanthroline-
based flexible 

carbon electrode 

SPE Cyclic 
Voltammetry 

(CV) 

Pb - 13906 - [14] 

2017 Bismuth 
deposited thin 

gold film-based 
electrode 

SPE Differential Pulse 
Anodic Stripping 

Voltammetry 
(DPASV) 

Pb - 222.5 Pb - 6 [15] 

2017 Cobalt oxide 
nanosheets on 

indium tin oxide 
substrate 

Electrochemical 
deposition and 

annealing method 

DPASV Pb - 0.52 - [16] 

2017 Copper based 
electrode 

SPE ASV Pb - 4.4 Pb - 5 [17] 

2018 GCE modified by 
a thin layer of 

graphitic carbon 
nitride 

Ultrasonication 
and drop casting 

ASDPV and CV Pb - 0.00002 
Cd - 0.0009 

Pb - 11.6 
Cd - 11.6 

[18] 

2019 GCE modified 
with 3D nano-
porous silica 

incorporated with 
poly furfural 

Co-electro 
polymerization on 

GCE 

CV, DPV, and 
ASV 

Pb - 100 Pb - 5.83 [19] 

2019 Gold nano 
dendrites 
(AuNDs) 

incorporated 
graphite pencil 
lead electrode 

Electro-deposition 
of AuNDs on the 

surface of graphite 
pencil lead 

ASDPV Pb - 0.12 
Cu - 0.19 
Hg - 0.18 

Pb - 5 
Cu - 5 
Hg - 5 

[20] 
 
 

2019 Micropillar array 
incorporated gold 

based working 
electrode 

Lithography CV and ASV Pb - 1 Pb - 5 [21] 

2020 Gold Electrode SPE SWASV Pb - 7.3 
Cu - 5.1 
Hg - 4.3 

Pb - 1 
Cu - 1 
Hg - 1 

[22] 

2021 Flexible copper-
biopolymer 

nanocomposite 
electrode 

SPE SWASV Pb - 7.2 Pb - 5 [23] 

2021- 
2022 

Inkjet printed 
gold plated 
electrode 

Inkjet Printing CV and SWASV Pb - 7.2 Pb - 7.2 [29][30] [31] 
[32] [33] 
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integrated circuits [42].  For electrochemical and biosensing applications, elemental materials in 

addition to carbon-based materials – graphene and carbon nanotubes have received significant 

attention and consideration due to electrical conductivity, mechanical stability, chemical function 

ability, and environmental compatibility [43].  Recently, inkjet printed elemental materials based 

electrochemical and biosensors have been utilized widely due to its specific characteristics – high 

resolution, low-cost, low waste, mechanical flexibility, and wide variety of printable inks (gold, 

silver, platinum, palladium etc.) and substrates (glass, polymer, paper, ceramic etc.).  Inkjet 

printing offers the same functionality (electrochemical and mechanical) compared to commercially 

available electrochemical and biosensors fabricated using conventional techniques i.e., lithography 

and screen-printing technology.  Table 2.2 shows potential electrochemical applications of inkjet 

printed additive manufactured electrochemical sensors.   

Table 2.2: Inkjet Printed Electrochemical Sensors (ECSs) for Different Applications. 

Year Application Ink Substrate Sintering 
method 

Reference 

2005 H2O2 Ag PVC Chemical [44] 

2011 Cancer 
biomarker 

protein 

Au Kapton Thermal,  
200 ℃ 

[45] 

2012 O2 Au and Ag Cellulose Thermal,  
60℃  

[46] 

2013 pH and glucose Au and Ag Paper Thermal,  
200 ℃ 

[47] 

2013 Cancer 
biomarker 

protein 

Au PI Thermal,  
200 ℃ 

[48] 

2013 CRP antigen Au Paper Photonic [49] 

2014 DNA 
hybridization 

Au Paper Photonic [50] 
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Gold – Au; Silver – Ag; Palladium – Pd; Platinum – Pt; Oxygen – O2; Nickel – Ni2+; 
Dissolved oxygen – DO; Reactive oxygen species – ROS; Sulfide – S2-; Lead – Pb2+; 

Bismuth – Bi; Mercury – Hg2+;  Hydrogen peroxide – H2O2 ;Potential of hydrogen – pH; PI 

2015 Free chlorine Ag Glass Thermal,  
120 ℃ 

[51] 

2015 Salmonella Au and Ag PET Photonic [52] 

2016 pH Pd Glass/PI  Thermal,  
200 ℃ 

[53] 

2016 pH and DO Au and Ag PI Thermal,  
200 ℃ 

[54] 

2016 K+ Au Paper Photonic [55] 

2017 S2- Ag PEN Thermal,  
120 ℃ 

[56] 

2018 pH Pd and Ag Glass Thermal,  
200 ℃ 

[57] 

2019 pH and glucose Pt and Ag PEN Thermal,  
180 ℃ 

[58] 

2019 Pb2+ Bi (inorganic 
salt) 

PET Photonic plasma [59] 

2019 Hg2+ Au PI Thermal,  
380 ℃ 

[60] 

2019 DNA Au PET Plasma [61] 

2020 Ni2+ Ag and Au Paper Thermal,  
160 ℃ 

[62] 

2021 Paraquat Ag Paper Thermal,  
120 ℃ 

[63] 

2022 DO and ROS Ag and Au Glass Thermal,  
120 ℃ 

[64] 

2023 Blood 
biomarkers for 
Alzheimer’s 

disease 

Graphene 
modified 
with gold 

Ceramic Thermal,  
37 ℃ 

[65] 
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– Polyimide; PEN – Polyethylene naphthalate; PET - Polyethylene terephthalate; PVC – 
Polyvinyl chloride 

 
Materials also play a significant role in terms of ECS fabrication.  Historically, mercury 

was initially considered as a potential material in order to manufacture ECSs due to its high 

hydrogen potential [9].   However, in order to maintain the green environment, scientists have 

started to find out the alternatives of mercury [7, 66].  Researchers have shown interests towards 

different types of materials such as bismuth (Bi) [7, 10, 12, 13, 15], gold (Au) [11, 20-22, 29-33, 

37], carbon (C) [18, 19], copper (Cu) [17, 23], and boron doped diamond [68].  These materials 

have been used enormously to observe their capacity and performance to replace mercury.  Figure 

2.9 represents the percentage of ECSs fabricated from different types of materials for HMIs 

detection [7].    

 

Figure 2.9: Percentage of various materials’ contribution for electrochemical sensor (ECS) 
fabrication for HMIs detection.   
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It is observed that, in order to manufacture and establish green ECSs for HMIs detection 

researchers significantly focused on Bi (37%) due to its environment friendly characteristics and 

good analytical performance.   However, some analysts focused on other materials as well to 

observe their effectiveness for ECSs in case of HMIs detection.   However, Bi is considered as one 

of the most promising materials in case of heavy metal ions (HMIs) detection.  Bi is a potential 

alternate of mercury.  It has significant material properties i.e., wide potential window, inertness 

towards dissolved oxygen in the test medium, ability to form alloy with HMIs, and low toxicity 

[69].  Bi can be functionalized in case of HMIs detection in three different ways – ex situ, in situ, 

and bulk modification [70-72].  In the ex situ processes, Bi is deposited on the working electrode 

following under potential deposition at a specific potential before HMIs detection.  In the in-situ 

processes, Bi is deposited on the working electrode with the target HMIs simultaneously.  Bulk 

modification of the working electrode occurs by the fabrication of the electrode with a mixture of 

active material and Bi with a specific ratio.  Table 2.3 shows the detail information regarding Bi 

functionalized ECS in case of different HMIs detection. 

Table 2.3: State of the Art Potential Bismuth Modified Electrochemical Sensors (ECSs) for 
Heavy metal ions (HMIs) Detection. 

Year ECS/System Fabrication 
Technology 

Matrix Measurement 
Technique 

Detection 
Limit 
(µg/L) 

 

Deposition 
Time 

(minutes) 

Reference 

2004 Nafion coated 
bismuth plated 

electrode 

Bismuth electrode 
deposition 

followed by spread 
coating of Nafion 

Urine, 
wine, tap 

water 

Square Wave 
Anodic 

Stripping 
Voltammetry 

(SWASV) 

Pb – 0.1 
Cd – 0.1 
Zn – 0.4 

10 [73] 

2005 Graphite epoxy 
composite 
electrode 

containing in-
built bismuth 

precursor  

Graphite paste 
containing bismuth 

salt placed in a 
PVC sleeve body 

Buffer 
solution 

 SWASV Pb – 19.1 
Cd – 35.8 

2 [74] 
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2006 Copper/ Nafion/ 
Bismuth 
electrode 

Electro-deposition 
of bismuth on 

copper substrate 

Ground 
water 

Differential 
Pulse Anodic 

Stripping 
Voltammetry 

(DPASV) 

Pb – 0.62 
Cd – 0.68 

10 [75] 

2008 Electro chemical 
reduction of 

bismuth oxide 
electrode 

Screen printed 
electrode (SPE) 

River 
water 

 SWASV Pb – 2.3 
Cd – 1.5 

5 [76] 

2009 Nafion film 
modified bismuth 

coated glassy 
carbon electrode 

(GCE) 

Chemical reduction 
followed by 

electrodeposition 

Sewerage 
water 

SWASV Pb – 2.47 
Cd – 1.39 
Cr – 5.27 

2 [77] 

2010 Bismuth 
modified carbon 
nano tube (CNT) 

with poly 
composite film 

Electrodeposition 
of bismuth on CNT 

Lake 
water 

DPASV Pb – 0.04 
Cd – 0.02 

2 [78] 

2014 Bismuth 
deposited 

graphene oxide 
reduced ionic 
liquid doped 

electrode 

SPE Rice  SWASV Pb – 0.10 
Cd – 0.08 

2 [79] 

2014 Multifiber 
microelectrode 
with bismuth 

film 

Double deposition 
and stripping 

Buffer 
solution 

SWASV Pb – 0.037 
Cd – 
5.04×
10−3 

5 [80] 

2014 Bismuth 
electrode based 

on 
electrochemically 
reduced graphene 

oxide 

SPE Milk DPASV Pb – 0.8 
Cd – 0.5 

5 [81] 

2015 GCE coated with 
multi walled 

carbon nanotube 
(MWCNT) 

Electro-deposition 
of bismuth on GCE 

Tap and 
well water 

 DPASV Pb – 0.40 
Cd – 0.20 

7 [82] 

2015 Bismuth doped 
mesoporous 

carbon xerogel 
deposited GCE 

Sol-gel method 
coupled with 

drying and thermal 
pyrolysis 

Well 
water 

 SWASV Pb – 0.07 
Cd – 5060 

3 [83] 

2015 Bismuth film 
electrode based 

on activated 
graphene 

Electrodeposition 
of bismuth using 

0.1 M acetate 
buffer solution 

Tap water DPASV Pb – 0.05 
Cd – 0.07 

5 [84] 

2016 Bismuth oxide 
doped 

mesoporous 
carbon electrode 

Drop casting of 
bismuth on GCE 

 

Lake 
water 

 SWASV Pb – 
3.65×
10−4 
Cd – 
1.77×
10−4 

~3 [85] 
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Pb – lead (II), Cd – cadmium (II), Zn – zinc (II), Cr – chromium (IV) 
 

In this research Bi and Au plated working electrode, Au counter electrode and Ag/silver 

chloride (AgCl) reference electrode have been fabricated and analyzed.   Although it is observed 

from the pie chart that researchers have used Au in a very inconsequential way for lead (II) 

detection, it has been chosen as a base material for the working and counter electrodes due to its 

significant electrochemical properties such as biocompatibility, large surface area, high surface 

energy, and interface dominating properties [29-32].   Due to biocompatibility and large surface 

area, the Au plated ECSs have shown high sensitivity and selectivity.   Improved sensitivity and 

selectivity happen due to high surface energy and interface dominating properties.  It should also 

2016 Bismuth working 
electrode on 

oxidized silicon 
wafer 

Photolithography Lake 
water 

SWASV Pb – 0.18 
 

0.5 [86] 

2016 Graphene 
bismuth 

nanocomposite 
GCE  

Electrodeposition 
of exfoliated 

graphene oxide and 
bismuth deposition 

Tap water DPASV Pb – 0.11 
Cd – 0.18 
Zn – 1.80 

5 [87] 

2016 Nafion/ionic 
liquid/ graphene 

composite 
modified carbon 

electrode 

SPE Drinking 
water 

SWASV Pb – 0.8×
10−4 
Cd – 0.6×
10−4 
Zn – 0.9×
10−4 

2 [88] 

2018 Bismuth plated 
reduced graphene 
oxide and CNT 

composite 
flexible electrode 

Photolithography Drinking 
water 

SWASV Pb – 0.2 
Cd – 0.6 
 

2.5 [89] 

2019 Modified nano 
porous bismuth 

electrode 

Electroplating of 
bismuth and tin 

Acetate 
buffer 

solution 

SWASV Pb – 1.5 
Cd – 1.3 
 

5 [90] 

2020 Bismuth 
nanoparticle 
loaded cobalt 
ferrite GCE 

Drop casting  Tap water SWASV Pb – 2.42 
Cd – 1.50 
 

5 [91] 

2022 Bismuth film 
deposited carbon 
paste electrode 

Under potential 
deposition of 

bismuth 

Acetate 
buffer 

solution 

SWASV Pb – 0.5 
Cd – 0.3 

3 [92] 

2022 Bismuth oxide 
surface decorated 

nano porous 
bismuth GCE 

Drop casting Tap water SWASV Pb – 0.02 
Cd – 0.03 

3 [93] 
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be noted that, in this research cost-effective ECSs fabrication has been a major concern.  Hence, 

the Au electrodes have been fabricated using Au electrodeposition on silver inkjet printed 

electrodes on SMP.  The performance of the electrodeposited Au electrodes is potential enough 

compared to bare Au electrodes (performances have been compared in case of optimized cleaning 

procedure with 0.5 M sulfuric acid) to receive further considerations for other electrochemical/bio 

sensing applications.   

