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Abstract

The detection of heavy metal ions (HMI) is an essential step in water treatment.
Due to their adverse effect on human health and the environment, various agencies
have set guidelines for the concentration of HMI in drinking water. However, con-
ventional HMI detection techniques, such as atomic absorption spectroscopy (AAS)
and inductively coupled plasma mass spectroscopy (ICP-MS), are often too expen-
sive and not practical for on-site real-time monitoring. Electrochemical methods,
including anodic stripping voltammetry (ASV) and electrochemical impedance spec-
troscopy (EIS), appear as alternatives for detecting HMI. Among these techniques,
EIS possesses great potential in providing more information about water compo-
sition with modeling and data analysis. However, past research on the physical
interpretation of the impedance response and the differentiation of different types
of HMI in a mixed aqueous solution is inadequate.

In the first part of the research, the electrochemical cell for HMI detection was
constructed with pure platinum electrodes and the impedance response was col-
lected for two types of HMI solutions, ZnSO4 (aq) and Pb(NO3);aq), and their mixed
solution. The data was collected repetitively in a wide range of settings to under-
stand the influence of varying parameters, including concentration, types of HMI,
temperature, mixing ratio, and designs of the electrochemical cells. The repro-
ducibility of results was quantified by the calculation of standard deviation. It was
found that each HMI solution has its own characteristic impedance value. In addi-
tion, the change of impedance response follows a linear trend line in the Bode and
Nyquist impedance plot when varying parameters such as concentration, temper-
ature, and mixing ratio. In addition to controlled experiments, the electrochemical
cell was tested in tap water and industrial water samples provided by the project’s
collaborators.

In the second part of the research, various techniques of surface analysis were
conducted on the surface of the platinum working electrode, including scanning
electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDS), and X-
ray photoelectron spectroscopy (XPS). Since the HMI-related adsorbates were pre-
sented in the results, a hypothesis was proposed, which suggests that the adsorp-
tion/desorption process of HMIs has taken place during the EIS measurement, and
this phenomenon contributes to the inductive behavior in the impedance response.
Finally, equivalent circuit models were proposed based on the result of EIS mea-
surements, surface analysis, and literature studies. Data fitting for the impedance
data was carried out with Zview software version 3.5h. Charge transfer resistance
and other equivalent circuit elements’ impedance values were compared to specify
the differences between the two HMI.
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Introduction

Water treatment is any process that improves the quality of water to make it more
acceptable for a specific end-use. The end use may be drinking, industrial water
supply, irrigation, river flow maintenance, water recreation, or many other uses,
including being safely returned to the environment. To conduct proper water treat-
ment, detecting the toxic compounds and particles in the water is an important
step. Among these contaminants, heavy metal ions (HMI) are considered highly
toxic at trace levels and can lead to various diseases after being intaken by human
beings.

Electrochemical Impedance Spectroscopy (EIS) is an electrochemical technique
for measuring the impedance of a system, depending on the AC potentials fre-
quency. EIS has played an essential role in characterizing many types of systems
and providing information on various fundamental processes, i.e., adsorption/film
formation, rate of charge transfer, ion exchange, diffusion, etc., which occurs at
the electrode | electrolyte interface. Hence, EIS provides a basis for the detection
of heavy metal ions in water through electrochemical characterizations.

This chapter contains the literature study for the cooperated project between
TU Delft and TWTG on developing a portable EIS sensor for on-site monitoring of
water quality. In this chapter, section 1.1 provides some background knowledge for
understanding heavy metals, including their definition, toxicity, pollution source,
and the international guideline value for drinking water. The conventional ways of
detecting HMI are discussed at the beginning of section 1.2, while the rest of the
section gives an overview of various electrochemical methods for HMI detection
as alternatives to conventional techniques. Among these methods, the working
principles and the roles of anodic stripping voltammetry (ASV), cyclic voltammetry
(CV), and EIS in this research field are further discussed in detail. Finally, section 1.3
focuses on the existing research of EIS sensors for HMI detection, and a table of the
summary is made. This section is completed by a discussion on the potentials of the
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2 1. Introduction

EIS sensor. This project’s research questions developed together with supervisors
from TU Delft and TWTG are listed at the end of the chapter in section 1.4.

1.1. Background knowledge about heavy metal

“Heavy metal” is a general description rather than a well-defined term. It is con-
sidered any group of metals or metalloids with atomic weights between 63.5 and
200.6 g/mol [17] and possesses a density greater than 4 g/cm3, or five times
greater than water [18]. By this definition, more than 50 elements in the periodic
table can be classified as heavy metals. However, the term “heavy metal” is more
commonly referred to as the metallic/semi-metallic elements that pose a threat to
human health and flora and fauna in the environment due to their chemical prop-
erties and accessibility [19]. This definition, concerning the toxicity, thus narrows
down the categories of heavy metal to 17 elements [20]. These elements, gener-
ally including mercury (Hg), cadmium (Cd), arsenic (As), chromium (Cr), lead (Pb),
zinc (Zn), copper (Cu), iron(Fe), silver (Ag), and nickel (Ni), have adverse effects
on living organisms when being intaken at a certain level.

The toxicity of these elements comes from the inhibition of enzymes and the
induction of oxidative stress [21]. By blocking the functional group of metaboli-
cally important molecules and interfering with the transportation of electrons, the
presence of excessive heavy metals in living organisms results in the generation of
reactive oxygen species (ROS) [22] [23]. This disruptive mechanism then leads to
the damage of DNA [24], peroxidation of lipids [25], and the disfunction of pro-
teins [26], which can further lead to a wide range of diseases for humans related
to the respiratory system, the central/peripheral nervous system, immune system,
and organs (e.g., kidneys, lungs) [21]. In addition, since these elements are non-
biodegradable and tend to accumulate in the biological system, a trace level of
contamination is already unacceptable.

1.1.1. The emission of heavy metal pollution

The emission of heavy metal into the environment can result from both natural and
anthropogenic activities. However, the major emission occurs during the mining
operation and industrial processes [27]. Heavy metals exist naturally in the earth’s
crust in the form of sulfide or oxide ores. During mining, some heavy metals are
left as tailings in mining pits and are exposed to wind and flood [28], posing a
severe threat to the environment. Other major sources of emission include the
smelting and refining process in foundries and smelters, wastewater released from
electroplating, and by-products of combustion [18]. In addition to the industrial
process, heavy metal can also be emitted into the environment through the exhaust
of automobiles and household waste disposal. Since heavy metals are widely used
in pigments, fertilizer, cosmetic products, batteries, and electronics [21], it can also
contaminate the soil and rivers due to the leakage of heavy metals in landfills [29].
Compared to integrating into suspended sediments, heavy metals’ deleterious effect
is more severe when dissolving in the water due to mobility and reactivity.



1.2. Electrochemical sensors for detecting HMI 3

1.1.2. The regulation for heavy metal in drinking water

To ensure society’s safety, various agencies at the national, regional, and interna-
tional levels have set the concentration limits of heavy metal in the drinking wa-
ter. These agencies include the World Health Organization (WHO), United Nations
Environment Programme (UNEP), European Union (EU), and the United States En-
vironmental Protection Agency (USEPA). At the international level, the WHO first
published the International Standards for Drinking-Water in 1958. After several re-
visions and renewed publications, the guideline standard for drinking water is now
written in the latest version of Guidelines for Drinking-Water Quality (GDWQ) 4th
edition published in 2011 [1]. Table 1.1 shows the guideline value and the detec-
tion limit of conventional detection techniques for heavy metals in drinking water.
It should be noted that some elements, such as Fe, Zn, Cu, served as essential nu-
trients for humans as they play a role in the metabolism and synthesis of enzymes.
Their guideline values are either high or not defined due to relatively low toxicity
compared to Cd, Hg, As, and Pb, which have no bio-importance to humans.

1.2. Electrochemical sensors for detecting HMI

There are various spectroscopic techniques to identify the concentration of heavy
metal ions (HMI) in aqueous solutions. The conventional ways include the use of
atomic absorption spectroscopy (AAS) [30], cold vapor atomic absorption spectrom-
etry (CV-AAS) [31], inductively coupled plasma mass spectroscopy (ICP-MS) [32]
and inductively coupled plasma-optical emission spectrometry (ICP-OES) [33]. Va-
rieties of AAS, ICP-MS, and ICP-OES and their detection limits for HMI are indicated
by WHO in GDWQ as shown in table 1.1. Other less common techniques are also
explored by various researchers, including X-ray Fluorescence Spectrometry (XRF)
[34], neutron activation analysis (NAA) [35], and atomic fluorescence spectroscopy
(AFS) [36]. The instruments used to perform these detection methods have ver-
satile applications, and they are suitable for simultaneously detecting a wide range
of elements. In addition, they possess high sensitivity and low limit of detection
(LOD) in the femtomolar range [37]. However, these instruments are costly and
bulky, and the process of detecting HMI is time-consuming. It requires well-trained
technicians to prepare multi-samples and operate the complex equipment, followed
by complex analysis and data interpretation. Additionally, except XRF, most of the
techniques mentioned above are only suitable for the quantitative measurement of
HMI if they are not coupling with other techniques, such as chromatography [38].
Multiple steps of measurement with transporting and handling of samples greatly
increase the risk of sample contamination [37].

As the need to develop on-site real-time monitoring of HMI increases, electro-
chemical sensors gain more attention from researchers in recent years. Compared
to spectroscopic measurement, electrochemical sensors are much cheaper, easier
to operate, and faster in data analysis. They can also be designed to be portable
and with replaceable electrodes, which is suitable for on-site monitoring and does
not require heavy training for operators. Although the LOD of electrochemical sen-
sors is not as low as conventional spectroscopic techniques and the sensitivity is
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Table 1.1: Table: Basic physical properties of heavy metals and their guideline value and detection limit
provided in the chemical fact sheet of WHO GDWQ, 2011 [1].

Atomic | Density | Guideline Detection limit by
weight atr.t value conventional techniques
(g/mol) | (g/cm3) | (ng/l)
Cadmium 0.01 pg/! by ICP-MS
cdy | 24t 865 3 2 ug/l by flame AAS
0.05 pg/l by cold vapor AAS
M‘af“)ry 200.59 | 13.534 6 0.6 ug/l by ICP
9 5 ug/! by flame AAS
Lead 1 ug/l by AAS
(Pb) 207.2 11.34 10 practical quantification limit
in the region of 1-10 ug/I
Arsenic 0.1 pg/l by ICP-MS
(As) 74.92 5.727 10 2 ug/l by hydride generation AAS
or flame AAS
. 0.05-0.2 pg/I for
Chromium | 51 9961 | 7.19 50 total chromium
(€ by AAS
Nickel 0.1 pg/l by ICP-MS
(Ni) 58.6934 | 8.908 70 0.5 pg/I by flame AAS
10 pg/l by ICP-OES
Copper 0.02-0.1 g/l by ICP-MS
(gf) 63.546 | 8.96 2000 0.3 pg/l by ICP-OES
0.5 pg/I by flame AAS
Znc | gs38 | 714 | 3000% -
(Zn) ’ )
Iron
(Fe) 55.845 7.874 -¥* -

*The guideline value is not defined; however, it may not be acceptable for the
customer if the zinc content is over 3mg/! in the drinking water.
**Not of health concern at levels found in drinking water.
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lower than conventional spectroscopic techniques, it is possible to combine differ-
ent electrochemical measurements on a sensor to identify both the types of HMI
and their concentration. In addition, by modifying the electrode materials and com-
bining different electrochemical measurements, both the sensitivity and selectivity
can be raised [3].

In general, the setup of an electrochemical sensor for HMI detection consists
of three electrodes: working electrode (WE), reference electrode (RE), and the
counter electrode (CE), as shown in figure 1.1. The WE is the platform for the
adsorption of MHI or the redox reaction between HMI and the electrode. The
external electrode signal is passed between the WE and CE, while the potential be-
tween WE and RE is measured and recorded with a high input impedance device.
This potential is regarded as the cell potential. According to the controlled and
measured electric signal, electrochemical methods for HMI detection can be classi-
fied into five different categories: static technique (potentiometry), potentiostatic
technique, galvaniostatic technique, impedance measurement, and electrochemi-
luminescence. In addition, potentiostatic technique can be further subdivided into
amperometry, chronocoulometry, and voltammetry, as shown in figure 1.2. Among
these categories, voltammetry is the most popular HMI detection method due to its
high accuracy and sensitivity.

ELECTROCHEMICAL
WORKSTATION

POTENTIOSTAT
. e————T ———
ELECTRODE DIFFERENTIAL

CURRENTNVOLTAGE
AMPLIFIER

E 4
(= RE
WE CE
{ DATA ANALYSIS ,CURVE FITTING ETC.)
DETECTION OF HEAVY METAL ION
—~.|

DIRECTIONLAY OR INDIRECTIONALY

i
-

ELECTROYTIC CELL——7M

INTERFACE \'*r
L

VARIOUS MATERIAL AS PLATFORM OR RECEFTOR
FOR HEAVY METAL IONS
METAL OXIDES
NANO PARTICLES
BIOMATERIAL ETC

Figure 1.1: General setup of an electrochemical workstation for detecting HMI [3].

IMPROVE SENSITIVITY,
SELECTIVITY, AND STABILITY

In section 1.2.1 and 1.2.2, the principle of anodic stripping voltammetry and
cyclic voltammetry and their roles in the field of HMI detection are briefly discussed,
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while the principle and past research of electrochemical impedance spectroscopy
(EIS) in the field of HMI detection are discussed in detail in section 1.2.3 and 1.3.
Although voltammetry methods do not relate to this project directly, they provide
some important insights into reactions between HMI and electrodes and the meth-
ods of evaluating electrode performance. Furthermore, it is also possible to com-
bine these techniques with the EIS sensor developed in this project to expand the
applications in the future.

1.2.1. Anodic stripping voltammetry

According to the review done by Bansod et al. and Pujol et al., anodic stripping
voltammetry (ASV) is by far the most popular electrochemical method to detect
HMI quantitatively and qualitatively. As shown in figure 1.2 It can detect 15 types
of HMI, including Cd%*, Cu?*, Pb%*, Hg?*, Ag*, and Zn?*, while Co?*, Cr?*, Fe?*
can be detected by adsorptive stripping voltammetry, which has a similar working
principle as ASV except for the adsorption during preconcentration step [2]. There
is plenty of research focus on the development of ASV due to its low LOD up to the
picomolar range and high signal to noise ratio (S/N) [39]. During the early stage of
development, hanging dropping mercury electrodes (HDME) [40] or thin mercury
film electrodes (TMFE) [41] are used as platforms of ASV since they obtain high sen-
sitivity, high hydrogen overpotential, and high purity of the surface. However, due
to the concern of environmental pollution and toxicity, they are gradually replaced
by bismuth film [9], which serves as good alternatives to TMFE, and electrodes
modified with nanostructural coatings, such as carbon nanotubes (CNTs) [42].

There are four steps in the ASV process for a classical mercury platform, includ-
ing cleaning, electroplating, equilibration, and stripping step [43]. The controlled
potentials for different steps are indicated in figure 1.3. During the cleaning step,
the potential of WE is held at a high oxidizing level for a period of time. This step
is to make sure that the HMI is fully oxidized and is removed from the WE surface
with the help of stirring. During the electroplating step, the potential of WE is held
at a lower level while the HMI is reduced, deposited, and electroplated on the WE
surface. Since the mercury platform and the HMI can form an amalgam at this
stage and result in a sharp signal peak at the later oxidation stage, the resolution
between different HMI can be significantly increased. In the third step, the equili-
bration step, the stirring is stopped, and the potential is held at the same level for
a period of time. This step is to ensure that the reduced heavy metals are spread
evenly on the WE. During the stripping step, an increased potential sweep can be
carried out in various waveforms, and the electroplated analytes are oxidized at a
certain potential level, depending on the type of analytes, and then the resulted
current signal appears as a peak due to the release of electrons. The concentration
of the HMI can thus be determined by analyzing the intensity of the current peak.
Finally, the process goes back to the cleaning step to prepare for the next run of
HMI collection. The general illustration of ASV’s principle can be found in figure 1.4.

Depending on the waveform of the potential sweep in the stripping step, ASV can
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Figure 1.3: Different steps in a typical process of ASV and resulting voltammogram, adapted from ref.
[4]. A: cleaning step, B: electroplating step, C: equilibration step, D: stripping step (linear sweep).

Pre-concentration Stripping

Mr* MY e i

M° / M° j ;Peak potential » Unique metal

EPeak intensity » Metal concentration

Figure 1.4: Illustration of ASV working principle [2].
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Table 1.2: List of HMI and species that can be determined by anodic, cathodic and adsorptive
voltammetry [2].

Metals that can be determined by
Anodic Stripping Voltammetry

Antimony Gallium Mercury
Arsenic  Germanium Silver
Bismuth  Manganese Thallium

Cadmium Indium Tin
Copper Lead Zinc

Species that can be determined by
Cathodic Stripping Voltammetry

Arsenic Iodide Mercaptans
Chloride Selenium Thiocyanate
Bromide Sulfide Thio compounds

Metals that can be determined by
Adsorptive Stripping Voltammetry

Aluminum Nickel Uranium
Cobalt Chromium Iron

be further classified into the linear sweep anodic stripping voltammetry (LSASV),
differential pulse anodic stripping voltammetry (DPASV), and square wave anodic
stripping voltammetry (SWASV). SWASV is by far the most used technique due to
its high S/N while DPASV is the second-most-used [3] [37]. The waveforms of
potential signals and the typical generated current signal are shown in figure 1.5.

Limitation of ASV

One major drawback of the ASV in HMI detection is the requirement for pH control.
During the experiment, an extra acidic solution is often added into the detecting
medium to keep the pH at a low value, usually around pH=4 [44]. Since most of
the transition metal ions are hydrolyzed into the form of [M(H,0)g]%* at pH=7 and
can be converted into [M(H,0)s(OH)]* when the pH is raised higher, resulting in
the formation of insoluble hydroxides and oxides, the changes in pH can result in
shifts in the current peak of ASV, casing troubles for the data interpretation [45].
However, if the pH value is held too low, the electroplated metals on the electrode
surface can also be dissolved back in the solution and interfere with the redox re-
action taken place at the electrode [44]. Thus, careful control of pH is required for
ASV measurement, which poses some challenges for developing an on-site moni-
toring device for HMI detection.

