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Abstract

Optimization of 3D-Printed, Flexible, Rechargeable, Zinc-based Batteries via a Novel Gel
Polymer Ionic Liquid Electrolyte

by
Richard Lemuel Winslow IV
Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley
Professor Paul K. Wright, Chair

The advent of printed and wearable electronics has generated a renewed interest in the
development of new, novel form factors for high-capacity, flexible, rechargeable batteries.
This research aims to enable such advancements by characterizing and optimizing the manu-
facturing processes and component interactions of printed, rechargeable, zinc-based batteries
by utilizing an ionic liquid-based gel polymer electrolyte.

The ionic liquid 1-butyl-3-methylimidazolium trifluoromethanesulfonate ([BMIm][OTf])
with zinc trifluoromethanesulfonate (Zn(OTf)s) salt dissolved in it comprises the electrolyte
of interest. As a non-aqueous medium, it has been shown to enable rechargeability in zinc-
based battery chemistries. When the electrolyte is combined with poly(vinylidenefluoride-
co-hexafluoropropylene) (PVDF-HFP), a solid, stable, flexible electrolyte is produced. Is is
through the lens of this material that the function and characterization of printed, recharge-
able batteries comprised of zinc (Zn) and manganese dioxide-based (MnOs) electrodes are
investigated.

With the use of this novel electrolyte, additional variables must be taken into account in
order to successfully and consistently produce high performance batteries. The printed elec-
trode surface morphology, electrolyte composition, and manufacturing environment play sig-
nificant roles in affecting the performance of the battery cells and the components within. To
characterize these aspects, battery components were produced via stencil printing, dispenser
printing, and casting. Their properties were investigated with electrochemical impedance
spectroscopy, cyclic voltammetry, laser confocal microscopy, scanning electron microscopy,
Karl Fischer titration, contact angle measurements, and cycle life tests.

The gel polymer electrolyte (GPE) was found to poorly wet the rough, wavy surfaces
of the printed electrodes. Within features and cavities on the surface, air bubbles were
trapped that increased the interfacial impedance and prevented cell cycling. This was over-
come by wetting the interfaces with the ionic liquid-based electrolyte prior to cell assembly
in order to produce cyclable batteries. With the manufacturing method determined and
the surface morphology characterized, several electrolyte and gel polymer electrolyte com-



positions were investigated. Higher concentrations of Zn(OTf), resulted in cells with higher
discharge capacities and higher current densities during cyclic voltammetry tests indicat-
ing the importance of having adequate charge carriers within the electrolyte. The amount
of environmental water absorbed by the electrolyte was also found to be a function of the
quantity of dissolved Zn(OTf),, where more salt resulted in more higher water content. Cell
testing and component characterization determined that the presence of some water within
the electrolyte was beneficial to enable improved cell discharge capacities. As a result, it was
shown that printed, rechargeable, zinc-based batteries can be manufactured successfully in
an ambient laboratory environment without strict air quality control.

The optimal component compositions, as determined from the empirical analyses and
characterization experiments, enabled the production of 25 cells with 100% yield. These cells
exhibited an average discharge capacity of 0.6 mAh/cm? with a maximum of 1.0 mAh/cm?
over many cycles. The cells also successfully powered a commercial, off-the-shelf microcontrol
unit to confirm that printed, rechargeable, zinc-based batteries are capable of being deployed
with conventional electronics.

The advancements made within this research have successfully produced and charac-
terized printed, rechargeable, zinc-based batteries with an ionic liquid-based gel polymer
electrolyte for printed and flexible electronics. The results presented herein will provide a
basis with which many printed systems can be better understood and developed, especially
for those comprised of multiple layers.
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Printed, zinc-based batteries are successfully rechargeable with
an ionic liquid-based gel polymer electrolyte, and their perfor-
mance is indeed controlled by the manufacturing environment,
printed surface morphology, and electrolyte composition.