The ECSs are characterized/optimized using different electrochemical analysis such as 

cyclic voltammetry (CV) [14, 18, 19, 21] and anodic stripping voltammetry (ASV) [9-13, 15-23] 

to understand different facts in detecting HMIs such as selectivity, sensitivity, reliability, as well 

as reproducibility.  In this research, both approaches are going to be applied in the case of green 

fabricated inkjet printed Au plated ECSs.   

 

Figure 2.10: Cyclic voltammetry (CV) for inkjet printed gold plated electrochemical sensor 
(ECS) using 0.5 M sulfuric acid (H2SO4).  Scan rate is 100 mV/s. 
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SECTION 2.7.  SUMMARY 

This chapter has provided detail background description of related topics i.e., inkjet printing, shape 

memory polymer, three electrode system, electrochemical analysis, and uncertainty analysis.  A 

thorough literature review has been delineated regarding HMIs detection.  Literature review has 

been performed from different point of view i.e., reviewing/exploring all the potential ECSs for 

HMIs detection,   focusing on only inkjet printed ECSs for different applications, observing 

different materials/metals utilized for fabricating ECSs, reviewing the performance of bismuth 

coated/plated ECSs, and finally potential electrochemical analysis for optimizing and 

characterizing fabricated ECSs.  Literature review based on different perspective has been outlined 

in the form of tables to provide conceptual and contextual ideas to the readers regarding ECSs for 

HMIs detection in detail.   
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Chapter 3: Fabrication of Inkjet Printed Electrochemical Sensor 

 This chapter focuses on the fabrication of inkjet printed gold-plated ECSs thoroughly.  A 

detail description of apparatus and reagents including vendor details as well as electrochemical 

sensor design have been provided in Section 3.1.  Section 3.2 covers all the inkjet printing recipe 

development i.e., details of fluid properties measurement of nanoparticle inks and jetting recipe 

development for Dimatix materials printer DMP 2850.  DMP 2850 operates with piezoelectric 

drop-on-demand (DOD) printheads.  Previously, Dimatix used to manufacture Legacy printheads 

(8-12 cP).  Recently, they have launched a new printhead with different properties (2021) – Samba 

printheads (4-8 cP).  All the detail information regarding both printheads have been reported in 

this section.  In addition, the jetting recipes have been developed for both printheads to ensure 

future production/research of the inkjet printed ECSs as Dimatix has stopped manufacturing 

Legacy printheads.   Shape memory polymer (SMP) has been utilized as a printing substrate for 

fabricating inkjet printed ECSs.  Section 3.3 represents detail characterization of SMP.  Finally, 

Section 3.4 describes step by step fabrication processes of inkjet printed gold-plated SMP 

incorporated ECSs. 

 
SECTION 3.1.  MATERIALS AND METHODS 

Section 3.1.1.  Apparatus and Reagents 

Deionized ultra-filtered water was collected from Fisher Chemical.  Conductive 50 nm 

diameter silver nanoparticle ink (ANP-DGP-40-LT-15-C) was obtained from Advanced Nano 

Products Co., LTD.  Low cost consumer grade polystyrene shape memory polymer substrate 

(MagicShrink) and sodium hypochlorite solution – 3% (bleach) were arranged from local store.  

Hydrochloric acid solution (1N) (Cat. # SA481) was collected from Thermo Fisher Scientific, Fair 

Lawn, NJ, US.  Lead (II) Chloride (Cat. # 7758-95-4) was obtained from Sigma Aldrich, St.  louis, 
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MO, US.  Brush Gold Solution (24K) and Electro-Cleaner Solution were collected from Gold 

Plating Services, Inc., Layton, UT, US.   Digital Multimeter (Tektronix DMM 4050) has been used 

to perform resistivity measurement for each fabricated sensor sample.   Drop on demand inkjet 

printer DMP 2850 at Convergent Microsystems Laboratory (CML), the University of Texas at El 

Paso (UTEP) has been used for this research to inkjet print the electrochemical sensors using 10 

pL piezoelectric cartridges i.e., Legacy and the newly launched Samba (2021) with integrated 

reservoir and heater.  Keithley 2450-EC, Graphical Potentiostat, 200 V, 1 A, 20 W has been 

utilized to characterize the fabricated electrochemical sensor with cyclic voltammetry (CV) 

potentio dynamic electrochemical measurement technique.  In addition, the square wave anodic 

stripping voltammetry (SWASV) and electrochemical impedance spectroscopy (EIS) have been 

performed using Autolab PGSTAT302N from Dr.  Cabrera’s lab, UTEP.  Finally, a scanning 

electron microscope (SEM) Hitachi SU 3500 SEM equipped with a STEM detector from Polymer 

Extrusion Lab (PEL), UTEP has been utilized to observe and analyze the characteristics – scanning 

electron micrograph (SEM) images and energy dispersive spectroscopy (EDS) of fabricated novel 

inkjet printing and shape memory polymer incorporated gold-plated electrochemical sensors for 

lead (II) detection in aqueous solutions. 

Section 3.1.2.  Design of the Sensor 

The electrochemical sensor pattern was designed using computer aided drafting (CAD) 

tool such as GIMP 2.10.24.  This design was then converted into printer-identified image (bitmap 

image for the Dimatix Fujifilm inkjet printer) where the image was a combination of pixels.   The 

inkjet printer was then operated by controlling unit (PC-based software) to eject/inkjet printed 

silver nanoparticle ink according to the bitmap CAD design to achieve a coherent pattern on shape 

memory polymer (SMP).  The fabricated novel inkjet printed and SMP incorporated gold (Au) 
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plated electrochemical sensor (ECS) consists of a three electrodes cell with Au working electrode, 

Au counter electrode, and silver chloride (AgCl) reference electrode.  The overall dimension of 

the designed and inkjet printed electrochemical sensor is 31×25×0.52 mm3.  The working electrode 

area of the designed electrochemical sensor is 20.25 mm2.   

 
Figure 3.1: Inkjet printed shape memory polymer (SMP) incorporated gold plated 

electrochemical sensors (ECSs) for lead (II) detection: (a) square working electrode 
and (b) circular working electrode. 

 
Both circular working electrode (popular in literature) and square working electrode have 

been designed and fabricated.  Figure 3.1 (a) and (b) represents inkjet printed Au plated ECSs for 

both square and circular working electrodes respectively.  Effective electrode surface area (EESA) 

has been calculated for both square and circular inkjet printed Au plated ECSs.  EESA has been 

calculated based on quasi reversible Randles-Sevcik equation.  The EESAs of the square and 

circular shape working electrodes are 7.25 mm2 (lateral area – 4.19 mm2) and 6.52 mm2 (lateral 

area - 3.291 mm2) respectively which justify our previously reported claim to have increased EESA 

even after miniaturization of the Au plated inkjet printed ECSs.  The EESA calculation has been 

described in detail in Section 5.1 and Appendix B.  However, as the square working electrode 
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appeared to have larger EESA, the further investigation and experiments in this research have been 

conducted with square Au plated inkjet printed electrodes.  Figure 3.2 and 3.3 represent the cyclic 

voltammetry (CV) analysis at different scan rates (required for EESA calculation) respectively. 

 
Figure 3.2:  Cyclic voltammogram (CV) for inkjet printed gold electrochemical sensor (square 

working electrode surface area) for 5 mM of lead (II) contaminated optimized (0.1 
M HCl) deionized water for different scan rate (10, 20, 30, and 50 mV/s). 
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Figure 3.3: Cyclic voltammogram (CV) for inkjet printed gold electrochemical sensor (circular) 

working electrode surface area) for 5 mM of lead (II) contaminated optimized (0.1 
M HCl) deionized water for different scan rate (10, 20, 30, and 50 mV/s). 

 
SECTION 3.2.  INKJET PRINTING RECIPE DEVELOPMENT 

Section 3.2.1.  Fluid Properties of Nanoparticle Ink 

In this research, silver (Ag) nanoparticle conductive ink has been utilized to inkjet print 

electrochemical (ECS) patterns on shape memory polymer (SMP) substrate.  Ag ink has been 

chosen due to its high compatibility with Fujifilm Dimatix Materials inkjet printer (DMP 2850) 

and excellent fluid properties.  It also offers high cost-effectivity and conductivity.  It is considered 

as one of the best performing ink in case of inkjet deposition.  This highly conductive nanoparticle 

ink has been characterized based on its fluid properties i.e., viscosity, surface tension, particle size 

measurement, and pH value.  Ink viscosity has been analyzed using a Brookfield Ametek LV-DVE 

viscometer (spindle 00 and 30 rpm).  The Enhanced UL Adapter accessory and a recirculating 

water bath has been utilized to allow for 16 ml sample volumes to be measured with viscosities 
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down to 1cP.  The viscosity of the ink has then been captured as a function of temperature.  Surface 

tension measurements have been performed with a BZY-201 tensiometer using the Wilhelmy 

platinum plate technique.  Prior to each measurement, the plate has been cleaned in solvent 

(isopropanol) and then heated using an alcohol burner.  In this method, dynamic contact angle is 

measured while immersing and withdrawing the vertically suspended platinum plate.  Dynamic 

light scattering (DLS) measurements have been performed using a Precision Detectors PD2000LS 

dynamic light scattering system using a quartz cuvette for particle size measurement of Ag 

nanoparticle conductive ink.  The observation has been obtained using a 106x dilution of 

commercially available Ag ink.  The viscosity, surface tension, particle size, and pH value of the 

Ag ink are 11.6 cP, 32.3 mN/m, 17.7 nm, and 10 respectively.  All the fluid properties 

measurements have been performed at room temperature (20℃).  The adhesion test for Ag ink has 

been performed using ASTM D3359 (ASTM 2009) on SMP substrate.  It has shown excellent 

adhesion property for SMP substrate.  Finally, the sintering process is extremely simple and fast 

in case of Ag nanoparticle ink.  It takes 10-20 minutes to convert the Ag nanoparticle ink into a 

conductive film at 150℃ – 180℃.  In this research the Ag inkjet printed patterns on SMP have 

been sintered and cured at 180℃ in 3 minutes only. 

Section 3.2.2.  Recipe Development for Inkjet Printheads 

The performance of silver (Ag) nanoparticle conductive ink has been evaluated based on 

inkjet printing using Fujifilm Dimatix DMP-2850.  The jetting parameters have been investigated 

thoroughly and developed for the Ag ink.  During this research, it was learned that the 

manufacturer had discontinued their older style print heads – Legacy printheads (DMC-

11610/11601) and were migrating all systems to their newer Samba G3L print heads.  Hence, 

initial development began on the legacy print heads, and then migrated to the newer style print 
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heads.  The legacy printhead used for inkjet printing Ag was DMC-11610 (10 pL) which had 16 

nozzles spaced 254 µm apart.  On the other hand, the Samba G3L printhead has 12 nozzles spaced 

338.67 µm apart.  Before loading the ink into a syringe (3ml) and performing the printing tests, 

the inks were filtered with 0.2µm 25mm diameter polytetrafluoroethylene (PTFE) filter.  SMP has 

been used as a printing substrate to print the nanoparticles conductive ink.  The viscosity 

requirement of the new head (4-8 cP) is much lower than the DMC-11610 (10-12 cP).  To use the 

new heads, after upgrading DMP 2850 printer, one needs to follow the same procedure as with the 

old heads but be sure to select the Samba 12 nozzle head when loading the cartridge.  Also, these 

new heads appear to have wetting issues if wiped with isopropanol, so this has been avoided.  Inkjet 

printing parameters have been optimized based on different print heads i.e.  platen temperature for 

both printheads has been chosen as 35 °C, cartridge temperature has been optimized between 30 - 

35 °C, jetting voltage has been ranged from 22-26 V, jetting frequency and meniscus set point for 

Legacy and Samba printheads has been chosen as 5 kHz and 0.5 as well as 5 kHz and 5 

respectively.  The cartridge print height has been selected as 1 mm.  Figure 3.4 represents the 

waveforms for Ag ink in case of both Legacy and Samba printheads.  The drop spacing used for 

printing different patterns with both print heads and Ag ink was 64.5 µm - drop diameter of Ag 

ink on SMP is ~75 µm.  Table 3.1 exhibits the detail of jetting recipes for both printheads. 
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Figure 3.4: Waveform data for the silver nanoparticle conductive ink (a) DMC-11610 (left) and 
(b) Samba printheads (right). 