Another requirement for conducting ASV is having a good charge transfer prop-
erty of electrodes. Since the identification of HMI, both for types and concentration,
relates to the redox reaction on the electrode surface, often an electrode with a
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Figure 1.5: Potential signals of different waveforms during the stripping step and the obtained
voltammograms. (a): differential pulse, (b): square-wave, (c): linear sweep [5].

large surface area or good electron transfer properties is preferred. The evaluation
of electrodes is often carried out with the help of CV and sometimes EIS.

1.2.2. Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique that provides information
about cell potentials, reversibility of the redox reactions, and kinetics of the reac-
tion on the electrode surface. During CV measurement, a linear potential scan is
carried out with a constant scan rate (unit: mV/s) from V1 to V2 and then sweep
back from V2 to V1, as shown in figure 1.6. These cycles can be executed as many
times as needed. The typical result of CV is shown in figure 1.7, where two cur-
rent peaks can be observed for the reduction reaction and the reversible oxidation
reaction. Before reaching the cathodic current peak, the reaction rate is limited by
the migration of cations toward the electrode surface, and the diffusion of reduced
species is faster than the migration of cations. After the current peak (equilibrium)
is reached, the reaction rate becomes limited by the diffusion of reduced species
since they hindered the approach of cations toward the electrode surface. This
phenomenon causes the voltammogram curve to go downward. By examining the
curve's symmetry, the cathodic/anodic peak current, the corresponding potentials,
and the interactions between analytes and electrodes can be studied [7].

Although this method is not suitable for the determination of trace HMI since its
LOD for ion concentration is higher and the sensitivity is lower than that of stripping
voltammetry [46] [47], CV is still widely used in the study of electrochemical sen-
sors for HMI detection since it helps to investigate the charge transfer properties
of the electrodes, as well as the range of detection window for other voltamme-
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oxidative scan

' reductive scan
-—

Cathodic Potential

0.2 04
Time B
E(V)
Figure 1.6: Cyclic voltammetry potential
waveform, adapted from [6]. Figure 1.7: Typical voltammogram of CV [7].

try measurements based on the identification of unfavorable redox reactions. For
instance, in the experiment conducted by Zhang et al., CV is used for evaluating
the properties of modified and unmodified glassy carbon electrodes (GCE) before
conducting the SWASV measurement. As shown in figure 1.8 (a), the CV voltam-
mogram of bare GCE, GCE modified by carbon nano-fiber (CNF), and GCE modified
by binary metal PtAu alloy nanoparticle CNF hybrid (PtAu/CNF) were compared to
show that PtAu/CNF membrane successfully enhance the charge transfer proper-
ties of the electrode, giving a more well-defined redox peak. This also results in
a higher resolution in the SWASV response, as shown in figure 1.8 (b). Another
example is the research done by Zou et al. on the properties of the microfabricated
bismuth sensor. As shown in figure 1.9, the detection window of a bismuth sen-
sor is confined by the potential levels where the electrode oxidation and hydrogen
evolution take place.

1.2.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a technique that investigates the
dielectric properties of a physical system [48]. This dielectric system can exist
everywhere, ranging from the surface of a steel casing going through corrosion,
any electrochemical cell, fuel cell, to biological membranes. Due to its simplicity
and versatility, EIS is widely used in the food industry to examine the concentration
of bacteria, the composition and the quality of food [49]. In addition to the food
industry, EIS is also widely used in the biomedical field to reveal information about
the interactions between biomolecules [50]. In the field of materials science, it is
often used in the qualitative evaluation of coating [51], nanocomposite synthesis
[52], and film formation. Finally, in the field of HMI detection, EIS has been used
as a tool to understand the changes in the surface of a modified electrode during
the assembling, as well as the charge transfer properties and diffusion mechanism
on the electrode surface.
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Figure 1.8: (@) Cyclic voltammogram for bare GCE, CNF/GCE, and PtAu/CNF/GCE. Scan rate:100 mV/s.
(b) SWASV response of three different electrodes. Among them, PtAu/CNF/GCE gives the most
distinguishable stripping peak [8].
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Working principle and data interpretation of EIS

A complex dielectric system comprises two elements: energy dissipater (resistance)
and energy storage (capacitance), which can be related to the concept of impedance
in an electric circuit. Due to the nature of dipole movements, dielectric mechanisms,
including relaxation and resonance at electronic, atomic, and ionic scales, are dom-
inant at characteristic frequency ranges exerted by an external field [53]. During
EIS measurement, an AC-signal of potential is applied to the electrodes in different
frequency ranges. At the same time, the impedance response is recorded by divid-
ing the measured current with the potential, shown in eq. 1.1. The result is usually
presented with a Nyquist plot and Bode plots. While the Nyquist plot displays the
relationship between the real and imaginary parts of the impedance, with each point
representing a specific frequency, the Bode plot illustrates the change in the mag-
nitude or phase of the impedance versus the changes in frequency. In the second
and third part of eq. 1.1, the expression of impedance in cartesian coordinates and
polar coordinates can be found. These expressions correspond to the parameters
shown in the Nyquist plot and Bode plot, respectively. At the stage of data anal-
ysis, impedance response obtained with EIS is usually fit to an equivalent circuit
model, which is a combination of various circuit elements: resistor (R), capacitor
(©), inductor (L), constant phase element (CPE), and Warburg impedance element
(W). The expressions for the impedance of a resistor, capacitor, and inductor for a
sinusoidal system can be found ineq. 1.2 - eq. 1.4.

40

Z(w) = W™ - Zye + iZi = |Z]e%® (1.1)
Zr(w) =R (1.2)
1
Zc(w) = m (13)
Z;(w) = iwl (1.4)

The equivalent circuit model can be semi- or fully empirical. By combining differ-
ent circuit elements and arranging them in a specific way, the impedance response
of the equivalent circuit can be matched with the actual result gained from EIS mea-
surement. However, even though EIS’s impedance response can be fully fitted by
combining complex circuit elements, the circuit’s arrangement should be as simple
as possible, which contains at least elements that indicate electrolyte resistance,
double-layer capacitance, and impedance of the Faradaic or non-Faradaic process.
In addition, the model that can give insights into the physical meaning of the sys-
tem is preferred [10].

There are two standard equivalent circuits commonly used in electrochemical
systems, including the Randles Cell and the Mixed Kinetic and Diffusion Control
model. The equivalent circuit arrangement and the corresponding Nyquist plot and
Bode plots of these two models are illustrated in figure 1.10. The radius of the
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semicircle found in Nyquist plots represents the charge transfer resistance, R, of
the electrode, while the capacitance of the double layer is represented in the term
Cq4; and the resistance of the electrolyte or solution is represented in the term R,;.
The main difference between the Randle circuit and the Mixed Kinetic and Diffusion
Control model is the presence of the Warburg element. The presence of this ele-
ment is due to the fact that the polarization in the electrochemical cell is controlled
both by the kinetic and the diffusion processes. It can be seen in the Nyquist plot
of the Mixed Kinetic and Diffusion Control model that there is a linear line of 45°at
the low-frequency range, which is related to diffusion. This kind of Nyquist plot is
essential in understanding the experimental result illustrated in chapter 3.1.

The research done by Mei et al. further explained the physical interpretation
of the Nyquist plot in an electric double-layer capacitor (EDLC) system. The re-
searchers used the modified Poisson—Nernst—Planck model and experimental mea-
surements to reproduce the Nyquist plot for a single EDLC system shown in figure
1.11. The result shows that it is possible to extract physical parameters, such as
electrode resistance, bulk electrolyte resistance, diffuse layer resistance, and equi-
librium differential capacitance, directly from the Nyquist plot without using the
equivalent circuit model. The physical parameters that can be retrieved directly
from the Nyquist plot are illustrated in figure 1.12. However, it should be noted
that the physical interpretation of Nyquist impedance claimed by Mei et al. are dif-
ferent from the general explanations developed in the field of EIS. For instance,
the resistance present in the very high-frequency region is generally attributed to
ohmic resistance, which is the sum of electrolyte resistance, electrode resistance,
and the contact and intrinsic resistance in the electric circuit [54] [55]. However,
Mei et al. claimed that the high-frequency resistance (HFR) in the electrochemical
system is solely related to the electrode’s resistance. In addition, the size of the
first semicircle present in the high-frequency region is generally associated with
the charge transfer resistance at the electric double layer [56] [57], but Mei et al.
claimed that this region is associated with the bulk electrolyte resistance. Since
the research done by Mei et al. is relatively new and has not been fully verified by
other researchers, the interpretation of the Nyquist impedance plot in this research
follows the general theories that are more accepted in the field of EIS study. The
interpretation of the Nyquist impedance plot conducted in this research is further
illustrated in chapter 3.1.1.

1.3. Development of EIS sensors for HMI detection

EIS is a less popular electrochemical method compared to ASV in the field of HMI
detection. Most of the time, the technique was used to examine the properties
of electrodes after fabrication and surface modification rather than detecting HML.
Although the research on EIS sensors for HMI detection is relatively new and un-
derdeveloped, a few past researches have revealed its potential and possible appli-
cations. Table 1.3 shows the overview of the past research on HMI detection with
EIS as the main technique. It is considered that EIS sensors possess a low LOD for
HMI concentration in the aqueous solution that is generally below the environmen-
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Cell and Mixed Kinetic and Diffusion Control model [10].
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tal regulations. Furthermore, EIS sensors are easy to operate and can be designed
to suit on-site monitoring in rivers. For instance, Avuthu et al. designed the EIS
sensor with screen-printed electrodes on PET film, as shown in figure 1.13, which
is cost-efficient in fabrication and flexible in use. For this design, a distinguishable
signal was obtained at a lower frequency region, ranging from 1 Hz to 2 kHz, and
the average percentage change of impedance compared to DI water was 18% and
52% for Pb%* concentration at 1 nM and 1uM respectively, as shown in figure 1.14a.
It shows that the addition of Pb%* into the DI water exhibits an evident change in
impedance value. In addition to the research on Pb%*, the LOD for Cd,, was also
investigated with the same design, as shown in figure 1.14b. When the concentra-
tion of the dissolved Cd(NOs3), increases, the radius of the first semicircle on the
Nyquist impedance plot decreases, implying the decrease of the charge transfer
resistance on the electrode surface as the conductive ionic concentration increases
at the surface. The LOD for Cd?* is then determined as 1nM.

Figure 1.13: Photo of the screen-printed EIS sensor on PET film [12].

Lead Nitrate (Pb(NO;),) Cadmium Nitrate (Cd(NO;),)
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(a) The dynamic plot of impedance v.s time when dosing  (b) Nyquist plot for different concentrations of Cd(NOs),
Pb(NOs), into DI water alternatively dissolved in the DI water

Figure 1.14: The results of HMI detection with the EIS sensor presented in ref. [12].

EIS is generally considered as a non-selective method for HMI detection since
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the conductivity values gained from EIS are non-specific and do not provide infor-
mation on the type of ionic compounds or materials in the solution. However, by
separating the magnitude and phase of measured impedance, more qualitative in-
formation can be obtained from the measurement. According to the research done
by Nambo et al., a transfer function can be gained from the phase characteristics
and different magnitude of EIS impedance response related to particular conductive
solutions. This finding provides the basis for HMI classification by analyzing the EIS
frequency response. Another example of using modeling techniques for extracting
HMI information from EIS is the research done by Karkra et al., in which principal
component analysis (PCA) and cluster analysis were used to classify eight different
HMIs, as shown in figure 1.15. The sets of impedance data were first collected in the
separate matrix, called single-frequency multi-electrode (SFME), multi-frequency
single electrode (MFSE), and multi-frequency multi-electrode (MFME), before run-
ning PCA and clustering. By conducting the cluster analysis and PCA on the SFME
matrix, it was observed that at 1 kHz, the classification is more reasonable than
other frequencies, 1 Hz, 100 Hz, 10 kHz, and 100 kHz. In addition, the MFSE ma-
trix analysis showed that the silver nanoparticle (SNP) working electrode provided
the best classification compared to the other electrodes. Overall, the study shows
the possibility of simultaneously identifying multiple HMIs by analyzing EIS data
with the algorithm. However, the optimal classification for the eight HMIs came
from the cross-analysis of impedance values obtained from different working elec-
trodes, namely the MFME matrix shown in figure 1.16, with the help of the particle
swarm optimization (PSO) algorithm.
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Figure 1.15: The analytical methodology of classifying HMI in ref. [13].

In addition, EIS measurement can also become selective by choosing an elec-
trode that selectively combines with a specific HMI. For instance, Liu et al. synthe-
sized cuprous oxide and nano-chitosan composites (Cu,O@NCs) and modified its
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Figure 1.16: PCA score plot for MFME matrix, with optimization from particle swarm optimization (PSO)
algorithm [13].

surface with single-stranded, thymine (T)-rich DNAs before spin-coating it on the
Au electrode. Since T-rich DNA acted as a biosensor and generated T-HgZ*-T coor-
dination, the Au/Cu,O@NCs/DNA electrode only detects Hg?* and is not interfered
by the presence of other HMIs, including Pb%*, Co?*, Zn?*, Ag*, Fe3*, and Ni%*.
The EIS sensor thus exhibited a satisfactory selectivity for Hg2* even when the
concentration of the interfering ions is 5-time higher than that of Hg*. In addition,
Liu et al. also compared the variation of interfacial charge transfer resistance (Rq)
after the immobilization of DNA strands and after the collection of Hg?* for different
types of electrodes. Before the experiment, the electrodes were first investigated
with CV, and the equivalent circuit model was constructed by data fitting. The em-
bedded drawing in the figure 1.17 graph (b) indicates the equivalent circuit of the
electrochemical system, where R represents the charge transfer resistance, R1
the electrolyte solution resistance, CPE1 the constant phase element, and W1 the
Warburg impedance. The result shows that the Cu,O@NCs electrode exhibited the
highest variation of interfacial R between different steps compared to Cu,0 and
NCs electrodes, as shown in figure 1.18, which indicates a higher sensitivity during
the detection of Hg?*. However, since the Hg?* ions coordinated with the T-rich
DNA on the electrode surface, the sensor’s usability and the repeatability of the EIS
result rely on the cleaning of the electrodes. By rinsing the electrode with 50 mM
cysteine after usage, the T-Hg?*-T structure can be disrupted and the sensor can be
regenerated. Furthermore, Liu et al. also tested the CuUO@NCs sensor with river wa-
ter samples with the addition of Hg?*, and it showed a high recovery rate (>100%).

Another way to make the EIS sensor become selective is to combine it with differ-
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Figure 1.17: (a) CV and (b) EIS analysis of Au, Au/Cu,0, Au/Cu,0@NCs, and Au/NCs electrodes [14].

ent electrochemical techniques. For instance, Narakathu et al. used coumarin-based
fluorescent chemosensor, specifically (7-(diethylamino)-3-((2-hydroxy- 4-methyl phenyl
imino) methyl)-2H-chromen-2- one (DHMMC)), to selectively detect Zn®* through a
chelation-enhanced fluorescence mechanism. In addition to the fluorescence Spec-
troscopy, EIS was performed as a part of dual detection. In the research, a better
S/N was observed at a lower frequency, ranging from 100 Hz to 400 Hz. At 200
Hz, the percentage changes of impedance response were 38%, 33%, 28% as the
concentration of Zn2* varied from 100 pM to 100 nM tol uM to 1 mM, respectively.

In the research related to EIS sensors for HMI detection, the requirement of pH
control is not clearly mentioned. It is not clear if the change in pH will significantly
influence the impedance response in the EIS system designed for HMI detection.
In addition, the charge transfer efficiency of the electrode is not the main focus for
EIS sensor, but rather the ability to produce evident variation in R values before
and after the presence of HMI. For instance, in figure 1.17, the charge transfer
property of a modified Cu, O@NCs electrode is not as good as the original Au/Cu,0
electrode, which produces a more obvious redox peak during CV measurement.
However, since the modified Cu,O@NCs electrode is able to produce the highest
variation of charge transfer resistance after detecting Hg,, compared to the other
electrodes as shown in figure 1.18, it suits better for the EIS measurement.

Another parameter to consider in the experiments is temperature. The tem-
perature greatly influences the result of both ASV and EIS because it affects the
kinetics of mass transfer and the charge transfer properties [60] [61]. Therefore, it
is essential to make sure the experimental environment is temperature-controlled
to avoid misinterpretation of the data. It is also worth investigating the quantified
influence of changing temperature on the EIS result to calibrate the error it causes
in the application stage.

For EIS sensors in the field of HMI detection, there is currently no scientific
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[14].

papers being published to explain the interaction between two or more HMIs and
its effect on the impedance response, nor about the physical interpretation of the
distinguishable signals in Bode plots for various HMI detection. Even though it is
possible to extract characteristic information of HMI from the EIS results through
data analysis or modelling techniques, further research is required to provide the
scientific basis for validation and further improve the existing models.

In conclusion, despite the research on the EIS sensor for HMI detection is still
in the developing stage, the EIS sensor has shown great potential to provide more
quantitative and qualitative information with modelling techniques. In the existing
research, EIS sensors showed low LOD for identifying HMI concentration ranging
from 100pM to 1nM, which is competitive with ASV. Furthermore, there are some
possibilities to overcome the drawbacks of ASV with EIS sensors for HMI detection
in aqueous solution, including pH control and electrode selection.
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1.4. Research questions of this project

This project aims to expand the previous research done by TWTG regarding ma-
terials recognition in water-based solution with electrochemical impedance spec-
troscopy. In addition to finding predictable patterns in the impedance response
that can be used to analyze the solution’s ionic composition, the physical interpre-
tation of the electrochemical system under the influence of changing parameters
should be proposed for further development of the EIS sensor. Finally, the elec-
trode’s surface variation after EIS measurements should be studied to establish the
equivalent circuit models. The research targets of this project can be summarized
in the following questions:

1. By analyzing the EIS data, can an unknown HMI be identified, including its
type and concentration, in a water-based salt solution?

2. Can the type and concentration of each HMIs be identified in a mixed HMI
solution based on the fingerprint of each HMI?