Chapter 1

Introduction

Advancements in manufacturing have allowed electronics to move from the rigid circuit
board to flexible substrates. Novel inks are being made to print sensors [76] and even energy
harvesters [11]. To support these devices and the systems they are a part of, new forms of
rechargeable, long-term energy storage must be produced that can be manufactured inline
with these printed technologies. Several types of printed batteries have been researched and
successfully fabricated [32, 31, 80, 30, 4, 27], yet a white space still exists to provide a full
understanding of the printed interfaces and the interactions between the materials used.
The goal of this research is to define many of the compositional and process boundaries that
affect cell yield and capacity for the ionic liquid-based gel polymer electrolyte used in novel
printed, rechargeable zinc batteries.

For printed, flexible applications, zinc-based batteries show a great deal of promise with
their high theoretical gravimetric energy density and stability in air [53]. Unlike lithium-ion
chemistries, zinc batteries are air stable and can be manufactured without the need for an
inert environment to prevent material combustion. As such printed zinc-based batteries can
be integrated directly into the manufacturing process of other devices without costly retrofits
or additional environmental control.

Recent research into ionic liquid electrolytes has shown that zinc-based batteries can be
recharged over one hundred times before failure [42, 45]. Such materials can enable cheap,
rechargeable batteries. The ionic liquid electrolyte is a fluid that cannot simply be applied to
free-standing electrodes, however. In order to integrate it with printed electrodes, a polymer
must be added to create a solid, ionically-conductive film.

To prove device viability at laboratory scale, environments can be non-ideal and yield can
be low. At the same time, special attention can be given to specific manufacturing variables
that would normally not be controllable in larger production environments. Scaling up
manufacturing, though, requires knowledge of the factors that affect many aspects of cell
performance. The integration and use of an ionic liquid, a new class of material with many
unknown properties and sensitivities, and a polymer to create a solid film add additional
complexity to the manufacturing and process details that must be quantified and understood.

This work investigates the composition of and electrode interfacial interactions with a



CHAPTER 1. INTRODUCTION 2

Figure 1.1: Solid ionic liquid-based gel polymer electrolyte.

ionic liquid-based gel polymer electrolyte. It aims to use those aspects to quantify how such
a material affects full cell manufacturability and performance. This will enable a greater
understanding of the process and environmental controls that must be in place to increase
the manufacturing scale of printed energy storage with solid electrolytes from the laboratory
to the marketplace.

The electrolyte of focus uses the ionic liquid 1-butyl-3-methylimidazolium trifluoromethane-
sulfonate ([BMIm][OT{]) with the salt zinc trifluoromethanesulfonate (Zn(OTf),) dissolved
into it to form the electrolyte. This is then added to a solution of poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP) dissolved in n-methylpyrrolidone (NMP) to form the
gel polymer electrolyte of investigation.

This dissertation begins with the background of printed batteries, ionic liquids and their
behavior and attributes in Chapter 2. It focuses on bounding the whitespace in the literature
and provides the basis for research presented in further chapters. Chapter 3 presents the
investigation into the manufacturing and characterization of the manganese dioxide (MnO,)
electrode and its interactions with the gel polymer electrolyte. The need for environmental
process control is detailed in Chapter 5 through the investigation of the interactions between
the electrolyte and water, both as an additive and from the environment in the form of
humidity. Chapter 4 expands on the work by investigating additional gel polymer electrolyte
compositions in order to understand what compositional factors most affect cell performance.
Chapter 6 utilizes the findings in all previous chapters to determine material compositions
that will yield the best performance and highest yield. Cells were made and integrated with
an electrical circuit to determine real-world performance and this was reported in the chapter.
The final section, Chapter 7, summarizes the findings and presents the recommendations of
the researcher in addition to the potential future directions of the work.
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1.1 Hypothesis

