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Abstract

Due to the increasing demand for flexible electronics that can function in harsh
environments, research on flexible solid-state batteries, especially zinc-air batteries (ZAB),
is expanding. However, the electrolyte in the current commercially available ZAB still
suffers from drying out after prolonged exposure to air. Here, the synthesis of a flexible
conductive hydrogel electrolyte that can function at low temperatures was attempted. The
polymer chain was made up of potassium polyacrylamide-co-acylate and crosslinked using
N,N’-methylenebisacrylamide. Three variants of cellulose were added to improve the
stretchability of the hydrogel. We found out that acrylamide decomposed in the high
concentration of base required for ZAB electrolyte. Further understanding of the polymer
chains had helped improve our hydrogel design, which can tolerate high molarity of base
and functions at -23°C. Electrochemical studies were carried out to understand the charge

transport properties of the electrolyte in the hydrogel.
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1 Introduction

Humans have come a long way in terms of generating electricity. For over a
century, we were able to sustain most of the world’s electricity demand by burning fossil
fuels. Fossil fuel is not a renewable resource, and it generates a lot of greenhouse gases,
such as carbon dioxide (CO2) and methane (CH4), during combustion.? As a solution to
fossil fuel power generation, clean energy technologies are paving the way to a carbon-
free, or more realistically, carbon-reduced era. Thus, many countries are moving away
from fossil fuel power plants, replacing them with renewable energy sources such as
hydroelectric, solar energy, or wind power. Without a doubt, the above-listed renewable
energy sources are great contributors toward carbon-reduced electrification.

Hand-in-hand with renewables, the second most important clean energy
technologies are batteries, fuel and flow cells, and supercapacitors. Coupling them with
renewable energy sources (creating a regenerative energy storage system) is an innovative
approach that will lead to a cleaner future. This system is considered one of the most
promising off-grid energy supplies. Unlike fossil fuel power plants, where these power
plants can control the amount of energy produced by burning variable amounts of fuel,
renewable energy power plants are unable to control the amount of energy harvested as
they depend on natural phenomena. Hence, energy storage systems have to be integrated
with renewables to collect the excess energy produced on certain days, such as during more
sunny or windy seasons, so it can be used to energize facilities during nights or when higher
electrical power demand is needed. As such, many ongoing projects already deal with

prototyping various off-grid facilities, from small-scale (a single household) to large
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industrial self-sustained infrastructure (airport) that will help minimize overall carbon
footprint and mitigate climate change.

This project focuses on an energy storage system, aiming to develop new functional
materials that will hopefully contribute to discovering a battery with improved technical
features and lifetime. Although this sounds like an obvious goal for many scientists and
engineers, why do we still search for better sustainable power? What is the major issue
regarding the currently available batteries? The majority of rechargeable batteries that are
available in the market are lithium-ion batteries (LIB). Ever since the invention and
commercialization of LIBs, the demand for the third element in the periodic table, lithium,
has increased drastically. The lithium extraction process, on the other hand, is much slower.
Unable to keep up with the ever-growing demand, the lithium shortage problem has

become concerning.? Hence, a lot of research has been done to provide alternatives to LIBs.

1.1 Metal-Air Batteries

Metal-air batteries (MAB) are among the more promising batteries that can
complement LIBs. A MAB contains an electrolyte system, either aqueous or non-aqueous,
sandwiched between a metal electrode (e. g., Mg, Al, Zn, Na) and an air electrode. The air
electrode often consists of two layers: a gas diffusion layer which facilitates diffusion of
air from the surrounding into the battery system; and a catalyst layer which promotes

oxygen reduction reaction.®



Figure 1.1.1: Bar chart of the volumetric energy density of different MABs and commercially available
LIB.2 The energy density LIB is categorized as ‘practical’ while MABs are categorized as ‘theoretical’

because most of the MABs are still not commercialized and still in theory phase.
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Volumetric energy density, which is the amount of energy that can be stored in a
system, is often used to compare different energy storage. When compared to LIBs, MABs
possess a much higher volumetric energy density (see Figure 1.1.1).2 However, most of the
MAB still suffer from various problems. For example, sodium will react violently with
water from the air. Thus, a lot of early-stage studies are still ongoing to design a safe and
usable battery that can operate on less reactive components.* Aluminum and magnesium-
air batteries are much safer when compared to sodium-air batteries. But, these MABs have
limited cell reversibility and the metal electrodes suffer from corrosion.>® The most
researched MAB is lithium-air batteries since they possess the highest volumetric energy
density among MABS, and their development is built on the knowledge that we already

have from LIB technology. However, lithium-air batteries still need lithium, therefore their

3



use will only add to the problem of lithium shortage. Looking into the future, we are aware
that a lot more work is needed to transfer these energizers from research labs to customers.

The only commercially available MAB right now is zinc-air batteries (ZAB). They
are often incorporated into hearing aids and other smaller devices. These ZABs are primary
cells, which means they are not rechargeable. They can often last up to 3 years if taken care
of properly, which is a slightly lower shelf life than a typical primary LIB, which can last
up to 5 years.” This is because, after prolonged exposure to air, the electrolyte in ZAB will
evaporate and eventually dry out, lowering its shelf life. Electrolyte evaporation is not the
only issue that needs to be solved. Since ZABs operate using aqueous electrolytes, it
becomes a priority to replace water-based liquids with a medium that can sustain
temperatures falling below a freezing point of water. This is critical for ZABs to operate in
all types of climates.

Why is it so important? The demand for flexible electronics that can function under
harsh conditions, is increasing. For example, there is a demand for electrically heated
gloves or other wearables for people living in countries with cold winters. These wearables
can help blue-collar workers to continue their respective tasks safely and comfortably in a
sub-zero environment. These flexible electronics are also easier to ship since they can be
folded into different shapes to save more space. Besides that, there is a high demand for
motion sensors, such as pulse sensors and epidermal sensors. These sensors are needed to
aid doctors and physiotherapists in accurately detecting and analyzing the problems of their
patients. So, these devices should be made from electronic materials that are responsive,
deformable to fit the wearer, and yet operational within the user’s range of motion.

Therefore, this project is focused on electrochemical energy storage that can be designed
4



and fabricated to fit into the shape of wearable portable devices or even the wearer’s
clothing, rather than the stiff incompatible gear commonly presented in the past.
Altogether, our motivation is: (1) to explore flexible, stretchable, and leakage-free
alkaline electrolytes for ZAB; (2) to create electrolytes that sustain all mechanical and
electrochemical properties at sub-zero temperature; (3) to propose simplified synthetic
pathways that exclude toxic reactants; and (4) ultimately to design and engineer electrolyte

that can be integrated with other flexible components of ZABs.

1.2 Hydrogel

To tackle the problem of electrolytes evaporation in ZABs, while having a leakage-
free flexible power source that operates in a broad range of temperatures, hydrogels have
been an intriguing topic for this area of research. A hydrogel is a 3-dimensionally
crosslinked hydrophilic polymer network that can hold a large amount of aqueous solution,
very similar to a sponge. The hydrophilicity of the polymer network helps hold the
absorbed solution for a prolonged duration, minimizing evaporation.

Depending on the type of monomer used to form the polymer network, these
hydrogels often possess various properties, such as stretchability, self-healing,
conductivity, and shape memory.®® Owing to their impressive stretchability and
flexibility, hydrogel also plays an important role in a fully flexible solid-state battery
design, meeting the increasing demand for flexible electronics mentioned earlier.

To stay relevant to the application for ZABs, only ionically conductive hydrogels
will be discussed in this section. These hydrogels are generally synthesized from polymers

containing hydroxyl or carbonyl functional groups, such as polyacrylamide, poly(vinyl-



alcohol), or polyacrylate salts.*? These functional groups are responsible for holding large
amounts of liquid through intermolecular interactions such as hydrogen bonds and dipole-

dipole interactions.

1.3 Crosslinker

One of the main components in a conductive hydrogel is the crosslinker.
Crosslinkers are responsible for connecting each polymer chain together, forming a
network (see Figure 1.3.1). Hence, the amount of crosslinkers present in the polymer
network plays a vital role in determining the flexibility and stretchability of hydrogels. As
the density of crosslinkers increases in a hydrogel, the polymer chains are held together
more tightly, making the hydrogel less stretchable and less flexible. Since the hydrogel is
less flexible, the polymer chains cannot expand as much, hence affecting the liquid
adsorption properties of the hydrogel.

Figure 1.3.1: Two main types of crosslinking in hydrogel, blue: physical crosslinking, and red: chemical

crosslinking.

There are two main kinds of crosslinkers: physical crosslinkers and chemical

crosslinkers.!* Physical crosslinkers typically consist of weaker bonds or chemical



interactions such as hydrogen bonding and dipole-dipole interactions. These crosslinkers
can be easily reformed once they are broken, giving hydrogel stretchability and flexibility.
On the other hand, chemical crosslinkers are built on stronger chemical interactions such
as covalent bonding. These crosslinkers cannot be reformed once broken. They are
important as they hold all the polymer chains together to form a network, hence giving

hydrogels their shape and enhancing their mechanical strength.

1.4  Electrolyte System for ZAB

To design a suitable hydrogel for ZAB, we need to start off by understanding the
electrolyte system in ZAB. For a typical ZAB, the electrolyte used is potassium hydroxide
(KOH) solution. At the metal electrode, Zn metal will react with hydroxide ions from the
electrolyte to form zincate ions (Zn(OH)4*), while releasing two electrons. When the
concentration of zincate ions reaches a maximum, it promotes the formation and
precipitation of zinc oxide.

In+40H = Zn(OH)," +2e” (1.4.1)
Zn(0H),*~ = 7Zn0 + H,0 + 2 OH"™ (1.4.2)
On the air electrode, oxygen reduction reaction occurs, consuming water and oxygen to
produce hydroxide ions.
0,+2H,0+4e” = 40H (1.4.3)
The overall reaction in a ZAB is as follows:
2Zn+ 0, - 27Zn0 (1.4.4)

Since a large amount of OH" ions are needed in the formation of zincate ions, the

concentration of KOH solution used also plays a vital role in improving the conductivity
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of ZABs. As the concentration of the KOH solution increases, the conductivity increases.
However, if the concentration of KOH solution is too high, it will affect the solubility of
zincate ions, promoting dendritic growth and shape change of the metal electrode.'* Hence,
6.0 M KOH solution is the usual concentration adopted in current ZABs.

The precipitation of zinc oxide often causes passivation at the metal electrode,
which reduces the lifetime of ZABs. Furthermore, the precipitation of zinc oxide also
decreases the concentration of zincate ions in the electrolyte solution. During the charging
process, the reverse reaction of equation 1.4.1 cannot proceed due to the lack of zincate
ions, hence affecting the rechargeability of ZAB.%®

One common strategy to solve this problem is to introduce suitable additives into
the electrolyte system to control the passivation process. For ZABs, zinc acetate is
commonly used.'® This is because acetate ligands can coordinate more strongly with Zn?*
ions than hydroxide ligands.® Hence, the addition of a small amount of zinc acetate

(usually 0.2 M) can prevent the formation of zinc oxide when zincate ions are saturated.

1.5 Recent Work on Hydrogel Synthesis for ZAB

From section 1.4, we know that the composition of electrolytes for ZAB is usually
6.0 M KOH with 0.2 M zinc acetate as additives, which is extremely basic. The hydrogel
synthesized should be chemically inert under this basic environment.