3. What is the quantified influence of temperature on the EIS result?

4. What physical meaning can be extracted from the EIS data and the surface
analysis on the working electrode?

5. What would be the equivalent circuit model that can describe and predict the
electrochemical system of HMI detection?

In chapter 2, the research methodology is explained in further detail, including
the construction of electrochemical cells, the procedure of conducting EIS measure-
ments, and the preparation before surface analysis. In chapter 3, the results of the
experiments and modelling/data fitting are presented, analyzed, and discussed in
great details, while the research questions listed in this section are answered in
chapter 4 by concluding the extent of the research. Finally, in chapter 5.1, the
improvement of the experimental methods and the validity of the results are dis-
cussed, and future recommendation for the development of EIS sensor is suggested
in chapter 5.2 as well as the proposal of EIS sensor prototype.







Materials and Methodology

In this chapter, the methodology of this research and the materials/instruments
that were used are explained in detail. The overview of the research is illustrated in
figure 2.1. First of all, different designs of electrochemical cells were constructed,
and then the impedance data from different sets of EIS measurements were col-
lected. The EIS measurements include five main subjects, which are (1) variation
of concentration and types of HMIs, (2) variation of the mixing ratio in a mixed HMI
solution, (3) variation of temperature, and (4) variation of electrochemical cell de-
signs, and (5) detection of HMI solution in real water samples. After the EIS results
were analyzed, the surface analysis on the working electrode was conducted to ex-
tract valuable information for the physical interpretation of the EIS result. Finally,
the equivalent circuit model (ECM) based on surface analysis and literature study
was proposed for data fitting.

2.1. Configuration of the electrochemical cell

To perform the EIS measurement repeatedly without changing the physical param-
eters during the process, an electrochemical cell that has a fixed setting is needed.
The parameters that need to be taken into account here include the distance be-
tween each electrode, the exposed surface area of the electrode, and the dipping
depth of the electrode into the electrolyte. In this research, a three-electrode sys-
tem was used, which consist of a working electrode (WE), a counter electrode (CE),
and a reference electrode (RE). During the EIS measurement, the AC voltage was
applied on both WE and CE, while the output signal was measured between RE
and WE. In this research, there were five different designs of the electrochemical
cells being made, which includes the standard design, two modified designs for the
investigation of the inductive loop (see section 3.1.1), and two modified designs for
surface analysis.

25
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* Standard design
* Modified designs for investigation of the inductive loop
+ Modified designs for surface analysis

Design and construction of
the electrochemical cells

l

EIS measurements
& data analysis

Variation of types and concentration of HMIs
Variation of mixing ratio of a mixed HMI solution
Variation of temperature

Variation of electrochemical cells

l Detection of HMIs in real water samples

+ Morphology: SEM

Surface analysis i .
* Chemical composition: EDS, XPS

l

Modelling with equivalent *  Proposal of equivalent circuit models
circuit & data fitting + Data fitting for DI water and single HMI solutions

Figure 2.1: Overview of the research.

2.1.1. The standard design

Pure platinum (Pt) wire was chosen to be the material for both working and counter
electrodes in the standard design due to its chemical and electrical properties. It
is an inert metal that has excellent resistance to corrosion and electrical conduc-
tivity. It is widely used in laboratory equipment and often used as the electrodes
in the electrochemical system. For the reference electrode, the saturated calomel
electrode (SCE) was chosen due to its availability and stability.

Figure 2.2 illustrates the geometry and dimension of the standard design. Two
platinum wires with 1cm length and 1mm diameter were connected with copper
cable without soldering before being embedded in an acrylic resin holder by cold
mounting. During the cold mounting process, ClaroCit powder (dibenzoyl peroxide)
and ClaroCit liquid (methyl methacrylat and tetramethylene dimethacrylate) sup-
plied by Struers ApS is taken in a 2:1 ratio and mixed. In addition, an extra plastic
rod with 7.5 mm diameter was covered with silicone oil and installed in the setting,
which helped create a hole for the insertion of RE after removal.

After the acrylic resin was fully dried in a high-pressure environment to prevent
the formation of air bubbles, the bottom of the holder was sanded with SiC sand-
papers, with the numbers of P80, P180, P320, P800, P1200, P2000. After grinding,
the bottom of the holder was polished with fine diamond particles with the size of
3um and 1um until a mirror-like surface was reached. After polishing and before
the EIS measurements, the acrylic resin holder was finally cleaned with demi water
and isopropanol and dried with an air gun.
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Figure 2.2: Schematic of the standard design.

This kind of design makes sure that the distance between each electrode is fixed
at all times. It is worth noting that the distance between each electrode was set
bigger than 1cm to reduce the effect of stray capacitance, which may result from
the storage of the electric charge between platinum/copper wires. In addition, the
distance between the WE and the RE was held closer than that between the WE and
the CE. This design aims to decrease the ohmic losses due to the residual solution
between the WE and RE [62]. Another parameter to be fixed is the dipping depth of
the electrodes into the solution, and it was made possible by marking the position
with green tape.

2.1.2. Modified designs for the investigation of the inductive
loop
In order to investigate the appearance of the inductive loop in the Nyquist impedance
plot (see section 3.1.1), two modified designs of the electrochemical cells were
made. The first modified design is almost the same as the standard design, except
that the connection between the copper wire and the platinum wire was made by
soldering with tin, as shown in figure 2.3. The change is to eliminate the possi-
bility that the inductive behavior in the EIS result comes from the copper coil at
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Figure 2.3: Schematic of the modified design with soldered connection.

the connection point. Another difference between the standard design and the first
modified design is the distance between electrodes. This inevitable movement of
the electrode’s position was caused by volume change during the acrylic resin’s so-
lidification.

The second modified design involves replacing the SCE with another platinum
wire, as shown in figure 2.4. This design was made to investigate the impact of
reference electrode on the inductive behavior as well as the feasibility of the EIS
sensor prototype (see chapter 5.2). Using the same materials for all three electrodes
makes it easier to fabricate the EIS sensor in the form of chips. The mass production
of the sensor chip can be realized by depositing the desired materials on a wafer and
cut it into pieces. As mentioned previously, the deviation of the distance between
electrodes was caused by the drying process of the acrylic resin.

2.1.3. Modified designs for the surface analysis

In order to meet the sample size requirement for the surface analysis, removable
platinum thin foil with 1.2cm x 1.2cm surface area was used as the WE instead of
the platinum wire embedded in the resin. After the EIS measurement, the Pt thin
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Figure 2.4: Schematic of the modified design with Pt wire as the RE.

foil was removed from the acrylic resin holder and fitted into the chamber of the
scanning electron microscope (SEM) and X-ray photoelectron spectroscopy (XPS).

Before ordering the alternative Pt foils, the Pt wire cross-section was examined
first with XRD, and the result is shown in the appendix A. From the XRD analysis,
it can be concluded that the Pt wire used in the standard design is 100% pure
platinum. Therefore, platinum foil with the highest purity (99.99+%) was ordered
from Goodfellow Cambridge Limited. The thickness of the ordered Pt thin foil was
0.125mm, and the size is 25mm x 25mm. The analysis for the impurity in the prod-
uct (ppm) includes Al 1,B1,Ca2,Aul, Fe4,Mg1, Mo 1, Nil, Pd 7, Ru 3, Ag 2,
Te 3, Zr 6.

The surface of the Pt foil was already polished and cleaned by the supplier. After
purchase, it was cut into pieces with a surface area of approximately 1.2cm x 1.2
cm (£0.1cm). However, during the research, the Pt thin foils were reused during
the repetitive experiments. Thus, after the first usage, they were polished again
with diamond particles and cleaned with an ultrasonic bath when being immersed
in isopropanol.

Two different designs were being made for the surface analysis, as shown in
figure 2.5. In both cases, the back of the Pt thin foil was connected with a copper
tape, which was fully sealed with non-conductive green tape to prevent leakage.
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Figure 2.5: Schematic of the modified design with Pt thin foil as the WE.

The WE’ surface of the first design was fully covered with green tape, except a
round surface with 1mm diameter was exposed to the solution. This design is to
mimic the exposed surface area in the case of the standard design. The second
design increased the exposed surface area to 1cm x 1cm (£0.1cm). It is worth
noticing that the edge of the Pt foil in the second design was also covered with
green tape to avoid the leakage of the solution from the edge.

2.2. HMI solutions

In this project, zinc (Zn) and lead (Pb) ions are chosen to be the main research
target for detecting HMIs. Zinc is a naturally abundant material in the earth’s crust
and serves as an essential element for human beings due to its multiple roles in
DNA and RNA metabolism. Deficiency of zinc can cause problems to prenatal and
postnatal development [63]. However, due to industrial development and human
activities, especially the mining process, the disposal of commercial products con-
taining zinc, and steel processing, the appearance of zinc in the groundwater and
soil is rising unnaturally. It can cause health problems when zinc concentration is
too high in the drinking water [64]. As for lead, it is considered one of the most
toxic heavy metals and can affect almost every organ inside human bodies, espe-
cially the nervous system [65]. It was found that lead has no physiological role
in the human body and can lead to DNA damage and cell membrane [66]. Pollu-
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Table 2.1: Information of the HMI solution provided from the supplier.

Salt Containedions Bottlel Bottle2 Bottle3

Pb(NO5), - 0.800 g/L 1.600 g/L 3.200 g/L
PbZ* 500 ppm 1000 ppm 2000 ppm

NO* 300 ppm 600 ppm 1200 ppm

ZnS0, - 1.234g/L 2.468¢g/L 4.936 g/L
Zn?* 500 ppm 1000 ppm 2000 ppm

S04% 734 ppm 1468 ppm 2936 ppm

tion of lead may come from the production of lead-acid batteries, leaded gasoline
pipelines, and metal recycling and foundries [67]. The threshold for zinc and lead
concentration in the drinking water, set by WHO, can be found in table 1.1.

The solutions containing zinc ions and lead ions were prepared by dissolving
zinc sulfate monohydrate (ZnS04°H,0) and lead nitrate (Pb(NOs),) in pure water.
The HMI stock solutions with three different kinds of concentration were ordered
from Specs Compound Handling B.V, as shown in table 2.1. During the EIS mea-
surements, the tested samples were prepared by diluting these stock solutions with
deionized water (Milli-Q water) available in TU Delft’s laboratory.

2.3. Procedure of the EIS measurements

The EIS measurements were conducted with the BioLogic ‘s VSP-300 potentiostat,
and the results were recorded in EC-Lab® software. After the data was collected,
it was transferred to Microsoft Excel and ZView® software for further analysis
and modeling. During the measurements, the frequency was swept from 1MHz
to 100mHz, while the amplitude of voltage excitation was set at 10mV. In addition,
15 points per decade in the frequency range were recorded. It is worth noting that
the voltage is set at a small value to maintain the equilibrium state and pseudo-
linear response of the system and avoid the scaling effect from the distortion of the
generated current curve. However, it should be noted that the voltage excitation
should not be too small. Otherwise, the signal to noise ratio (S/N) may increase as
well.

The repetitive EIS measurements were operated in the following manners:
1. Polished the surface of electrodes with 1um and 3um diamond particles.

2. Cleaned the surface of electrodes with demi-water and isopropanol and dried
them with an air gun.

3. Poured 100ml of the designated HMI solution into a 250ml beaker and im-
mersed the beaker in water-filled in the thermostat bath. The thermostat
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10.

bath temperature was regulated with the thermofluids provided by Huber
Kéltemaschinenbau AG, which has good heat transfer properties.

Immersed one of the electrochemical cells (illustrated in section 2.1) in the
HMI solution with a fixed immersing depth, as shown in figure 2.6. The SCE
was rinsed with deionized water before usage to wash away 3M KClI solution
residue on the surface.

Connected the electrochemical cell with the potentiostat and closed the Fara-
day cage to avoid interfering signals from other electronic devices.

Waited for extra 5 minutes for temperature control. It is worth notice that
the thermostat bath has been turned on for at least 10 minutes before the
experiment to create a thermally stable environment. However, there was a
+0.3°C errors shown in the thermostat bath’s control panel when the tem-
perature was set at a fixed value.

Conducted the open-circuit voltage (OCV) measurement for 3-5 min. This step
was to make sure that the system is in the equilibrium state before conducting
EIS measurement.

Conducted the EIS measurement.

Wiped the surface of electrodes with an ultra-fine cloth and refilled the beaker
with a new batch of HMI solution.

Repeated the same measurement with all the fixed parameters for at least
three times. The repetition is to collect enough data for calculating standard
deviation and showing the reproducibility of results.

As mentioned previously, there are five subjects regarding the EIS measure-
ments, including:

¢ Variation of type and concentration of HMIs: This was done by changing

the concentration of a single HMI solution (ZnSO4q) or Pb(NO3)(aq)) from
5ppm, 10ppm, 20ppm, 50ppm, to 100ppm, while the temperature is fixed at
20°C during EIS measurements.

Variation of mixing ratio in a mixed HMI solution: This was done by
mixing 5ppm ZnS04(aq) and 5ppm Pb(NOs),aq) together with different mixing
ratio, including 100%, 75%, 50%, 25%, and 0% of ZnSO4sq), while the total
volume of the mixed HMI solution was fixed at 100ml. The temperature was
fixed at 20°C during EIS measurements. In addition, the same measurement
was done for 50ppm case.

Variation of temperature: The effect of changing temperature on the EIS
result were investigated in four cases, which includes 5ppm ZnSQ4aq), 50ppm
ZnS04(aq), 5pPM Pb(NO3);(aq), and 50ppm Pb(NO3);aq). The temperature
under investigation ranged from 10°C to 30°C, with 5°C deviation in between.
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Figure 2.6: Setup for the EIS measurements.

» Variation of the electrochemical cells: The EIS results for five different
electrochemical cells mentioned in section 2.1 were compared and analyzed
in three cases: deionized water, 50ppm ZnSO4(5q) and 50ppm Pb(NO3);(aq),
while the temperature was fixed at 20°C during measurements.

There are multiple purposes to investigate the differences between various
designs. One of the main goals is to understand if the inductive behavior
comes from the geometry or the physical arrangement of the cell. However,
it is also essential to know that if the SCE can be replaced by platinum wire.
This information is essential for evaluating if the EIS sensor prototype can be
produced by using the same materials for all electrodes. In addition, since an
alternative Pt thin foil was used for surface analysis rather than the original
Pt wire used in standard design, it is important to compare the EIS results of
the two cases and discuss if they are comparable to each other.

* Detection of HMIs in real water samples: In addition to pure DI water
and HMI solutions that were prepared with DI water, the EIS results of real
water samples and their impedance response under the addition of ZnSO4
(aq) Were investigated. The purpose of this experiment is to test the practical-
ity of the EIS sensor in the real water environment. The real water samples
are listed in table 2.2. The industrial water was provided by one of the col-
laborators in this project and was collected during the stage of waste water
treatment. The temperature was fixed at 20°C during EIS measurements, and
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Table 2.2: List of real water samples and the overall concentration of Zn2* inside the solution.

Real water samples Concentration of Zn2*
100% Tap water -
90% Tap water + 10% 2000ppm ZnSOy4 (aq) 200 ppm
100% Industrial water -
90% Industrial water + 10% 2000ppm ZnSO4 (aq) 200 ppm
80% Industrial water + 20% 50ppm ZnSO4 (aq) 10 ppm

the total volume of solution was fixed at 100ml.

Except the investigation on differences between various electrochemical cells,
all the other EIS measurments were conducted with the standard design, as shown
in figure 2.2.

2.4. Surface analysis

In order to obtain more information about the electrochemical reactions on the sur-
face of the working electrode, for instance, the deposition of certain compounds, the
surface of the working electrode was examined with scanning electron microscopy
(SEM), energy dispersive X-Ray spectroscopy (EDS), and X-ray photoelectron spec-
troscopy (XPS) before and after EIS measurements. The result of the surface anal-
ysis can provide information for further interpretation of the EIS data and the de-
velopment of equivalent circuit models.

2.4.1. SEM/EDS analysis

A scanning electron microscope (SEM) is a microscope that acquires images and
chemical composition of the materials by scanning focused electrons. The accel-
erated electrons with high kinetic energy interact with the materials and generate
a variety of signals, including secondary electrons, back-scattered electrons, and
characteristic X-ray [68]. Depending on the acceleration voltage of the electron
beam, the injected electrons penetrate the materials within the depth of 1um-3um,
and various signals are emitted from different depths of the materials. For instance,
the signal of secondary electrons is emitted from the depth of 10nm [69], which
is very close to the surface of the material, while the characteristic X-ray is emit-
ted from the depth of 1um. The morphology and topography of the materials
are examined by the detection of secondary electrons, while the determination of
elemental composition relates to the detection of characteristic X-ray and is called
energy-dispersive X-ray spectroscopy (EDS). Depending on the accelerating voltage
of the electrons and the spot size of the electron beam during the experiment, the
resolution of the full-sized SEMs ranges from 1 to 20 nm, while the table-top system
ranges from 20nm onwards [70].

During the research, the morphology of the WE's surface was first examined
with JSM-IT100 InTouchScope™ scanning electron microscope, provided by JEOL
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Ltd.. After the surface images were taken, specific points on the surface were cho-
sen, and point EDS was conducted. The acceleration voltage of the electron beam
was set at the range of 10kV-20kV during the investigation.

There were seven samples of Pt thin foil in total that have been examined with
the SEM/EDS analysis. The description of samples are listed in table 2.3. As men-
tioned previously in chapter 2.1.3, since the Pt thin foils were reused repeatedly
during the research, they were polished repeatedly with fine diamond particles af-
ter the first usage, which leads to two different surface conditions. In addition,
there were two kinds of processes being implemented, including the case of short
immersion and long immersion. In the case of short immersion, three repetitive
EIS measurements were conducted with the standard procedure, as mentioned in
chapter 2.3. After that, the surface of WE was dried with nitrogen gas to prevent
pollution from the air. In the case of long immersion, the WE was continuously im-
mersed in the HMI solution while cycles of OCV and EIS measurements were taken
place. The total immersion time, in this case, was approximately 3 hours. Similarly,
the sample was dried with nitrogen gas instead of an air gun in the end.