 
Table 3.1: Inkjet Printing Recipes (Fujifilm Dimatix DMP 2850) of Silver Nanoparticle 

Conductive Ink. 
Nanoparticle 
Ink  

Optimized Inkjet Printing 
Parameters 

Inkjet 
Printhead 

Drop 
Speed 
(m/s) 

Silver  Platen temp – 35 °C 
Cartridge temp – 35 °C 
Jetting Frequency – 5 kHz 
Jetting voltage – 22V 
Meniscus set point – 0.5 

Legacy ~4.8 

Silver  Platen temp – 35 °C 
Cartridge temp – 38 °C 
Jetting Frequency – 5 kHz 
Jetting voltage – 26V 
Meniscus set point – 5 

Samba ~7.3 
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SECTION 3.3.  CHARACTERIZATION OF SHAPE MEMORY POLYMER SUBSTRATE 

Inkjet printing electrodes on shape memory polymer (SMP) substrate allows for 3D 

electrode formation in a single process step at low temperature and atmospheric pressure.   In this 

research, thermally contracting SMP has been utilized to print electrochemical sensor (ECS) 

electrode patterns using inkjet printing silver (Ag) nanoparticle ink.   The Ag nanoparticle ink 

electrode geometry has been sintered and shrunk simultaneously by placing it into an oven for 3 

minutes.  It has been observed that the reduction factor (%) of the processed ECS (sintered and 

shrunk) achieves up to 58% approximately and creates a complex 3D metal topology which is 

difficult to obtain using conventional electrode fabrication techniques [96-98].  The detail of 

reduction factor (%) has been included in Appendix A.  In order to observe the shrinking 

characteristics of the SMP film used for this research (MagicShrink), 18 different samples (1 cm 

by 1 cm) were shrunk at six different temperatures (140°C to 190°C) for 3 minutes.   It has been 

observed that, the shrinking mechanism is similar and stable for each sample.   The reduction factor 

of the shrunk film is 0.58 for each sample.   

In this research, nanoparticle Ag ink (ANP DGP-40-LT-15-C) has been used to inkjet 

printing ECS pattern.  This nanoparticle ink becomes conductive by curing it at 150°C ~180°C for 

10 to 20 minutes.   But it has been perceived that the desired conductivity can be achieved only 

within 3 minutes at 140°C to 190°C with SMP (simultaneous curing and shrinking mechanisms).  

Resistivity measurements of the SMP fabricated electrodes have been performed to characterize 

the process impact on thin-film performance.   Scanning electron micrograph (SEM) images have 

been utilized to further characterize the 3D microstructure and topology created by inkjet printing 

on SMP fabrication process for ECS at different process temperatures.  Figure 3.5 shows SEM 
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images of inkjet printed Ag ECSs on SMP before (left) and after (right) shrinking and curing the 

electrodes.   

 

Figure 3.5: Scanning electron micrographs (SEM) of inkjet printed metal films on shape memory 
polymer before (left) and after (right) shrinking (cured and shrunk at 180 °C for 3 

minutes).  The shrunk (right) SEM strongly reveals a 3D wrinkled structure, 
providing a large surface area, useful for enhancing sensor performance. 

 

Fabricating ECSs on SMP with inkjet printing technology has shown promising potential 

to improve electrochemical sensing.   The inkjet printing on SMP process demonstrates significant 

3D geometry of silver electrode which represents an increased electrode surface area for ECSs.  It 

is difficult to fabricate similar ECSs with 3D topology using conventional techniques.  However, 

this efficient technology i.e., inkjet printing on SMP has potential to be considered for other 

electrochemical and biological applications due to increased device surface area.  Table 3.2 

represents shrinking characteristics in case of Ag inkjet printed electrodes. 
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SECTION 3.4.  FABRICATION PROCESSES 

The CAD designed electrochemical sensor (ECS) has been inkjet printed using 50 nm 

diameter silver (Ag) nanoparticle conductive ink.  The primary CAD design was a bitmap image 

which has been converted into 9 bitmap images (pixelation technique) to avoid the coalescence 

between two adjacent droplets [94-95].  Pixelation technique has been performed using MATLAB 

R2020b.   

Table 3.2: Shrinking Characteristics of Inkjet Printed (Silver Nanoparticle Ink) SMP based 
Electrochemical Sensors. 

Samples 

ID 

Temperature 

(℃) 

Duration 

(minutes) 

Initial Dimension 

(mm) 

Final 

Dimension 

(mm) 

Size Changing 

Factor 

Reduction: - 

Increment: + 

1 180 3 Length: 31 Length: 13.5 Length: - 0.56 

Width: 25 Width: 10 Width: - 0.6 

Height: 0.  52 Height: 1.53 Height: + 1.94 

2 180 3 Length: 24.5 Length: 10 Length: - 0.59 

Width: 20 Width: 7.5 Width: - 0.62 

Height: 0.52 Height: 1.50 Height: + 1.88 

3 180 3 Length: 29 Length: 13 Length: - 0.55 

Width: 23.5 Width: 10 Width:  - 0.57 

Height: 0.52 Height: 1.44 Height: + 1.92 

 
The reported sensor has been inkjet printed using 10 pL nozzles of DMP – 2850 allowing 

10% overlapping fashion of the inkjet droplets to obtain a consistent pattern without wasting the 

printing materials.  Droplet sizes varies with different substrates based on their surface and 

adhesive property.  The combination of pixelation and overlapping approach showed promising 
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result in case of homogeneity and uniformity in printed patterns on the shape memory polymer 

(SMP) substrate.  High resolution and non-contact inkjet printing has been performed at overall 

35°C (platen and cartridge temperature).   

 

Figure 3.6: Inkjet printed (IP) silver (Ag) electrodes on shape memory polymer (SMP) for lead 
(II) detection utilizing a drop on demand Dimatix DMP – 2850 materials printer.  

The overall dimension is 31×25×0.52 mm3. 

 
Initially, the SMP substrate sheet has been pretreated with ethanol rinse.  It has been dried 

with compressed air at room temperature.  This clean pretreated SMP sheet has been placed on the 

platen of the DMP – 2850 to inkjet print Ag conductive electrodes.  After patterning the Ag 

electrodes on the SMP substrate, the SMP sheet was cut into small pieces.  The lateral dimension 

of each small sample was 31×25×0.52 mm3 containing a cell of three Ag electrodes (working, 

counter, and reference electrodes).  Figure 3.6 shows the CAD design and inkjet printed Ag 

electrodes on SMP.  Each Ag ECS pattern with dimensions of 31×25×0.52 mm3 has been placed 
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in a preheated laboratory oven at 180°C for 3 minutes.  In this study, patterned Ag ECSs have been 

cured and shrunk simultaneously with approximately 58% reduction factor in lateral dimensions 

of the device.  The final dimension of the fabricated Au plated SMP incorporated inkjet printed 

ECS after shrinking/sintering process was 13×10×1.52 mm3 with working electrode surface area 

4.19 mm2.  Figure 3.7 represents inkjet printed Ag based ECS before and after the sintering 

process.   

 

Figure 3.7: Inkjet printed Ag-based electrochemical sensor (ECS) with dimension: 31×25×0.52 
mm3 - before shrinking and curing (left) and final inkjet printed miniaturized 

electrochemical sensor with dimension: 13×10×1.52 mm3 - after shrinking and 
curing (right) at 180°C for 3 minutes. 
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The fabricated inkjet printed SMP incorporated Au plated ECS contains one Au working 

electrode, one Au counter electrode, and one AgCl reference electrode.  Au working and counter 

electrodes are fabricated using gold (24K brush) immersion plating technology.  7 VDC power 

supply has been utilized to clean the inkjet printed sintered (cure and shrunk) Ag electrodes 

(working and counter electrodes) with electrode cleaner solution.  After cleaning the electrodes, 

they have been rinsed thoroughly with deionized (DI) water for 60 seconds.  6 VDC power supply 

has been applied to the working and counter electrodes after immersing them into the 24K brush 

gold solution for 60 seconds.  After gold plating the electrodes, they have been rinsed with DI 

water again for 60 seconds and gently dried with compressed natural air.   
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Figure 3.8: Simple step by step fabrication process flow of inkjet printed (IP) gold (Au) 
electrochemical sensor (ECS): (a) IP ECS on shape memory polymer (SMP) with 
dimension 13×10×1.52 mm3 (after shrinking and curing) – silver (Ag) working 
electrode (WE), Ag counter electrode (CE) and Ag reference electrode (RE), (b) 
masking technique for bleach (sodium hypochlorite) immersion on Ag RE, (c) IP 
Ag-based ECS with Ag working electrode (WE), Ag counter electrode (CE) and 

AgCl reference electrode (RE), (d) Au based IP ECS with dimension 13×10×1.52 
mm3 after Au plating immersion using 24K brush gold solution: Au WE, Au CE, 

and AgCl RE. 
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The AgCl reference electrode has been fabricated using chlorination technique [28, 47, 98].  

Ag reference electrode has been immersed in the sodium hypochlorite solution (bleach) – 3% 

without further dilution for approximately 30 seconds (until Ag electrode becomes purple).  As, it 

was desired to chlorinate only the reference electrode, masking tape has been applied on the 

counter and working electrodes.  The combination of inkjet printing on SMP increased enough 

adhesion of the Ag electrodes to tolerate the chlorination process.  After chlorination, the sensors 

have been rinsed using DI water for 30 seconds.  ECSs have been gently dried using natural 

compressed air after gentle removal of the mask.  Figure 3.8 explains step by step procedures for 

fabricating the Au plated mercury free inkjet printed ECS (CAD design, inkjet printing, curing, 

and shrinking, chlorination, and gold plating immersion process).  Finally, Figure 3.9 shows the 

actual technique to connect the fabricated inkjet printed Au plated ECSs with the potentiostat for 

conducting electrochemical analysis. 

SECTION 3.5.  SUMMARY 

In this chapter, all the fabrication details have been covered thoroughly.  This chapter 

started with the information regarding required apparatus and reagents including the description 

of the vendors.  The ECSs have been inkjet printed using Fujifilm Dimatix printer – DMP 2850.  

Fluid properties i.e., viscosity, surface tension, particle size, and pH value have been investigated 

to understand the compatibility of the silver nanoparticle conductive ink in case of utilizing DMP 

2850.  Jetting recipes have been developed for both Legacy and newly launched Samba printheads.  

The characterization of the printing substrate has been detailed in this chapter.  The shrinking 

characteristics and mechanisms (optimized time, temperature, and reduction factor) have been 

introduced - ~58% reduction factor is achieved by curing the printed sensors at 180 ℃ only for 3 

minutes.  The optimized parameters have been determined based on 15 different samples/ECSs.  

Finally, a detail and thorough step by step fabrication processes have been presented in this chapter 
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i.e., inkjet printing, curing/shrinking, applying bleach immersion for silver chloride (AgCl) inkjet 

printed reference electrode, and applying gold immersion (24K) for fabricating gold-plated inkjet 

printed working and counter electrodes of ECSs. 
 

 
Figure 3.9: Experimental setup for inkjet printed electrochemical sensor.  Red, green, and black 

wire of the USB drive are connected with reference, working, and counter electrode 
terminal of the potentiostat respectively.   
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Chapter 4: Optimization and Characterization of the Inkjet Printed Electrochemical 

Sensor 

This chapter covers optimization and characterization of inkjet printed gold-plated ECSs.  

Section 4.1 covers the information regarding resistivity.  Resistivity has been calculated using 2-

probe method with digital multimeter (DMM).  However, measuring resistivity with DMM does 

not provide actual idea of the fabricated inkjet printed ECSs.  Hence, EIS measurements have been 

performed using PBS with pH 7.42.  Section 4.2 describes about the optimized cleaning cycle.  

One major concern regarding printed sensor is their intolerance towards conventional cleaning 

cycle with 0.5 M H2SO4 which is extremely important for any type of electrochemical and 

biosensing applications.  However, the inkjet printed gold-plated ECSs have shown excellent 

tolerance and performance in case of cleaning the electrode (compared to screen printed 

electrodes) and the cleaning cycle has been optimized based on the performance for the inkjet 

printed ECSs.  Finally, Section 4.3 provides detail information regarding the characterization of 

the ECSs in case of electrochemical analysis i.e., cyclic voltammetry (CV) and square wave anodic 

stripping voltammetry (SWASV). 

 
SECTION 4.1.  RESISTIVITY 

Electrode resistance measurement is extremely important in case of electrochemical 

sensing.  Resistivity of the inkjet printed electrochemical sensor (ECS) has been measured using 

two-probe device and a digital multimeter [99].  5 samples (inkjet printed Au plated ECSs) have 

been utilized to observe the overall performance of the inkjet printed electrodes for resistivity 

measurement.  It has been observed that for each sample the resistance is consistent and suitable 

(low enough) to conduct further electrochemical analysis.   
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Table 4.1: Resistivity of The Silver Patterns for Multiple Samples. 
Sample No. 1 2 3 4 5 Average 
Resistivity 
(Ω-□) 

4.3 4.6 3.9 4.3 4.8 4.4 ± 0.3 

 
Figure 4.1: Electrochemical Impedance Spectroscopy (EIS) measurement using phosphate buffer 

saline (PBS) with pH 7.42. 

 
Table 4.1 indicates the average resistivity (Ω-□) for 5 different inkjet printed Au plated 

ECSs.  Electrochemical impedance spectroscopy (EIS) measurements are also extremely important 

to understand the reproducibility of the system.  In this research EIS measurements have been 

performed on 10 different sensors utilizing phosphate buffer saline (PBS) with pH 7.42.  The mean 

impedance of the 10 sensors was 64.07 Ω with a standard deviation of 7.19 Ω.  This measurement 

shows excellent reproducibility of the fabricated inkjet printed Au plated ECS.  Figure 4.1 

represents EIS measurement for 10 different ECSs with a broad range of frequency i.e., 0.1 Hz to 

100 KHz. 
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Figure 4.2: Cleaning procedure for inkjet printed gold electrochemical sensor – last cycle of 25 
cycles of CV for 0.5 M sulfuric acid (H2SO4).  Scan rate is 100 mV/s. 