Starting off with simple polyacrylamide hydrogel, Miao et al were able to design
an all-solid-state flexible ZAB.Y" The hydrogel they used for the ZAB was polyacrylamide

with N’N-methylenebisacrylamide (MBAA) as crosslinkers. They were able to load about



3.8 M KOH into the hydrogel and achieved ionic conductivity (o) of 215.6 mS/cm. For
comparison, the ionic conductivity of aqueous 6.0 M KOH solution is 626.6 mS/cm.*®

Moving on, Zhao et al were able to synthesize a sodium polyacrylate (NaPA)
hydrogel with MBAA as crosslinkers by neutralizing acrylic acid with sodium hydroxide.!®
After soaking the hydrogel in 6 M KOH overnight, the hydrogel was able to absorb a large
amount of KOH solution, reaching an ionic conductivity of 190 mS/cm.

To include new functionality to the hydrogel, Chen et al synthesized a hydrogel
using two different monomers: polyacrylamide and polyacrylic acid with MBAA as
crosslinkers.?’ The monomers were dissolved in a water-glycerol binary solution prior to
polymerization. Since glycerol is normally used as an antifreeze agent, the addition of
glycerol enabled the hydrogel to maintain stable ionic conductivity at a large temperature
range (-20 °C to 70 °C). However, due to the presence of glycerol molecules impeding the
movement of ions, the ionic conductivity was only 5 mS/cm.

Besides that, Ma et al were able to synthesize a dual-network hydrogel by
incorporating cellulose polymer into the NaPA network.?! Since cellulose contains a lot of
hydroxyl functional groups, the crosslinkers were mostly made up of physical crosslinks
through hydrogen bonding. The hydrogel was stretchable, flexible, strong, and had a
conductivity as high as 280 mS/cm. A list of other hydrogels designed for ZABs recently

reported can be found in Table 1.5.1.



Table 1.5.1: Development of hydrogels for ZABs in the last four years and their reported ionic

conductivity.

Year | o(mS/cm) Polymer Compositions
2022 78 A mixture of alkalized MXene and poly(vinyl-alcohol)??
A mixture of carboxylated cellulose nanofibrils and
2021 31 '
poly(vinyl-alcohol)?3
A dual-polymer network of NaPA and starch crosslinked
2021 82
through MBAA2*
2020 155 Co-crosslinked between poly(vinyl-alcohol), poly(acrylic
acid), and graphene oxide®®
2019 80 A mixture of bacterial cellulose and poly(vinyl-alcohol)?®

1.6 Electrochemical Studies on Hydrogel

The electrochemical properties of the hydrogel are commonly reported in terms of
ionic conductivity, with unit mS/cm. This is because ionic conductivity is the core property
of electrolytes, and therefore, it is often used to compare the electrochemical performance
of conductive hydrogels. lonic conductivity is greatly dependent on the charge transport
processes, such as the density of charge carriers, mobility of charge carriers, and ion
diffusion. Although ionic conductivity is reported for the most promising alkaline hydrogel
electrolytes, there is a lack of research on the mechanism of conduction, in particular on
ion transport within a semi-liquid medium upon an applied electric field.

Until now, most of the research detailing charge transport processes is reported for
polyethylene oxide (PEO)-based hydrogels, which are mostly used in a solid-state LIB
design. These published works are focused on Li-ion mobilities.?” PEO-based polymer

electrolytes fall far behind current developments on alkaline hydrogels, not only with
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regard to flexibility but also because they have significantly lower ionic conduction. With
this in mind, we will apply electrochemical tools and models established for PEO-based
systems to carry out analyses of the mass transport with respect to chemical composition,

operating temperature, and polymer chain dynamics to our hydrogels.

1.7 Project Goals

Previous members in the research group had attempted to synthesize hydrogels with
antifreeze properties through the addition of glycerol.?® Similar to Chen et al,® the
monomer, polyacrylic acid, was dissolved in a water-glycerol binary solution prior to
polymerization. The conductivity of the hydrogel was about 40 mS/cm. However, the
hydrogel was not specifically designed for ZABs as the electrolyte incorporated was
potassium chloride.

Building on the previous work, our project goal is to design a stretchable hydrogel
specifically for ZAB with antifreeze properties. Inspired by both Chen et al® and Ma et
alt, the polymer network chosen are polyacrylate and polyacrylamide. Cellulose will then
be incorporated to improve the stretchability of the hydrogel, while glycerol will be added
for the antifreeze property of the hydrogel.

As a new concept, we will combine different variants of cellulose into the same
polymer network, mainly carboxymethyl cellulose and hydroxypropy! cellulose. These two
derivatives are chosen because they are cheap and easily accessible. Until now,
carboxymethyl cellulose and hydroxypropyl cellulose have been used as an additive in

hydrogel electrolytes used in other batteries, but not in ZABs.?%30
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We are also proposing here a different method of incorporation of aqueous KOH
solution into the polymer matrix. Most of the published work on synthetic procedures of
similar hydrogels used a post-synthesis method via a soaking of polymer in KOH solution.
This is time-consuming as the hydrogel normally needs to be dried overnight and then soak
for another night until the electrolyte is fully absorbed. As such, we will attempt to add the
electrolyte solution (6.0 M KOH and 0.2 M zinc acetate as additives) into the reaction
mixture before polymerization.

The most important part of this proposed research relates to the electrochemical
analyses of charge transport properties, mainly the density of charge carriers, mobility of
charge carriers, and diffusion coefficient of the hydrogel. This will be carried out by
electrochemical impedance spectroscopy (EIS) applied to theoretical models proposed by
Mellander et al.3! This part of the project offers a new way of using electrochemical tools
in quantifying important transport properties of electrolytes. Our hope is that we can
provide new insight into ion dynamics taking place in this semi-liquid medium, contribute
to a better understanding of the electrochemical properties of these materials, and
ultimately aid in faster adaptation of these materials in real-world energy storage

applications.
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2 Theory

The electrochemical properties of the hydrogel throughout this project were
determined using electrochemical impedance spectroscopy (EIS). However, basic
definitions have to be recalled before we dive into the advanced analysis of impedance

data.

21 Ohm’s Law
Before defining impedance, a familiar equation to start with is Ohm’s law:

R=-
I

(2.1.1)

where V is voltage, | is current, and R is resistance. For a direct current (DC) circuit,
resistance is often used to describe the opposition of current in a circuit and it has a unit
ohm (€2). Another way of defining resistance based on equation (2.1.1) is the ratio of
voltage to current. For a circuit with multiple elements connected in series or parallel, the
term used to describe this ratio is then called impedance. So, equation (2.1.1) can be

rewritten as:

~I<

(2.1.2)

where Z is impedance.

2.2 Voltage and Current in Alternating Current (AC) Circuits

In order to understand the impedance phenomenon, the behaviors of three circuit
elements used to build EIS are considered. These three elements are a resistor, an inductor,

or a capacitor element connected to an AC power source (See Figure 2.2.1)
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Figure 2.2.1: Circuits with a resistor, capacitor, or an inductor connected to an AC power source.
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When an AC power source is applied, the voltage across these three electrical
elements is defined by:

V =V, sin(wt) (2.2.1)

Where w is the angular frequency, t is time, and Vo is the peak voltage. The term sin(wt)

describes how the voltage is applied in a wave-like fashion. So, wt represents the angle and

has a unit of °. Substituting equation (2.1.1), the equation for current across the resistor is:

Vo v
I=-= E"sm(a)t) (2.2.2)

The expression of current across an inductor when an AC power source is applied is given

by:
. dl
—Tdt
dl = th
L

Where L represents inductance. Substituting equation (2.2.1) will give us:
Vo .
dl = fsm(wt)dt

When both sides of the equation are integrated, it will leave us with:
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V.
fd[ = ffosin(a)t) dt

Vo
I = oL [— cos(wt)]

Through trigonometry identities, the cosine term can be converted to a sine term, giving

us.
— Yo _r
I = — sin(wt 2) (2.2.3)

For the capacitor, the expression of current across it will be:

I=C—
dt

Where C represents capacitance. Once again, equation 2.2.1 can be substituted to give us:
d :
I = CE (Vosin(wt))

A simple derivation of the equation will leave us with:
I = VywCcos(wt)
Once again, using trigonometry identities, the cosine term can be converted to:
I = VywCsin(wt + g) (2.2.4)
Now that the equations for voltage and current for these three circuits are
established, finding out the expression for impedance should be fairly easy since
impedance, as defined in section 2.1, is the ratio of voltage to current. However, for real-
world electronic applications where complex circuitry with multiple elements are involved,
calculations for impedance are complicated since there will be a lot of sine terms. Hence,
the voltage and current are normally written in complex exponential form to simplify these

calculations.
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In complex exponential form, the voltage is given by:

V = V,e/®t (2.2.5)
Where j is an imaginary number and j? is -1. The imaginary number is denoted as j instead
of the usual i in this thesis to avoid confusion with current, 1. Using the same expressions

above, the current can once again be defined as:

I =2elot (2.2.6)

[ =% 227
_ja)L ()

I = jwC(V,e/®h) (2.2.8)

Where equations 2.2.6, 2.2.7, and 2.2.8 are the current expressions for a resistor, an
inductor, and a capacitor connected to an AC power source respectively.
Starting off with the resistor, the ratio of voltage to current according to equations 2.2.5

and 2.2.6 will be:

z=<
I

=R (2.2.9)
Since the only element in that circuit is only a resistor, it makes sense that the total

impedance for that circuit is the resistance of that resistor. Moving on. from equations 2.2.5

and 2.2.7, the ratio of voltage to current for that inductor will be:
14 .

X=7= joL (2.2.10)
Where y. is called inductive reactance.
Last but not least, the ratio of voltage to current expression for a capacitor based on
equations 2.2.5 and 2.2.8 will be:
v__1 J
I

=L =_2L (2.2.11)

Xe = _ij_ wC
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Where yc is called inductive reactance. Just like resistance or impedance, . and yc share

the unit, Ohms.

2.3 Current Lag and Lead in Inductor and Capacitor

In section 2.2, the impedance equations for purely resistive, inductive, and
capacitive circuits were established. It might be hard to imagine the relationship between
the voltage and current of these elements just by knowing the equations. So, in this section,
sinusoidal graphs are plotted to further understand their relationships.

Figure 2.3.1: Sinusoidal graph for voltage and current across a resistor when AC power source is
applied. The x-axis (at) represents the angle while the y-axis represents the absolute value of voltage

and current. The maximum and minimum (amplitude of wave) are different so that the graphs are not

overlapped and the difference in value should be ignored.

O L) L) L) L] 1 ai
(I) 90 1 270 0 450 5 630 0 810

-3 4

Figure 2.3.1 shows a graph of the voltage and current across a resistor when it is

connected to an AC power source. From that figure, the voltage and current reach a
17



maximum (at 90° and 450°) and decrease to a minimum (at 270° and 630°) at the same

angle. Hence, they are considered ‘in phase’.

Figure 2.3.2: Sinusoidal wave for an inductor connected to an AC power source. The x-axis (at)

represents the angle while the y-axis represents the absolute value of voltage and current.