There were two kinds of electrode designs used in this experiment, in which the
Pt thin foil has a small or large exposed surface area. The details of the electrode
design are shown in figure 2.5.

2.4.2. XPS analysis

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique based on
the principle of the photoelectric effect. By irradiating the materials with a beam
of X-ray and measuring the kinetic energy of the emitted electrons, the binding
energy (Egg) of each electron can be calculated, as shown in equation 2.1, where
¢ represents the work function of the surface of a specific material [71]. Since each
element has its own characteristic electron configuration, the elemental composition
on the materials can be obtained and quantified by plotting the number of emitted
electrons at every specific binding energy. Additionally, since the binding energy
of the emitted electron also depends on the orbital where the electron is ejected
from, XPS also gives information about the chemical states of the elements and
their bonding.

Epp = Ephoton = (Exineitc + ) (2-1)

The XPS analysis in this research was carried out using a PHI-TFA XPS spec-
trometer equipped with an x-ray Al-monochromatic source. The pressure of the
vacuum state during XPS analysis was 10 mbar. The analyzed area was 0.4 mm
in diameter, and the analyzed depth was 3 to 5 nm. Narrow multiplex scans of the
peaks were recorded using a pass energy of 23.5 eV with a step size 0.1 eV, at
a take-off angles of 45 °with respect to the sample surface. Low energy electron
gun was used for surface charge neutralization XPS. After acquiring the data, the
spectra were processed using Multipak v8.0 software. Both the spectrometer and
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Table 2.3: List of samples examined by SEM/EDS analysis.
Surface Exposed
No condition area to HMI Process im:1:t|—a.slion
' of the Pt the HMI solution time
foil (WE) solution
Original state - - - -
2 Repolished - - - -
3 repetitive EIS
- Circle, 50ppm measurements, .
3 Orginalstate  p_jmm  znso, @q  discontinuous ~45 min
immersion
3 repetitive EIS
. Circle, 50ppm measurements, .
4 Original state  p_ o, Pb(NO3); (aqy  discontinuous ~4> min
immersion
3 repetitive EIS
. Square, 50ppm measurements, .
> Repolished 41 em  znso, @q  discontinuous ~45 min
immersion
3 repetitive EIS
. Square, 50ppm measurements, .
6 Repolished 19 em  PB(NO3), aq discontinuous ~45 min
immersion
6 repetitive EIS
. Square, 50ppm measurements,
7 Repolished 4y em  znso, (aq) continuous ~3hr

immersion
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Table 2.4: List of samples examined by XPS analysis.
Surface Exposed
No condition area to HMI Process im;(:at;lion
' of the Pt the HMI solution time
foil (WE) solution
1 Repolished - - - -
3 repetitive EIS
. Square, 50ppm measurements, .
2 Original state . ZnSO4 (aq) discontinuous ~45 min
immersion
3 repetitive EIS
. Square, 50ppm measurements, .
3 Original state Ix1cm  Pb(NOs3); (aq  discontinuous ~4> min
immersion
6 repetitive EIS
. Square, 50ppm measurements,
4 Repolished 1x1 cm ZnSO4 (aq) continuous ~3 hr
immersion
6 repetitive EIS
. Square, 50ppm measurements,
> Repolished 1xtcm  Pb(NO3); (aq) continuous ~3 hr
immersion

the software were provided by Physical Electronic Inc..

There were five samples in total that have been examined with the XPS analysis.

The details of the samples are listed in table 2.4.

2.5. Modelling and data fitting

During the last stage of the research, several equivalent circuit models (ECMs) were
proposed based on literature studies and surface analysis results. After the proposal
of ECMs, the impedance data obtained from EIS measurements were fitted with the
models by using ZView® software version 3.5h, provided by Scribner Associates.
During the modelling process, different parts of the Nyquist impedance plot were
fitted separately to find the approximate value for each circuit element, and the
ultimate values were determined by simulation.







Results and Discussion

In this chapter, the results for experiments, data analysis, and modelling are pre-
sented and discussed. Associated literature is studied to support the reasoning
behind the hypothesis and the interpretation of the results. Further discussion on
the improvement of the experiments and the validity of the results will be discussed
in chapter 5.1.

3.1. EIS measurements

In this section, the results of EIS measurements are presented for the five topics,
as illustrated previously in figure 2.1. In the discussion of the first topic, which
is the effect of varying types and concentrations of HMI, the interpretation of the
Nyquist plot and physical meanings behind the impedance response are discussed
in great detail. In contrast, in the other sections, the discussion focuses more on the
influences of changing parameters on the impedance response, the reason behind
these influences, and how they affect the EIS sensor’s application.

3.1.1. The effect of varying types and concentration

In this section, the influence of varying types and concentrations of HMI on the
impedance response was investigated. Figure 3.1 shows the Bode impedance plot
for zinc sulfate solution, while figure 3.2 shows the Bode impedance plot for lead
nitrate solution. In both cases, when the concentration of the HMI increases, the
overall impedance value decreases. However, different behaviors were observed in
different frequency regions. For instance, in the case of ZnSO4 (5q) and Pb(NO3),
(aq): there were two peaks of impedance fluctuation presented in the high frequency
region (10* Hz - 10® Hz), one being the local maximum point and the other one
being the local minimum point. In contrast, the fluctuation peaks didn't appear in
the case of DI water. In addition, for the case of HMI solutions, the impedance
value significantly increased in the low-frequency region (10 Hz - 0.1 Hz) as the
frequency decreased, creating steep lines with different slopes, while in the case

39
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of DI water, the impedance value remained the gradual increase with only a slight
change in gradient near 0.1 Hz.

One of the similarities between the case of DI water and two HMI solutions
were the starting point at high-frequency region (10° Hz - 10° Hz). In all cases, the
increase of impedance in this frequency region followed the same linear line before
reaching a plateau in the mid-frequency region. In the mid-frequency region (103
Hz - 100 Hz), the impedance value increased slightly but gradually, creating a stable
plateau region that marks the difference of impedance between DI water and HMI
solutions at various concentration.

, Zinc sulfate {Zn504}‘ s Dlwater
5 ppm
6.5 _‘\‘. 10 ppm
%o, 20 ppm
6 b
50 ppm
.E ce 100 ppm
(=]
S
E 5
(1)
S 45
a
3.5
-1 0 1 2 3 4 5 6
log (freq) /Hz

Figure 3.1: Bode impedance plot of ZnSO4 (aq) for different concentrations at 20 °C.

(1) Data analysis on Bode impedance plot

In order to compare the impedance response of the two HMI solutions, two charac-
teristic points in the high-frequency region (10° Hz - 10* Hz) were selected, includ-
ing the local maximum and local minimum point. These two characteristic points
were re-plotted on the Bode impedance plot again with error bars added on them, as
shown in figure 3.3. The error bar represents the data’s standard deviation, which
indicates how widely the data points are dispersed from the average value in three
repetitive experiments. The standard deviation was calculated with the "STDEV.S”
function in Microsoft Excel, as shown in equation 3.1. x represents the average
value of impedance, and n represents the number of data points. It is worth noting
that the impedance values mentioned so far were plotted on a logarithmic scale

rather than a linear scale.
=2
f@) = /—(n_ Y (3.1)
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Figure 3.2: Bode impedance plot of Pb(NOs); (aq) for different concentrations at 20 °C.

The result in figure 3.3 shows that the two characteristic points varied their po-
sition on the Bode impedance plot according to a linear trend line. For the local
maximum points, the points for ZnSO4 (aq) and the points for Pb(NO3), (5q) almost
align on the same linear trend line. However, for the local minimum points, the
slope of the two trend lines are slightly different.

The result indicates that at the same concentration, each HMI solution has
its own characteristic impedance value. When the concentration is doubled, the
impedance value in the log scale varies along the linear trend line for an approx-
imately fixed distance. It is worth noting that the local maximum and local mini-
mum points for a HMI solution appear at a different frequency when the concentra-
tion varies. Despite of their characteristic impedance values, the point for 50ppm
Pb(NO3); (aq) and the point for 20ppm ZnSO4 (5q) almost overlap with each other.
Therefore, further modeling is required to distinguish the two ions by the identifi-
cation of different equivalent circuit elements.

As for the reproducibility of the result, the standard deviation for three repetitive
measurements is presented in both X-axis and Y-axis. The scale of the error bar
implies that the reproducibility of the results is high. This stability of the system
provides the foundation for the future development of the EIS sensor.

In order to quantify the impedance change of each HMI solution correspond-
ing to DI water, the impedance value in log scale at 317 Hz (log(freq.)=2.5) was
selected and compared, as shown in figure 3.4. The point in the mid-frequency
region was chosen to represent the average of the whole impedance spectrum. In
addition, during the experiments, the plateau region was found to be the most sta-
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Figure 3.3: Characteristic points on the Bode impedance plot, representing the fluctuation of
impedance in the high-frequency region.

ble region across the entire impedance spectrum. The result indicates that when
the concentration is doubled, the change in impedance values in the log scale in-
creases 3.7-4.3% (=4%=0.3%) for both HMI solutions. Additionally, at the same
concentration, the difference in impedance change between the two HMI solution
is 5.6-7.0% (=5.8%0.2%).

During data analysis, the Bode phase shift plots and the slope of steep lines
in the low-frequency region of the Bode impedance plot were also investigated.
However, no significant patterns were found in the analysis. The Bode phase shift
plot for the two HMI solution are shown in appendix C.

(2) Interpretation of Nyquist impedance plots

By analyzing the shape of the impedance spectrum in the Nyquist impedance plot,
it is possible to obtain clues about the physical interpretation of the system. Al-
though without further investigation of the electrochemical process on the electrode
surface, solid conclusions cannot be made by simply observing the impedance re-
sponse, possible equivalent circuit elements can still be proposed for further devel-
opment of modelling.

Figure 3.5 show the Nuquist impedance plot for ZnSQOj (5q), and figure 3.6 is the
magnified version of it near the origin. In the first figure, the impedance response
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Figure 3.4: Impedance change in logarithmic scale at 317Hz compared to DI water.

of DI water is clearly shown. It has a depressed semicircle in the high frequency
region and a steep line in low frequency region, indicating an element of Warburg
impedance for the diffusion process. The data points are presented in the fourth
quadrant, implying a typical parallel resistor—capacitor (R/C) circuit, with the ideal
capacitor replaced by a constant phase element (CPE). As mentioned in chapter
1.2.3, this kind of system is controlled by both kinetic and diffusion process. The
depressed semicircle, which appears in the high-frequency region, is attributed to
the combination of charge transfer resistance and the double layer capacitance.
The non-ideal behavior of the double-layer capacitance may be caused by various
reasons, including surface roughness, non-uniform distribution of the current, and
non-homogeneous reaction rate on the electrode surface [72].

It is worth noting that the high-frequency resistance (HFR) in this system is
almost negligible. The phenomenon is clearly shown in figure 3.6, in which the
data points of the first semicircle in the high-frequency region approach x-axis at
the origin. The HFR consists of all the ohmic losses in the electrochemical system,
including electrolyte resistance, the resistance of the electrode materials, and the
resistance of cables or other circuit elements [54]. Since the platinum electrode
and the copper cable are both highly conductive materials, the main contribution
of HFR, in this case, is the ion flow resistance of the electrolyte. The extremely low
value of HFR implies that the distance between the WE and RE is close enough so
that the uncompensated resistance can be neglected.

In addition, in figure 3.6, it can be seen that the impedance response of zinc
sulfate solution consists of two depressed semicircles, a spiral connection between
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the two depressed semicircles, and a steep line in the low-frequency region. The
first depressed semicircle, as mentioned in the case of DI water, represents the
combination of charge transfer resistance and double-layer capacitance. Since the
system is non-ideal, the element of capacitors is replaced with constant phase el-
ements. As the concentration increased, the size of the first depressed semicircle
decreased. This implies the charge transfer resistance decreases when the concen-
tration of HMI increases.
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2950000
2450000 s Dl water
o o o R 5 ppm
L ]
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— L ]
" 950000 | 2 pY .
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Figure 3.5: Nyquist impedance plot of ZnSO, (44 for different concentrations at 20 °C.

Charge transfer resistance is related to the barrier of electron flow passing from
the electrode surface to the adsorbed species and from the adsorbed species to
the electrode surface [10]. The calculation of charge transfer resistance can be
deducted from the Butler—Volmer equation as shown in equation 3.2, which ex-
presses the relationship between net current density (i) and the overpotential ()
of the electrochemical system.

(1—=a)nFn

=) (3.2)

o anFn
i = o (exp(~——) — exp(=
In the equation, i, represents the exchange current density at equilibrium, «
represents the symmetry factor, and n represents the number of electrons involved
in the reaction. The constant F and R represents Faraday’s constant and the gas
constant, respectively. Since the EIS measurement is conducted with a small per-
turbation of the AC voltage, the electrochemical system can be seen to be at equi-
librium with small overpotential, and equation 3.2 can be simplified into equation
3.3.
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Figure 3.6: Magnified Nyquist impedance plot of ZnSO4 (aq) for different concentrations at 20 °C.

F
i = io () (3.3)

Finally, the charge transfer resistance can be calculated by diving the overpo-
tential with net current density, as shown in equation 3.4.

n RT

R, = i = nFL (3.4)
From the equation, it can be seen that the value of charge transfer resistance is
closely related to the value of exchange current density (iy). When the exchange
current density increases, the charge transfer decreases. The exchange current
density is defined as the intrinsic rate of electron transfer between the electrode and
the electrolyte at equilibrium [73], and is controlled by several parameters, including
the nature of the electrode materials, roughness/surface area of the electrode, the
concentration of the reactant and product, and temperature [10]. The value of
exchange current density can be estimated with equation 3.5. In the equation, K
represents the electrochemical reaction rate, B represents the transfer coefficient of
the reaction, while C, and C, represents the concentration of oxidant and reductant,
respectively. The term A is the electroactive surface area rather than the total area

of the electrode and is dependent on temperature.

C
ip = nFKAco(C—")-ﬁ (3.5)
R

At constant temperature, when the total concentration of the HMI solution in-
creases, the conductive ions near the electrode surface also increases. This in-
crease in conductive ions contributes to increased exchange current density and
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further decreases the charge transfer resistance. This similar pattern is also shown
in the case of lead nitrate solution. Figure 3.7 shows the Nyquist impedance plot
for Pb(NO3), (aq) at various concentration, the figure 3.8 is the magnified version
of it near the origin. When the concentration of Pb(NOs); (5q) increases, the size of
the first semi-circle in the Nyquist impedance plot decreases.
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Figure 3.7: Nyquist impedance plot of Pb(NO3), (aq) for different concentrations at 20 °C.

Things that are worth investigating further for the two HMI solution cases in-
clude the inductive behavior and the presence of the second depressed semicircle.
There are several hypotheses being proposed by researchers to explain the induc-
tive behavior in the relatively low-frequency region, including the influence of elec-
trical shielding (Faraday cage) [74], different components in cell designs (including
springs, wiring, the presence of reference electrode) [75], and stray capacitance
[76]. Aside from the arguments that attribute the inductive behavior to physical
artifacts, some researchers believe that the inductive behavior in the relatively low-
frequency region is associated with the adsorption and desorption process of the
intermediate species. For instance, in the research done by Itagaki et al., the induc-
tive loop was explained by Faradaic process involving two steps of electron transfer
and reaction intermediate of a dissolving iron electrode in an acidic solution. Equa-
tion 3.6 show the two-step reaction in which the metal element (M) is oxidized into
metal ion (M (1)) via an adsorbed intermediate (M (I),4)- In the equations, K; and
K, represent the potential-dependent rate constants.
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Figure 3.8: Magnified Nyquist impedance plot of Pb(NO3), (aq) for different concentrations at 20 °C.
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In addition, in the research done by Harrington and Van den Driessche, the
hydrogen evolution reaction (HER) was used as an example to derive the condition
for inductive loop’s appearance. It stated that the inductive behavior could only
occur if two mechanisms of electron transfer are present simultaneously, including
oxidation in the direction of adsorption and reduction in the direction of adsorption.
This requirement can be realized if both the adsorption and desorption processes
take place. Equation 3.7 shows the 3-step HER mechanisms, with M(site) being
the free adsorption sites on the surface of the electrode and MH (ads) being the
site with adsorbed H atom.

K-
M(site) + H + e~ K:i MH(ads)
1

K.
MH(ads) + H + e~ K<_—,2 M(site) + H, (3.7)
-2

K-
2MH (ads) K<:3, 2M(site) + H,
-3

Aside from HER, another possibility of having an adsorption/desorption process
in the aqueous solution is the oxygen reduction reaction (ORR). In the research
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Table 3.1: Measured pH value for DI water and HMI solutions and calculated thermodynamic potential

Thermodynamic

pH before EIS pH after EIS potential (unit: V)
Deionized anodic: 0.72
water 79 78 cathodic: 0.70
50ppm 55 56 anodic: 0.58
ZnS04 (aq) ) ) cathodic: 0.56
50ppm 48 47 anodic: 0.54

Pb(NO3)2 (aq) cathodic: 0.52

done by Cruz-Manzo et al., it was suggested that the produced intermediates dur-
ing ORR account for the appearance of the inductive loop in the electrochemical
system. Since platinum is a good catalyst for both HER and ORR, there is also
a chance that these reactions took place during the EIS measurements when the
solution’s conductivity was high enough, and thus contribute to the appearance of
inductive behavior.

In order to check the possibility of these reactions, the thermodynamic potentials
versus reversible hydrogen electrode (RHE) for three solution cases are calculated
with equation 3.8. The applied voltage in this case is 0.01V v.s SCE. The measured
pH value and the calculated potential are listed in table 3.1. It is worth noting that
the pH values for three solution cases show no significant changes before and after
EIS measurements.

ERHE = ESHE + 0.0591 x pH

(3.8)
= Escp + 0.244 + 0.0591 X pH

From the result, it can be seen that the calculated thermodynamic potentials
for the three solution cases are lower than the thermodynamic potential of ORR
(1.23V) in the standard condition [80]. In addition, the calculated thermodynamic
potentials for the three solution cases are higher than the thermodynamic potential
of HER (0V). Therefore, it is implausible that these reactions took place in the sys-
tem significantly. Instead, the adsorbates are more likely related to HMI or other
ionic species presented in the aqueous solution.