With reference to the present literature, it is hypothesized that the environment, printed
electrode surface morphology, and electrolyte composition play significant roles in determin-
ing the functionality of printed, rechargeable Zn/MnQOy batteries with an ionic liquid-based
gel polymer electrolyte. The ability of the electrolyte to absorb water from the ambient envi-
ronment may change its properties such that completed battery cells become non-functional
or see a reduction in capacity. These effects can be quantified via several methods includ-
ing cyclic voltammetry, electrochemical impedance spectroscopy, and Karl Fischer titration.
The printed electrode surface has surface features that are expected to be directly influenced
by the manufacturing method and may have an impact on the interactions at the electrode-
electrolyte interface. These effects can be quantified with laser confocal microscopy, contact
angle measurements, and full cell cycle tests. Finally, as the electrolyte composition changes
relative to the amount of charge carriers and polymer binder, it is expected to have a quan-
tifiable impact on cell performance and manufacturability. These effects can be quantified
via electrochemical impedance spectroscopy, thermogravimetric analysis, and cyclic voltam-
metry amongst other methods.



Chapter 2

Printed Electrochemical Systems and
Ionic Liquids

This chapter details the principles of battery operation and common metrics used to qualify
their performance, along with zinc-based batteries, of which this research investigates. Elec-
trolyte materials, specifically ionic liquids and gel polymer electrolytes are also discussed.
Printed batteries, their achievements, and common manufacturing techniques are detailed in
the following section. Battery material interfaces and models are then discussed. The final
section describes the scope of the dissertation and research herein.

2.1 Battery Operating Principles

Charge is stored within a battery, also known as an electrochemical cell, within chemical
bonds. A battery contains two electrodes, one where oxidation occurs called the anode,
and the other where reduction occurs called the cathode. Both electrodes are connected
by an ionically conductive medium called the electrolyte that facilitates the transport of
ions between the two electrodes. The electrodes are then connected through an external
circuit through which current, typically electrons, flows to provide sufficient power to the
attached electronic systems. While a battery is being discharged or charged, two reactions
are occurring simultaneously. Each is called a half reaction and together make up the overall
reaction of the cell. A discharging battery is called a galvanic cell. As it discharges, the half
reaction at the anode releases electrons and cations from the anode. The other half reaction
at the cathode accepts those cations and electrons. For rechargeable cells, the polarity at the
electrodes is reversed and a current is applied causing the reactions to run in the opposite
direction. As an example, Figure 2.1 provides a schematic for these two types of cells with
zinc and MnQOsy as the electrode materials and NH,Cl dissolved in HyO. Note the existence of
the current collector, a component used in batteries that connects to the circuit and typically
has a higher electrical conductivity than the electrodes. The half reactions at the electrodes
are
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Figure 2.1: Schematic of galvanic and electrolytic zinc/MnO, cells during discharge and
charge, respectively.

and each has a potential that drives the process. These half reactions are always measured
relative to the normal hydrogen electrode (NHE), also commonly referred to as the standard
hydrogen electrode (SHE) [2]. This electrode has the half reaction described by

2H' +2¢~ — H, (2.3)

and has a potential that is taken to be zero at all temperatures. When a reaction is
measured relative to a NHE, the resulting value is called a standard potential. For example,
the oxidation of zinc in Equation 2.1 has a standard potential of -0.76 V vs. NHE.

In order for the battery to continue to function, it must maintain charge neutrality
within the electrolyte. As Zn?** cations become part of the solution during discharge, they
move through the electrolyte to the cathode that has a high concentration of electrons, thus
ensuring charge neutrality. The Zn?" cations have been shown to move into the crystal
lattice of the MnO,, known as intercalation, in order to react with the electrons [50] and
maintain that charge neutrality. Common ways the two half reactions will cease include a
lack of available zinc for reactions, saturation on the surface or in the crystal lattice of the
cathode, and a rise in the impedance of the battery to a point at which it is not preferable
for the reactions to occur.
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Figure 2.2: Charge and discharge voltage and current profiles over a single cycle for a
Zn/MnOy cell with a [1:15]1:1:5 gel polymer electrolyte.