()] 0 1 2 0 05 6 720 810

Moving on to an inductor in an AC circuit, a similar sinusoidal graph can again be
plotted based on equations 2.2.1 and 2.2.3 (see Figure 2.3.2). By comparing these two
equations, we can see that the voltage is always 90° ahead of the current. As such, the
current maxima and minima appear 90° later than the voltage. Hence, the voltage and
current in a purely inductive AC circuit are considered ‘out of phase’ by 90° (n/2). In this
case, the current is lagging behind the voltage. This is because when voltage is applied to
an inductor (a coil of wire), it will resist the change in current. Hence, the current builds up

slower than the voltage.
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Figure 2.3.3: Sinusoidal wave for a capacitor connected to an alternating current. The x-axis (wt)

represents the angle while the y-axis represents the absolute value of voltage and current.
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Finally, for a purely capacitive AC circuit, the sinusoidal graph based on equations
2.2.1 and 2.2.4 is represented in Figure 2.3.3. Similar to a purely inductive circuit, both the
current and voltage are again ‘out of phase’, except that the current peaks are 90° ahead of
the voltage peaks instead. In this case, the current is leading the voltage. This is because
the current needs to lead the voltage to conduct charge to the capacitor plates to raise its

voltage.

2.4 Inductive and Capacitive Reactance

The circuits that have been discussed in sections 2.2 and 2.3 are purely resistive,
inductive, or capacitive. What about circuits with two different elements? In this section,
resistive-inductive (RL) and resistive-capacitive (RC) circuits will be discussed (see Figure

2.4.1). These two circuits are chosen specifically to introduce the concepts needed to
19



understand a Nyquist plot, which is a common method used to analyze EIS data. Further

discussion on Nyquist plot will be done in a later section of this chapter.

Figure 2.4.1: Diagram of RL circuit (left) and RC circuit (right)

Resistor Inductor Resistor Capacitor
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7 7

AC Source

We have established that the voltage and current across these elements behave in a
wave-like fashion. Hence, the resistance and reactance across them (from equations 2.2.9
to 2.2.11) can be depicted as vectors on a complex plane, which contain a magnitude
component and a direction component.

In Figure 2.4.2, a vector arrow can be illustrated along the x-axis of the complex
plane to represent resistance (RrL or Rre, blue arrow). From equations 2.2.10 and 2.2.11,
the expressions for these two reactances contain the imaginary numbers j and -j,
respectively. In mathematical terms, multiplying these vectors by j will rotate them by 90°
on the complex plane (counterclockwise for +j and clockwise for -j). This is consistent with
the current leading and lagging phenomena for a purely inductive and capacitive discussed
above. Therefore, the vector arrows representing both inductive and capacitive reactances

are perpendicular to the real axis of the complex plane. The inductive reactance vector is
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directed towards the positive quadrant (light orange arrow) while a vector represents the

capacitive reactance towards the negative quadrant (light green arrow).

Figure 2.4.2: Vector arrows of resistance and reactance drew on a complex plane to find out the total

impedance for RL and RC circuits.

Imaginary
3 -

» Real

The total impedance of RL circuit (Z., orange arrow) and RC circuits (Zc, green
arrow) is the sum of these two vectors, giving us:

Z, =Z,|eoL (2.4.1)

Zc = |Zc|el®c (2.4.2)

Where |Z.| and |Zc| are the magnitude of the impedance, while @ and ¢c are the angles

from the real axis. These values can be calculated using simple trigonometry, where

wL
|ZL| = \/(RRL)Z + (O)L)z '¢L = tan_lR—
RL
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.2

j . —1
Z - R 2 (——) , = 1
|Zc| \/( rc)® + oC ¢¢ = tan wCRpe

Aided by Euler’s relationship, complex exponential numbers can be expressed as complex
cartesian numbers. Hence, impedance, Z, can be written as:

Z=27+j7"
Where both Z’ and Z” are the real part and the imaginary part of the impedance. For RL

and RC circuits, equations (2.5.1) and (2.5.2) can be rewritten as:

ZL :ZL’+jZ£, :RRL +]CUL (243)
Zc =Zg +JZ¢ = Rpc + (= 22) (2.4.4)

2.5 Nyquist Plot

Based on equations (2.4.3) and (2.4.4), the electrochemical phenomena occurring in
materials including their surface and bulk electrochemical activities can be analyzed by
plotting a complex plane diagram of Z” against Z’. This spectrum is often called Nyquist
plot. When AC voltage in a range of frequencies is applied to a material, the total
impedance at each frequency can be projected on a Nyquist plot. The real part of the
impedance (horizontal axis) describes the resistive behavior of a material while the
imaginary part of the impedance (vertical axis) shows the reactive behavior of a material.
If the spectrum appears at the +Z” quadrant, inductive reactance can be determined and
hence finding out the inductance of a material. The same logic can be applied to calculate

the capacitance of material if the data is recorded at the -Z” quadrant.
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2.6 Nyquist Plot of an Electrolyte Material

From sections 2.1 to 2.5, we have discussed the general concept of impedance
spectroscopy. To continue the discussion regarding the impedance of an electrolyte
material, an understanding of a capacitor is required. A capacitor usually consists of two
conducting electrodes being separated by an insulator, which is called a dielectric (see
Figure 2.6.1).

Figure 2.6.1: A typical circuit of a capacitor connected to a power source. The ovals between the two

electrodes represent molecules of the dielectric being polarized.

Dielectric
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When the two electrodes are connected to a power source, charges will build up on
either side of the electrodes (negatively charged on the left electrode while positively
charged on the right electrode in Figure 2.6.1). This will create an electric field. The
molecules in the dielectric will then be polarized, forming their own electric field of the
opposite direction, hence resisting the applied electric field. This resistance is often known

as permittivity. It is important to note that not all insulators can be dielectric, but all
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dielectrics are insulators. The ability to be polarized when placed in an electric field is
crucial to be considered a dielectric.

The permittivity of free space, also known as vacuum permittivity, which is often denoted
as o, has a value of 8.854 x 10* Fcm™. Dielectric constant, e, is the ratio between the

absolute permittivity of a material and permittivity of vacuum, giving us the equation:

& = — (2.6.1)

£o

Next, let’s imagine that the power source in Figure 2.6.1 is removed. The negative
charges built up on the electrode will stay on the electrode until the circuit is closed again.
If a device is connected, the negative charges will move through the device and reach the
positively charged electrode, hence powering the device. Once both electrodes reach an
equilibrium in terms of charges (neutral), the capacitor will no longer be able to power a
device until it is charged again.

Capacitance, C, is often used to describe the amount of energy stored in the form
of charges in a capacitor. It depends on the area of the two electrodes (A), the distance
between the two electrodes (d), and the absolute permittivity of the dielectric (&), giving

us:

_ ﬁ _ &r&A
C=—=""2 (2.6.2)

What will happen if the dielectric in Figure 2.6.1 is replaced with an electrolyte?
When an electrolytic material is connected to a power source, charges once again will build
up on either side of the electrodes. Since electrolyte contains freely moving ions, the
positive ions will move towards the negatively charged electrode while the negative ions

migrate towards the positively charged electrode (see Figure 2.6.2). This will create an
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electrical double layer (EDL), also commonly known as Helmholtz double layer. The

capacitance of EDL is given by:

Ce =22 (2.6.3)

Where Ce is the capacitance of EDL and A is Debye length. The resistance across the

material, also known as bulk resistance, can be calculated as:

d
Rpwix = oA (2-6-4)

Where o is the ionic conductivity of the electrolyte.

Figure 2.6.2: Schematic diagram of an electrolytic material connected to a power source, creating an

electrical double layer (EDL).
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When the impedance of the above circuit is recorded over a range of frequencies,

it will appear as a semicircle and a spike in the Nyquist plot (see Figure 2.6.3, left). This
specific shape can be represented by an equivalent circuit of a parallel combination of a

resistor and a capacitor that are connected in series with two capacitors (see Figure 2.6.3,
25



right). Thus, the real and imaginary part of the impedance of the equivalent circuit can be

represented by:

r R
7' = T R0 (2.6.5)
" 1 2

Figure 2.6.3: Nyquist plot with a semicircle and a spike (left) and an equivalent circuit to represent the
shape of the Nyquist plot (right). The arrow on top of the spectra shows the angular frequency of the
AC voltage, where - and o represent the angular frequency approaching infinity and zero
respectively. The numbers on the axis are just an example and they should not be treated as actual

values.
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2.7 Relationship between Time Expression and Loss Tangent
When AC voltage is applied to a dielectric, there often will be dissipation of
electrical potential energy in the form of heat. This dissipation factor is commonly known

as loss tangent, and it can be calculated through:
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tan(¢) = 2, (2.7.1)

zZ
Where ¢ in this case, is similar to ¢ and ¢c, represents the angle from the real axis of the
impedance spectra. According to Bandara and Mellandar,! the peak of this dissipation

factor of a Nyquist plot with a semicircle and a spike is related to:

an(@) mex = 2, V5 = 2 (2.7.2)
1
Where t; and t2 are the time constant when Z is at its maximum and minimum respectively.

To find ty and t2, we can start by looking at the frequency corresponds to Z” when it is at

its maximum and minimum (see Figure 2.7.1).

Figure 2.7.1: Same Nyquist plot with a semicircle and a spike as Figure 2.6.3 (left). The real and
imaginary part of impedance from a Nyquist plot with a semicircle and a spike plotted against
frequency (right). Arrows show the angular frequency when Z” is at its maximum and minimum.
Recall that the negative signs of the imaginary part of the impedance, Z”, only denotes the capacitive

behavior (capacitive reactance) of the material and should be left out when comparing the values.
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From Figure 2.7.1, we can see that the frequency when Z” is at its maximum is at the
halfway point of the semicircle of the Nyquist plot. Hence, we can substitute the expression

(Z’=Z” =RI/2) into equation (2.6.5) and (2.6.6), giving us:

w, =Z=2 (2.7.3)

t1  RpuikC
Where w; is the angular frequency when Z ” reaches its maximum value. On the other hand,
the frequency when Z” is at its minimum is at the real axis intersection of the semicircle.
Hence, we can substitute the expression (Z’ = Rpuk, Z” = 0) into equation (2.6.5) and
(2.6.6), giving:

2r _ 2m 2C
t2  RpuikC\ Ce

Wy = (2.7.4)

Where 2 is the angular frequency when Z” values reach a minimum. These frequency
expressions are under the assumption that capacitance, C, is very small when compared to
the capacitance of the electrical double layer, Ce, as the Debye length, A is much smaller

than the thickness of the electrolyte material, d.

2.8 Calculation of Charge Transport Properties
According to Bandara and Mellandar,3* the diffusion coefficient of an ionic
conductor can be calculated if the values of t, and dare known. The equation for the

diffusion coefficient, D, is given by:

d2
D =
t,62

(2.8.1)

The average mobility of ions, «, can then be calculated from diffusion coefficient through

the Nernst-Einstein relation, giving us:
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p= = () (2.8.2)
Where kg is Boltzmann constant and has the value of 1.38 x 102 JK™%, e is electron charge
and has the value 1.60 x 10'° Coulomb, and T is temperature in Kelvin. Finally, the density
of charge carrier, n, can be calculated by relating the mean mobility of ions and

conductivity of the electrolyte material, where:

n =2 = ZkeTt28” (2.8.3)

eu e2d?

Recall that the conductivity of the electrolyte material, o, is the inverse of the bulk
resistance, Rouik, Of the electrolyte material, and can be calculated from equation (2.6.4).