Another element to be noticed is the second depressed semicircle in the Nyquist
impedance plot. Since there are two semicircles present, the system likely pos-
sesses two time constants, with the second one being the contribution from the
adsorbate. In order to investigate whether an adsorption/desorption process took
place during the EIS measurements and what kind of species might involve, more
investigation on the surface of the WE was conducted with surface analysis tech-
niques, and the results were discussed in section 3.2. In addition, the possible
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contribution of physical artifacts to the inductive behavior is further investigated in
section 3.1.4, by the comparison of different cell designs.

The last component to be discussed in the Nyquist impedance plot is the Warburg
element in the very-low-frequency region. The Warburg element is related to the
diffusion process and can be recognized by the straight line with 45°slope. The
value of Warburg impedance in the case of semi-infinite diffusion can be calculated
with equation 3.9, where o represents the Warburg coefficient (unit: Qs~!) and w
represent the angular frequency [10].

Zy = 0w Y2 —igw™1/? (3.9)

The Warburg coefficient is related to the diffusivity (D) and the bulk concentra-
tions (C*) of the oxidized and reduced species, as shown in equation 3.10 . The
notation of 0 and R in the equation represents the oxidized and reduced species,
respectively [10].

_RT ( Lo, 1 )
n2F2AV2 "\ [DoC®  [DRrC¥

However, in real electrochemical systems, the diffusion condition is often a finite
one due to natural boundaries or the electrode’s thickness. The difference between
the impedance response of finite systems and semi-infinite conditions is shown in
figure 3.9. The value of Warburg impedance for finite systems are calculated with
equation 3.11, where Zp;, represent the finite length Warburg impedance, Zggy,
the finite space Warburg impedance, R,, the limiting diffusion resistance, and
the diffusion time constant [15].

(3.10)

Rw

VA =
FLW ot

Z Rw
FSW = —F co
JiwTp

In the case of DI water, as shown in figure 3.5 and 3.7, the Warburg element
first shows a transition region in relative high frequency region and then approaches
finite space impedance near the lowest frequency (0.1 Hz). However, for HMI so-
lutions, the impedance response near the lowest frequency is more similar to one
in finite-length conditions. During the EIS experiments, the lines for the Warburg
impedance near the lowest frequency in all cases were observed to be less stable
than the impedance response in other higher frequency regions. Not only the devi-
ation of the slope is larger, but also no significant pattern was found in the values
of these slopes. In section 3.3, the values for Warburg impedance will be calculated
with the help of modelling, and further discussion will be addressed.

tanh({iwtp)
th(\/iwtp)

(3.11)




50 3. Results and Discussion

500

400

Finite space

100

0 100 200 300 400 500
Zz.. Ohm

Figure 3.9: Different types of Warburg impedance on a Nyquist plot [15].

(3) Data analysis on Nyquist impedance plot

In order to compare the Nyquist impedance plot for the two HMI solutions, two
characteristic points were selected on the Nyquist impedance plot. The first one is
the highest point on the first semicircle (local maximum), representing the extent
of charge transfer resistance. The second one is the starting point of the Warburg
element in the low-frequency region, representing the sum of all non-diffusional
resistance of the system (local minimum). These data points for the two HMI so-
lutions are shown in figure 3.10. The results indicate that the decrease of charge
transfer resistance follows a clear pattern as the concentration increases. When the
concentration of an HMI solution doubled, the extent of charge transfer resistance
becomes halved. In addition, at the same concentration, each HMI solution has
its own characteristic value of charge transfer resistance. This result suggests that
the concentration of an HMI solution is predictable if one of the data points of that
solution is collected for a specific concentration, considering the linear relationship
between the concentration and the extent of charge transfer resistance. However,
the result also suggested that it is more difficult to distinguish different points for
high concentration than for low concentration. The EIS sensor is thus more sensi-
tive in the case of low concentration.

In addition, the points for 20ppm ZnSO;4 (5q) and 50ppm Pb(NOs); (aq) almost
overlap with each other, as well as the points for 50ppm ZnSQO4 (5q) and 100ppm
Pb(NO3); (aq)- Further distinction of the two HMI solution thus relies on other types
of data analysis or modelling rather than the selection of characteristic points. In



3.1. EIS measurements 51

400000
Pb S5ppm
350000 L
* Local max. Zn
300000 Local min. Zn
Local max. Pb
Local min. Pb
250000 )
c s Linear (Local max. Zn)
.5 Linear (Local min. Zn)
~ 200000 T Linear (Local max. Pb)
(] i
3 Linear (Local min. Pb)
150000 Zn 5ppm
100000 | In &
20ppm.;
% _— pbsoppm
50000 | &~ pb100ppm Pb 5ppm
Zn S5ppm ;
& Zn 50ppm " e
o Ls el B
0 100000 200000 200000 400000 500000 600000 700000 800000

Re(Z) /Ohm

Figure 3.10: Characteristic points on the Nyquist impedance plot, representing the extent of charge
transfer resistance (local max.) and the extent of non-diffusional resistance (local min.) of the
electrochemical system.

section 3.3, the values of equivalent circuit elements for the case of 20ppm ZnS0O4
(aq) @nd 50ppm Pb(NO3), (aq) are compared and discussed.
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3.1.2. The effect of varying mixing ratio of a mixed HMI solu-
tion

In this section, the EIS result for a mixed HMI solution with various mixing ratio
is analyzed and discussed. It should be noted that the notation of concentration
being used here refers to the concentration of each HMI solution before mixing.
For example, the term "5ppm mixed solution” indicates that the solution was mixed
with 5ppm ZnSO4 (5q) and 5ppm Pb(NO3), (aq) With different mixing ratio, ranging
from 0% to 100% with 25% deviation.

Figure 3.11 shows the Bode impedance plot of 5ppm mixed HMI solution. The
overall shape of the curve for the mixed solution is similar to the one in the single
HMI solution. In both cases, the Bode impedance plot consists of two characteristic
points (local maximum and local minimum) in the high-frequency region, a plateau
in the mid-frequency region, and a steep line in the low-frequency region, which
is associated with the diffusion process. However, the peak values of character-
istic points of the mixed solution in high-frequency regions behave more modest
compared to the ones in a single HMI solution.
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Figure 3.11: Bode impedance plot of 5ppm mixed HMI solution at 20°C.

For the case of 50ppm mixed HMI solution, as shown in figure 3.12, the shape
of the curve in the Bode impedance plot is also similar to the ones for single HMI
solutions. The line for the case of “25% Zn + 75% Pb" appears to be discontinuous
at log(frequency)=4.3 is due to the interruption of noise to the potentiostat. It is
worth notice that the slope of the steep line in the low-frequency region for a mixed
solution is smaller than the ones in a single HMI solution in both 5ppm and 50ppm
cases.
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Figure 3.12: Bode impedance plot of 50ppm mixed HMI solution at 20°C.

(1) Data analysis on Bode impedance plot

In order to quantify and compare the change of impedance in the case of 5ppm
and 50ppm mixed solution, similar methods illustrated in section 3.1.1 are used to
conduct data analysis, including the selection of characteristic points and the cal-
culation of impedance change compared to DI water at log(freq.)=2.5.

Figure 3.13 and 3.14 shows the characteristic points on Bode impedance plot
for the case of 5ppm and 50 ppm mixed solution, respectively. The standard devi-
ation was calculated with 3 collected data in the repetitive experiments. From the
result, it can be seen that the points for mixed solution lie between the points for
single HMI solution. As the portion of ZnSQO4 (5q) in the mixed solution increases,
the impedance value moves toward the value for pure ZnSO4 (5q). However, some-
thing interesting is that the situations in 5ppm and 50ppm cases are different. In
the case of 5ppm mixed solution, the points for 25%, 50% and 75% ZnSO4 (5q) lie
closer to the point for pure Pb(NOs), (aq) rather than the point for pure ZnSO4 ;).
On contrast, in the case of 50ppm mixed solution, the points for mixed solution
lie closer to pure ZnSO4 (5q). It seems that Pb(NOs); (aq) has a "dominant role” at
low concentration, affecting the impedance value of the mixed solution more than
ZnS04 (aq), While at high concentration, ZnSO4 (5q) has its dominant influence.

In addition, the alignment of points on the linear trend line for a mixed solution
is not as consistent as the one observed in section 3.1.1, where most of the points
align consistently on the linear trend line when varying concentration in a single
HMI solution. In the case of the 5ppm HMI solution, the local maximum points
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Figure 3.13: Characteristic points on the Bode impedance plot for 5ppm mixed HMI solution,

representing the fluctuation of impedance in the high-frequency region.
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Figure 3.14: Characteristic points on the Bode impedance plot for 50ppm mixed HMI solution,

representing the fluctuation of impedance in the high-frequency region.
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for mixed solution deviated from the linear trend line and moved toward the right
side, indicating that the local maximum points for mixed solution appear at a lower
frequency compared to single HMI solution. In the case of 50ppm, this shift of
characteristic points was observed in the local minimum, where the points move
toward higher frequency.

In order to quantify the change of overall impedance for the mixed HMI solution,
figure 3.15 was made. From the result, it can be seen that the impedance change
compared to DI water in log scale at 317Hz does not behave as an arithmetic pro-
gression as the mixing ratio increases. Although the impedance value in the log
scale does increase or decrease according to the change in mixing ratio, no simple
pattern such as the arithmetic sequence can be found in the percentage change of
impedance.

Mixed HMI solution
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-30 -26.6
-25
-20
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Figure 3.15: Impedance change at 317Hz compared to DI water for 5ppm and 50ppm mixed HMI
solutions.

(2) Interpretation of Nyquist impedance plot

Figure 3.16 and 3.17 show the Nyquist impedance plot for 5ppm and 50ppm mixed
solution, respectively. In the case of a 5ppm mixed solution, the inductive behavior
that follows the first semicircle seems to be reduced, creating a shape with two
overlapping semicircles without a loop in between. However, in the case of 50ppm
mixed solution, the shape of the curve for the mixed solution does not have signif-
icant differences from the one for single HMI solution, except the changes in size
according to the mixing ratio.
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Figure 3.16: Nyquist impedance plot of 5ppm mixed HMI solution at 20°C.
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Figure 3.17: Nyquist impedance plot of 50ppm mixed HMI solution at 20°C.
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(3) Data analysis on Nyquist impedance plot

The characteristic points on the Nyquist impedance plot for 5ppm and 50ppm mixed
solution are shown in figure 3.18 and 3.19, respectively. In the case of 5ppm mixed
solution, the extent of charge transfer resistance decreases as the portion of ZnSO4
(aq) increases. However, the characteristic points are not evenly distributed along
the linear trend line. For instance, the points for “0% Zn" and “"25% Zn" are very
close to each other and overlap at the local minimum. In addition, the point for
"75% Zn" does not lie in the middle of “50% Zn"” and "100% Zn". Instead, its po-
sition is closer to "50% Zn".
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Figure 3.18: Characteristic points on the Nyquist impedance plot for 5ppm mixed HMI solution,
representing the extent of charge transfer resistance (local max.) and the extent of non-diffusional
resistance (local min.) of the electrochemical system.

For the case of a 50ppm mixed solution, the characteristic points align more
orderly. The local maximum points, which represent the extent of charge transfer
resistance, not only follow the linear trend lines but also descend with a predictable
pattern. When the portion of ZnSO4 (5q) increases 25%, the distance between the
local maximum point of the mixed solution and the point of pure ZnSO4 (5q) be-
comes approximately halved.

The complexity of the system is due to the fact that there are multiple ions
present in the water at the same time. Aside from the cations, namely Pb%* and
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Figure 3.19: Characteristic points on the Nyquist impedance plot for 50ppm mixed HMI solution,
representing the extent of charge transfer resistance (local max.) and the extent of non-diffusional
resistance (local min.) of the electrochemical system.

Zn?*, there are also two different anions present in the system, including NO3~ and
S042. Tt is not clear how these ionic species interact with each other and influence
the overall impedance response. However, the reason why the Pb(NO3), (5q) has
a dominant role in determining the impedance value in the case of 5ppm mixed
solution might be explained by the adsorption process of Pb2* on the electrode
surface. In the research done by Ekop and Eddy, the adsorption potential of Pb%*,
Ni*, and Zn?* on the Helix aspera shell were investigated, and Pb?* turned out to
be the most absorbed species and Zn?* were the least absorbed one. In addition,
the adsorption of Zn2* on natural zeolite is reported to be slower than the adsorp-
tion of PbZ* [82], as well as in the case of untreated coffee residues [83]. In the
case of titanium phosphate, the adsorption of Pb2* is reported to be slower than
the adsorption of Zn%*. Still, the overall capacity of Pb?* adsorption is higher than
Zn?* after the equilibrium of the system is reached [84]. The reason why Pb2* has
a higher affinity to adsorption on various materials than Zn?* is resulted from its
lower magnitude of hydration enthalpy, as suggested by Martin-Dupont et al..

In section 3.2, the adsorption of Pb%* and Zn2* are both found in surface analysis
of this research. However, since the surface analysis experiments in this research
were not specifically arranged for studying adsorption kinetic, the adsorption affin-
ity of the two HMIs cannot be determined. If there is a higher tendency for the
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adsorption of Pb%* on the platinum electrode, it will support the argument that lead
ions have a greater reaction with the electrode surface and thus has a dominant
role in determining the charge transfer resistance in the mixed solution at certain
concentration. For instance, when the concentration of Pb2* and Zn2* are both low
(5ppm), the influence of Pb%* becomes more obvious. In contrast, when the con-
centrations of both heavy metal ions are high, the influence of Pb?* becomes less
obvious due to a significant amount of Zn?* and other ions in the mixed solution,
which hinder the reaction between Pb?* and the electrode. It should be noted that
this argument is merely a hypothesis, and further research is required to under-
stand if the differences in the adsorption affinity of the two HMIs contribute to the
inconsistent impedance response in the low and high concentration cases. In addi-
tion, the adsorption kinetic also depends on temperature, the concentration of the
solution, and immersion time of the electrode [84]. It is not clear whether the ad-
sorption of Pb%* and Zn?* reach the equilibrium state during the EIS measurements.

Another parameter to be considered here is the pH value. In the studies of
adsorption kinetic, the pH value also plays a role in determining the adsorption
process of metal ions [83]. However, since the pH value was not fixed during the
experiments in this research, it may affect some of the electrochemical reactions,
especially when there are multiple ions present inside the solution.
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3.1.3. The effect of varying temperature

In this section, the influence of temperature on the EIS result is presented and
discussed. Data analysis on the Bode impedance plot and the Nyquist impedance
plot are conducted in the same way as in the previous sections. Figure 3.20 shows
the Bode impedance plot for all the solution cases that were investigated under
the influence of changing temperature, including 5ppm Pb(NOs); (aq), Sppm ZnS0O,4
(aq), 20ppm Pb(NO3); (aq), and 50ppm ZnSO4 (aq). From the result, it can be seen
that the impedance response in the high and mid-frequency region are affected by
temperature in all cases. As the temperature increases, the impedance value in
these regions decrease.
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Figure 3.20: The influence of varying temperature on the Bode impedance plot.

(1) Data analysis on Bode impedance plot

The characteristic points on the Bode impedance plot were selected and compared
for data analysis. Figure 3.21 shows the average of local maximum point and the
local minimum points for the case of 5ppm ZnSOj4 (aq) and 5ppm Pb(NO3); (5q)- The
error bar represented the standard deviation from the average value and was calcu-
lated with three collected data. From the figure, it can be seen that the impedance
value descends as the temperature increases. However, the error bars for 5ppm
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Pb(NOs); (aq) are shown to be bigger than that of 5ppm ZnSO4 (5q). In addition,
some of the points for 5ppm Pb(NOs), (aq) deviates a lot from the linear trend line.
This may indicate that the system is unstable and certain electrochemical reactions
occur in respond to temperature changes in the case of 5ppm Pb(NO3); (aq)- How-
ever, it can also imply that the EIS sensor is more sensitive when the concentration
of the HMI solution is low, and the overall impedance value of the system is high.
In other words, getting reproducible data may be originally more difficult in this
case and does not necessarily refer to the system'’s instability.
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Figure 3.21: Characteristic points on Bode impedance plot for 5ppm ZnSOy4 (aq) and Pb(NO3); (aqy at
various temperature, representing the fluctuation of impedance in the high-frequency region.

The characteristic points on Bode impedance plot for 50ppm ZnSO4 (5q) and
50ppm Pb(NOs); (aq) at various temperature are shown in figure 3.22. The over-
all standard deviation of the characteristic points at 50ppm are smaller than that
at 5ppm. In addition, the points align orderly on the linear trend line and the
impedance values decrease with increasing temperature. It is worth notice that
local maximum points of 50ppm ZnSO, (,q) occurs at almost the same frequency.
The “straight” linear trend line in the case of 5ppm ZnSO, (5q) is an interesting
phenomenon because in the all the cases discussed previously, the local maximum
point occurs at different frequency when the parameters (e.g. concentration, mix-
ing ratio, temperature) changes.

The impedance change compared to DI water in log scale for the four solu-
tion cases is shown in figure 3.23. The result shows that when the temperature
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Figure 3.22: Characteristic points on Bode impedance plot for 50ppm ZnSO4 (5q) and Pb(NO3), (aq) at
various temperature, representing the fluctuation of impedance in the high-frequency region.

decreases or increases 5°C, the impedance change compared to DI water will gen-
erally deviate 0.2-0.6%. However, for the case of 5Sppm Pb(NO3); (aq), the deviation
between 25°C and 30°C is 1%. This exception may be resulted from the data points
collected at 30°C for 5Sppm Pb(NO3), (aq), Which have the largest standard deviation
among all the cases. It is worth notice that the impedance changes shown in figure
3.4 for the doubling of concentration in a HMI solution are 4%=+0.3%. If the stan-
dard condition of the EIS sensor is set at 20°C, then the impedance change caused
by £10°C deviation is generally less than 1%. Since the change in impedance due to
temperature variation has a clear pattern, it is possible to calibrate the temperature
influence during the later stage of sensor application.