The performance of batteries can be described by many factors, the most common of
which are the discharge capacity and energy capacity. By integrating over the charge and
discharge parts of the voltage and current profiles, as shown in Figure 2.2, each capacity
type can be determined. The discharge capacity is defined by

Discharge Capacity = / I(t)dt (2.4)

discharge

where [ is the current and t is time, and the output energy capacity is defined by

Output Energy Capacity = / I(t)V(t)dt (2.5)
discharge

where V' is the voltage. Thus the discharge capacity, commonly referred to simply as
the capacity as the discharge is what actually powers devices, has units of milliamp-hours
(mAh) or amp-hours (Ah) depending on cell size. The energy capacity has units of watt-
hours (Wh) or kilowatt-hours (kWh) again depending on cell size. Note that batteries are
commonly designed to perform over a range of hours, thus all of the units use hours as
opposed to another unit of time. Each of these values can also be normalized relative to
volume (per cm?), area (per cm?), and mass (per g) to provide a basis for comparison between
other battery chemistries and form factors.

From this set of graphs, the energy and coulombic efficiencies can be determined that help
indicate how long a cell may last if allowed to cycle until failure. The coulombic efficiency
quantifies how much charge has entered and left the cell from each cycle. A value greater
than 1 indicates either the cell is not fully rechargeable, that side reactions may be taking
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place, or both conditions. A value less than 1 indicates leakage of current. From Equation
2.4 we can determine the coulombic efficiency by taking the ratio of the amount of input to
and output from the system during each part of the cycle. Thus the coulombic efficiency is
defined as:

Discharge Capacity | fdischarge I(t)dt|
B I(t)dt

Coulombic Efficiency = (2.6)

Charge Capadty fcharge

The energy efficiency is found in a similar way as the coulombic efficiency. From Equation
2.5 we can determine the energy efficiency by taking the ratio of the energy input to and
output from the cell during charge and discharge. Thus the energy efficiency is defined as:

Input Energy Capacity

Energy Efficiency = (2.7)

Output Energy Capacity

2.2 Zinc-based Batteries

The first true battery was invented by Alessandro Volta in 1800, known as the voltaic pile,
that used zinc and copper plates as the electrodes with an electrode separator soaked in a
salt water electrolyte [5]. Since then, zinc-based batteries, especially those composed of zinc
and MnQOs, have become ubiquitous. The best known of these is most likely the alkaline cell.

Among the many benefits of zinc, it has high theoretical performance values, as shown
in Figure 2.4. As noted previously, the capacity in Ah is a function of the amount of charge
that a battery can provide. When zinc oxidizes it loses 2 electrons whereas lithium only
loses one electron. Thus for the same mass of material, a Zn/MnO; cell can provide twice
as much current as a lithium-ion cell can. Lithium-ion cells, though, operate at a higher
potential than Zn/MnO, cells, approximately 3.7 V relative versus 1.5 V for a Zn/MnO,
cell. This means that the lithium-ion cell can provide more power over the same amount of
time, although the Zn/MnO; cell is not far behind [53].

One of the two main differences between zinc and lithium is that zinc is stable in ambient
environments while lithium has the potential to react rather violently. This dramatically af-
fects the environments each material can be manufactured in as well as the safety precautions
that must be followed in production, storage, and use. This makes zinc an attractive choice
for printed batteries because enclosing a large-scale printer in argon would be extraordinarily
difficult and prohibitively expensive.