In short, to find out the charge transport properties of an electrolyte material, EIS
can be used. The Nyquist plot of the electrolyte material over a range of frequencies will
be recorded. The Z’ and Z” values will then be extrapolated from the Nyquist plot. VValues
for tan(¢) can simply be calculated from equation (2.7.1) and then a graph of tan(¢) against
frequency can be plotted. The frequency when tan(¢) is at its maximum, will be used to
find t2, while the value for 6 can be calculated from equation (2.7.2). After solving the
values for t> and ¢, equation (2.8.1), (2.8.2), and (2.8.3) is used to determine the charge
transport properties of the electrolyte, while the conductivity of the electrolyte material can

simply be calculated from equation (2.6.4).
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3 Experimental

3.1 Chemical Reagents Used in Synthesis

Acrylamide (99%), acrylic acid (99%) with 200 ppm 4-methoxyphenol as inhibitor,
ammonium persulfate (APS, 98%), N,N’-methylenebisacrylamide (MBAA, 99%),
N,N,N’,N’-tetramethylethyldiamine (TMEDA, 99%), cellulose, hydroxypropyl cellulose
(HPC), sodium carboxymethy! cellulose salt (CMC), and potassium persulfate (KPS, 99%)
were purchased from Sigma Aldrich and used without further purification. Zinc acetate
dihydrate (98%) and glycerol (99.5%) were purchased from Fischer Scientific and used
without further purification. Potassium hydroxide (KOH) pellets were purchased from

EMD Millipore Corporation respectively and used without further purification.

3.2 General Considerations

All hydrogels were formed in square molds purchased from a general dollar store
(Dollarama). To have a consistent thickness for mechanical and electrochemical tests, the
solution mixture was maintained to approximate 35.0 mL. Hence, all hydrogel formed has
an approximate dimension of 8.2 cm x 8.2 cm x 0.35 cm.

13.0 M potassium hydroxide and 1.5 M zinc acetate stock solutions were prepared
and diluted with distilled water to the molarity mentioned below during the synthesis of all
hydrogels. In order to simplify the discussion of the hydrogels synthesized in the next few

sections, the hydrogels are abbreviated and summarized as follows:
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Table 3.2.1: List of hydrogels synthesized, the chemical compositions, and their respective label for
ease of discussion. Capital ‘B’ and ‘Z’ in the label stands for base and zinc acetate respectively. The
subscript followed represents the concentrations. (a) An AM gel refers to hydrogel made from
acrylamide and potassium acrylate monomer with MBAA as a crosslinker. (b) An acrylate-only gel

refers to hydrogel made from potassium acrylate monomer only with MBAA as crosslinkers.

Sample | Name / label Chemical composition
1 Bo.0Zo.0 AM gel®
2 Bo.0Zo.2 AM gel with 0.2 M Zn(Ac)2
3 Bs.0Z0.0 AM gel with 3.0 M KOH
4 B15Z0.2 AM gel with 0.2 M Zn(Ac)2 and 1.5 M KOH
5 Bs.0Zo.2 AM gel with 0.2 M Zn(Ac)2 and 3.0 M KOH
6 BasZo.2 AM gel with 0.2 M Zn(Ac)2 and 4.5 M KOH
7 Be.0Z0.2 AM gel with 0.2 M Zn(Ac)2and 6.0 M KOH
3 Bs.0Z02-Cell ?(mug?slst\;vith 0.2 M Zn(Ac)2, 3.0 M KOH, and
9 B3.0Z0o2-CMC | AM gel with 0.2 M Zn(Ac)z2, 3.0 M KOH, and CMC
10 Bs.0Zo2-HPC | AM gel with 0.2 M Zn(Ac)2, 3.0 M KOH, and HPC
11 KPA Acrylate-only gel®
12 KPA-Gly Acrylate-only gel with glycerol

3.3 Synthesis of Hydrogels

Synthesis of potassium poly(acrylate-co-acrylamide) based hydrogels

To synthesize Bo.oZo., acrylamide (5.01 g, 70.3 mmol), MBAA (0.0168 g, 0.109
mmol) and APS (0.102 g, 0.438 mmol) were added into a beaker containing 7.5 mL of
distilled water. The solution mixture was left to stir for 10 minutes until all solids were
dissolved. Then, the clear and colorless liquid was transferred into a 20 mL measuring

cylinder and the solution was top up to 17.5 mL with distilled water. Next, the 17.5 mL
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solution mixture was transferred back to the beaker and acrylic acid (0.476 mL, 6.94 mmol)
was added with vigorous stirring. Then, 17.0 mL of KOH solution (0.408 M) was added
slowly over the span of 5 minutes. After the addition of KOH, the solution was left to stir
for another 5 minutes to make sure all the acids are fully neutralized. Then, TMEDA (13.4
uL, 0.0896 mmol) was added and the solution mixture was immediately poured into a
mold. Finally, free-radical polymerization was initiated in a UV reactor for 120 minutes.

To introduce 0.2 M zinc acetate into the hydrogel, the weighed-out solids were
added to a beaker of 7.5 mL zinc acetate solution (0.933 M) instead of distilled water. The
rest of the procedure remained the same. Different molarity of KOH was used instead to
increase the concentration of KOH in the hydrogel. For hydrogels with 1.5 M, 3.0 M, 4.5
M, and 6.0 M of KOH, the concentration of 17.0 mL KOH used are 3.495 M, 6.584 M,
9.672 M, and 12.761 M.
Synthesis of cellulose hydrogels

For the synthesis of BsoZo2-Cell, acrylamide (5.01 g, 70.3 mmol), MBAA (16.8
mg, 0.109 mmol), and APS (0.100 g, 0.438 mmol) were added to a beaker containing 7.5
mL of zinc acetate solution (0.933 M). The solution mixture was left to stir for 10 minutes
until all solids were dissolved. Then, the clear and colorless liquid was transferred into a
20 mL measuring cylinder and the solution was top up to 17.5 mL with distilled water.
Next, the 17.5 mL solution mixture was transferred back to the beaker and acrylic acid
(0.476 mL, 6.94 mmol) was added. The solution mixture was left stirring from this point
onwards until all other reactants were added. After stirring for 2 minutes, cellulose (0.275
g, 5% weight of polymer) was added. The cloudy white solution was left to stir until

homogeneous before adding 6.584 M of KOH solution (17.0 mL) slowly over the span of
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5 minutes. Then, TMEDA (13.4 uL, 0.0896 mmol) was added and the solution mixture
was immediately poured into a mold. Finally, free-radical polymerization was initiated in
a UV machine for 50 minutes.

For the synthesis of B3oZo2-CMC and BsoZo2-HPC, the cellulose was replaced
with the same weight percentage of CMC or HPC instead. The general observations during
the synthesis were the same except after the addition of the different cellulose. For CMC,
the solution remained clear and colorless after the addition, but the viscosity of the solution
mixture increases. After the addition of HPC, white solid chunks were observed floating
around the solution mixture instead.

Synthesis of KPA

MBAA (0.0336 g, 0.218 mmol) was added to a beaker containing 3.070 mL of
water. The mixture was stirred until clear and colorless. Then, 4.667 mL of zinc acetate
solution (1.5 M) was added, followed by 22.025 mL of potassium hydroxide solution (13.0
M). The clear and colorless solution turned cloudy but eventually turned back to clear and
colorless again during the addition of potassium hydroxide solution. Next, the beaker was
transferred to a cold-water bath and acrylic acid (5.238 mL, 76.3 mmol) was added
dropwise in the span of 5 minutes. After neutralizing acrylic acid, the solution mixture was
poured into a mold that was initially set up on an ultrasonic bath (see Figure 3.3.1) and
potassium persulfate (0.1000 g, 0.370 mmol) was added to the mold. The solution mixture

was left in that sonication bath for 30 minutes to initiate polymerization.
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Figure 3.3.1: Photo of a mold used to form hydrogels with a specific shape in an ultrasonic bath
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Synthesis of KPA-Gly

MBAA (0.0945 g, 0.613 mmol) and glycerol (0.4410 g, 4.78 mmol) were added to
a beaker containing 2.720 mL of water. The mixture was stirred until clear and colorless.
Then, 4.667 mL of zinc acetate solution (1.5 M) was added, followed by 22.025 mL of
potassium hydroxide solution (13.0 M). The clear and colorless solution turned cloudy but
eventually turned back to clear and colorless again during the addition of potassium
hydroxide solution. Next, the beaker was transferred to a cold-water bath and acrylic acid
(5.238 mL, 76.3 mmol) was added dropwise in the span of 5 minutes. After neutralizing
acrylic acid, the clear and colorless solution mixture was poured into a mold that was
initially set up on a sonication bath, and potassium persulfate (0.1000 g, 0.370 mmol) was
added to the mold. The solution mixture was left in the sonication bath for 30 minutes to

initiate polymerization.
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Synthesis of Chen et al’s hydrogel

Acrylamide (4.997 g, 70.3 mmol), APS (0.0073 g, 0.0320 mmol), and MBAA (0.0043 g,
0.0279 mmol) was added to a beaker containing 4 mL of distilled water. The mixture was
left to stir for ten minutes until all solids were dissolved. Then, AA (0.476 mL, 6.93 mmol)
was added to the clear and colorless solution. The solution mixture was transferred to a
fresh beaker containing glycerol (4.017 g, 43.6 mmol) and was left to stir for another 5
minutes until the solution became homogeneous. Next, TMEDA (7.43 uL, 49.5 umol) was
added and the solution mixture was immediately transferred to a mold. Finally, free-radical
polymerization was initiated in a UV machine for 120 minutes, yielding a clear and

colorless hydrogel.

3.4 Analysis of Hydrogels

Mechanical tests were performed using the equipment shown in Figure 3.4.1(a).
The equipment consists of a calibrated 30 kg Load Cell, an upper and a lower clamp, a
tightening block, and a slider-crank mechanism. One end of the calibrated 30 kg Load Cell
was fitted to a semi-free moving point, while the other end was fitted onto the upper clamp.
This allows a free-moving horizontal axis for the upper clamp. The lower clamp was

connected to the slider-crank mechanism.
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Figure 3.4.1: Images of equipment used for mechanical and tensile experiments; (a) a full image of the

machine, (b) when the hydrogel is clamped, (c) when the hydrogel is being elongated.
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During a mechanical experiment, the lower clamp will first be adjusted through the
slider-crank mechanism to have a gap of 2 cm between the upper clamp and lower clamp.
Then, the gel will be placed in between the two clamps and secured with two pieces of
insulated metal blocks (see Figure 3.4.1(b)). The corkscrew will be tightened with light
torque so that it will only firmly hold the hydrogel in place during the experiment but not
too much to break the hydrogel. Next, the lower clamp was pulled downwards by rotating
the slider-crank mechanism until the hydrogel breaks (see Figure 3.4.1(c)). The elongation

of the hydrogel was calculated as:
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) Final length before breaking
Elongation = — x 100%
Initial length

Fourier Transform Infrared Spectroscopy (FTIR)
ATR-FTIR was performed on Bruker's Alpha Il compact FTIR spectrometer with an
accompanying ATR-FTIR attachment. A blank spectrum of the air was recorded before
recording any FTIR of the samples. A 2 cm x 2 cm sample of hydrogel was cut out and
dried in open air for a week before they were grounded into powder for FTIR analysis.
Electrochemistry

Electrochemical tests were recorded using a model CHI660E, CH Instruments
electrochemical workstation. All electrochemical characteristics were carried out using a
two-electrode cell that consists of two stainless steel plates (Corrosion-Resistant 316 -
Resistivity 74 uQ/cm) used as current collectors. The 8.2 cm by 8.2 cm square hydrogels
were about 3.8 mm to 4.2 mm in thickness. Each hydrogel was measured and cut in half,
giving a 4.1 cm by 8.2 cm rectangular shape sample for electrochemical characterization.