(2) Interpretation of Nyquist impedance plot

Figure 3.24 shows the Nyquist impedance plots for the four solution cases. The vari-
ation of temperature does not significantly affect the shape of curves in the Nyquist
impedance plots. However, the size of the first semicircle in all cases changes with
temperature, which implies that the temperature has an impact on the value of
charge transfer resistance. This result is compatible with some other research re-
lated to temperature influence on the EIS measurements in different system. In
the research done by Zhang et al., the temperature was found to have significant
impacts on the value of charge transfer resistance (R) of the lithium-ion battery.
As the temperature increases, the value of Ry decreases, and this phenomenon ob-
served in various systems is believed to be related to the mass transfer kinetics of
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Figure 3.23: Impedance change at 317Hz compared to DI water for 4 cases of HMI solutions at
various temperature.

the system, as suggested by various researchers in the field of Li* and Na* battery
[61] [86] [87]. However, it should be noted that the concept of electron transfer
and the concept of mass transfer are different. Although the mass transfer kinetics
of the ionic species has an impact on the electron transfer process between the
electrode surface and the electrolyte, the mass transfer kinetic is better described
with Warburg impedance rather than charge transfer resistance. The value of War-
burg impedance, as mentioned in equation 3.9 and 3.10, is related to temperature,
temperature-dependent diffusivity, and temperature-dependent electroactive sur-
face area.

The calculation of charge-transfer resistance was previously mentioned in sec-
tion 3.1.1 with equation 3.4 and 3.5. However, these equations are not ideal to
describe the temperature-dependence of charge transfer resistance, since the elec-
troactive surface area varies with temperature. The relationship between the charge
transfer resistance and temperature can be better described with Arrhenius relation
[87] [88], as shown in equation 3.12, where A is the proportionality constant, kg
is Boltzmann constant, T is the temperature, and E, is the activation energy of the
charge transfer process.

Eq

1 _Ea
— = Ae KgT (3.12)
Rct
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If the value of charge transfer resistance is determined for each temperature
by data fitting into the equivalent circuit model, then the activation energy of the
charge transfer process can be calculated. Additionally, the activation energy for
the diffusion process can also be calculated by the same equation if the diffusion
resistance is known. Nevertheless, these calculations are beyond the scope of this
project. Further discussion on the value of charge transfer resistance is discussed

in section 3.3.
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Figure 3.24: Nyquist impedance plot for 4 cases of HMI solutions at various temperature.

(3) Data analysis on Nyquist impedance plot

Figure 3.25 shows the characteristic points on Nyquist impedance plot for 5ppm
ZnS04 (aq) and 5ppm Pb(NO3), (aq) at various temperature. The result shows that
the extent of charge transfer resistance (local maximum points) for 5ppm ZnSO4
(aq) decrease when the temperature increases. In contrast, in the case of 5ppm
Pb(NO3); (aq), the local maximum points for 10°C - 25°C almost overlap with each
other and only the point of 30°C has a significant decrease. In addition, the stan-
dard deviation for the case of 5ppm Pb(NO3); (aq) is much larger than that for 5ppm

ZnS0O4 (aq)-

It should be noted that the local minimum point represents the extent of over-
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all non-diffusional resistance, including the ohmic resistance, charge transfer re-
sistance, and the resistance in the region of inductive behavior. In all the cases
discussed previously, the position of local minimum points is arranged in similar
pattern as the local maximum points along the linear trend line, which means that
the change of non-diffusional resistance is mainly determined by the change of
charge transfer resistance. However, in the case of 5ppm Pb(NOs3); (aq), there are
deviations contributed from the other parts, such as the resistance in the inductive
behavior region. Therefore, the local maximum points and local minimum points
are not arranged similarly.
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Figure 3.25: Characteristic points on the Nyquist impedance plot for 5ppm ZnSO4 (5q) and Pb(NO3),
(aq) at various temperature, representing the extent of charge transfer resistance (local max.) and the
extent of non-diffusional resistance (local min.) of the electrochemical system.

Figure 3.26 shows the characteristic points on Nyquist impedance plot in the
case of 50ppm ZnSO4 (3q) and 50ppm Pb(NO3), (aq) at various temperature. The
standard deviation of the points for 50 ppm Pb(NO3); (aq) is higher than that for 50
ppm ZnSO4 (5q)- In addition, in the case of 50 ppm Pb(NOs); (aq), the positions of
local maximum points are arranged in different pattern than that of local minimum
points.

In both 5ppm and 50ppm conditions, the electrochemical mechanism in re-
sponse to temperature changes is shown to be slightly different for the two HMI
solutions. In the case of ZnSO4 (5), the extent of non-diffusional resistance is
mainly controlled by the extent of charge transfer resistance. As the temperature
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increases, both the charge transfer resistance and the non-diffusional resistance
decreases. However, in the case of Pb(NOs); (aq), the change of non-diffusional
resistance does not fully comply with the change of charge transfer resistance, as
the alignment of local maximum and minimum points on the Nyquist impedance
plot do not behave in the same manner. This means that the temperature may also
influence the resistance in the inductive region for the case of Pb(NOs); (ag)-
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Figure 3.26: Characteristic points on the Nyquist impedance plot for 50ppm ZnSO4 (5q) and Pb(NO3),
(aq) at various temperature, representing the extent of charge transfer resistance (local max.) and the
extent of non-diffusional resistance (local min.) of the electrochemical system.

3.1.4. The effect of the electrochemical cell designs

In this section, the impedance response of various electrochemical cell designs is
compared and discussed. One of the goals is to investigate the possible contribution
to the inductive behavior from artifacts in the cell design, such as wiring and the
presence of the reference electrode. Figure 3.27 shows the Bode impedance plot
for the standard electrochemical cell design and its soldering modification. There
is no significant difference between the impedance response of the two designs,
except at the very-low-frequency region, where the soldering modification has a
slight increase of impedance near 0.1 Hz for the case of DI water. The impedance
response in this region is related to the diffusion process and was observed to be
influenced by the selection of individual SCE during the experiments.

Figure 3.28 shows the Bode impedance plot for the standard design, the design
with Pt wire as RE, and the designs made for surface analysis. The figure indicates
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Figure 3.27: Comparison of Bode impedance plot between the standard electrochemical cell design
and the soldering modification.

that the impedance response becomes very different when changing the WE from
Pt wire to Pt foil. In addition, when the exposed surface area changes from a circle
with 1 mm diameter to 1 cm x1 cm square, the overall impedance value decreases
significantly. Another thing to notice is that for the design of "Pt foil as WE with a
small area,” two plateau regions appear in the Bode impedance plot. The additional
plateau region might due to the coverage of green tape on the Pt foil during EIS
measurements, as green tape can act as a coating on the platinum surface.

As for the design of "Pt wire as RE,” the impedance response is similar to the
standard design. However, at high frequency, the fluctuation of impedance becomes
more severe when replacing the SCE with Pt wire. In addition, after changing the
SCE to Pt wire, the fluctuation of impedance occurs in both cases of HMI solution
and DI water.

(1) Data analysis on Bode impedance plot

In order to compare the sensitivity of different cell designs, the impedance changes
in log scale compared to DI water at 317HZ for various cell designs are shown in
figure 3.29. The result shows that the impedance changes of the standard de-
sign, soldering modification, and the design with Pt wire as RE are similar. For
these three designs, the impedance changes for the case of 50ppm ZnSOj4 (4q) and
50ppm Pb(NO3); (aq) are 32.35%+0.85% and 26.15%+0.65%, respectively.

For the design of "Pt foil as WE with a small area,” the impedance changes
are less than the standard design, indicating lower sensitivity in response to the
presence of HMIs. However, the decrease of impedance changes of this design is
partly because the plateau region of DI water and HMI solutions do not align well
at 371Hz, as shown in figure 3.28. As for the design of "Pt foil as WE with a large
area,” the impedance changes are the highest among all the cell designs, indicating
the highest sensitivity in response to the presence of HMIs. It should be noted that
the sensitivity mentioned in this section refers to the degree of impedance change
compared to DI water when there are HMIs present in the solution. Higher sensi-
tivity indicates a larger extent of impedance change. However, for the design of "Pt
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Figure 3.28: Comparison of Bode impedance plot between the standard electrochemical cell design
and the designs for surface analysis & evaluation of sensor prototype.

foil as WE with a large area,” the detection of HMI concentration can become more
limited than the other designs when the overall impedance value of the solution is
low (the concentration of ions are high inside the solution), since it is more difficult
to distinguish the characteristic points for a specific HMI solution when the overall
impedance of the system is high.

The difference of impedance changes between the case of 50ppm ZnSO4 (g
and 50ppm Pb(NO3); (5q) for various designs turned out to be 6.3%+0.3%, with the
highest value (6.6%) appears in the design of “Pt foil as WE with large area”. The
result indicates that the design with a large exposed surface area distinguishes the
two HMIs slightly better than other designs at the same concentration. However,
the classification of the two HMIs can not merely depend on the data analysis on
the overall impedance value. The development of equivalent circuit models and
data fitting techniques is required to classify different types of HMIs further.

(2) Interpretation of Nyquist impedance plot

This section focuses on the examination of the inductive behavior presented in var-
ious electrochemical cell designs. Figure 3.30 shows the Nyquist impedance plots
for the standard design and its soldering modification. The size of the inductive
loop slightly decreases in the case of soldering modification, implying that the pres-
ence of copper wire in the standard design may partly contribute to the inductive
behavior in the EIS result. However, the inductive behavior still presents in the
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Figure 3.29: Impedance change in log scale compared to DI water at 317Hz for various
electrochemical cell designs.

design of soldering modification, indicating possible contribution from the adsorp-
tion/desorption process of the ionic species inside the solution.

As mentioned previously, the difference of the Warburg element between the
standard design and the soldering modification is observed to be influenced by
selecting individual SCE during the experiment. Since further analysis in the very-
low-frequency region is beyond the scope of this project, more detailed interpreta-
tion cannot be made to explain the parameters that influence the Warburg element.

Figure 3.31 shows the Nyquist impedance plot for the design of “Pt wire as RE.”
After replacing the SCE with Pt wire, the inductive loop is present in cases of HMI
solutions and the case of DI water. In addition, the size of the inductive loop be-
comes larger compared to that in the standard design, and some of the data points
appear in the first quadrant of the Nyquist impedance plot. The result indicates that
replacing the SCE with Pt wire increases the inductive behavior in the impedance
response. Since the inductive behavior also occurs in the case of DI water, the
primary cause of the inductive behavior likely comes from the construction of the
electrochemical cell, such as the stray capacitance between the WE and the RE.

For the designs made for surface analysis, the inductive behavior was found in
the case of "Pt foil as WE with a large area.” Instead of a “spiral” shape of the
inductive loop as seen in the case of standard design and the design of “Pt wire as
RE,” which has the second semicircle formed in the fourth quadrant of the Nyquist
impedance plot, the inductive loop shown in figure 3.32 does not form the second
semicircle in the fourth quadrant. As for the design of "Pt foil as WE with a small
area,” no inductive loop is shown in the Nyquist impedance plot. For these two
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designs, the curves in the Nyquist impedance plot have a similar shape in the case
of DI water and HMI solutions, indicating that the cell’s configuration is the main
contribution to the non-standard behaviors.

It is worth notice that there are two consecutive depressed semicircles present
in the case of "Pt foil as WE with a small area.” The first semicircle in the very-high-
frequency region may have resulted from green tape coverage on the electrode
surface. Since the green tape can act as a coating, the first semicircle can repre-
sent the impedance of the coating layer, while the second semicircle represents the
charge transfer resistance and double-layer capacitance in a non-ideal situation. In
addition, the size of the second depressed semicircle in the case of “Pt foil as WE
with a small area” was found to be similar to the first semicircle found in the case
of standard design, which supports the hypothesis mentioned above. However, the
phenomenon of two consecutive semicircles may also be related to the influence of
stray capacitance [76].

As mentioned previously, the overall impedance value for the case of “Pt foil as
WE with large area” is lower than that of the other designs. As seen in figure 3.32,
the size of the first semicircle in the very-high-frequency region, representing the
charge transfer resistance, is smaller than that of the other designs. The decrease
of charge transfer resistance is directly related to the increase of the WE’s exposed
surface area. When the temperature and concentration of ions are fixed, increas-
ing WE's surface area also increases the electroactive surface area and therefore
decreases the charge transfer resistance according to equation 3.4 and 3.5.

In conclusion, the inductive behavior in the standard design cannot be fully
attributed to the connection of the copper wire since the inductive loop was also
found in the case of soldering modification. Considering the fact that no inductive
loop was found in the case of DI water, it is likely that the adsorption/desorption
process of ionic species plays a role in the inductive region of the standard design.
In contrast, the inductive or non-standard behaviors found in the other designs are
primarily attributed to the construction of the cell designs since these behaviors are
observed in both cases of DI water and HMI solutions. In other words, it is unlikely
that the adsorption/desorption process of the ionic species is the main contributor
to the inductive behavior found in these designs. In addition, the design with Pt wire
as the RE has an intensified degree of inductive behavior, which is likely related to
the stray capacitance between the WE and the RE. This behavior poses a challenge
to the development of the EIS sensor as a form of a chip, which uses the same
materials to fabricate the three electrodes. Although the design with Pt wire as the
RE also produces reproducible data with a small standard deviation, as shown in
figure 3.29, the inductive behavior due to design artifacts may affect the extraction
of valuable data in the later stage of the application.
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Figure 3.32: Nyquist impedance plot for the designs made for surface analysis.

3.1.5. Detection of HMIs in real water samples

In this section, the practicality of the EIS sensor is examined with real water sam-
ples. Figure 3.33 shows the Bode impedance plot for the samples of tap water and
industrial water. It should be noted that the addition of Zn?* into the real water
samples was conducted by adding 10% of 2000ppm ZnSO4q) into the solution.
It can be seen from the result that the overall impedance value of tap water and
industrial water is much lower than that of DI water. The lowest impedance was
detected previously in the case of 100ppm ZnSO4(aq), as shown in section 3.1.1;
however, the impedance value of tap water and industrial water is even lower than
that of 100ppm ZnS044q), indicating that there were already a lot of ions existing
inside the solution. The impedance value has resulted from the combined influence
of these unknown ions.

As for the detection of HMIs, adding 10% of 2000ppm ZnSQy,q) into the tap
water lowers the impedance value in the mid- and high-frequency range. However,
in the case of industrial water, the change of impedance is not so obvious, as the
background solution is rather “noisy”.

Figure 3.34 shows the impedance response for the cases related to industrial
water samples. It can be seen from the result that impedance values of 100% in-
dustrial water and that of 90% industrial water added with 10% 2000ppm ZnS0O45q)
are similar. It is not easy to distinguish the two samples. However, for the sample
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Figure 3.33: Bode impedance plot of real water samples.

of 80% industrial water added with 20% 50ppm ZnSQO4,q), the impedance value
in mid- and high-frequency region is slightly higher. The reason why adding 20%
50ppm ZnS045q) into the industrial water increases the overall impedance value is
because that 50ppm ZnSO4aq) Was prepared with dissolving the salt in DI water,
and the impedance value of 50ppm ZnS044q) is much higher than that of industrial
water. In other words, adding the 50ppm ZnSO4(q) makes the solution become
“cleaner” (the overall concentration of the ions decreases). The result shows that
the ionic concentration is clearly reflected in impedance values.

(1) Interpretation of Nyquist impedance plot

The magnified Nyquist impedance plot for the real water sample, as shown in figure
3.35, indicates that there is also an inductive behavior in the case of tap water and
industrial water, which is likely related to the adsorption/desorption process of the
existing ions and their compounds. Since the data points started in the inductive
region, the size of the first semicircle, representing the extent of charge transfer
resistance, cannot be fully identified in these cases.

Figure 3.36 shows the magnified Nyquist impedance plot for the industrial water
samples. The sample of 80% industrial water added with 20% 50ppm ZnSO4,q)
has a larger extent of non-diffusional resistance compared to the other two samples.
The extent of non-diffusional resistance is marked out by the local minimum point
at the beginning of the Warburg element. The increase of non-diffusional resistance
comes from the decrease in overall ions concentration, as mentioned previously.

(2) Data analysis on Nyquist impedance plot
In order to know the reproducibility of the EIS result of real water samples, one of
the characteristic points (local minimum) on the Nyquist impedance plot is replot-
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Figure 3.36: Magnified Nyquist impedance plot of industrial water samples.

ted, as shown in figure 3.37 for various real water samples. The result indicates
that tap water samples have the largest standard deviation among all the samples,
indicating the instability of the system. In contrast, for the industrial water samples
and the sample of 100ppm ZnSQO4(aq), the EIS results are rather reproducible. It is
worth notice that the characteristic points for real water samples do not align nicely
on the linear trend line. This alignment might imply that the systems of these water
samples are different and cannot be plotted on the same linear trend line, consid-
ering that fact that the background water and the ionic composition are different.

In conclusion, the overall impedance value of tap water and industrial water is
much lower compared to DI water. In addition, the detection range for these real
water samples is way beyond the one in the previous research (section 3.1.1). The
change in the impedance value is still detectable in most cases. However, since
there is an influence of the background medium of ZnS044q), the impedance value
can be increased by adding ZnSO4,q) With low concentration. Considering the in-
fluence of the background medium, a better approach is required to add HMI into
the real water during experiments.

In order to expand the detection range in the low impedance environment, one
can decrease the surface area of the working electrode. In this way, the system'’s
initial impedance can be increased, which helps improve the sensor’s sensitivity
when the concentration of ions in the background solution is already very high.
The current diameter of the WE is 1mm, which is non-ideal for detecting HMI in
the real water environment. In chapter 5.2, the EIS sensor prototype design is
proposed in the form of chips, and the electrode dimension is therefore calculated
in the unit of um.
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3.2. Surface analysis

In this section, the result of the surface analysis is presented and discussed. The
primary goal of the surface analysis is to investigate whether the HMI-related ad-
sorption/desorption process occurs on the surface of electrodes during the EIS mea-
surement. The presence of HMI-related adsorbates can support the hypothesis
that the inductive behavior in the impedance response is partly due to the adsorp-
tion/desorption process. It is worth noting that the Pt wire WE in the standard
design was replaced with Pt thin foil for the surface analysis due to sample size
requirement.