 
SECTION 4.2.  CLEANING CYCLE 

Pre-processing is extremely important in case of electrochemical analysis.  Any type of 

contaminant can make the data i.e., cyclic voltammetry (CV) or square wave anodic stripping 

voltammetry (SWASV)) noisy, inaccurate, inconsistent, and unreliable.  The fabricated inkjet 

printed gold (Au) plated electrochemical sensors (ECSs) have been pretreated to get rid of the 

oxidized layer, improve sensitivity, reproducibility, and get a stable base line.  The traditional 

cleaning process is tedious, harsh, and unnecessary for inkjet printed Au plated ECSs.  The 

pretreatment process in this research is based on other reported investigation regarding Au ECSs 

[100-101].  However, the cleaning procedure for the inkjet printed Au plated ECSs has been 

optimized (modified based on the experiments) with 25 cycles of CV analysis using 0.5 M H2SO4 

(sulfuric acid) with 100 mV/s scan rate and 0/+1.2 V potential range specifically for inkjet printed 
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SMP incorporated silver (Ag) based Au plated ECSs.  It provides a constant concentration of the 

chloride (Cl-) ions in the electrolyte medium.  It also creates stability for the inkjet printed Ag 

based AgCl reference electrode.  Figure 4.2 represents the last cycle of 25 cycles of CV for 0.5 M 

H2SO4.  The consistent narrow reduction peak ensures the potential sensitivity/performance of the 

IP Au plated ECSs.  It has also been observed that the behavior of the IP Au plated electrode is 

consistent and similar to bare gold electrodes which opens the potential opportunity to utilize our 

low-cost consistent and reliable fabrication approach – 24 K brush Au electroplating Ag inkjet 

printed electrodes for further electrochemical and bio-applications. 

SECTION 4.3.  ELECTROCHEMICAL ANALYSIS 

Cyclic voltammetry (CV), square wave anodic stripping voltammetry (SWASV), and 

electrochemical impedance spectroscopy (EIS) have been performed on the fabricated ECSs for 

electrochemical analysis.  0.1M HCl has been utilized as a supporting analyte while performing 

the electrochemical analysis (CV and SWASV).  HCl is significantly important to detect HMIs in 

aqueous solution.  It provides a constant concentration of the chloride (Cl-) ions in the electrolyte 

medium.  It has been determined to experiment the fabricated electrochemical sensors (ECSs) with 

both the optimized solution (0.1M HCl) with and without lead (II) to observe its potential to 

perform further development.  EIS has been conducted with phosphate buffer saline (pH 7.42) as 

an electrolyte.  This electrolyte has been prepared using 0.1M sodium chloride, 0.1 M potassium 

chloride, 0.1 M disodium phosphate, and 0.1M potassium dihydrogen phosphate on July 11, 2022.  

EIS measurements have been performed for the ECSs to evaluate their performance in terms of 

impedance at different frequency range.  The impedance response has been recorded with 10 mV 

with the frequency range from 0.1 Hz to 100 KHz.  The CV has been performed using Keithley 

2450 SM.  The SWASV and EIS have been conducted using Autolab PGSTAT302N.  The 
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optimized parameters for SWASV are modulation amplitude - 280 mV, frequency - 15 Hz, 

estimated duration - 4.4 s, and scan rate - 45 mV/s, and deposition time - 5 minutes. 

Initially to characterize the performance of the fabricated gold (Au) plated electrochemical 

sensors (ECSs), 3 mM lead (II) has been diluted with 0.1 M HCl to prepare the samples (both 

deionized (DI) and tap water).  The Au electrochemical sensors have been utilized to conduct 

cyclic voltammetry (CV) electrochemical analysis for blank, 3mM, and 14.4 𝜇𝜇𝜇𝜇/𝐿𝐿 lead (II) 

contaminated aqueous solution (optimized with 0.1 M HCl) – USEPA approved lead (II) level in 

drinking water is 15 𝜇𝜇𝜇𝜇/𝐿𝐿.  Figures 4.3 and 4.4 illustrate the performance of the analysis with 100 

mV/s scan rate and -0.6/-0.2 V potential range in case of lead (II) contaminated DI and tap water 

respectively.  HCl with 0.1 M has been utilized as a supporting analyte while performing the 

electrochemical analysis i.e., CV.  HCl is significantly important to detect heavy metal ions in 

aqueous solution.  It has been noted that the CV graph for blank does not contain any 

oxidation/stripping peak in case of both DI and tap water.  However, 3 mM and 14.4 𝜇𝜇𝜇𝜇/𝐿𝐿 lead 

(II) contaminated aqueous solution shows a pair of oxidation and reduction peaks for both 

optimized DI and tap water.  Reduction/cathodic peak (~ - 480 mV) represents bulk deposition and 

oxidation/anodic (~ - 445 mV) peak represents bulk stripping of the lead (II) ion in the optimized 

aqueous solution (0.1M HCl) i.e., DI and tap water.   
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Figure 4.3: Cyclic Voltammetry (CV) of gold (Au) plated electrochemical sensor (ECS) for 

blank (optimized DI water without lead(II)) – green, 3mM lead (II) (optimized DI 
water with 3 mM lead (II)) – red), and 14.4 𝜇𝜇𝜇𝜇/𝐿𝐿 lead (II) (optimized DI water with 

14.4 𝜇𝜇𝜇𝜇/𝐿𝐿  lead (II)) – blue) at 100 mV/s. 
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Figure 4.4: Cyclic Voltammetry (CV) of gold (Au) plated electrochemical sensor (ECS) for 

blank (optimized tap water without lead(II)) – green, 3mM lead (II) (optimized tap 
water with 3 mM lead (II)) – red), and 14.4 𝜇𝜇𝜇𝜇/𝐿𝐿 lead (II) (optimized tap water 

with 14.4 𝜇𝜇𝜇𝜇/𝐿𝐿  lead (II)) – blue) at 100 mV/s. 
SECTION 4.4.  SUMMARY 

Resistivity with 2-probe method and EIS measurements with potentiostat have been 

conducted with fabricated inkjet printed ECSs.  EIS measurement represents that the mean 

impedance of the 10 ECSs is 64.07 Ω with a standard deviation of 7.19 Ω.  This data shows 

excellent performance of the fabricated sensors for any electrochemical and/or biosensing 

applications.  This phenomenon also represents the reproducibility of the fabricated sensors.  This 

chapter has included the optimization of the cleaning cycle in detail.  25 cycles of CV with 0.5 M 

H2SO4 has been optimized and showed excellent performance for inkjet printed gold-plated ECSs.  

Finally, electrochemical analysis has been characterized in this chapter as well.  CV and SWASV 

have been considered as 2 potential voltammetric techniques to perform further electrochemical 

analyses.   
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Chapter 5: Results – Inkjet Printed Gold Plated Electrochemical Sensors 

This chapter consists of all the results/data obtained using inkjet printed gold-plated ECSs.  

Section 5.1 covers effective electrode surface area (EESA) calculation.  EESA is important in case 

of electrochemical or biosensing applications as this electrical surface area is different than 

geometric or mechanical surface area.  EESA is defined as an actual area where electron exchange 

takes place.  A mathematical model has been developed for the fabricated inkjet printed ECSs 

based on EESA and geometric/mechanical area of the working electrode.  Section 5.2 covers a 

detail result sections for inkjet printed gold-plated ECSs i.e., scanning electron micrograph images 

(SEM), energy dispersive spectroscopy (EDS), CV, SWASV, limit of detection (LOD) and limit 

of quantitation (LOQ).  Section 5.3 describes about the processes of bismuth functionalization in 

detail.  This section also covers results/data obtained utilizing bismuth coated inkjet printed ECSs 

i.e., SEM, EDS, CV, SWASV, LOD, and LOQ.  A detail description of reusability, selectivity, 

and compatibility with real samples i.e., tap water and river water have been provide in Section 

5.4, 5.5, and 5.6 respectively.  Uncertain analysis is extremely important to validate any sensor.  

Uncertainty analysis – GUM approach has been introduced in Section 2.5 (Chapter 2).  In this 

research, inkjet printed ECSs have been fabricated using Gum approach for 15 samples (ECSs).  

Section 5.7 represents detail analysis regarding uncertainty analysis.  Finally, Section 5.8 shows 

cost analysis of the fabricated inkjet printed ECSs. 

 
SECTION 5.1.  EFFECTIVE ELECTRODE SURFACE AREA 

Effective electrode surface area (EESA) is defined as an active area of working electrode 

where the electron exchange takes place.  It is different than geometric surface area and generally 

exceeds the physical areas of small electrodes considering a higher number of chemically reactive 

sites [102-103].  It is directly related with most of the parameters of the electrode reaction which 

makes it an important phenomenon to discuss and analyze for the fabricated electrochemical 

sensors (ECS).  Nanostructured electrode surface plays an important role in surface enlargement 
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[104-112].  The geometric area of the electrodes can be determined visually using techniques such 

as scanning electron microscopic (SEM) images.  But this determination does not resemble the 

idea of true EESA or electrochemically active electrode area [113].   

Hence, it is important to analyze/compute this characteristic which is an important quality 

control parameter.  Several methods and techniques have been reported for EESA calculation 

throughout the time for solid and liquid electrodes [114-118].  However, computing EESA in case 

of screen-printed electrode (SPE) and/or inkjet printed electrode is still an area that requires further 

attention, consideration, and development due to lack of analytical ideas regarding the size and 

morphology of the fabricated electrodes [116].  To the best of my knowledge EESA calculation of 

inkjet printed electrochemical sensor has never been previously reported.  Cyclic voltammetry 

(CV) and chronocoulometry (CC) are considered as two appropriate techniques to analyze EESA 

for printed electrodes.  In this research CV has been taken into consideration for EESA calculation.  

Modified and previously reported Randles-Sevcik (R-S) equations for reversible, quasi-reversible, 

and irreversible electrochemical processes (CV) at 25 °C are given below [119-128]: 

                       𝐼𝐼𝑝𝑝(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) = 2.69 × 105𝑛𝑛3/2𝐴𝐴𝐴𝐴√𝐷𝐷𝐷𝐷                                            (5.1) 

                       𝐼𝐼𝑝𝑝(𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) = (2.69 × 105𝑛𝑛3/2𝐴𝐴𝐴𝐴√𝐷𝐷𝐷𝐷 ) K(ʌ,𝛼𝛼)            (5.2) 

                     𝐼𝐼𝑝𝑝(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) = 2.99 × 105𝑛𝑛3/2𝐴𝐴𝐴𝐴√𝐷𝐷𝐷𝐷𝐷𝐷                                        (5.3) 
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Figure 5.1: Plot of (A) ∆(∧,𝛼𝛼) and (B) K(∧,𝛼𝛼) with a range of different transfer co-efficient, 𝛼𝛼 - 
[127, 128]. 

 
Where, Ip is forward peak (anodic/stripping) current (amps), n is the number of electrons 

in the electrochemical process, A is effective electrode surface area (cm2), C is the concentration 

(mol/cm3), D is diffusion coefficient (cm2/s), and v is scan rate (V/s).  The diffusion co-efficient 

can be estimated from the slope of the plot of Ip vs √𝑣𝑣.  In the quasi-reversible equation, K(∧,𝛼𝛼) 

is a dimensionless parameter which is defined by calculating 𝛹𝛹, log(∧), and ∆(∧,𝛼𝛼) respectively.   

𝛹𝛹 is determined from Nicholson plot based on peak to peak separation [127].  In equation 5.5, 

𝐸𝐸𝑃𝑃and 𝐸𝐸𝑃𝑃/2 are peak potential and half wave peak potential respectively.  Figures 5.1 represents 

∆(∧,𝛼𝛼) and K(∧,𝛼𝛼) with respect to function of log (∧).  Figure 5.2 is utilized for determining the 

value of 𝛹𝛹 based on the peak to peak separation of CV plot. 

                                                    log (∧)  = log(𝛹𝛹�𝜋𝜋)                                                     (5.4) 
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                                                 ∆(∧,𝛼𝛼) =  𝐸𝐸𝑃𝑃/2−𝐸𝐸𝑃𝑃
26

                                                         (5.5) 

 

Figure 5.2: Peak to peak separation vs.  kinetic parameter, 𝛹𝛹 [127, 128]. 

It is important to select appropriate equation to compute this parameter based on the CV 

plot – reversible if the peak to peak separation is lower than 63mV (in practice) and independent 

of scan rate as well as quasi-reversible if the peak to peak separation is in between 63 mV and 200 

mV and dependent of scan rate [27].  In this research EESAs have been calculated for inkjet printed 

electrode utilizing conventional 3mM ferri(III)cyanide/ferro(II)cyanide in 0.1 M KCl.  From 

Figures 5.3 it has been observed that the CV plots are quasi-reversible.  The calculated EESAs of 

the square working electrode is 7.25 mm2 ± 0.15 mm2 (lateral area - 4 mm2) which justifies our 

previously reported claim to have increased effective electrode surface area even after 

miniaturization of the Au ECSs in case of inkjet printing on shape memory polymer (SMP)  
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substrate.  The EESA has been calculated based on 15 different samples – inkjet printed Au plated 

ECSs – Figure 5.4. 