For samples 1 to 10 from Table 3.2.1, impedance over time experiments were
carried out. First, a Nyquist plot of BsoZo.» was recorded in the frequency range between 1
x 108 Hz to 0.1 Hz, with a voltage amplitude of 0.005 V and at the constant polarization of
0 V. The gel was then elongated by 1 cm, 2cm, and 3 cm while the Nyquist plot of the
hydrogel was recorded after every elongation. The evaluation of these four Nyquist plots
showed us that the bulk conductance had to be evaluated at a frequency between 1000 to
2000 Hz. Hence, a frequency value of 1500 Hz was then used for subsequent impedance

over time experiments. These spectra were also recorded at an amplitude of 0.005 V and
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at the constant polarization of 0 V. The hydrogel was elongated at a rate of about 0.2 cms’
! until each sample broke into 2 pieces.

To determine the charge transport properties of acrylate-only hydrogels (KPA and
KPA-GIly), the hydrogels were set up according to Figure 3.4.2. This setup was used instead
of the mechanical equipment shown in Figure 3.4.1(a) was too large to fit into the freezer
we owned in our lab. A Nyquist plot was recorded in the frequency range between 1 x 10°
Hz to 10 Hz, with an amplitude of 0.005 V and at the constant polarization of 0 V at room
temperature (23°C). Then, the hydrogel was elongated by 50% and 100%, recording a
Nyquist plot for each elongation. These procedures were repeated after moving the setup

into the freezer for low-temperature experiments (-23°C).

Figure 3.4.2: Miniature experimental setup that is able to fit the freezer in our laboratory.
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4 Results and Discussion

As mentioned in section 1.7, one of the new ideas in this work is to incorporate the
electrolyte into the reaction mixture prior to polymerization to tremendously reduce the
synthesis time of these hydrogels (from a few days to a few hours). Hence, a few

preliminary experiments were carried out to determine the compatibility of this method.

4.1 Effect of Concentration of KOH

The first experiment was to study the effect of KOH concentration on the quality
of hydrogels. These hydrogels were assessed by simple visual observations (transparency,
homogeneity, color, surface texture), followed by a mechanical and electrochemical test to
verify their strength, stretchability, and conductivity. Hence, four hydrogels with different
KOH content (B15Zo.2, B3.0Zo.2, BasZo2, and BeoZo2) were synthesized as mentioned in

Table 3.2.1.
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Figure 4.1.1: Photos of freshly synthesized hydrogels with different concentrations of KOH solution.

(A) B1sZoz2, (B) B3.oZoz2, (C) BasZoz2, and (D) Bes.oZo.2

One important remark for all four hydrogels was that these hydrogels gave off a
pungent smell, which was not mentioned in literature dealing with hydrogels of similar
chemical composition. This phenomenon was further analyzed and will be discussed in
detail later.

Starting off with Be.oZo.2, it polymerized and formed a spherical hydrogel when a
high concentration of KOH was added (see Figure 4.1.1(D)). This happened before the
addition of any radical accelerator, TMEDA, which is a crucial component to activate APS
for radical polymerization. We hypothesized that this rapid jellification was due to the base
activation of persulfate ions when a high concentration of KOH was introduced.® In an

extremely alkaline environment (such as 6.0 M KOH in our case), the OH" reacts with
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persulfate ions to form superoxide ions. These unstable superoxide ions will then react with
other persulfate ions to form sulfate and oxygen radicals, allowing initiation of the

polymerization process without TMEDA (see Scheme 4.1.1).

Scheme 4.1.1: Base activation of persulfate ions
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For the hydrogel composition labeled as B1sZo2, the liquid reaction mixture was
initially transparent and colorless (before it was exposed to the UV rays needed for radical
initiation). However, the hydrogel turned white and opaque as the polymerization
proceeded (see Figure 4.1.1(A)). This is because zinc hydroxide precipitated out from the
reaction mixture during the polymerization step.>® Precipitation of zinc hydroxide,
however, only occurs at a very low concentration of base, which explains why Bz 0Zo.2 and

B45Z0.2 remained clear and colorless (Figure 4.1.1(B) and (C)).
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Figure 4.1.2: Bar chart of the max load (red) and percentage of stretch (blue) of B1.5Zo.2, B3.oZo.2, and

BasZo2.
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The hydrogels were then subjected to mechanical tests. Figure 4.1.2 displays the
results of the mechanical test. The red bar chart represents the maximum load the hydrogel
can withstand (in kg) before breaking; while the blue bar chart shows the maximum length
the hydrogel can be stretched (in %) before breaking. Note that Be.oZo.2 was not included
in these tests as its shape was completely different than other hydrogels prepared in this
series of compositions. From the bar charts in Figure 4.1.2, B1sZo» appeared to be the
strongest hydrogel, withstanding 0.389 kg before breaking, while B5Zo2 was the weakest.
However, B15Zo2 was the least stretchable (390 % elongation), but BasZo.» reached up to
820 % elongation from the hydrogel’s initial length. One trend observed from this
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experiment is that when the concentration of KOH increases, the hydrogels become more
stretchable but weaker.

We hypothesized that KOH was chemically reacting with the polymer network,
hence affecting the hydrogels’ mechanical properties. After the assessment of all possible
reactivities of the reactants, the most probable side reaction is the hydrolysis of acrylamide

in highly concentrated KOH to form acrylic acid and ammonia (see Scheme 4.1.2).
Scheme 4.1.2: Hydrolysis of acrylamide to form acrylic acid and ammonia.
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Before jumping into the discussion of the reaction mentioned above, one extremely
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important note to make here is that this problem was only discovered later in the project.
However, we think that it is best to include the discussion here to clarify our observations
before moving on to other experiments.

To prove that hydrolysis of acrylamide had happened, a simple gas-phase
experiment was carried out. Since ammonia gas is basic, a few pH papers were taped in a
beaker (see Figure 4.1.3(A)), and the beaker was used to cover a petri dish containing a
piece of BsoZo2. The pH paper turned from yellow (neutral) to blue (basic) after a few
seconds (see Figure 4.1.3(B)). Then, the beaker was lifted and slowly moved to cover a
petri dish containing concentrated HCI solution. White smoke was observed after a few
seconds and the blue pH paper (basic) slowly turned red (acidic, see Figure 4.1.3(C)). The
first part of the experiment proved that the fume formed here was alkaline. The second part

of the experiment helped us identify that the fume was ammonia (NHz3) since the reaction
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of NHz3 gas and hydrochloric acid vapor produces white smoke. The determination of NH3
fume also matches the pungent smell for all the hydrogel mentioned initially.
Figure 4.1.3: Experiment to show the release of ammonia gas. (A) Color of pH paper before the

experiment, (B) color of pH paper when exposed to hydrogel, and (C) color of pH paper when exposed

to concentrated HCI

Besides that, BooZo.2, B15Z02, BsoZo2, and BassZo. were dried and ground to
prepare suitable samples for FTIR analysis. For the ease of comparison, the FTIR of
Bo.0Zo.2, B15Z0.2, B30Zo2, and B4sZo2 were overlaid and shown in Figure 4.1.4. The fully
assigned spectra of these four individual hydrogels can be found in the appendix.

Analysis of FTIR spectra presented in Figure 4.1.4 indicated that hydrolysis of
acrylamide resulting in the production of acrylic acid was indicated by a decrease in the
peak intensity around 1650 cm™ region, which is assigned to the C=0 stretch of amide.
Both Bo.oZo.2 and B15Zo.» displayed strong signals in this wavenumber range as compared
to hydrogels containing higher concentrations of KOH (Bzo0Zo2 and BasZo2). Also,
acrylamide has two broad N-H stretch peaks around 3350 cm™ and 3150 cm™ regions.
These two peaks were observed in BooZo2 and BisZo2 but the peak at 3350 cm™

disappeared for Bz.0Zo.2, and B4s5Zo..
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Figure 4.1.4: FTIR spectra of Bo.oZo.2, B15Z0.2, BsoZo.2, and B4sZo.2 stacked together for comparison.
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One important signal that should be mentioned is the peak at 1750 cm™ observed
in BzoZo2 and BasZo2, which is the C=0 stretch for carboxylic acid. However, since this
signal was very weak, it could be argued that it is just a noise. On a side note, three very
distinct signals in the range from 700 cm™ to 1050 cm™ can be identified for B3 oZo2, and
Ba5Z02 but not Bo.oZo2 and B1sZo2. These peaks were assigned as C=C bend for amide
(700 cm™), C=C bend for carboxylic acid (880 cm™), and C-N bend for amide (1050 cm"
1. These peaks indicated that there might be starting material (acrylamide and acrylate

monomer) left unreacted in the last two hydrogels.
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The impedance over time spectra of these hydrogels were recorded as described in
the experimental section. The goal of this test was to compare how their bulk impedance
changes while being elongated (see Figure 4.1.5).

Figure 4.1.5: Spectra of total impedance for BisZo2, BsoZo2, and BassZo2 as these hydrogels were

elongated. These spectra were recorded at frequency of 1500 Hz.
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Since the time scale in these experiments is defined as the time needed to elongate
the sample from its initial length to its breaking point, we can estimate the % elongation of
these hydrogels using the rate of elongation, which is 0.2 cm/s. A trend of increasing total

impedance (bulk resistance and capacitive reactance) as the hydrogels were elongated,
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followed by a sharp spike was observed for all hydrogels. This is an obvious behavior
because ions had to travel a longer distance to reach the polarized electrodes. The sharp
spike of total impedance indicates the moment when the hydrogel breaks.

From Figure 4.1.5, B15Zo had the highest initial impedance, followed by B3oZo.2
and lastly B4sZo.2, though the difference between these two samples is minimal. Since zinc
hydroxide precipitated during the polymerization of B1s5Zo., this material has lower ionic
conductivity (highest bulk impedance) not only because of its lowered KOH concentration
(KOH is the main contribution to ionic conduction) but also due to the presence of the solid
fraction withing the polymer impeding the movement of mobile ions. This in total makes
B15Zo.2the least favorable for our application. Altogether, the trend demonstrated in Figure
4.1.5 follows the trend normally observed in most of the liquid and hydrogel electrolytes
in terms of the effect of concentration on mobile ions and also agrees well with the

literature.!*

4.2 Effect of KOH and Zinc Acetate Addition

Based on the results demonstrated in the previous section, 3.0 M KOH was
introduced to the hydrogel and was further tested for the effect of zinc acetate additive. 0.2
M of zinc acetate was chosen as a standard concentration based on optimization carried out
by other groups,® which was also justified in the introduction. Furthermore, three
hydrogels: one without any ionic component (BooZoo), one with 0.2 M zinc acetate
(Bo.0Zo.2), and the last with 3.0 M KOH without any zinc acetate (Bs.0Zo.0), were compared.
Their chemical compositions are detailed in Table 3.2.1 and photos of these hydrogels after

the synthesis are presented in Figure 4.2.1.
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Figure 4.2.1: Photos of synthesized hydrogels; (A) Bo.oZo.o, (B) BooZoz, (C) BsoZoo, and (D) BsoZo..

Bs.0Zo.2 is added into the group for side-by-side comparison.

As demonstrated in Figure 4.2.1, all four hydrogels were colorless and transparent.
One distinctive difference was that the Bo.oZo.o and Bo.oZo.2 had uneven wrinkled surfaces
as compared to BzoZo.0 and BzoZo2. What we recognized from this series of samples was
that Bo.oZo.o and Bo.oZo.2 samples did not release the pungent smell that we had identified

to be NHs.
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Figure 4.2.2: Bar chart of the max load (red) and percentage of stretch (blue) of Bo.oZo.0, Bo.oZo.2, Bz.0Zo.0,

and Bs.oZo..