3.2.1. SEM/EDS analysis

The surface of the Pt foil was first examined with SEM/EDS before the EIS mea-
surements. The SEM images for the bare Pt foil before and after hand-polishing are
shown in figure 3.38. Before hand-polishing, the surface of Pt foil had visible traces
of cold-rolling left from the production stage, as shown as the straight vertical lines
on the surface. After hand-polishing with fine diamond particles with 3um and 1um
diameter, the traces of cold-rolling became less evident, and the surface became
smoother with fine scratches left from hand-polishing. The difference between the
original Pt foil provided by the supplier and the reused sample does not affect the
result of SEM/EDS analysis, since the analysis depth of characteristic X-ray is 1um.
However, since XPS is more surface sensitive and only detected the region, which
is 3 to 5 nm beneath the surface, the surface’s roughness can increase the noise
during measurement. Further details are explained in section 3.2.2.
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Figure 3.38: SEM images of bare Pt foil before and after hand-polishing.

Figure 3.39 and 3.40 shows the SEM/EDS result for the two samples of bare Pt
foil. The percentage (%) listed in the table represents the mass percentage of the
element detected by EDS. As expected, only the signal of Pt and C was detected
on the grey area of the sample, as shown in point 3 and 5 on figure 3.40. Carbon
is @ common contamination in the EDS analysis since it appears everywhere in the
surrounding. The source of carbon particles may also come from the hand-polishing
process and carbon tape usage during the SEM/EDS analysis. However, since the
bare Pt foil samples were fully cleaned with isopropanol and ultrasonic bath before
the surface analysis, the chances of having fine diamond particles on the surface
from the hand-polishing stage are very low.

In addition to the fine scratches and the grey area, there are also lines that
consist of numerous black dots present on the bare Pt foil, with or without hand-
polishing. The lines represent the grain boundaries of the material, and the black
dots that are not in the area of grain boundaries are the defects or inclusions of
the material. At these black dots, not only the signals of Pt and C were detected,
but also the signals of O, Si, Fe, Mg, Al, Ca, Ni, and Cr. Most of these elements are
the impurities already listed by the supplier of the Pt foil, as mentioned in section
2.1.3, including Fe (4ppm), Mg (1ppm), Ca (2ppm), Al (1ppm), and Ni (1ppm). It
is worth noting that for some of these elements, the weight percentage is less than
0.5%, indicating a trace amount of impurities.

The reason why the grain boundaries are visible in the SEM images without un-
dergoing any etching process may be due to the localized corrosion on the points
with impurities segregation. Platinum is a noble metal that does not undergo any
oxidation process in the air at room temperature. However, since there are impuri-
ties segregating at the grain boundaries, it is possible that these elements oxidized
during the storage stage and formed discontinuous black dots on the grain bound-
aries. The black color indicates that the depth of these regions is deeper than the
other parts of the surface.
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Figure 3.39: SEM image of bare Pt foil (first sample) and point EDS analysis on the surface.

After the Pt foil was immersed into 50ppm Pb(NO3), (aq) and 3 repetitive EIS
measurements were conducted, white particles were formed on the surface of Pt
foil, as shown in figure 3.41 - 3.44. The size of these white particles ranges from
approximately 1 to 3um in diameter. Some of these white particles show the signal
of Pb in EDS analysis, with the mass percentage being higher than 10%. In addi-
tion, the signal of Pb was only detected in the regions of white particles, indicating
that the adsorption of lead did not occur uniformly on the surface of the electrode.
The phenomenon was observed for both cases of the small and large exposed area.

It is not clear what kinds of lead-containing compounds were formed during
the EIS measurement. However, according to the EDS analysis, as shown in figure
3.44, the lead-containing adsorbate was likely created in the form of oxide since
the signal of oxygen was detected as well when the signal of lead was present.

In figure 3.42, the white particles also contain the signal of impurities that were
mentioned previously in the case of bare Pt foil. This phenomenon is due to the
fact that the white particle was formed directly on the region of grain boundary and
the analysis depth of characteristic X-ray is 1um. Therefore, the elemental signals
beneath the white particle were detected as well. It is not clear if the impurities at
grain boundaries interact with the lead ions during the process of adsorption. Nev-
ertheless, the white particles appeared to be randomly distributed on the surface
of the Pt electrode. For instance, the white particles in figure 3.43 and 3.44 did not
form on the regions of grain boundaries.



3.2. Surface analysis 79

Bare Pt foil -2 i

Y A
$ A

SED 20.0kV WD11mmP.C.60 x3,500

TU Delft

Pt% C% 0% Si % Fe % Ni % Cr%
No.1 | 37.02 0.66 - 0.46 14.04 1.00 0.34
No.2 | 50.70 - 10.86 0.41 11.00 - -
No.3 | 66.61 1.23 - - - - -
No.4 | 70.16 1.46 1.57 - 0.94 - -
No.5 | 61.78 1.13 - - - - -

Figure 3.40: SEM image of bare Pt foil (second sample) and point EDS analysis on the surface.
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Figure 3.41: SEM/EDS result of Pt foil (small exposed area, first sample) after 45min immersion into
Pb(NO3); (aq) and conducting 3 repetitive EIS measurements.
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Figure 3.42: SEM/EDS result of Pt foil (small exposed area, second sample) after 45min immersion into
Pb(NO3); (aq) and conducting 3 repetitive EIS measurements.

For the samples that were immersed into 50ppm ZnS04aq) during three repeti-
tive EIS measurements, white particles also formed on the surface of Pt foil. How-
ever, no signal of zinc was detected on these white particles during EDS analysis.
Only the signals of Pt, C, O, Si, and other elements that are related to the impurities
of the Pt foil were detected. The situations are the same for both samples of the
small and large exposed areas.

The signal of zinc was detected on the sample which has a 3-hour immersion
time into 50ppm ZnS04,q) during 6 repetitive EIS measurements, as shown in fig-
ure 3.45. Although it is not clear which zinc-containing compound was formed on
the electrode surface, the zinc-containing adsorbate likely came in the form of ox-
ide since the signal of oxygen was also detected when the signal of zinc was present.

It should be noted that for the sample shown in figure 3.45 with zinc-containing
adsorbates, the accelerating voltage of the electron beam was set at 10kV during
SEM/EDS analysis, which is lower than that for the previous samples with lead-
containing adsorbates (20kV). According to the energy table for EDS analysis pro-
vided by Jeol, the energy values of characteristic X-ray emitted from K, line and
L, line of zinc are 8.630 keV and 1.012 keV, respectively. In addition, the energy
values of characteristic X-ray emitted from L, line and M line of lead are 10.550
keV and 2.342 keV, respectively. In principle, when the electron beam’s acceler-
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No.2 | 89.56 5.23 4.47 0.51 0.23 -

Figure 3.43: SEM/EDS result of Pt foil (large exposed area, first sample) after 45min immersion into
Pb(NO3); (aq) and conducting 3 repetitive EIS measurements.

ating voltage is set at 20kV, the characteristic X-rays of both zinc and lead should
be detectable. However, during practical operation, it was found that the optimal
accelerating voltage for the detection of zinc should be set at 10-15kV. This is due
to the fact that the peak intensity of Zn-L, is much higher than that of Zn-K,, in the
EDS spectrum [89]. In order to detect a trace amount of zinc, one should look at
the signal of Zn-L,, which has the energy of 1.012 keV, in the EDS spectrum. By
decreasing the electron beam’s accelerating voltage, the characteristic X-ray with
lower energy can be better detected.

The signal of sodium was also detected in the sample shown in figure 3.45. It
has been reported by Newbury that there is usually a problem for automatic peak
identification when the energy of the two characteristic X-ray is very close to each
other. The misidentification of Zn-L, (1.012 keV) and Na-L, (1.041 keV) is one of
the examples. Since no source of sodium can be found during the whole experi-
ment, Na’s signal should be a misidentification due to Zn's presence.

In conclusion, the presence of lead-containing adsorbate is apparent. The sig-
nals of Pb-L, and Pb-M were detected on all the tested samples that were shortly
immersed into Pb(NOs); (aq) during EIS measurements. The adsorbate was formed
as the white particles shown in SEM images. The signal of Zn-L, was also detected
on the sample that was immersed in ZnSO4,q) for a longer time, with the setting of
accelerating voltage being modified to 10kV. However, no signal of Zn was found on
the samples that were shortly immersed into ZnSO4aq) during EIS measurements.
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' t
SED 20.0kVWD11mmP.C.60 x2,500 10pm
TU Delft

Pt % C% (o] Si % Ca% Pb
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No.4 | 96.62 1.43 - - 1.95 -
No.5 | 98.29 1.71 - - - -
No.6 | 98.80 1.20 - - - -

Figure 3.44: SEM/EDS result of Pt foil (large exposed area, second sample) after 45min immersion into
Pb(NO3); (ag) and conducting 3 repetitive EIS measurements.

This is mainly because the original setting of accelerating voltage (20kV) was not
optimal to detect the signal of zinc on those samples.

Finally, in addition to lead-containing and zinc-containing adsorbates, many
white particles, without signal of Pb or Zn, formed on the Pt surface after immer-
sion into HMI solutions. Some of the particles might be the adsorbates of Pb or Zn
but were not successfully identified due to SEM/EDS setting. Some of the particles
might be due to the contamination from the process of handling (e.g., gloves) or
the environment (e.g., dust, air).

3.2.2. XPS analysis

In this section, the result of the XPS analysis is presented and discussed. This anal-
ysis aims to double-check the chemical composition of the adsorbates and get more
information about the possible chemical form of them. It is worth notice that the
analysis depth of XPS (4 to 5nm) is much lower than that of EDS ( 1um). There-
fore, the elemental signals obtained from XPS are more surface sensitive than that
of EDS.
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No.2 | 29.02 54.66 9.36 - 2.64 0.34 3.98

No.3 | 98.56 1.44 - - - - -

No.4 | 31.30 | 52.30 7.54 0.30 1.19 0.56 6.81

No.5 | 69.73 | 25.47 2.79 - - - 2.02

Figure 3.45: SEM/EDS result of Pt foil (large exposed area) after 3hr continuous immersion in ZnSO4
(aq) and conducting 6 repetitive EIS measurements.

The survey spectrum for the five tested samples is shown in appendix B. From
table B.1, it can be seen that the atomic percentages of the Pb and Zn are below 1%
for the samples that were shortly immersed into HMI solutions. After the scanning
of high-resolution spectra, no evident peaks of Pb or Zn were observed in the short
immersion samples. There are two possible reasons to explain the unsuccessful
detection of Pb and Zn. First of all, the samples that were shortly immersed into
HMI solutions were not hand-polished with fine-diamond particles, as illustrated in
table 2.4. Since the surface was not flat enough, it gave more noise signals during
XPS measurement, and the noise might cover the signals of target elements. The
surface roughness of the originally supplied Pt foil and that of the hand-polished Pt
foil was previously compared with figure 3.38. Second, the immersion time might
not be long enough to generate the amount of absorption that can be successfully
detected. Unlike point EDS analysis, which has a focused electron beam with a di-
ameter ranging from 0.4 to 5 nm, the diameter of the scanning area in XPS analysis
is 0.4 mm. If the concentration of the adsorbates was too low, after being divided
by the whole analyzed area, the signal of adsorbates can become too small to be
identified.
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The high-resolution spectra for the sample that were continuously immersed in
HMI solutions for 3 hours are shown in figure 3.47 and 3.46. Figure 3.47 shows the
spectra for non-metallic elements, while figure 3.46 shows the spectra for metallic
elements. As shown in figure 3.46 (c) and (d), the peaks of Pb 4f and Zn 2p3 be-
come evident for the long immersion samples due to the smoothness of the surface
after hand-polishing and enough duration for the adsorption process. The result
provides evidence for the adsorption of HMI during EIS measurements.
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Figure 3.46: High resolution XPS spetra for the metallic elements.

In order to make sure that the presence of heavy metals on the Pt foil is due to
the adsorption process rather than the direct precipitation of zinc sulfate or lead(II)
nitrate, the high-resolution spectrum of nitrogen 1s and sulfur 2p were also scanned.
It can be seen in figure 3.47 (c) that the intensity of the nitrogen peak is not very
strong for the three samples, including bare Pt foil and two Pt foils that were im-
mersed into HMI solutions. In addition, the nitrogen peak appears only on the
bare Pt foil and the sample of long immersion into ZnSO4,q), Which means that
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Figure 3.47: High resolution XPS spetra for the non-metallic elements.

the presence of nitrogen is probably due to contamination from air or the usage of
nitrogen gas during the drying process of the samples. Another evidence to sup-
port the absence of nitrate precipitation is the binding energy of the nitrogen peak.
The binding energy of N 1s for lead nitrate is generally around 407.2 eV in the XPS
spectrum [91] [92], thus the increase of intensity on the right side of the figure
for the sample of long immersion into Pb(NO3),5q) is unlikely due to the peak of
nitrate. As for sulfur, no evident peak was found in the high-resolution spectra for
the three samples.

Since the data fitting was not conducted for the XPS analysis, it is impossible
to determine the exact form of adsorption compounds on the Pt foil. However, by
observing the shape of the spectra and the peak’s binding energy, it is possible to
obtain some clues about the possible chemical composition of the absorbates. For
instance, in figure 3.46 (c) and (d), the peaks for Pb 4f and Zn 2p3 appear to be
asymmetric. The result implies that the adsorbates are probably not in the form of
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pure metal but rather in the form of oxides, such as PbO, and ZnO. However, the
spectrum of oxygen shown in figure 3.47 (b) does not fully agree with this argu-
ment, since the binding energy values of O 1s for PbO, and ZnO were reported to
be around 529 eV [92] [93].

It is worth notice that there is a shift of platinum peaks for the sample that
was immersed into Pb(NO3),,q) for 3 hours, as shown in figure 3.46 (a) and (b).
The peaks of Pt 4d and Pt 4f slightly shift to a position with lower binding energy
compared to the other two samples, and the deviation is approximately 1 ev. Usu-
ally, the shift of peak in the XPS analysis is attributed to the charging effect on the
material’s surface. However, since the carbon peak was already corrected to 284.8
eV before analysis, the influence of the charging effect should be eliminated by the
carbon correction already. In addition, the charging effect is generally not signif-
icant on the conductive metal without an insulating layer [94]. Another possibility
for the peak shift is the chemical shift due to the change in the oxidation state of
Pt or the local chemical and physical environment of Pt [95]. It is worth notice that
the peak intensity of carbon 1s for the sample of long immersion into Pb(NO3),5q)
is the highest among all samples. In addition, the peak intensity of Pt 4d and 4f for
the same sample appears to be the lowest. This result implies that the sample has
the highest amount of adventitious carbon.

Since the signal of Si was detected in the EDS analysis, the high-resolution spec-
trum of Si 2p was examined again with XPS, as shown in figure 3.47 (d). However,
the intensity of Si 2p peak was not significant compared to the background sig-
nals. Additionally, the binding energy of O 1s (532 eV) in figure 3.46 (b) is not fully
compatible with that for the detection of SiO, (533 eV) [96]. In addition to the
impurities present in the Pt foil, the contamination of silicon might also come from
the silicone oil that was used during the construction of the electrochemical cell.
The silicone oil was used as a lubricant for producing a hole in the acrylic holder
and might be mixed into the holder during the cooling process. Nevertheless, the
chance of having effusion of silicon from the acrylic holder to the HMI solution is
very small, considering the holder was fully cleaned with an ultrasonic bath be-
fore surface analysis. Another possible source of silicon contamination is the silicon
gloves, but the chances of having this kind of contamination are also small.

In conclusion, the XPS result indicates that there are HMI-related adsorbates
present on the surface of the Pt electrode. However, since data fitting was not
conducted, the exact chemical form of the adsorbates cannot be determined. In
addition, since no significant peaks of nitrogen and sulfur were found on samples,
it is assumed that NO3~ and SO42 do not participate in the adsorption/desorption
process.

3.3. Modelling and data fitting

This section presents and discusses the results of modelling and data fitting into
the equivalent circuit models. In the section of surface analysis, it was found that
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the HMI-related adsorbates were present on the electrode surface, supporting the
hypothesis that the inductive behavior in the Nyquist impedance plot mainly re-
sults from the adsorption/desorption process of HMI. Based on this hypothesis, two
equivalent circuit models (ECMs) were proposed separately for the case of DI water
and the case of HMI solution by adapting the existing models from the literature.
Finally, the EIS results are fitted into ECMs in order to compare the impedance
response between the cases of 20ppm ZnS04(aq) and 50ppm Pb(NO3);(aq), Which
exhibit similar impedance values as each other and cannot be distinguished with
the previous methods of data analysis, as shown in section 3.1.1.

3.3.1. Proposal of equivalent circuit models (ECMs)

Figure 3.48 shows the proposed ECM for the case of DI water. This model is an
adapted version of the classic Mixed Kinetic and Diffusion Control model, as illus-
trated in section 1.2.3. The model consists of: (1) two resistors, representing the
ohmic resistance of the system (R1) and the charge transfer resistance (R2) be-
tween the electrode | electrolyte surface; (2) a constant phase element (CPE1),
representing the double layer capacitance in a non-ideal system; (3) a finite-space
Warburg element (W, 1), representing the diffusion process of ions.

CPE1
R1 >\ﬁ
— N
— N\ W
l , R2 Wol
Ohmic
resistance l

Charge—discharge in
electric double layer

Figure 3.48: Equivalent circuit model for the case of DI water, adapted from ref [10].

In contrast to the case of DI water, the proposed ECM for HMI solutions is
shown in figure 3.49. The model is adapted from the ECM developed by Cui et al.,
which describes the adsorption of nickel ions on the material’s surface in the elec-
troless plating process. The model consists of four serial parts of circuit elements,
corresponding to (1) ohmic resistance; (2) electric double layer; (3) adsorption of
unstable intermediate on the electrode surface; (4) adsorption of HMI-related com-
pounds on the electrode surface. It should be noted that the EIS results for the
cases of ZnSO4;q) and Pb(NO3),5q) are both fitted into this model.




88 3. Results and Discussion
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Figure 3.49: Equivalent circuit model for the case of HMI solutions, adapted from ref [16].