The other difference is rechargeability. While lithium-ion cells can be discharged and
recharged potentially hundreds of times, zinc cells are typically only used as primary, or
non-rechargeable, cells. This is because brittle, tree-like zinc structures called dendrites
form on recharge within the cells and on the zinc surface. As such these structures can
bridge the gap between the electrodes causing a short. If the brittle dendrites break off into
the electrolyte, the zinc electrode has less material to contribute to the cell discharge and
that results in a lower discharge capacity [42]. Additionally zinc oxide (ZnO) can form from
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Figure 2.3: Dendrite formations after electrodeposition of Zn within a KOH solution [42].
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Figure 2.4: Theoretical performance for common battery chemistries: Zinc/Manganese
Dioxide (Zn/MnQOy), Lithium Ion (Li-Ion), Nickel Cadmium (NiCd), Nickel Metal Hydride
(NiMH) [53].

zincate (Zn(OH);™) that is in turn generated by reactions of Zn(s) with hydroxide (OH™)
ions. Research into alternative, non-aqueous electrolytes has proven fruitful for inhibiting the
growth of dendrites and allowing zinc-based batteries to be recharged for a greater number
of cycles [42, 33, 84]. With additional investigations into process control and manufacturing
methods the hurdle of rechargeable zinc can be overcome, which will enable cheaper, safer
energy storage.

2.3 Electrolyte Materials

This section provides an overview of ionic liquids as a material, their manufacture, and their
use as novel electrolytes. Gel polymer electrolytes, common materials, and their use are also
described. Finally the effect the environment may have on these materials is also discussed.
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Figure 2.5: Molecular structure of 1-butyl-3-methylimidazolium trifluoromethanesulfonate
([BMIm][OTf]) with the large cation on the left and the small anion on the right.

2.3.1 Ionic Liquids

Tonic liquids (ILs) are a specific type of molten salt that has a very low melting point and
is commonly liquid at room temperature. They are composed of large, bulky cations and
smaller anions. The large difference in size between the cation and anion results in very low
coordination between them such that solids do not form, although temporary ion pairs may
manifest in the liquid [62, 88].

Typically the cation is composed of a central molecular structure with functional branches
coming off at one or several points. It also has a direct influence on the viscosity of the lig-
uid via intermolecular van der Waals interactions [82, 57]. Conversely anions, as a result
of their small size, do not have any central structure with branches. They also have been
shown to reduce the melting point of the IL [82]. Many hundreds of possible combinations
of molecules are available that form ionic liquids. As a result they are commonly called de-
signer materials. Imidazolium-, pyridinium-, pyrrolidinium-, and ammonium-based cations
are common in many applications [24, 88]. Conversely hexafluorophosphate, tetrafluorob-
orate, trifluoromethanesulfonate (triflate), and acetate are just a few common anions [24,
88]. Ome example of an ionic liquid, and the material used in this research, is 1-butyl-3-
methylimidazolium trifluoromethanesulfonate ([BMIm|[OTf]) as shown in Figure 2.5.

ILs are commonly made by combining a halide salt, that is a salt that contains a chemical
from the halogen group, and an anion salt, that is a salt that includes the desired anion with
which a metathesis reaction can occur, together in a solvent [82]. Note that a metathesis
reaction is simply the exchange of bonds between two chemical species such that their reac-
tion can be described by AB + CD — AD + CB. Silver salts are commonly used because
they have a very low solubility in the solvent methanol. This allows the desired chemical
product, the ionic liquid, to be extracted from the solution with fewer impurities [82].

This results in a liquid with unique properties including extremely low vapor pressures
(69, 88], high thermal stability [69, 61] and high electrical stability [44]. They are also known
to be good solvents [81]. The combination of all of these properties gives them an additional
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title of “green solvents” because they can be used in an application, removed, cleaned, and
reused with little to no loss of material [81]. While these properties are very beneficial,
“green” can be considered a misnomer because many ionic liquids are considered hazardous
[7].

All of these properties make ILs ideal candidates for electrolytes in next-generation bat-
teries. Their ability to dissolve many materials means they can be used for all types of
battery chemistries from zinc to lithium. Like many solvents, ionic liquids commonly require
a salt to be dissolved into them to turn them into an ionically conductive electrolyte for the
desired chemistry, a zinc salt or lithium salt for example [24]. That salt, though, must in-
clude the anion used within the ionic liquid itself [14]. For example, for a Zn/MnO, battery
chemistry with a [BMIm][OTf] ionic liquid as the base for the electrolyte, the salt Zn(OTf),
must be used. They have been shown to have ionic conductivities on the order of mS/cm
[24] and resulted in the development of successful proof-of-concept battery cells [87, 88, 66,
85, 33, 42].