0.8 - - 800

0.7 4

0.6 - - 600
- 530 .
X 0.5 - L
©

e

S 0.4 L 400
. D
S 0.3 )
p=

0.2 4 - 200

0.1

0.0 - L0

BO.OZO.O BO.OZO.Z B3.OZO.O BS.OZO.Z
Hydrogel

These four hydrogels were also subjected to mechanical tests. It is important to
make clear that the results should be treated in two separate groups: (1) between Bo.oZo.o
and BooZo2; (2) between BsoZoo and BzoZo2. As mentioned in the previous section,
acrylamide will decompose to acrylic acid when exposed to high molarity of KOH. The
polymer compositions are very different, hence making it unfair to compare all four
hydrogels at the same time.

When a comparison was made between hydrogels with and without zinc acetate,
the hydrogels with zinc acetate (Bo.oZo.2 and BsoZo2) appeared to be stronger than those

without zinc acetate (Bo.oZo.o and BsoZo.0). This can be understood as an effect of zinc ions.
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The Zn?* ions in Bo.oZo2 and BsoZo2 are acting as an ionic crosslinker, further increasing
the crosslink density of the hydrogel, hence improving the mechanical strength of the
hydrogel.3

In terms of the stretchability of the hydrogels, no obvious trend was observed. For
example, after the addition of zinc acetate, the stretchability of the hydrogel was
significantly improved (increased by 450 %) between Bo.oZoo and Bo.oZo2. On the other
hand, it did not have any effect on Bs.oZoo and BzoZo2. We hypothesized that this
inconsistency in trend might be due to experimental errors. As described in the
experimental section, the corkscrews were tightened to firmly hold the hydrogels in place
before they were elongated. Since hydrogels are soft materials, they can be easily squished.
Hence, too much torque might be applied to the corkscrews during this step, affecting the

results of some of the hydrogels.
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Figure 4.2.3: Spectra of total impedance for BooZo.o, Bo.oZo2, BsoZoo and BsoZo2 as these hydrogels

were elongated. These spectra were recorded at frequency of 1500 Hz.
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Moving on, for this series of samples, the impedance over time characteristics were
also recorded. The x-axis (time) of the spectra was once again converted to percentage
elongation as shown in Figure 4.2.3. What can be concluded is that Bo.oZo.0 had the highest
initial impedance. As more ions were introduced into the hydrogel matrix, the conductivity
of the hydrogel increased. Hence, Bo.oZo2 had a lower impedance than Bo.oZo.0, followed
by Bs.0Z0.0 and Bs.0Zo.2. Both Bz.oZo.0and Bs.oZo.2 had a very similar impedance because the
concentration of zinc acetate solution (0.2 M) introduced was minor compare to KOH and

thus, its contribution to the number of mobile charge carriers is negligible. On the other
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hand, the addition of 3.0 M KOH solution to the polymer matrix leads to an increase in
conductivity (decrease in impedance) by two orders of magnitude. It is important to recall
at this point of optimization of proposed chemistries that the zinc acetate solution was
introduced to help improve the rechargeability of the ZAB system (as mentioned in section

1.4), not to improve the conductivity of the electrolyte itself.

4.3 Addition of Cellulose

Figure 4.3.1: Images of freshly synthesized hydrogels containing different variants of cellulose. (A)

Bs.0Zo.2-Cell, (B) B3.0Zo2-CMC, and (C) Bz.oZo2-HPC
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The last experiment planned for the optimization of the proposed electrolyte was
the incorporation of different types of cellulose into the hydrogel (see Figure 4.3.1). The
chemical structures of cellulose used in this work are also shown in the same figure. Since
celluloses are natural polymers that are insoluble in the solvent (water), therefore the solid

remains could be observed. For BsoZo2-Cell (Figure 4.3.1(A)), the solid was spread
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homogeneously throughout the hydrogel, giving translucent and colorless hydrogel. For
B3.0Z02-CMC and BsoZo2-HPC (Figure 4.3.1(B) and (C)), large agglomerates of CMC salt
were spread throughout the hydrogel, giving a clear and colorless hydrogel with uneven
surfaces.

Figure 4.3.2: Bar chart of the max load (red) and percentage of stretch (blue) of Bs.oZo.2, B3.oZo2-Cell,

B3.0Z02-CMC, and BzoZo.2-HPC

3. - 12
0.3 1130 00
L 1000
> 0.2 - -800
< S
@)
@ c
S 600 O
~ @
> +J
< 01- ba00 @
L 200
0.0 - oy

B 3.OZO.2 B 3.OZO.2-Ce| | B 3.OZO.2_C'\/I cCB 3.OZO.2-H PC

Hydrogel

Regarding the mechanical characteristics of cellulose-modified hydrogels, we
observed that the addition of plain cellulose did not change the mechanical strength of
sample BzoZo2-Cell. On the other hand, the addition of CMC and HPC slightly lowered
the mechanical strength of the hydrogel (by 0.031 kg and 0.062 kg respectively). However,

an improvement in the stretchability of all three hydrogels was observed. Comparing the
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three hydrogels with cellulose, we can conclude that the addition of plain cellulose and
CMC improved the stretchability of the original hydrogel (without cellulose) to almost the
same extent. Surprisingly, even though the HPC cellulose agglomerated within the
hydrogel, this sample demonstrated notable improvement in stretchability, exceeding the
stretchability of BssZo2 shown in the previous section. Since cellulose contains a lot of
hydroxyls (OH) functional groups, a lot of hydrogen bonds can be formed either between
polymer chains. These weak hydrogen bonds can be readily broken when stretched,
enhancing the stretchability of the hydrogels.?

Figure 4.3.3: Spectra of total impedance for Bs.oZo.2, BsoZo2-Cell, B30Zo2-CMC, and Bs.oZo2-HPC as

these hydrogels were elongated. These spectra were recorded at frequency of 1500 Hz.

. / ,

log (Z/ohm)

2 -
BS.OZO.Z

1- B3 4Z, -Cell
B3 0Z0,-CMC
B3 0Zy,-HPC

0 T

I I I I I 1
0 200 400 600 800 1000 1200 1400

Elongation (%)

54



Furthermore, similar impedance over time experiments were carried out and the
time axis were converted to percentage elongation to assess the effect of cellulose on
electrical properties. From Figure 4.3.3, all three hydrogels had a slightly higher initial
impedance after the addition of cellulose. This could be due to the presence of agglomerates
embedded within the material, disrupting the movement of ions, and thus increasing the
impedance. Based on a set of mechanical and electrochemical tests we have concluded that
the cellulose additive did not influence the hydrogel’s conductivity, but at the same time,
it improved the mechanical characteristics. These observations are very consistent with
literature, where cellulose was proposed to be a good additive to improve the stretchability

of similar hydrogels.?*

4.4  Questioning Our Methodology

As mentioned above in section 4.1, we discovered that acrylamide would
decompose to acrylic acid and ammonia in a high concentration of KOH. This begs the
question that if our new methodology of incorporating all the electrolyte components
(KOH and zinc acetate) before the formation of hydrogels is suitable. This would also
explain why other research groups might have avoided this method and opted for a more
time-consuming electrolyte-soaking process when synthesizing hydrogels with similar
compositions. In other words, clarification is needed on whether polyacrylamide (not
acrylamide monomers) is stable when subjected to a high concentration of KOH.

To answer this question, we tried to reproduce the hydrogel reported by Chen et al
with a slight modification.?’ The only modification to the procedure was during the final

step of the synthesis, radical polymerization was initiated using UV irradiation instead of
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heating at 60°C for two hours. Their hydrogel is chosen because the polymer compositions
are very similar to our work, which are polyacrylamide and polyacrylic acid.

Following their procedure, a clear and colorless hydrogel was successfully
synthesized, and it was left to dry in the oven at 40°C for two days. After two days of
drying, the hydrogel was submerged in a beaker of electrolyte for 20 hours. To prove that
the electrolyte was in fact absorbed by the hydrogel, the mass of the dried hydrogel before
and after soaking in the electrolyte was recorded. There was a 541 % increase in mass
(from 1.13 g to 7.23 g). That hydrogel also released a small amount of pungent smell
similar to Bs.0Zo.2, which was deduced as NHz gas. Although no further analysis was carried
out, we believed that the distinct NHs smell alone was a strong enough prove that
polyacrylamide had undergone similar hydrolysis reaction to form acrylic acid and
ammonia. Hence, we have concluded that polymerized acrylamide is also prone to
chemical reaction with concentrated KOH, and therefore should be excluded from the
proposed formulations.

Although, the problem of polyacrylamide decomposition is not well-reported in
literature, we have found that Tan et al also synthesized similar alkaline hydrogels using
polyacrylamide.®® After soaking in KOH solution, their hydrogel also showed similar
unwanted hydrolysis reaction to form acrylic acid and ammonia. However, the mechanism

detailing the acrylamide decomposition was not included nor justified in this work.

45 New Formulation

Having a deeper understanding on the reactions that happened during the synthesis

of hydrogels, some modifications on the formulation were made. First and foremost, as
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detailed in sections 4.1 and 4.4, addition of a highly concentrated KOH solution promotes
the hydrolysis of acrylamide and polyacrylamide into acrylic acid and ammonia. Therefore,
acrylamide was excluded from the final hydrogel formulation, leaving only potassium
polyacrylate as the main polymer chain.

Besides that, in section 4.1, we noticed that at high concentration of KOH solution,
radical polymerization can be initiated without the addition of TMEDA or exposing the
reaction mixture to UV light. This was not reported in literature since most of research
group working on similar alkaline hydrogels used a post-synthesis KOH soaking method
to introduce ionic component to the electrolyte (unlike our method where KOH solution is
mixed with all reactants before polymerization). It turned out that this pre-mixing approach
not only allows us to shorten the total synthesis time (from an average of 48 hours for
drying of hydrogel and then soaking them in KOH solution to approximately 3 hours in the
case of pre-mixing of KOH), but also allows us to omit TMEDA (accelerator of
polymerization), the most toxic reactant in the proposed formulation. Thus, using KOH
pre-mixing method makes the synthesis more environmentally benign, which is consider
as a significant step forward in terms of green chemistry principles.

Additionally, the radical initiator, ammonium persulfate (APS), will be replaced
with potassium persulfate (KPS), to avoid any potential in the formation of ammonium
hydroxide when exposed to KOH. Since improvements due to the cellulose addition are
minor and cellulose-embedded samples required further optimization in order to eliminate
agglomeration, we decided to exclude the cellulose additive in the following studies on
further optimization of the hydrogel composition. We initially planned to add glycerol to

give the hydrogel antifreeze properties. Since no experiments had been carried out yet at
57



this point for glycerol, they will still be included in future experiments. A comparison

between the old formulation and new formulation is summarized in Table 4.5.1.

Table 4.5.1: Comparison between the old formulation and the new formulation.

Old plan New formulation
e Polymer network consists of e Polymer network consists of only
polyacrylamide and potassium potassium polyacrylate
polyacrylate. e Potassium persulfate (KPS) is used
e  Ammonium persulfate (APS) is as radical initiator. High
used as radical initiator and concentration of KOH is used as
TMEDA is used as radical radical activation
accelerator. e Glycerol is added to give the
e Reaction mixture is exposed to hydrogel antifreeze properties

UV light for polymerization.

e Different variants of cellulose
are added to improve the
stretchability of the hydrogel.

e Glycerol is added to give the
hydrogel antifreeze properties.