 

Figure 5.3: Cyclic voltammogram (CV) for inkjet printed gold electrochemical sensor (square 
working electrode surface area) for 3 mM of ferri(III)cyanide/ferro(II)cyanide in 0.1 M KCl (10, 

20, 30, 40, 50, 60, 70, 80, 90, and 100 mV/s). 

 

Figure 5.4: Area (mm2) calculated using Randles-Sevcik quasi-reversible equation for 15 
different samples (inkjet printed gold plated electrochemical sensors. 
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From the characterization of the utilized SMP substrate, it has been observed that the 

mechanical/lateral area (Ashrunk) of inkjet printed ECS (cured/shrunk) has been reduced up to ~58% 

(both in length and width) compared to as-printed mechanical/lateral area (Aas-printed) – equation 

5.6 after curing and shrinking the printed ECSs.  As printed area of the inkjet printed gold plated 

electrode is 20.25 mm2 and the shrunk lateral area is 4.19 mm2.  Hence, the reduction factor in case 

of working electrode area is ~79%.  Equation 5.7 proclaims the relationship between as-printed 

and shrunk ECSs.  Electrical area or EESA has been calculated using Randles-Sevcik quasi 

reversible equation.  It has been observed that the electrical area or EESA (Aelectrical) increases with 

~73% compared to mechanical or lateral area (Ashrunk) of the fabricated shrunk ECSs.  Equations 

5.9 and 5.10 represent the relationship between both pairs i.e., electrical and shrunk mechanical 

area as well as electrical and as printed mechanical areas.  This mathematical model provides 

potential flexibility to design inkjet printed micro electromechanical systems (MEMS) i.e., ECSs 

in the broader aspect.   

                                                 𝐴𝐴𝑎𝑎𝑎𝑎−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝐴𝐴𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐴𝐴𝑎𝑎𝑎𝑎−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

= ~79.31%                                                 (5.6) 

𝐴𝐴𝑎𝑎𝑎𝑎−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐴𝐴𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = ~0.7931𝐴𝐴𝑎𝑎𝑎𝑎−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

𝐴𝐴𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = ~0.  207𝐴𝐴𝑎𝑎𝑎𝑎−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

                                                     𝐴𝐴𝑎𝑎𝑎𝑎−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = ~4.83𝐴𝐴𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟                                                (5.7) 

                                        𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒−𝐴𝐴𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 
𝐴𝐴𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 

 =   ~73%                                              (5.8) 

𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝐴𝐴𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = ~0.73𝐴𝐴𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  

𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = ~1.73𝐴𝐴𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  

                                           𝐴𝐴𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = ~0.58𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒                                         (5.9) 

                                              𝐴𝐴𝑎𝑎𝑎𝑎−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = ~2.79𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒                                                 (5.10) 
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SECTION 5.2.  GOLD PLATED INKJET PRINTED ELECTROCHEMICAL SENSOR 

This section describes the data/results i.e., scanning electron micrograph (SEM) images, 

energy dispersive spectroscopy (EDSs), square wave anodic stripping voltammetry (SWASV) for 

different concentration of lead (II) contaminated optimized deionized (DI) water, and calibration 

curve to determine limit of detection (LOD) for a simple, miniaturized, reproducible, and 

disposable 3D inkjet printed gold (Au) plated electrochemical sensor (ECS) – Figure 5.5.  The 

LOD of the Au plated ECS is 7.6 µg/L (below USEPA approved detection limit – 15 µg/L).  The 

sensor consists of Au working electrode, Au counter electrode, and silver chloride (AgCl) 

reference electrode.   

 

 
Figure 5.5: Inkjet printed gold electroplated electrochemical sensor on shape memory polymer 

(left).  The cell consists of gold working electrode (WE) and counter electrode (CE) 
and silver chloride reference electrode (RE).  The lateral and effective electrode 

surface area are 4.19 mm2 and 7.25 mm2 respectively.  The energy dispersive 
spectroscopy layered image (right) shows the potential coating of gold on silver 

inkjet printed electrodes. 
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Fig.  5.6: Scanning electron micrographs (SEM) of inkjet printed metal films on shape memory 

polymer after shrinking, revealing a 3D wrinkled structure, providing a large 
surface area, useful for enhancing sensor performance.   

 
SEM image is a significant tool to observe the characteristics (3D topology and 

composition) of any material.  In this research, Hitachi SU 3500 SEM has been used to characterize 

the 3D topography of the materials i.e., Au used to fabricate the reported sensor.  Figure 5.6 reveals 

highly textured 3D geometry of different materials of the fabricated sensors after curing and 

shrinking.  Complex surface topology such as squeezing in the vertical direction, tangled, 

serpentine, and melted geometric properties of different materials are observed in Figure 5.4 due 

to shape memory polymer (SMP) substrate contraction and heating.  Squeezed 3D geometry of the 

inkjet printed nanoparticle ink in the presented SEM image explains the reason for having 
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increased actual (electrical) effective electrode surface area (EESA) despite miniaturizing the 

lateral dimension or mechanical area of the Au plated inkjet printed ECSs. 

EDSs of the fabricated Au plated and silver (Ag) based working electrode as well as AgCl 

reference electrode have been observed to understand/analyze the effectivity of the Au plating – 

24K brush gold solution and chlorination – 3% sodium hypochlorite solution technology 

respectively in case of inkjet printed ECS fabrication utilizing SMP.  Figures 5.7, 5.8, and 5.9 

represent the EDSs for Ag working electrode, AgCl reference electrode, and Au working electrode 

respectively.  It is observed that in case of Ag working electrode only the presence of Ag (41.7%) 

is prominent other than carbon and oxygen.  In case of AgCl reference electrode the presence of 

Ag (42.2%) and Cl (7.9%) are significant.  The presence of Au (9.9%) also showed the evidence 

of gold plating operation in case of Au plated working electrode.  The presence of other material 

i.e., carbon and oxygen were present due to environment and sulfur was visible due to wavelength 

misinterpretation by the software. 

 

Figure 5.7: Energy dispersive spectroscopy for inkjet printed silver electrode (41.7% silver). 
 



66 
 

 
Figure 5.8: Energy dispersive spectroscopy for silver chloride (AgCl) reference electrode (7.9% 

chlorine). 

 

 
Figure 5.9: Energy dispersive spectroscopy for inkjet printed gold plated silver based electrode 

(9.9% gold). 

 
After optimization and characterization, Au plated inkjet printed SMP incorporated ECSs 

have been utilized to detect lead (II) ion in aqueous solution i.e., 30 𝜇𝜇𝜇𝜇/𝐿𝐿, 25 𝜇𝜇𝜇𝜇/𝐿𝐿, 15 𝜇𝜇𝜇𝜇/𝐿𝐿, and 

0 𝜇𝜇𝜇𝜇/𝐿𝐿 lead (II).  Figure 5.10 represents SWASV in case of different concentrations.  Based on 
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this electrochemical analysis, the calibration curve has been obtained with higher linearity (R2 = 

0.99).  Figure 5.11 represents the calibration curve of the fabricated inkjet printed Au plated ECS.  

The limit of detection of the fabricated sensor is 7.61 𝜇𝜇𝜇𝜇/𝐿𝐿.  The detail calculation of limit of 

detection has been presented in Appendix C. 

 
Figure 5.10.  Square wave anodic stripping voltammetry for 30 µg/L (top-left: green), 25 µg/L 

(top-right: red), 15 µg/L (bottom-left: blue), and 0 µg/L (bottom-right: blank).  
Modulation amplitude - 280 mV, frequency - 15 Hz, estimated duration - 4.4 s, and 

scan rate - 45 mV/s, and deposition time - 5 minutes. 
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Figure 5.11: Calibration curve for inkjet printed shape memory polymer incorporated gold-plated 
electrochemical sensor.  The data point for each concentration is a mean of three 

different data collected using three different sensors. 

 
SECTION 5.3.  BISMUTH FUNCTIONALIZATION 

This section describes the bismuth – Bi (III) functionalization on inkjet printed gold (Au) 

plated electrochemical sensor (ECS).  Bi (III) functionalization has been considered to improve 

electrochemical sensing performance of lead (II) detection in optimized deionized (DI) water – 0.1 

M HCl.  The electrochemical cell considered in this part is the same inkjet printed Au plated 

electrode – consists of a three electrodes cell: An Au counter electrode (CE), an Au working 

electrode (WE), and a silver chloride (AgCl) reference electrode (RE).  The WE has been modified 

with Bi (III) by two different procedures: (a) ex situ - under potential deposition (UPD) of Bi (III) 

with a full cycle of cyclic voltammetry (CV) electrochemical analysis and (b) in situ - addition of 

200 µg/L Bi (III) to a sample analyte of optimized DI water contaminated with lead (II).   
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Figure 5.12: Cyclic voltammogram (CV) for the full range of under potential deposition (UPD) 
of bismuth (III) on gold plated inkjet printed electrochemical sensor (ECS).   

 
Bi (III) is an environment friendly material.  It plays an important role for heavy metal ion 

(HMI) detection.  The advantages of Bi (III) coated electrodes in case of HMIs detection are less 

toxicity, high capacity for fused-alloy formation, less interference of the dissolved oxygen in the 

test medium, and wide negative potential window.  The Au working electrode is Bi (III) coated by 

electroplating a film of Bi (III) on the surface of the electrode.  This process can be performed in 

two different ways such as ex situ and in situ.  This research has focused on both procedures to 

understand their effectivity towards improved electrochemical sensing performance.  In the ex situ 
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procedure, the electroplating has been conducted prior to the electrochemical sensing analysis.  In 

this research, the ex situ Bi (III) plating has been performed in two steps.   

 

Figure 5.13: Inkjet printed (IP) shape memory polymer (SMP) incorporated gold based 
electrochemical sensor (ECS) (a) before under potential deposition (UPD) of Bi 

(III) and (b) after UPD of Bi (III). 

 

 
Figure 5.14: Commercially available ZP sensor (a) before under potential deposition (UPD) of Bi 

(III) and (b) after UPD of Bi (III) on gold based electrochemical sensor (ECS). 
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In the first step, the solution of bismuth (III) chloride (BiCl3) and DI water (H2O) has been 

prepared – 400 𝜇𝜇g/L Bi (III) contaminated DI water.   BiCl3 is soluble in DI water due to hydrolyses 

and produces BiOCl and HCl.  In the next step, a full cycle of CV analysis has been performed on 

the Au plated IP SMP incorporated working electrodes to deposit thin Bi (III) film on the electrodes 

based on UPD.  Figure 5.12 shows one full cycle of CV for UPD of Bi (III) on Au plated WE.  

Figures 5.13 and 5.14 indicate the thin film of Bi (III) on Au working electrode (dark brown) for 

both inkjet printed (UTEP) and commercially available (ZP) ECSs respectively.  Figures 5.15 and 

5.16 represent scanning electron micrograph (SEM) images and energy dispersive spectroscopy 

(EDS) of Bi (III) coated/deposited inkjet printed WE.  Successful UPD of Bi (III) is evident in 

both characterizations i.e., 3D topology of Bi (III) salt is present in SEM images and 33.7% Bi 

(III) has been identified in EDS. 

 

Figure 5.15: Scanning Electron Micrograph images for bismuth (III) deposited inkjet printed 
gold plated electrochemical sensor. 
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Figure 5.16: Energy dispersive spectroscopy for inkjet printed Bismuth (III) deposited inkjet 
printed working electrode (33.7% bismuth). 

 
After Bi (III) coating the electrodes have been applied to electrochemical sensing such as 

lead (II) detection in the optimized DI water (0.1 M HCl) for different concentration i.e., blank, 5 

ppb, 10 ppb, 20 ppb, 40 ppb, 60 ppb, 80 ppb, and 100 ppb (1 ppb = 1 𝜇𝜇g/L ).  Figures 5.17 and 

5.18 illustrate the performance of Bi (III) coated inkjet printed electrodes in case of square wave 

anodic stripping voltammetry (SWASV) and calibration curve respectively.  The limit of detection 

(LOD) for Bi (III) deposited inkjet printed electrode is 6.39 𝜇𝜇g/L – USEPA approved lead (II) 

level in drinking water is 15 𝜇𝜇g/L. 
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Figure 5.17: Square wave anodic stripping voltammetry (SWASV) of bismuth (III) plated inkjet 
printed gold electrodes with different concentrations of lead (II) ions i.e., blank, 

5ppb, 10 ppb, 20 ppb, 40 ppb, 60 ppb, 80 ppb, and 100 ppb in 0.1 M HCl.  
Modulation amplitude - 280 mV, frequency - 15 Hz, estimated duration - 4.4 s, and 

scan rate - 45 mV/s, and deposition time - 5 minutes. 

 

Figure 5.18: Calibration curve for bismuth (III) plated inkjet printed gold plated electrochemical 
sensor.  The data point for each concentration is a mean of three different data 

collected using three different sensors. 

-0.55 -0.5 -0.45 -0.4 -0.35 -0.3

Potential (V)

-100

0

100

200

300

400

500

Cu
rre

nt
 (μ

A)

Blank

5 ppb
10 ppb
20 ppb
40 ppb
60 ppb
80 ppb
100 ppb

R² = 0.999

0.00

100.00

200.00

300.00

400.00

500.00

600.00

0 20 40 60 80 100 120

Pe
ak

 C
ur

re
nt

 (u
A

)

Concentration (ug/L)

Bismuth (III) Plated Inkjet Printed Gold Electrode



74 
 

 
Figure 5.19: Cyclic voltammogram (CV) for in situ Bismuth (III) functionalization on gold 

plated electrochemical sensor (ECS).   