3.3.2. Data fitting and analysis

The results of EIS data fitting for the case of DI water and the case of HMI so-
lutions are shown in figure 3.50, where the orange lines represent the simulated
impedance response, and the grey lines represent the experimental data. In ad-
dition to the case of DI water, the three simulated cases of HMI solutions include
20ppm ZnS04(aq), 50ppm ZnSO4(aq), and 50ppm Pb(NOs)y(aq)- As shown in the
figure, the simulated impedance response is very close to the experimental result,
though the individual simulated points are not fully aligned with the experimental
data.

The values of each circuit element given by simulation are shown in table 3.2,
where R1 and R2 represent the ohmic resistance and the charge transfer resis-
tance (unit:Q), respectively. As expected, the value of charge transfer resistance
for the four solution cases descend as: DI water > 50ppm Pb(NO3);(aq) > 20ppm
ZnS04(aq) > 50ppm ZnSO4(aq). Although the impedance values of the character-
istic points selected previously for 20ppm ZnS0O4(aq) and 50ppm Pb(NOs);(aq) are
difficult to distinguish, the modelling results of them are very different. One of the
great differences is the value of CPE1-T, with the case of 20ppm ZnSQ4,q) being
4.6E-14 and the case of 50ppm Pb(NOs);(aq) being 1.02E-13. Considering the case
of 50ppm ZnSO4(,q) together, one can see that the values of CPE-T and CPE-P for
ZnS04(aq) are generally higher than that for Pb(NO3);(aq)- This is also true for the
values of CPE2-T and CPE2-P. The differences between the constant phase ele-
ments are resulted from the size of the inductive loop of each HMI solution, which
is correlated with the shape of the spiral as shown in the Nyquist impedance plot.

Unfortunately, it is not possible to correlate the value of CPE-T shown here to
the physical meaning of the system. In principle, the parameter of CPE-P has a
value between 0 and 1, indicating a pseudocapacitance. If CPE-P equals 0, then
the constant phase element behaves like an ideal resistor, and CPE-T represents
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Figure 3.50: Simulation results for the case of DI water, 20ppm ZnSO4(aq), 50ppm ZnS0O4(aq), and
50ppm Pb(NO3);(aq)-

the value of resistance with the unit of Q. In contrast, if CPE-P equals 1, then the
constant phase element behaves like an ideal capacitor, and CPE-T represents the
value of capacitance with the unit of F [97]. However, the CPE-P values obtained
for HMI solutions after simulation are all higher than 1, which has no specific phys-
ical meaning. The only case which has the value of CPE-P below 1 is the case of DI
water.

In addition to the above mentioned elements, the values of finite-space Warburg
elements also show differences between 20ppm ZnSO4,q) and 50ppm Pb(NO3); (ag)-
According to the instruction written in Zview software, W, — R represents the diffu-
sion impedance, W, — P represents the exponential factor, and W, —T represents the
diffusion interpretation, which is equal to L? /D (L is the effective diffusion thickness,
and D is the effective diffusion coefficient of the particle). However, the analysis of
the Warburg element is beyond the scope of this project and will not be discussed
further.

Overall, by data fitting into ECMs, more information about the differences be-
tween two HMI solutions can be obtained. Since the model not just considers a
single point or value on the impedance plot but rather the whole impedance re-
sponse, it provides a more holistic view of the changes in impedance as well as the
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inductive behavior. However, it is not an easy task to find a suitable ECM to properly
describe the system and correlate each circuit element with the physical meaning
of the system due to the semi-empirical nature of the ECM. Nevertheless, the data
fitting results still provide a possibility to distinguish different types of HMIs in prac-
tical application. Future recommendations for the overall EIS sensor research and
the development of modelling techniques are addressed in chapter 5.2.

Table 3.2: The values of equivalent circuit elements and their parameters given by the simulation.

50ppm 20ppm 50ppm
DI wat
Water  Pb(NO3)zaq) ZNSOa(aq) ZNSO4(aq)
Ohmic
resistance R1 0 0 0 0
Double layer *
capacitance CPE1-T 1.59E-11 1.02E-13 4.6E-14 1.345E-14
(non-ideal) = CPE1-P*  0.95742 1.286 1.345 1.44
Charge
transfer R2 4860000 54000 48600 16600
resistance
Adsorption
of unstable L1 - 0.012 0.03 0.008
intermediate R3 - 8000 9200 7000
CPE2-T" - 3.098E-10 3.8E-11 3.506E-11
Adsorption of
HMI-related CPE2-P* - 1.08 1.26 1.22
compounds
R4 - 22000 19500 11000
Wo1l-R*™ 1779600 17655 20826 12844
D'ﬁ‘i‘;os” of  Wo1-T**  1.283 0.003 0.0048651  0.002557
Wol-P**  0.4758 0.405 0.42151 0.42827

* CPE-T: the amplitude factor of CPE; CPE-P: the depression factor of CPE, which
determines whether CPE is more like a capacitor or a resistor.
** Wo-R: diffusion impedance; Wo-P: the exponential factor of the Warburg ele-
ment; Wo-T: diffusion interpretation of the Warburg element.



Conclusion

In the first part of the research, each HMI solution was found to have its charac-
teristic impedance values at a certain concentration in the mid- and high-frequency
regions of the EIS spectrum. These regions are related to charge transfer resis-
tance at the electrode surface and the system’s non-diffusional resistance. As the
concentration increases, the extent of the charge transfer resistance and the ex-
tent of the non-diffusional resistance decreases, following a linear relationship. The
impedance values of the mixed HMI solution falls between the values for single HMI
solutions. However, Pb(NO3);(aq) Was found to have a dominant role in determining
the impedance value of the mixed HMI solution at low concentration. In contrast,
its dominant role vanished at high concentration. The phenomena were attributed
to different tendency between the adsorption of Pb2* and Zn 2* to the electrode
surface. Still, the quantification of the HMI-related adsorbates is needed to confirm
the hypothesis.

The inductive behavior observed in the cases of HMI solutions was attributed to
the adsorption/desorption process of HMI. After the appearance of HMI-related ad-
sorbates on the electrode surface was confirmed by both SEM/EDS and XPS analysis,
an equivalent circuit model related to ions’ adsorption process was adapted from the
literature. The result of data fitting and simulation helps to identify more differences
between the impedance response of 20ppm ZnSO4;q) and 50ppm Pb(NOs3);(aq),
which have similar extent of charge transfer resistance.

Overall, the EIS measurements for the detection of HMI show excellent repro-
ducibility and high sensitivity. The influence of changing temperature on the EIS
result was found to have a predictable pattern, and the error caused by 10°C devia-
tion on the impedance change compared to DI water in log scale was less than 1%.
It is possible to calibrate the influence of temperature during a later stage of sensor
application. However, the system of mixed HMI solution is more complex than the
system of a single HMI solution, and the interactions between the two HMIs need

91
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to be defined in the future study. In addition, the detection of HMI in the real water
samples requires a better design of electrochemical cell with a higher impedance
value than the current electrochemical cell, which can be achieved by decreasing
the electrodes’ surface area.



Recommendations

In this chapter, possible improvement of the research method and the validity of
the experimental results are discussed integrally in section 5.1. In addition, the
suggestions for extending this research by adjusting the current methodology are
proposed. In contrast, the topics that were not explored in this research but are
important for the future are listed in section 5.2, along with the proposal of EIS
sensor prototype.

5.1. Improvement of the current research

In the first part of the current research, EIS results for different types of solutions
were analyzed by selecting and comparing the characteristic points on the Bode
impedance plot and Nyquist impedance plot. Although this method is a practical
way to analyze a massive amount of data and quantify the influence of varying
parameters, only some of the points can be correlated to the physical meaning of
the system, such as the local maximum points on the Nyquist impedance plots, rep-
resenting the extent of charge transfer resistance, and the local minimum points,
representing the extent of overall non-diffusional resistance. In addition, the phys-
ical interpretation of the Bode impedance plot for the system of HMI detection has
not been well-established. Since the connection between the Bode impedance plot
and the Nyquist impedance plot was not built in this research, one cannot relate
the information of frequency with the real or imaginary impedance values on the
Nyquist impedance plot. Furthermore, the analysis point of impedance change
compared to DI water was selected at log(freq)=2.5 on the Bode impedance plot,
representing the system’s overall impedance value. However, the stable plateau in
the mid-frequency region shifts its horizontal position depending on varying param-
eters. The shift may induce some problems when two comparing samples’ plateau
region does not align with each other or does not appear at log(freq)=2.5. Thus,
a better selection of analysis points is required in the future.
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For the EIS measurements conducted with real water samples, the influence of
the background medium is shown when mixing a portion of HMI solutions with the
real water samples. A better way to add HMI into the real water samples is to dis-
solve the salt of ZnSO4-H,O) or Pb(NO3), (s directly into samples. However, after
some trial experiments, the salts appeared to be insoluble in the industrial water
samples and even form other types of insoluble compounds (yellowish precipita-
tion) in the process. Since it is not clear which types of ions were present in the
industrial water samples, it is impossible to define which chemicals were formed
during precipitation. Further investigations are required to understand the original
composition of the real water samples and develop a better way to conduct HMI
detection experiments.

In the second part of the current research, the surface analysis was conducted
on alternative Pt foils rather than the Pt wire used in the standard design due to the
sample size requirement. Although the chemical composition of the two materials
is the same (platinum with 99.99+% purity), and the electrochemical reactions be-
tween the Pt electrodes and the electrolyte should be more or less the same in the
two systems, the impedance responses shown in the Nyquist impedance plot for
the two systems are different. It is still questionable if the adsorption/desorption
process of HMIs took place in the same way for the two systems and if the inductive
behavior in one system can be explained by the surface analysis result in another
system. The ideal way is to conduct surface analysis directly on the electrode of
the standard design, but redesigning the electrochemical cell is needed for such a
purpose. Another improvement to make in the future for the surface analysis is the
setting of accelerating voltage in the SEM/EDS. Since every element has its optimal
setting for detection, one should first figure out the optimal setting before exper-
imenting. In addition, quantitative analysis is needed to understand if one HMI
has a stronger tendency of adsorption than the other and quantify the increase of
adsorbates with time. The quantification of adsorbates is crucial for the EIS senor
since the senor may be immersed in the water environment for a long time during
usage. Although the adsorption/desorption process did not influence the EIS re-
sults’ reproducibility during the research, it is not clear if and how the accumulation
of adsorbates on the electrode affects the EIS results when the immersion period is
longer than 3 hours. Furthermore, further investigation is required to identify the
exact chemical form of the adsorbates, such as data fitting in the XPS analysis.

In the last part of the current research, equivalent circuit models were proposed
based on the hypothesis that attributes the inductive behavior present in the cases
of HMI solutions to the adsorption/desorption process of HMIs. However, the values
of CPE given by the simulation were not ideal and did not have significant physical
meaning. In addition to checking other possible contribution to the inductive be-
havior, such as stray capacitance, wiring, and electric shielding of the system, one
should also be aware of the semi-empirical nature of the equivalent circuit model
and carefully construct or modify the model by selecting as few circuit elements
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as possible with a proper connection to the physical system. In the future, more
EIS data should be fitted into ECMs to have a systematic analysis of the values of
different circuit elements and to see the influence of changing parameters on them.
In addition, the ECMs should be validated with extra in-situ measurements in the
future.

5.2. Recommendation for future research and the
proposal of the EIS sensor prototype

In addition to the research done in this project, there are several parameters that
need to be further investigated for the development of the EIS sensor. The param-
eters that may have an impact on the EIS results are listed as follows:

e The pH value of the solution.
¢ The flow velocity of the liquid.
» Surface roughness of the electrode.

e Other geometric dimensions related to the design of electrochemical cell,
which were not addressed in this research, such as the distance between
the electrodes.

Additionally, investigations on the impedance response of other types of HMIs
is required. It is worth notice that the two HMIs tested in this research, including
Pb2* and Zn%*, have the same number of positive charges. Since the number of
positive charges of these ions equals 2, these ions are likely to form intermediates
during the process of adsorption and have a higher chance to meet the requirement
for the inductive behavior mentioned in chapter 3.1.1. Therefore, testing ions with
a different number of positive charges, such as Ni* and Fe3* is crucial for under-
standing the inductive behavior and the adsorption/desorption process of HMI. In
addition, the influence of the anions on the EIS measurements, such as NO3™ and
5042 present in this research, has not been fully studied yet. Although NO5;™ and
S0,4% were believed not to participate in the adsorption/desorption process since
no related adsorbates were found in the surface analysis, these anions may also
affect other aspects of the EIS measurements.

Finally, the author would like to suggest that the extension of this research is
conducted with the EIS sensor prototype developed together with the supervisors
and collaborators of this project. The design of the EIS sensor prototype is shown
in figure 5.1 and the dimension of it is shown in figure 5.2. As discussed in chap-
ter 3.1.4 and 3.1.5, every design of electrochemical cell creates it own specific
impedance spectrum, and the surface area of the electrode should be decreased
for the HMI detection in a real water environment. Therefore, the EIS data for var-
ious HMIs should be collected with a device that is close to the real application of
the EIS sensor and has a dimension calculated in the scale of um. In addition, since
distinguishing the types of HMIs involves a more complicated process for EIS, the
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sensor surface can be designed to have selective properties and only reacts with
the target elements. Another possibility is to combine the DC measurements with

EIS, such as cyclic voltammetry (CV), to double-check the result produced by EIS,
as shown in figure 5.1.

S 3
@“§“ - SiN
For extra DC -Thermopile
/
measurement ey
‘%%%%ﬁ
pREEL
e
i
with DC with thermopile
measurement (for sensing temperature)

Figure 5.1: Prototypes of the EIS sensors designed in the form of a chip.
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Figure 5.2: The dimension of the main electrodes on the EIS sensor prototypes.

Since the EIS sensor prototype is planned to use platinum for the reference
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Figure 5.3: The illustration of the manufacturing process of the EIS sensor prototype.

electrode, considering the mass production of products shown in figure 5.3, it is
crucial to understand the effect of stray capacitance between the RE and the WE
during EIS measurements. Although the electrochemical cell with Pt wire as the
RE also produces reproducible data as the standard design, as discussed in chapter
3.1.4, the inductive behavior was intensified by the geometric construction of the
cell. Therefore, more trial testings for the 3-Pt-electrode system are needed in the
future to minimize the artifacts that may generate undesirable results in the EIS
measurements. As for the data analysis, it is suggested to use a more advanced
algorithm such as principal component analysis (PCA) in the future to process the
data extracted from Bode impedance plots. In addition, the analysis on Bode phase
shift plot and the impedance response in the very-low-frequency region are now
excluded from the scope of the project. It is suggested to include these parts in
future research to extract extra information.






XRD Result

In this appendix, the XRD result for the platinum wire that was used as WE or CE in
the electrochemical cells mentioned in chapter 2.1 was presented. The main pur-
pose of the XRD analysis is to check the chemical composition of the platinum wire
and its possible impurities in order to compare with that of the ordered Pt foil. The
XRD pattern for the bare platinum wire (cross section) is shown in figure A.1. The
XRD pattern is fully compatible with the platinum spectrum, and no other crystalline
phases were detected, indicating a pure platinum composition.

In addition to bare platinum wire, the Pt wires that were immersed into 50ppm
Pb(NO3);(aq) and 50ppm ZnSO; (5q) during 3 repetitive EIS measurements were also
checked with XRD. However, the XRD pattern for these samples did not show any
other elemental signals except platinum. The XRD pattern of the sample that was
immersed into 50ppm Pb(NO3);aq) is shown in figure A.2, while the XRD pattern of
the sample that was immersed into 50ppm ZnS04 (5q) is shown in figure A.3. The
result indicates that the concentration of HMI-adsorbates on the Pt surface was too
low to be detected by XRD.
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Figure A.1: XRD pattern for the cross section surface of bare platinum wire.
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Figure A.2: XRD pattern for the cross section surface of the platinum wire that was immersed in
50ppm Pb(NO3);(aq) during 3 repetitive EIS measurements.
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Figure A.3: XRD pattern for the cross section surface of the platinum wire that was immersed in
50ppm ZnS0O4 (aq) during 3 repetitive EIS measurements.



XPS Result

In this appendix, the survey spectrum of XPS analysis is presented. Table B.1 shows
the atomic percentage of each element on the five samples that were investigated
during the XPS analysis. In addition, figure B.1 shows the XPS survey spectrum of

the five samples.

Table B.1: Atomic percentage (unit:%) acquired from the XPS survey spectrum for bare Pt foil and Pt
foils that were immersed into HMI solutions during EIS experiments.

Pt4af Cl1ls O1s

Si2p N1s Pb4af S2p Zn2p3

Bare Pt foil 342 359 169 5.2 7.7 - - -
;iom:,"bi(ﬁgsrzs::; 33 732 164 48 - 04 - .
“Ii't‘:)'“zl""s‘ae(r:'c:’)“ 23 728 189 46 - - 08 05
inz::,i;szgSi::q) 129 522 148 132 54 14 - .

shrimmersion 5,5 3,0 206 129 53 - 24 14

into ZI'ISO4 (aq)
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B. XPS Result
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Bode Phase Shift Plots

In this appendix, the Bode phase shift plot for all the EIS measurements are shown.
The sequence of these plots is arranged according to the topics discussed in chapter
3. Since the discussion and data analysis on the Bode phase shift plot are beyond
the scope of this project, the original data are plotted without further description.

Phase(Z) /deg
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ﬁ . ‘ + 100 ppm
0..
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1 0 6 7
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log(freq) /Hz

Figure C.1: Bode phase shift plot for ZnSO4 (aq) at various concentration at 20°C.
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Figure C.2: Bode phase shift plot for Pb(NOs), (aq) at various concentration at 20°C.
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Figure C.3: Bode phase shift plot for 5ppm mixed HMI solution with various mixing ratio at 20°C.
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Figure C.4: Bode phase shift plot for 50ppm mixed HMI solution with various mixing ratio at 20°C.
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Figure C.5: Bode phase shift plot for 4 cases of HMI solutions at various temperature.
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Figure C.6: Comparison of Bode phase shift plot between the standard electrochemical cell design and
the soldering modification.
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Figure C.7: Comparison of Bode impedance plot between the standard electrochemical cell design and
the designs for surface analysis / evaluation of sensor prototype.
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