4.6 Potassium Polyacrylate Hydrogel with Glycerol: Synthesis, Freezing and

Mechanical Properties

Alkaline potassium polyacrylate hydrogel (KPA) is a well-studied electrolyte and
was recently published by Ivey et al, one of the leading groups in the area of flexible
batteries from University of Alberta.*® Comparing work demonstrated by these researchers,
we introduced some modifications of the synthetic procedure. As such, instead of initiating
polymerization in an 60°C oven, the reaction mixture was poured into a mold set up in an
ultrasonic bath and the polymerization was initiated through ultrasonic agitation. These
hydrogels were not synthesized through UV irradiation because no hydrogels were formed

after 6 hours of exposing the solution mixture in UV light. We discovered that the agitation
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step played a vital role to ensure KPS dissolve into the solution mixture and start the radical
polymerization process.

Moving on, to synthesize KPA with antifreeze properties, 0.35 mL of glycerol (1%
total volume of the reaction mixture) was also incorporated. Unfortunately, the reaction
mixture remained a viscous liquid despite increasing the time in the ultrasonic bath. We
later discovered that increasing the amount of MBAA crosslinker (from 0.0336 g to 0.0945
g) helped in the formation of a clear and colorless solid hydrogel (KPA-Gly). However,
due to time constraint, experiments were not carried out to accurately pinpoint the reason
why MBAA crosslinker will affect the synthesis KPA-Gly nor were we able to optimize

the amount of MBAA needed to form KPA-Gly with desired flexibility.

Figure 4.6.1: Low-temperature tests of KPA and KPA-Gly in (A) -25 °C and (B) -80 °C

The antifreeze properties of both KPA and KPA-Gly were compared and
demonstrated in Figure 4.6.1. A low-temperature (-23°C) observation was initially carried

out after leaving KPA and KPA-Gly overnight in the laboratory freezer. Both hydrogels
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remained transparent, flexible, and homogeneous without any crystalized water present
(Figure 4.6.1(A)). Furthermore, the same samples were frozen at -80°C (left overnight prior
observing), and visible large crystals of ice were identified for KPA but not for KPA-Gly
sample (Figure 4.6.1(B)).

In order to rationally guide us on the anti-freeze effect of KOH, zinc acetate, and
glycerol, a set of samples were prepared (see Table 4.6.1). These samples were left in the
freezer (-23°C) overnight and the photos before and after they were frozen are shown in
Figure 4.6.2. From the figure, it is obvious that samples 1 to 5 were frozen but not for
samples 6 to 8. This simple test allowed us to identify that 6.0 M KOH solution without
glycerol contributes to the antifreeze properties, withstanding temperature as low as -23°C.
This explains why KPA in Figure 4.6.1 remained transparent and flexible in -23°C but not
in -80°C. However, glycerol, an antifreeze agent is still needed to make hydrogels

functional in more extreme temperatures (such as -80°C).
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Figure 4.6.2: Photos of 5 mL samples of different chemical compositions before and after they were
frozen. These samples were prepared to study the antifreeze properties of the electrolyte system and

not the hydrogel.

+23°C

-23°C

Table 4.6.1: Chemical compositions of the prepared sample to study the antifreeze properties of the

electrolyte system and not the hydrogel.

Sample Chemical compositions

1 Distilled water
0.2 M Zn(Ac)2
3.0 M KOH
3.0 M KOH with 0.2 M Zn(Ac)2
3.0 M KOH with 0.4 M Zn(Ac)2
6.0 M KOH
6.0 M KOH with 0.2 M Zn(Ac)2
6.0 M KOH, 0.2 M Zn(Ac)2, 5% vol glycerol

O |IN|[O ||~ W|DN
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We had approached analytical laboratories in Canada that offer a cryo-differential
scanning calorimetry services to estimate the onset temperature of crystallization of all
hydrogels and their respective liquid fractions. This would greatly help us identify an exact
freezing point for formulations used in this work through precise analytical method.
However, due to the highly alkaline nature of our samples, there is a risk of damaging the
expensive crucible used to hold the analytes during the test. Hence, the tests could not be

carried out.

Figure 4.6.3: Bar chart of the max load (red) and percentage of stretch (blue) of KPA and KPA-Gly.
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Similar tensile strength tests were treated to KPA and KPA-Gly to assess the

mechanical properties of these newly synthesized hydrogels. From Figure 4.6.3, KPA-Gly
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was both weaker and less stretchable when compared to the KPA. This is because the
amount of MBAA crosslinker used for KPA-Gly (0.0945 g) was much higher than KPA
(0.0336 g). Recall that MBAA acts as a chemical crosslinker, and they cannot be reformed
once broken (section 1.3). In the case of KPA-Gly, since the amount of MBAA used was
so much higher, the hydrogel became weak and brittle, ultimately weakening its

mechanical properties.

4.7 Charge Transport Properties Analysis

KPA and KPA-Gly had been chosen as our final formulations in this project and
were subjected to thorough electrochemical analysis. As such, the total ionic conductivity
and the charge transfer characteristics of these two electrolytes were evaluated according
to procedure described in section 3.4. For the low-temperature analysis, it has to be clarified
that these tests can only be carried in the freezer set to one temperature, making it difficult
to collect experimental data at varying temperatures below the freezing point of water

(0°C).

63



Figure 4.7.1: Nyquist plot of KPA without any elongation recorded at room temperature (23°C)
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Let’s start from the discussion of Nyquist plot and the overall ionic conductivity
(o) of the hydrogel extrapolated from the Nyquist plot. Figure 4.7.1 shows a Nyquist plot
recorded for KPA at room temperature. All Nyquist plots recorded for both KPA and KPA-
Gly (in room temperature or in the freezer) were very similar in terms of the shape. These
spectra can be found in the appendix section. As mentioned in the theory section, Bandara
and Mellandar defined the shape that will appeared in the Nyquist plot for an electrolyte
material as a semicircle with a straight spike.3! However, this was not the case for our
hydrogels. The shape recorded was a quarter circle (region within the red box) with a tilted

spike (the region outside of the red box).
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Figure 4.7.2: The circuit diagram used to describe all KPA and KPA-Gly spectra recorded. CPE stands
for Constant Phase Element. It is a common element used to describe the behavior of a non-ideal

capacitor.

l_ Resistor _l

CPE P

CPE

Thus, a fitting program (ZView) was used to help us determine the bulk resistance
values (Roui) of the hydrogels. To fit our data accurately, a different equivalent circuit (see
Figure 4.7.2) was used instead of the equivalent circuit adopted by Bandara-Mellandar
(equivalent circuit from Figure 2.6.3 in theory section).®! This is because the equivalent
circuit defined by Bandara-Mellandar are more applicable for electrolyte material in an
ideal situation (ideal capacitor or liquid electrolyte with extremely low resistance). The
equivalent circuit shown in Figure 4.7.2 is more commonly used for real-world battery
testing.

Then, these Rouk values were used to calculate the hydrogels ionic conductivity
through equation 2.6.4. The calculated values are summarized in the appendix section. For

the ease of comparison, the ionic conductivities are shown as bar charts in Figure 4.7.3.
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Figure 4.7.3: Bar charts of the fitted ionic conductivity values of charge transport properties of KPA

and KPA-Gly at 23°C (A) and -23°C (B) versus percentage elongation.
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First and foremost, with increasing elongation, the ionic conductivities decreased
very slightly for both KPA and KPA-Gly at both temperatures. However, these decrease in
values were still within the same range of magnitude. This observed trend was very
comparable to the impedance over time studies shown in sections 4.1 to 4.3, where the
increased in impedance was proposed to be mainly due to an increased in distance travelled
for the ions in the hydrogel to the polarized stainless steel. Both KPA and KPA-Gly also
demonstrated a lower conductivity with decreasing temperature (comparing Figure
4.7.3(A) and (B)). This is a typical behaviour of ionic conductors related directly to the
temperature-dependent kinetics of mobile ions.

Furthermore, comparing these two electrolytes, KPA-Gly (blue) showed overall
lower conductivity than KPA (red) regardless of temperature. This drop in conductivity for
the glycerol-containing electrolyte is associated with the formation of strong hydrogen
bonds between glycerol with the OH" ions in the electrolyte, limiting the movement of the
ions. Although only 1 vol% of antifreeze was introduced, there was a visible drop in
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conductivity. This effect was already observed by our previous group member and other
research groups dealing with various antifreeze additives regardless of hydrogel
formulations.?® This also justifies that the introduction of antifreeze additives has to be at
a minimal level so that it will not affect the conductivity of the hydrogel.

Since the formulation for KPA was identical to the work published by Ivey et al %3
comparison was made on the ionic conductivity values to their work. We realised that the
ionic conductivity of KPA in our work (0.35 mS/cm) was about three orders of magnitude
lower than what was reported by Ivey et al (about 180 mS/cm). This discrepancy in value
might be caused by a few factors. First, since our hydrogel was formed in a sonication bath
instead of heating in an oven, it might affect the polymerization process, giving us a less
porous hydrogel, ultimately affecting the ionic conductivity of the hydrogel. Second, the
shape of KPA synthesized in this work was very different. This heavily affects how the
EIS experiments had to be carried out. Since EIS is a very sensitive method, the way the
hydrogel was sandwiched between the stainless-steel electrodes will affect the shape of the
Nyquist plot. Third, as mentioned before, hydrogels are extremely flexible, and their shape
can be easily changed when force is applied (clamped). This characteristic makes it
problematic to maintain consistent contact with the stainless-steel electrodes, increasing
the difficulty to reproduce certain results. Nevertheless, an improvement in the low-
temperature feature of the hydrogel was achieved via the incorporation of glycerol. This is
considered a novelty and contribution to further improvement of this type of alkaline solid

electrolytes.
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Figure 4.7.4: Bar charts of all the calculated charge transport properties of KPA and KPA-Gly at 23°C

(A, C, E) and -23°C (B, D, F)
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Moving on to the charge transport properties of both KPA and KPA-Gly, the graphs

of tan(¢) against frequency were plotted. It is important to clarify here that the tan(¢) values
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were calculated based on experimental Z’ and Z” values, unlike the ionic conductivity
values from the previous section where they were determined using a fitting program. The
values for tan(¢#) and their respective frequencies were then used to calculate diffusion
coefficient (D), average mobility of ion (), and charge density (n) based on equations 2.8.1
to 2.8.3. These calculated values are summarized in the appendix section.

Figure 4.7.4 shows the bar chart of all the calculated values. At first glance, the
calculated D values have identical trend as . This is expected because these two properties
are related by the Nernst Einstein relation. The electron charge, e, Boltzmann constant, k,
and temperature, T, in the equations are constant (compare between equation 2.8.1 and
2.8.2).

Since the overall ionic conductivity of an electrolyte system is affected by these
three charge transport properties, we were expecting to observe similar behaviours when
comparisons were made between different elongations, temperature, or between different
hydrogels (KPA and KPA-Gly). However, none of them displayed any similarity in trends.
Hence, a second KPA sample was synthesized and treated with similar electrochemical
impedance tests to find out the range errors of the calculated values. The mean and standard

deviation for ocand D were summarized in Table 4.7.1, while zand n in Table 4.7.2.
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Table 4.7.1: The mean and standard deviation (Std. Dev) of oand D for two KPA samples.

Elongation | 1 o (Sem™) D (cm*s)

(%) Mean Std. Dev Mean Std. Dev
0 3.54x10% | 1.72x10% | 547 x 101! | 1.84 x 1011
50 296.15 | 1.90 x 104 | 3.92 x10° | 1.66 x 10°® 1.41 x 108

100 1.17 x 104 | 3.57 x107 | 4.01 x 10° 1.53 x 100
0 4.87 x10° | 9.24 x107 | 3.30x 1010 | 1.22 x 1010
50 250.15 | 2.63x10° | 7.37x108 | 4.20x 10 | 3.23 x 101!