 
In the in-situ procedure, the Bi (III) deposition on inkjet printed Au plated electrode has 

been conducted simultaneously with the electrochemical sensing i.e.  lead (II) detection process.  

Different concentration of Bi (III) i.e., 50 µg/L, 100 µg/L, 150 µg/L, and 200 µg/L have been 

added with the sample analyte of lead (II) contaminated optimized DI water – 5 mM lead (II).  

Figure 5.19 represents CV for different concentration of Bi (III) diluted in 5 mM lead (II) 

contaminated optimized DI water.  It is observed from the CV analysis that 200 µg/L of Bi (III) 

performs better in terms of oxidation/reduction peaks.  Hence, 200 µg/L concentration of Bi (III) 

has been chosen for further electrochemical analysis i.e., SWASV for different concentration of 

lead (II).  Figure 5.20 shows SWASV for different concentration of lead (II) contaminated 

optimized DI water added with 200 µg/L Bi (III).  The LOD for inkjet printed Au plated ECS in  
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Figure 5.20: Square wave anodic stripping voltammetry (SWASV) of inkjet printed gold 

electrodes with different concentrations of lead (II) ions i.e., blank, 5ppb, 10 ppb, 
20 ppb, 40 ppb, 60 ppb, 80 ppb, and 100 ppb including 200 µg/L bismuth (III) salt 

in 0.1 M HCl.  Modulation amplitude - 280 mV, frequency - 15 Hz, estimated 
duration - 4.4 s, and scan rate - 45 mV/s, and deposition time - 5 minutes. 

 

 
Figure 5.21: Calibration curve for inkjet printed gold plated electrochemical sensor with 200 

µg/L bismuth (III) salt in lead (II) contaminated aqueous solution.  The data point 
for each concentration is a mean of three different data collected using three 

different sensors. 
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case of in situ Bi (III) functionalization is 14.08 µg/L – USEPA approved lead level is 15 µg/L for 

drinking water.  Finally, Figure 5.21 represents the calibration curve for in situ Bi (III) 

functionalization.   

 
SECTION 5.4.  REUSABILITY 

Reusability is an important characteristic for any electrochemical sensor (ECS).  This 

characteristic needs to be assessed, evaluated, and analyzed appropriately.  In case of inkjet printed 

shape memory polymer (SMP) incorporated Au electroplated ECSs, reusability test has been 

conducted thoroughly.  Cleaning cycle is crucial in case of reusing the ECSs.  It is mandatory to 

clean the inkjet printed ECS after every use to get rid of the oxidized layer, improve sensitivity, 

reproducibility, and get a stable base line.  In case of reusing the ECSs, the cleaning cycle also 

makes sure the electrode gets rid of all the contaminants including the prior experimental sample 

analyte i.e., lead (II) in this case.  Figure 5.22 shows the last cycle of 25 cycles cyclic voltammetry 

(CV) electrochemical analysis using 0.5 M H2SO4 for reusing the inkjet printed ECS for 4 times.  

It has been observed that for each time (until 4 times) the CV is clear and shows a large potential 

window for further electrochemical analysis.   
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Figure 5.22: Last cycle of 25 cycles of cyclic voltammogram (CV) for 0.5M H2SO4 for 4 times 

before each measurement.  Scan rate is 100 mV/s. 

 
Figure 5.23: Cyclic Voltammetry (CV) of gold (Au) plated electrochemical sensor (ECS) for 

5mM lead (II) contaminated 0.1M HCl (optimized DI water) for 4 times at 50 
mV/s.  The ECS was cleaned with 25 cycles of CV at 100 mV/s using 0.5 M 

H2SO4 prior every use. 
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Figure 5.24: Square wave anodic stripping voltammetry (SWASV) of gold (Au) plated 
electrochemical sensor (ECS) for 5mM lead (II) contaminated 0.1M HCl 

(optimized DI water) for 4 times - modulation amplitude - 280 mV, frequency - 15 
Hz, estimated duration - 4.4 s, and scan rate - 45 mV/s, and deposition time - 5 
minutes.  The ECS was cleaned with 25 cycles of CV at 100 mV/s using 0.5 M 

H2SO4 prior every use. 
 

Both CV and square wave anodic stripping voltammetry (SWASV) have been conducted 

for 5 mM lead (II) contaminated optimized DI water to perform reusability test.  Figures 5.23 and 

5.24 represent CV and SWASV in case of 5 mM lead (II) contaminated 0.1 M HCl.  It has been 

observed that the voltammetry stripping peak in both cases i.e., CV and SWASV are consistent 

(CV peak currents = 230.63 𝜇𝜇𝜇𝜇 ± 1.45 and SWASV peak currents = 230.86 𝜇𝜇𝜇𝜇 ± 6.95).  It has 

also been observed from both electrochemical analysis and mathematical calculation that inkjet 

printed SMP incorporated Au plated ECSs have acceptable and potential reusability characteristic 

(up to 4 times).  It should be noted that there is a challenge in case of reusing the ECSs for more 
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than 4 times.  It has been observed that the Au plated working electrode breaks after 4th use.  There 

might be several reasons for this occurrence i.e., cleaning with strong (0.5M) H2SO4, lots of 

cleaning cycles, cleaning with electro cleaner during fabrication, or applying high voltage.  This 

phenomenon will be explored in future, and it is assumed that the reusability number will be 

increased significantly if the reason can be identified and optimized. 

SECTION 5.5.  SIMULTANEOUS DETECTION OF OTHER HMIS 

The selectivity of the inkjet printed gold plated electrochemical sensor has been 

investigated in case of cadmium (III), copper (II), iron (III), and bismuth (III) ion.  It is observed 

from Figure 5.25 that these heavy metal ions i.e., copper (II) and iron (III) does not have any 

interference with the lead (II) stripping peak at approximately -480 mV in case of individual 

sensing phenomenon.  However, this experiment does not prove actual selectivity characteristic of 

the fabricated inkjet printed gold plated ECSs.   

 
Figure 5.25: Selectivity test for inkjet printed shape memory polymer based gold plated 

electrochemical sensor in case of lead (II), iron (III), and copper (II) individually. 
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Figure 5.26: Selectivity test for inkjet printed shape memory polymer based gold plated 

electrochemical sensor in case of simultaneous presence of lead (II), cadmium (II) 
and copper (II). 

 
 Actual selectivity test has been conducted on fabricated inkjet printed ECSs.  Three 

different sample solutions each containing equal amount of lead (II), cadmium (II), and copper (II) 

have been prepared.  Figure 5.26 shows the performance of the fabricated inkjet printed ECSs in 

case of three different sample solutions i.e., 100 µg/L lead (II), cadmium (II), and copper (II), 500 

µg/L lead (II), cadmium (II), and copper (II) and 1000 µg/L lead (II), cadmium (II), and copper 

(II) respectively.  It is observed that cadmium (II) peak is missing in Figure 5.26.  This happened 

due to the presence of copper (II) ion [11].  However, significant peaks of lead (II) and copper (II) 

ions show promising performance of the fabricated ECSs in case of selectivity for lead (II) sensing 

in aqueous solution.  A miniature bismuth peak is visible due to bismuth coated gold-plated inkjet 

printed working electrode. 
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SECTION 5.6.  COMPATIBILITY WITH REAL SAMPLE 

In order to find the compatibility of the inkjet printed ECSs, it has been utilized for both 

tap water and river water.  Figure 5.27 represents CVs for both blank (only 0.1 M tap water) and 

5 mM lead (II) contaminated 0.1 M tap water.  Figure 5.28 also shows CVs for both blank (only 

0.1 M river water) and 5 mM lead (II) contaminated 0.1 M river water.  All the water samples were 

filtered using filter paper.   

 
Figure 5.27: Cyclic Voltammetry (CV) of gold (Au) plated electrochemical sensor (ECS) for 

blank (optimized tap water without lead (II)) – green, 5mM lead (II) (optimized tap 
water with 5 mM lead (II)) – purple at 100 mV/s. 
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Figure 5.28: Cyclic Voltammetry (CV) of gold (Au) plated electrochemical sensor (ECS) for 

blank (optimized tap water without lead (II)) – green, 5mM lead (II) (optimized 
river water with 5 mM lead (II)) – red at 100 mV/s. 

 
SECTION 5.7.  UNCERTAINTY ANALYSIS 

In this research, “Type A evaluation of standard uncertainty” approach from “Evaluation 

of Measurement Data – Guide to the expression of uncertainty in measurement” has been utilized 

to determine the uncertainty in the raw data.  The GUM approach has been introduced in Section 

2.5 (Chapter 2).  The approach allows determining the uncertainty considering conditions for each 

specific measurement.  15 samples have been considered to collect the raw data of initial 

dimension, final dimension, reduction factor, resistivity, and oxidation peak from CV 

electrochemical analysis.  The individual initial dimension, final dimension, reduction factor, 

resistivity, and oxidation peak varied due to fabrication process such as inkjet printing the 
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electrodes, making small samples, curing and shrinking the electrodes at 180 °C for 3 minutes, and 

digital reading of the dimension and resistivity.  Same solution has been used for characterizing 

all the 15 electrochemical sensors, so analyte concentration does not have any responsibility for 

these differences.  The experimental variance of the observations estimated the probability 

distribution of each occurrence (initial dimension, final dimension, reduction factor, resistivity, 

and oxidation peak).  The calculated experimental standard deviation illustrated the dispersion of 

each observation from their mean.  The variance and standard deviation of the mean have been 

determined by considering the experimental variance and experimental standard deviation out of 

the total number of observations/occurrences.  This variance of mean is defined as Type A variance 

and the standard deviation of the mean is defined as Type A standard uncertainty.  Equations A-4 

and A-5 from NIST Technical Note 1297 have also been used to calculate sample mean and 

standard uncertainty in case of each occurrence for 15 individual observations for 15 different 

samples/sensors.  Both approaches provided very similar standard uncertainty for Type A 

evaluation.   

Systemic errors associated with shrinking/processing temperature (140 ~ 200 °C), room 

temperature, atmospheric pressure, analyte quantity, processing and electrochemical analyzing 

response time have been evaluated by varying the above parameters.  There were no 

significant/observable changes while modifying these experimental conditions.  Tables 5.1 and 5.2 

shows data of Type A and NIST TN 1297 mean and standard deviation of the inkjet printed gold 

(Au) plated ECSs  as well as summary of the uncertainty analysis i.e., the parameters responsible 

for influencing the variation of the collected factors and the parameters those are neutral in terms 

of affecting the uniformity of the selected factors – initial dimension, final dimension, reduction 

factor, resistivity, and oxidation peak. 
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Table 5.1: Type A and NIST TN 1297 Mean and Standard Deviation Data of Inkjet Printed Gold 
Plated Electrochemical Sensor. 

Number of 
Sample 

Initial Dimension 
(length×width) 

(mm) 

Final Dimension 
(length×width) 

(mm) 

Reduction 
Factor 

(%) 

Resistivity 
Measurement 

(𝛀𝛀 −⊡) 

Measured 
Peak for 
Electro-
chemical 
Sensing 

(mA) 
1 45.18×28.63 20.11×11.65 55.4×59.3 4.3 1.584 
2 44.69×28.44 19.25×11.81 59.6×58.4 4.6 1.572 
3 44.62×28.39 18.18×11.79 59.3×58.4 3.9 1.579 
4 43.35×27.65 17.86×11.35 58.8×58.9 4.3 1.562 
5 44.13×28.90 18.69×12.03 57.6×58.3 4.8 1.581 
6 44.12×28.90 19.64×11.60 55.4×59.8 4.2 1.563 
7 43.82×28.08 18.25×11.36 58.3×59.5 4.3 1.572 
8 44.95×28.23 18.42×11.25 59.0×60.1 4.1 1.564 
9 44.69×28.44 19.25×11.81 59.6×58.4 4.2 1.582 
10 44.13×28.90 18.69×12.03 57.6×58.3 4.0 1.546 
Estimate of 
Variance 

0.0063×0.0219 0.0023×0.0146 0.0235×0.0455 0.0081 0.000066 

Experimental 
Standard 
Deviation 
(SD) 

0.0793×0.1479 0.0479×0.1208 0.1532×0.2133 0.0900 0.007745 

Type A 
Variance 
(Experimental 
Variance of 
mean) 

0.0006×0.0021 0.0002×0.0014 0.0023×0.0045 0.0008 0.000006 

Type A 
Standard 
Uncertainty 
(Experimental 
SD of mean) 

0.0244×0.0458 0.0141×0.0374 0.0479×0.0670 0.0282 0.002449 

NIST TN 1297 
Sample Mean 

44.37×28.46 18.83×11.67 58.7×58.9 4.27 1.570 

NIST TN 1297 
Standard 
Uncertainty 

0.02×0.04 0.01×0.03 0.05× 𝟎𝟎.𝟎𝟎𝟎𝟎 0.0285 0.0026 

 
Table 5.2: Summary of Uncertainty Analysis for Inkjet Printed Gold Plated Electrochemical 

Sensor. 
Factor Standard Uncertainty Comments 
Reduction factor 0.0479×0.0670 This error occurred due to 

fabrication process such as 
inkjet printing on the SMP 
substrate, making small 
samples, curing and shrinking 
the samples, and rounding 
digital reading 

Resistivity 0.0282 This occurred in case of 
changed dimension due to 
standard error 



85 
 

Measured peak for 
electrochemical sensing 

0.002449 Standard error due to rounding 
of digital reading 

Fabrication/ processing 
temperature 

No Contribution 140 ~ 200 °C 

Response time (fabrication) No contribution 3 ~ 10 minutes 
Response time (electrochemical 
analysis) 

No contribution 3 ~ 10 minutes 

Analyte amount No contribution As long as active electrode 
surface area is immersed in the 
analyte, the amount does not 
influence the calibration 

 
SECTION 5.8.  COST ANALYSIS 

Cost analysis is an important phenomenon in case of fabricating inkjet printed gold (Au) 

plated electrochemical sensors (ECSs).  The initial significant goal of this dissertation research 

was to develop fabrication processes those will create an ECS that is cost effective, sensitive, and 

selective.  To ensure cost-effectivity the use of Au nanoparticle conductive ink (3ml costs 855$ 

according to Novacentrix – July 10, 2023) has been ignored since the beginning of this research.  