100 1.83x10° | 1.30x10% | 2.01 x 10! | 2.01 x 101¢

Table 4.7.2: The mean and standard deviation (Std. Dev) of x and n for two KPA samples

Elongation | ) #(cm?sV) n (cm)

(%) Mean Std. Dev Mean Std. Dev
0 2.15x10° | 7.20 x 1010 | 1.16 x 10** | 3.84 x 10?3
50 296.15 | 6.50x107 | 5.52x107 | 6.69 x 10°! | 5.73 x 10%*

100 1.57 x 10”7 6.00 x 108 | 5.43 x10%' | 2.09 x 10%!
0 1.53x10® | 5.65x10° | 2.28 x10? | 8.02 x 10%!
50 250.15 | 1.95x10° 1.50 x 10° | 2.06 x 10 | 1.58 x 1023

100 9.33x10%° | 9.33x10%0 | 7.11 x10%" | 7.11 x 10%/

From Table 4.7.1 and 4.7.2, besides the values for ionic conductivity, the calculated

charge transport properties had extremely large errors. This is consistent with other

literature that tried to use the model from Bandara and Mellandar to calculate charge

transport properties of hydrogels.® The large errors might be once again caused by the

inconsistent contact between the hydrogels and the stainless steel. This is particularly

problematic with managing a moving medium that was squeezed and had changing

geometry that was difficult to measure.
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All guantities estimated via analysis of impedance spectra were compared to
polymer based on polyethylene oxide (PEO) and polyacrylonitrile (PAN) matrix with Li
salt as ion conducting fraction. The average ionic conductivity of these PEO and PAN-
based electrolyte has an overall range of magnitude at 10° S/cm.3% Although the
reference material is chemically different than hydrogels investigated in this project, there
are no data available for alkaline hydrogels that have composition comparable to our
materials. For this reason, results presented in this section will be only discussed in
relevance to our modifications (effect of glycerol and temperature).

As such, going back to the bar charts in Figure 4.7.4, comparisons were made for
values of D at room temperature. They varied within 10 to 10! cm?/s, which is slightly
lower range than referenced data (D = 101° cm?/s for PAN-based and 10 cm?/s for PEO-
based). These differences are negligible, and the ion transport coefficients are comparable
to values reported for state-of-the-art polymer electrolytes in commercial Li-ion battery.
With respect to temperature effect, slightly lower D values are obtained which is expected
given the temperature-driven dependence. There is no clear trend related to effect of
glycerol addition, perhaps due to a very low content of glycerol (1 vol%), which will not
introduce significant variation in electrical parameters. The difference between D values
for KPA and KPA-Gly samples are expected to lay within the experimental error, therefore
further speculations could potentially lead us to overinterpretation.

Similar to the diffusion coefficients, ionic mobilities calculated in this work were
compared to one reported for polymer electrolyte for Li-ion battery. At room temperature,
ionic mobility of our hydrogel (between 10 to 10°) remained comparable to PAN-based

(10°) but not PEO-based (10°%) hydrogels. Last but not least, the calculated charge density,
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n, is higher (between 10?2 to 10?°) than the range reported for PAN-based (10%°) and PEO-
based (10%) hydrogel. A very general conclusion that can be drawn by comparing these
values is that both KPA and KPA-Gly contain much more ions, which holds promise for
being a suitable material for metal-air battery applications. However, the mobility of these

ions is still limited or not as efficient to migrate towards the polarized electrodes.
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5 Conclusion and Future Work

The overall goal of the project was to synthesize a solid electrolyte that can function
at low temperature for ZABs. The initial formulation of polymer matrix chosen to realize
this goal was a copolymerization between polyacrylamide and potassium polyacrylate.
MBAA was added to crosslink between these polymer chains. The electrolyte system for
alkaline ZABs (6.0 M KOH and 0.2 M Zn(Ac)2) was added before the polymerization step
to reduce the overall synthesis time of this hydrogel. Three different variants of cellulose
were incorporated into the hydrogel to further improve the stretchability of hydrogel.
Addition of cellulose into the polymer matrix improved the stretchability of the hydrogels
in general. However, agglomerates were formed during the addition, impeding the
movement of ions in the hydrogel, and reducing the overall conductivity of the hydrogels.
Through a few simple experiments and analysis, we realized that acrylamide is not suitable
for this project as it will readily decompose to acrylic acid and ammonia in extremely basic
condition. This leads to the removal of acrylamide monomer in our initial formulation.

After changing our formulation, 1 vol% of glycerol was incorporated to KPA to make
KPA-Gly. Although cryo-DSC cannot be carried out to accurately determine the freezing
point of these hydrogels, simple experiments in the freezer available in the department gave
us insight that the antifreeze properties had been improved from -25°C to -80°C.
Electrochemical Impedance Spectroscopy (EIS) was used to study the conductivity and
charge transport properties of KPA and KPA-Gly. The model proposed by Bandara and
Mellandar was used to calculate the diffusion coefficient, average mobility of ions, and the

density of ions present in these two hydrogels.3* We learnt that there were a lot of factors

73



that will affect the results of these electrochemical properties of the hydrogel, affecting the
accuracy of these values.

Moving forward for this project, a lot of work still can be done to improve the
functionality of the hydrogels. First and foremost, scanning electron microscopy images
of KPA synthesized from different methodology (polymerization through heat or
sonication) can be recorded. This analysis will give us an idea on the porosity of the
hydrogel, further improving the ionic conductivity of these hydrogel by choosing a more
suitable method.

Besides that, improvement has to be made on the electrochemistry setup. As
mentioned before, it is difficult to accurately record the Nyquist plot of the hydrogels since
they are extremely soft. We need to design a setup that does not involve clamping the
hydrogels but still able to hold the hydrogels firmly in place during the EIS experiments.
This setup also needs to be small enough to fit the freezer available in the department for
low temperature experiments and have at least one degree of freedom so that Nyquist plots
of the hydrogels after elongation can be recorded. To account for the inaccuracy of these
results, multiple Nyquist plots of KPA and KPA-Gly should be recorded.

Multiple different models for calculation of charge transport properties of hydrogels
should also be explored. For example, Chan and Kammer tried to investigate the charge
transport properties of PEO-based hydrogel through its dielectric properties (er).%’
Adopting the Cole-Cole and Havriliak-Negami model, Wang et al were able to gain an in
depth understanding on the capacitive behavior of their acrylic material, aiding them into
designing a suitable material for supercapacitors.®® Simulation of the charge transport

properties can also be carried out through simulation program designed for electrical
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engineers, such as COMSOL. These simulations allow us to visualize the movement of the
ions in different conditions where experiment cannot be carried out (such as in extremely

low temperature in our case).
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6 Appendix

6.1 FTIR Spectra

Figure 6.1.1: FTIR spectrum of Bo.oZo.2
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Figure 6.1.2: FTIR Spectrum of B1s5Zo
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Figure 6.1.3: FTIR spectrum for Bs.oZo.
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Figure 6.1.4: FTIR spectrum for Ba4sZo
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6.2 Experimental Nyquist plot

Figure 6.2.1: Nyquist plot of KPA at 23°C

-120

-100 A

-80 -

-10

-60 4

Z" (Ohms)

-40 + 5

: —— 0 Z T
: : 15 20 25
1 1

1
80 100 120

-20 -

Z' (Ohms)

Figure 6.2.2: Nyquist plot of KPA at 23°C after 50% elongation
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Figure 6.2.3: Nyquist pl
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Figure 6.2.4: Nyquist plot of KPA at -23°C
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Figure 6.2.5: Nyquist plot of KPA at -23°C after 50% elongation
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Figure 6.2.6: Nyquist plot of KPA at -23°C after 100% elongation
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Figure 6.2.7: Nyquist plot of KPA-Gly at 23°C
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Figure 6.2.8: Nyquist plot of KPA-Gly at 23°C after 50% elongation
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Figure 6.2.9: Nyquist plot of KPA-Gly at 23°C after 100% elongation
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Figure 6.2.10: Nyquist plot of KPA-Gly at -23°C
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Figure 6.2.11: Nyquist plot of KPA-Gly at -23°C after 50% elongation
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Figure 6.2.12: Nyquist plot of KPA-Gly at -23°C after 100% elongation
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Table 6.2.1: Values of ionic conductivity of KPA based on Ruuk determine through fitting

Elongation (%) T (K) Roulk () o (Scm™)
0 29.91 3.52 x 10*

50 296.15 43.75 1.93 x 10

100 60.77 1.16 x 10

0 212.10 4,96 x 10

50 250.15 322.40 2.63x10°

100 361.12 1.96 x 10°

Table 6.2.2: Values of ionic conductivity of KPA-Gly based on Rouik determine through fitting

Elongation (%) T (K) Roulk () o (Scm?)
0 41.34 2.55 x 10

50 296.15 53.46 1.58 x 10

100 73.94 9.57 x 10°®

0 272.60 3.86 x 10°°

50 250.15 344.40 2.46 x 10°

100 457.80 1.55 x 10°
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6.3 Calculation of Charge Transport Properties

Table 6.3.1: Values of tan(¢) extrapolated from plotting Z’/Z” against frequency of KPA

Elongation (%) | T(K) | tan(¢) NE f(s? t2(S)
0 1257.49 | 2514.98 | 46440 | 2.15x 10°
50 296.15 344.10 688.20 17770 | 5.63 x 10°
100 295.29 590.58 21530 | 4.64 x 10°
0 579.97 1159.94 | 26120 | 3.83 x 10°
50 250.15 | 1515.31 | 3030.61 | 26120 | 3.83x 10°
100 758.89 1517.77 6812 1.47 x 10
Table 6.3.2: Calculated values of D, g, and n of KPA
Elongation (%) | T(K) | D(cm??) | x(cm’Vv?Y | n(cm?)
0 3.64x10% | 1.43x10° | 1.54x10*
50 296.15 | 2.48x10° | 9.73x10% | 1.24 x 10%
100 554 x10° | 2.17x107 | 3.34 x 10%
0 452x10%° | 210x10® | 1.48 x 10%
50 250.15 | 9.70 x 10* | 450 x101° | 3.64 x 10?3
100 402x10" | 1.87x10° | 6.55 x 10%
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Table 6.3.3: Values of tan(¢) extrapolated from plotting Z’/Z” against frequency of KPA-Gly

Elongation (%) | T (K) tan(4) NG f(st) to (s)
0 368.47 736.94 | 46440 | 2.15x10°
50 296.15 | 191.99 383.97 | 17770 | 5.63 x 107
100 533.67 | 1067.34 | 21530 | 4.64 x 10°
0 3581.81 | 7163.63 | 26120 | 3.83x 107
50 250.15 | 1042.79 | 2085.58 | 31640 | 3.16 x 10°
100 710.02 | 1420.03 | 8252 | 1.21x10*
Table 6.3.4: Calculated values of D, g, and n of KPA-Gly
Elongation (%) | T (K) D (cm%™) | u(cm?sV? n (cm?)
0 4.93 x 10° 1.93x 107 | 8.22 x 10%
50 296.15 | 256 x10® | 1.00x 10° | 9.85 x 10%
100 520 x101° | 2.04x 108 | 2.93 x 10%
0 3.18 x 102 | 1.44 x 101t | 1.67 x 10%®
50 250.15 [ 524 x 10" | 243x10° | 6.31 x 102
100 6.36 x 10! | 2.95x10° | 3.27 x 10%
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