All the optimization and characterization have been performed considering cost-effectivity.  To 

conduct the cost analysis calculation, the information regarding the fabrication time of each Au 

pleated ECS is extremely important.  Table 5.3 indicates the total fabrication time including 

individual time requirements in each step.  It has been observed that an inkjet printed Au plated 

ECS requires 186 minutes (in total) to complete the fabrication processes.  Table 5.4 shows cost 

per ECS in case of each resources required to fabricate the sensors i.e., shape memory polymer 

(SMP) film, silver (Ag) nanoparticle conductive ink, 24K brush Au solution, electro cleaner, 

bleach, and electricity for inkjet printing and shrinking using laboratory oven.  It has been observed 

from Table 5.4 that total cost of each inkjet printed Au plated ECS is approximately a dollar which 

makes it extremely cost effective compared to other commercially available Au electrodes.  It 

should be noted that one ZP (Zimmer and Peacock) screen printed Au electrode cost ≈14.3$ - July 

10, 2023. 
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Table 5.3: Time Analysis of Inkjet Printed Gold Plated Electrochemical Sensor. 
Fabrication Steps Required Time 

(minutes) 
Inkjet printing per layer 20 

Inkjet printing of total 9 layers 180 
Shrinking/curing 3 
Electro cleaning 0.5 

Gold plating 1 
Chlorination 0.5 

Final cleaning with DI water 0.5 
Drying with compressed air 0.5 

Total time 186 
 

Table 5.4: Cost Analysis of Inkjet Printed Gold Plated Electrochemical Sensor. 

Name of the item Cost/Sensor ($) 

Shape memory polymer film 0.0131 

Silver nanoparticle conductive ink 0.000006 

24K brush gold solution 0.75 

Electrocleaner 0.04 

Bleach (reusable) 0.01 

Electricity-inkjet printing 0.18 

Electricity-shrinking/oven 0.006 

Electricity-function generator (electro 

cleaning and gold plating) 

0.002 

Total cost 1.00 

 
SECTION 5.9.  SUMMARY 

This chapter contains a bundle of data for inkjet printed ECSs.  It started with EESA 

calculation of the ECSs using Randles-Sevcik quasi reversible equation.  The EESA of the 

fabricated inkjet printed ECS is 7.25 mm2 ± 0.15 mm2 (lateral area - 4 mm2).  A mathematical 

model has been developed utilizing reduction factor and EESA.  SEM, EDS, CV, SWASV, LOD, 

and LOQ have been calculated in case of gold-plated and bismuth coated working electrodes.  



87 
 

Bismuth coated electrodes have been considered for both in-situ and ex-situ fabrication processes.  

Reusability test has been conducted for 5 times.  It has been observed that the fabricated inkjet 

printed ECS can be reused without any challenge or difficulties until 4 times including 25 cycles 

of CV with 0.5 M H2SO4 – cleaning cycle.  Selectivity test has been performed in case of copper 

(II), iron (III), and cadmium (II).  The fabricated ECSs have shown potential performance in case 

of lead (II) contaminated real water samples i.e., tap water and river water.  Finally, uncertainty 

analysis and cost analysis have also been illustrated in detail in this chapter. 
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Chapter 6: Conclusion and Future Work 

SECTION 6.1.  SUMMARY 

This PhD dissertation research has developed a simple, miniaturized, sensitive, selective, 

reproducible, and disposable 3D (inkjet printed – additive manufacturing technology) gold (Au) 

plated electrochemical sensor (ECS) on shape memory polymer (SMP) for aqueous lead detection.  

This technology has shown promising output in case of electrochemical sensing (lead (II) 

detection) due to increased effective electrode surface area.  Lateral or mechanical surface area of 

the inkjet printed Au plated ECS is 4.19 mm2 – after curing and shrinking.  The electrical surface 

area or effective electrode surface area (EESA) of the same ECS is 22.52 mm2 ± 5.36.  The 

electrical or EESA has been calculated using Randles-Sevcik quasi reversible equation.  The data 

represents mean and standard deviation of 15 different ECSs.  Based on EESA calculation a 

mathematical model has been developed to provide conceptual idea regarding the actual – 

electrical/mechanical and as-printed dimension of the inkjet printed micro electromechanical 

systems (MEMS) devices on SMP.  The design, fabrication processes including printing recipe 

development for Dimatix Materials Printer (Fujifilm – DMP 2850) in case of both printheads (i.e., 

legacy – the old one and Samba – newly launched (2021)), optimization and characterization 

including bismuth (Bi) functionalization, repeatability, reusability, reproducibility, uncertainty 

analysis, and cost analysis of the novel SMP based IP Au plated ECSs have been investigated, 

analyzed, developed, and finally optimized in detail.  Sensor characterization, optimization, and 

evaluation have been performed using electrochemical analysis i.e., cyclic voltammetry (CV), 

square wave anodic stripping voltammetry (SWASV), and electrochemical impedance 

spectroscopy (EIS).  The fabricated ECS consists of Au working electrode (WE), Au counter 

electrode (CE), and silver chloride (AgCl) reference electrode (RE).  Immersion Au plating (24K 
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brush Au solution) has been applied on IP silver (Ag) electrodes to fabricate Au WE and CE.  This 

Au electroplating technology has made the inkjet printed ECS cost-effective without 

compromising its performance.  It has been observed continuously and consistently that the 

electrochemical behavior and potential window of the bare Au WE (popular and widely used in 

electrochemical and biosensing applications) and inkjet printed Au plated WE are similar.  

Chlorination using sodium hypochlorite solution (only 3%) has been utilized to fabricate AgCl 

reference electrode.  Bi functionalization has been performed in two different ways i.e., ex situ - a 

full range of CV (-800mV to -200 mV) - has been conducted to Bi coat/deposit the Au electrode 

with the solution of 400 µg/L Bi salt – BiCl3 and in situ –CV/SWASV have been performed with 

lead contaminated aqueous solution diluted with 200 µg/L Bi salt.  Scanning electron micrograph 

(SEM) images and energy dispersive spectroscopy (EDS) have been collected and analyzed for all 

three types of electrodes i.e., Au electroplated WE, Bi coated WE, and AgCl RE.  It has been 

observed from SEM that the 3D topology – twisted, tangled, and serpentine geometry is present in 

case of inkjet printed shrunk Au electrodes.  The EDSs validated all the developed and optimized 

fabrication processes by showing significant amount expected material for each electrode i.e., 

9.9% Au for Au WE, 7.9% chlorine for AgCl reference electrode, and 33.7% Bi for Bi deposited 

WE.  The limit of detection (LOD) of the fabricated inkjet printed ECSs are 0.64 µg/dL – Bi coated 

WE, 0.76 µg/dL – Au WE, and 1.4 µg/dL –Au WE with lead contaminated aqueous solution 

diluted with 200 µg/L Bi salt.  The R2 – square of the correlation coefficient value in each case are 

0.999, 0.992, 0.995 respectively.  It should be noted that the USEPA approved lead level in 

drinking water is 1.5 µg/dL.  Fabricated inkjet printed Au plated/Bi coated ECSs showed excellent 

sensitivity including the potential to measure the reference lead level in drinking water.  In case of 

sensitivity, clean electrodes play a significant role.  Optimization of cleaning cycle is extremely 
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important to get rid of the oxidized layer, improve sensitivity, reproducibility, and get a stable base 

line.  Inkjet printed Au plated/Bi coated ECSs require 25 cycles of CV using 0.5 M H2SO4 in order 

to get rid of any type of contaminant.  In addition, some other major characteristics i.e., selectivity, 

reproducibility, reusability, and application to real samples have also been investigated for the 

fabricated inkjet printed ECSs.  Selectivity test has been conducted in case of other heavy metal 

ions (HMIs) i.e., iron and copper.  The inkjet printed SMP incorporated ECSs shows excellent 

selectivity.  To investigate the potential ECSs reproduction, EIS measurements for the fabricated 

ECSs (64.07±7.19 Ω) has also been conducted using phosphate buffer saline (PBS; pH 7.42) - 

data has been calculated using 10 different measurements collected from 10 different fabricated 

ECSs.  Reusability test demonstrates excellent reusable capability for 4 times.  It is also evident 

that the fabricated inkjet printed Au plated/Bi coated ECSs are compatible with real samples i.e., 

tap water (El Paso, TX).  Finally, the green fabricated – mercury free inkjet printed ECSs have 

been validated using uncertainty analysis following “Type A evaluation of standard uncertainty” 

approach from “Evaluation of Measurement Data – Guide to the expression of uncertainty in 

measurement” for 15 different ECS samples in case of reduction factor (%), resistivity 

measurement (Ω-□), and peak current measurement (mA) – 3 mM of lead contaminated optimized 

DI water (0.1 M HCl). 

SECTION 6.2.  CONTRIBUTIONS OF THIS WORK 

This PhD dissertation research has contributed directly to three different areas.  First, the 

developed fabrication processes of electrochemical sensor (ECS) are simple, cost-effective, and 

reproducible.  The inkjet printed shape memory polymer (SMP) incorporated gold (Au) plated 

ECS has been applied for the first time for electrochemical sensing application i.e., heavy metal 

ions (HMIs) detection.  The promising electrochemical performance of the inkjet printed Au plated 
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electrodes (compared to bare Au electrodes) has opened a window to apply this potential cost-

effective sensor for a wide range of electrochemical and biosensing applications.   

Second, a mathematical model has been developed to explain the relationship between 

lateral/mechanical and electrical/effective electrode surface of the micro electromechanical 

systems (MEMS) i.e., sensors fabricated using inkjet printing additive manufacturing technology 

on SMP.  This model will help to design the sensors based on individual preference/requirement 

for different electrochemical and biosensing applications.   

The third contribution of this dissertation research is that it included the validation of the 

inkjet printed SMP incorporated Au electroplated ECSs using uncertainty analysis.  This is the 

first instance of including validation of the fabricated inkjet printed ECSs by conducting “Type A 

evaluation of standard uncertainty” approach from “Evaluation of Measurement Data – Guide to 

the expression of uncertainty in measurement”.  Inclusion of this error analysis helps to develop 

consistent and standard electrochemical and biosensing devices/sensors. 

Section 6.2.1.  Publication and Conference Proceeding Contributions 

The following manuscript publications in journals and/or conference proceedings related 

the dissertation research have been produced throughout the time.  Two additional journals based 

on the latest findings are in preparation.  

 
• Annatoma Arif, Angela Mendez Contreras, Sheikh Dobir Hossain, and Robert C 

Roberts, “Inkjet Printed 3D Gold Electrochemical Sensor on Shape Memory Polymer 

for Lead Detection”, IEEE Sensors Journal, vol 23, no. 13, pp 13868 – 13875, 2023. 

• Annatoma Arif, Ryan Price, and Robert C. Roberts, “Characterization and Fabrication 

of 3D Inkjet Printed Flexible Copper Electrodes”, 65th Electronic Materials 

Conference, Santa Barbara, California, June 28-30, 2023. 
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• Annatoma Arif and Robert C. Roberts, “Flexible Inkjet Printed Gold based 

Electrochemical Sensor for Aqueous Lead Detection”, 2022 IEEE International 

Conference on Flexible and Printable Sensors and Systems (FLEPS), Vienna, Austria, 

July 10-13, 2022, pp. 1-3. 

• Annatoma Arif and Robert C. Roberts, “Characterization of Aqueous Lead Sensing 

Performance of Bismuth Functionalized 3D Inkjet Printed Electrochemical 

Electrodes”, 64th Electronic Materials Conference, Columbus, Ohio, June 29-July1, 

2022. 

• Annatoma Arif, Bertha J. Chavez, Sheikh Dobir Hossain, and Robert C Roberts, 

“Scaling Effects of Inkjet Microfabricated 3D Gold Electrochemical Sensors for 

Aqueous Lead Detection”, Technical Digest, Late News, Solid-State Sensors, Actuators 

and Microsystems Workshop (Hilton Head 2022), Hilton Head, South Carolina, June 

5-9, 2022, pp. 1-3. 

• Annatoma Arif, Angela Mendez Contreras, Sheikh Dobir Hossain, and Robert C 

Roberts, “Inkjet Printed 3D Gold Electrochemical Sensor on Shape Memory Polymer 

for Lead Detection”, IEEE conference on Sensors (Sensors 2021), October 31- 

November 4, 2021. 

• Annatoma Arif, Angela Mendez Contreras, and Robert C Roberts, “Inkjet Printed 3D 

Metal Electrodes on Shape Memory Polymer towards Improved Electrochemical Bio-

Sensing Performance”, 63rd Electronic Materials Conference, June 2021. 

SECTION 6.3.  LIMITATIONS 

One limitation of this research can be identified as lack of comparison between data 

collected utilizing novel inkjet printed gold plated electrochemical sensor and traditional 
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techniques i.e., electrothermal atomic absorption spectrometry – EAAS, flame atomic absorption 

spectrometry – FAAS, inductively coupled plasma mass spectrometry – ICPMS, or inductively 

coupled optical emission spectrometry – ICOES.  It is important to compare the newly developed 

electrochemical sensing system with established traditional techniques to understand the 

characteristics, behavior, and potential strength of the novel sensing system i.e., inkjet printed gold 

plated ECSs.  Another concern can be pointed out as lack of data collected in case of real 

contaminated samples.  In this research, data has been collected utilizing intentionally 

contaminated aqueous solution i.e., DI and real samples – tap and river waters.  However, it is 

extremely important to conduct all the experiments and data collection in the laboratory setting 

with the controlled and known contaminated DI water to develop, characterize, and optimize the 

sensing system effectively and efficiently.  The aim of this research was to take the first step to 

utilize the inkjet printed Au plated ECSs for heavy metal ion detection and understand its 

performance thoroughly in a laboratory setting to optimize it completely for further utilization of 

the inkjet printed Au plated ECSs in case of real lead contaminated drinking water and blood 

samples. 

SECTION 6.4.  FUTURE WORK 

The immediate future works of this research are comparing the data collected utilizing 

newly developed inkjet printed Au plated ECSs and traditional technique i.e., ICPMS and apply 

the fabricated ECSs to determine lead (II) in real contaminated aqueous sample.  The broader 

aspect of this dissertation research is to develop a multi-functional Au plated SMP incorporated 

inkjet printed electrochemical microchip sensor (green fabricated and mercury free) for HMIs 

(lead, copper, cadmium, and mercury) detection in aqueous solution i.e., drinking water and blood 

samples.  According to USEPA, the approved lead (II) level in drinking water is 1.5 𝜇𝜇𝜇𝜇/𝑑𝑑𝑑𝑑.  
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According to CDC the revised blood lead reference value is 3.5 𝜇𝜇𝜇𝜇/𝑑𝑑𝑑𝑑 (updated on May 14, 2021).  

The fabricated inkjet printed Au plated/bismuth (Bi) coated electrochemical sensor (ECS) has 

showed excellent performance in case of lead detection for further consideration and development.  

The limit of detection (LOD) for Au plated ECS is 0.76 𝜇𝜇𝜇𝜇/𝑑𝑑𝑑𝑑 and LOD for Bi coated electrode 

is 0.64 𝜇𝜇𝜇𝜇/𝑑𝑑𝑑𝑑.  Hence, the future research goal is to apply this potential technology – inkjet 

printing on SMP to fabricate ECSs and optimize/characterize them to apply for HMIs detection in 

blood – target concentration is 3.5 𝜇𝜇𝜇𝜇/𝑑𝑑𝑑𝑑.  Therefore, the specific objectives of the future research 

goals are consistent and reliable ECSs fabrication with increased effective electrode surface area 

for lead (II) detection in blood with appropriate validation and finalize/develop multi-functional 

inkjet printed SMP incorporated electrochemical microchip sensor for HMIs detection in drinking 

water and blood samples. 
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Appendix 

Appendix A: Reduction Factor (%)  

Reduction factor (%) has been calculated using the following equation: 

                                      𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (%) = 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖− 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

× 100                                 (A.1) 

Appendix B: Effective Electrode Surface Area  

Effective electrode surface area (EESA) has been calculated using quasi reversible 

Randles-Sevcik (R-S) equation: 

                             𝐼𝐼𝑝𝑝(𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) = (2.69 × 105𝑛𝑛3/2𝐴𝐴𝐴𝐴√𝐷𝐷𝐷𝐷 ) K(ʌ,𝛼𝛼)        (B.1) 

Where, Ip is forward peak (anodic/stripping) current (amps), n is the number of electrons 

in the electrochemical process ≈ 1, A is effective electrode surface area (cm2), C is the 

concentration (mol/cm3), D is diffusion coefficient (cm2/s), and v is scan rate (V/s).  The diffusion 

co-efficient can be estimated from the slope of the plot of Ip vs √𝑣𝑣.  .  In the quasi-reversible 

equation, K(∧,𝛼𝛼) is a dimensionless parameter which is defined by calculating 𝛹𝛹, log(∧), and 

∆(∧,𝛼𝛼) respectively.  𝛹𝛹 is determined from Nicholson plot based on peak to peak separation [127].  

In equation 5.5, 𝐸𝐸𝑃𝑃and 𝐸𝐸𝑃𝑃/2 are peak potential and half wave peak potential respectively.  Figure 

B.1 represents ∆(∧,𝛼𝛼) and K(∧,𝛼𝛼) with respect to function of log (∧).  Figure B.2 is utilized for 

determining the value of 𝛹𝛹 based on the peak to peak separation of CV plot. 

                                                    log (∧)  = log(𝛹𝛹�𝜋𝜋)                                                     (B.2) 

                                                 ∆(∧,𝛼𝛼) =  𝐸𝐸𝑃𝑃/2−𝐸𝐸𝑃𝑃
26

                                                         (B.3) 
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Figure B.1: Plot of (A) ∆(∧,𝛼𝛼) and (B) K(∧,𝛼𝛼) with a range of different transfer co-efficient, 𝛼𝛼 - 
[127, 128]. 

 

Figure B.2: Peak to peak separation vs. kinetic parameter, 𝛹𝛹 [127, 128]. 
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Figure B.3: Cyclic voltammogram (CV) for inkjet printed gold electrochemical sensor (square 
working electrode surface area) for 3 mM of ferri(III)cyanide/ferro(II)cyanide in 0.1 M KCl (10, 

20, 30, 40, 50, 60, 70, 80, 90, and 100 mV/s). 
 

 
Figure B.3 shows cyclic voltammetry (CV) for 5mM lead (II) contaminated optimized 

deionized (DI) water in case of 4 different scan rate i.e., 10, 20, 30, and 50 mV/s.  The peak to 

peak separation of the CV plot is 68.37 mV.  Based on peak to peak separation, 𝛹𝛹 is ~4.25 (from 

Figure B.2).  ∆(∧,𝛼𝛼) becomes 2.10 based on Figure B.3 and equation B.3.  So, from Figure B.1 

𝐾𝐾(∧,𝛼𝛼) becomes 1.  Hence the quasi reversible R-S equation is: 

                            𝐼𝐼𝑝𝑝(𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) = (2.69 × 105𝑛𝑛3/2𝐴𝐴𝐴𝐴√𝐷𝐷𝐷𝐷 )                    (B.4) 

Table B.1 represents peak current (amps) vs.  square root of different scan rates.  Table B.1 

helps to determine D.  Figure B.4 shows the peak current (amps) vs.  square root of scan rate 

(√(𝑚𝑚𝑚𝑚/𝑠𝑠) curve.  The slope of this curve/straight line equation is defined as diffusion coefficient, 

D in cm2/s.  For this example, D is 3 𝜇𝜇cm2/s.  3 mM ferri(III)cyanide/ferro(II)cyanide has been 
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utilized to conduct this experiment.  So, C would be 3 𝜇𝜇mol/cm3.  If a peak current at any scan rate 

is considered, the calculated effective electrode surface area (EESA) or electrical arear for this 

example would be 7.17 𝑚𝑚𝑚𝑚2. 

Table B.1: Peak Currents at Different Scan Rates. 

 
Square root 
of scan rate Current (𝝁𝝁𝝁𝝁) 

3.162278 1.00E-05 
4.472136 1.39E-05 
5.477226 1.70E-05 
6.324555 1.99E-05 
7.071068 2.23E-05 
7.745967 2.47E-05 
8.3666 2.71E-05 

8.944272 2.91E-05 
9.486833 3.15E-05 

10 3.31E-05 
 

 

Figure B.4: Peak current vs.  square root of scan rate.  The slope is defined as diffusion 
coefficient (D - cm2/s). 
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Appendix C: Limit of Detection and Limit of Quantitation 

Limit of detection (LOD) and limit of quantitation (LOQ) are two important parameters to 

validate any analytical methods.  LOD can be defined as the lowest concentration of sample analyte 

that can be detected continuously and consistently with a stated probability.  It is not necessarily 

quantified as an exact value.  It should be noted that LOD is different than sensitivity.  Sensitivity 

can be defined as the ability of an analytical method to identify any small change in the sample 

analyte.  It can be determined by the slope of the calibration curve.  On the other hand, LOQ can 

be defined as the lowest concentration of sample analyte that is an exact value and can be detected 

with accuracy and precision.  LOD and LOQ can be determined in three different ways i.e., visual 

evaluation, signal to noise ratio, and standard deviation of the electrochemical signal and slope.  In 

this dissertation research, LOD and LOQ have been calculated using standard deviation and slope 

of the calibration curve.  The calibration curve has been developed with the electrochemical 

response i.e., peak current of square wave anodic stripping voltammetry (SWASV) of lead (II) 

contaminated optimized deionized (DI) water at different concentrations.  The formulae for 

calculating LOD and LOQ are given below: 

                                           𝐿𝐿𝐿𝐿𝐿𝐿 = 3.3 𝜎𝜎
𝑆𝑆
                                                                       (C.1) 

                                           𝐿𝐿𝐿𝐿𝐿𝐿 = 10 𝜎𝜎
𝑆𝑆
                                                                        (C.2) 

𝜎𝜎 is defined as the residual standard deviation of the regression line and S is the slope of 

the calibration curve.   

Table C.1: Peak Currents of Square Wave Anodic Stripping Voltammetry for Different 
Concentrations of Lead (II) Contaminated Optimized DI Water. 

 

No. 
Concentration 

(ug/L) Peak Current (uA) 
1 0 1.80E+01 
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2 5 3.60E+01 
3 10 6.92E+01 
4 20 1.11E+02 
5 40 2.09E+02 
6 60 2.91E+02 
7 80 3.82E+02 
8 100 4.90E+02 

 
The regression analysis has been performed using “Data Analysis” tools in Excel.  An 

example of calculating LOD and LOQ is given below.  This data/example has been calculated for 

inkjet printed shape memory polymer (SMP) incorporated bismuth (Bi) functionalized i.e., Bi 

coated gold-plated electrochemical sensor (ECS).  Table C.1 shows stripping peak current of 

SWASV for different concentrations of lead (II) contaminated optimized DI water.  Table C.2 is 

the summary output of regression analysis/statistics using Excel.  This summary contains 

important information i.e., standard error of intercept, 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 which is required to calculate 

standard deviation of intercept, 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖.  The equation of 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is given below: 

                𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 × �𝑁𝑁𝑁𝑁.  𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠                                 (C.3) 

Table C.2: Summary Output of Regression Statistics Analyzed using Excel. 
Regression Statistics    

Multiple R 0.999490433    
R Square 0.998981127    

Adjusted R Square 0.998811314    
Standard Error 5.978712356    
Observations 8    

     
ANOVA     

 df SS MS F 
Regression 1 210282.72 210282.72 5882.85667 
Residual 6 214.470009 35.7450014  

Total 7 210497.19   
     

 Coefficients 
Standard 

Error t Stat P-value 
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Intercept 17.48779913 3.18881474 5.48410634 0.0015375 
X Variable 1 4.650790498 0.06063629 76.6997827 3.3066E-10 

 

 

Figure C.1: Calibration curve for bismuth (III) plated inkjet printed gold plated electrochemical 
sensor.  The data point for each concentration is a mean of three different data 

collected using three different sensors. 

 
Slope, S of the calibration curve is also very important to calculate LOD and LOQ.  Figure 

C.1 represents calibration curve which contains the information of the slope of peak current vs.  

concentration of lead (II) ions graph.  𝜎𝜎 from equations C.1 and C.2 is defined as 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 

calculated using equation C.3.  So, final equations of LOD and LOQ are: 

                                     𝐿𝐿𝐿𝐿𝐿𝐿 = 3.3 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖× �𝑁𝑁𝑁𝑁.  𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠
𝑆𝑆

                                 (C.4) 

                                   𝐿𝐿𝐿𝐿𝐿𝐿 = 10 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖× �𝑁𝑁𝑁𝑁.  𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠
𝑆𝑆

                                   (C.5) 

In this example, 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is 3.1888, no.  of observations is 8, and S is 4.6508.  Hence, 

the calculated LOD and LOQ for the inkjet printed Bi deposited Au electroplated ECS are 6.39 

𝜇𝜇𝜇𝜇/L and 19.39 𝜇𝜇𝜇𝜇/L. 
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Appendix D: Unit Conversions 

• 1 unit = 1000 milliunit 

• 1 unit = 1000000 microunit 

• 1 unit = 0.001 Kilounit 

• 1 ppb = 1 µg/L 

• 1 µg/L = 0.1 µg/dL 

• 1 mM/L = 278100 µg/L (molecular mass of lead (II) is 278.10 g/mol) 
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