2.3.2 Gel Polymer Electrolytes

With new geometries, manufacturing methods, and materials available to batteries, gel poly-
mer electrolytes (GPEs) are an ideal candidate for the ionically conductive medium. Such
materials are composed of two main components: the liquid electrolyte and the polymer
matrix that holds it. While the electrolyte is selected based on proven experiments with the
desired battery chemistry, the polymer must be chosen such that it can sufficiently retain
the electrolyte without dramatically impeding ionic conduction, withstand the electrical po-
tentials the cell will operate at, remain inert during cell charge and discharge, and be easily
integrated with the battery manufacturing process.

Typically GPEs are made by first dissolving the desired polymer in a solvent to form a
gel. The electrolyte is then added to the gel solution and mixed, forming the GPE solution.
To form the final solid film, the GPE solution is cast on the desired surface in the desired
shape. The solvent is then driven out either by elevated temperatures or simply the vapor
pressure the solvent applies upon the surrounding environment. After the solvent evapo-
rates, the solid polymer is left with the electrolyte trapped within it [22, 34]. Commonly
used polymers include poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) [22],
poly(acrylonitrile) (PAN) [73], poly(ethylene oxide) (PEO) [74], and poly(methyl methacry-
late) (PMMA) [74].

One important consideration during polymer selection is the structure that results after
removing the solvent and the method used. A porous, amorphous film with low polymer
crystallinity is commonly desired, although many different structures can form as shown
in Figure 2.6. As a result, the porosity and pathways available for ions to travel can vary
dramatically. These structures also affect the ionic conductivity, which can be anywhere
between 107® and 1072 mS/cm depending on the final morphology of the film and the
amount of electrolyte present [12, 8, 41, 16]. As expected pure electrolytes have higher
conductivities, but as noted previously they are typically liquid in nature.
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Figure 2.6: Various morphologies arising from the polymer selection and manufacturing
process. A) PVDF-HFP reinforced by PEGDMA network [12]. B) Supercritical CO5 induced
phase separation of PVDF-HFP solution [8]. C) PVDF film made via phase inversion [41].
D) PVDF/PEO-PPO-PEO blend via thermally-induced phase separation [16].

Despite the drop in ionic conductivity, GPEs have been noted for their potential to inhibit
the growth of dendrites [85]. The complex pathways within the GPE structure could assist
in preventing dendrites from growing across the electrodes and causing a short.

2.3.3 Environmental Interactions

With new materials come new variables. Most traditional electrolytes are aqueous in nature
and not concerned with the humidity or composition of their manufacturing environment.
The switch to ionic liquids as the ionically conductive medium, addition of polymers for
generating solid or semi-solid films, and use of organic solvents to tune the rheology for
manufacturing has required that the environmental conditions and their effects be quantified
and understood. Ionic liquids in particular may be very susceptible to the water present in
air at ambient conditions. Research has shown that the anion present in the IL has an effect
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Figure 2.7: Hydrophobic/hydrophilic properties of several types of anions common in ionic
liquids [88].

on the interactions with the material and water as shown in Figure 2.7 [88]. The alkyl chain
length on the cation has also been shown to affect the amount of water that can be absorbed
into the IL [9].

With this knowledge, models have been developed in an attempt to understand the
solubility of water within ionic liquids [68]. They still require some empirical data to calculate
the result, though. With knowing the hydrophobicity or hydrophilicity of the IL, one can
expect certain environmental interactions. The results by Cao et al. elucidate the extent
of those interactions for the IL 1-butyl-3-methylimidazoilum tetrafluoroborate as shown in
Figure 2.8. It is expected that higher relative humidities would result in a greater mass of
dissolved water, but the pronounced effect with temperature presents a unique conundrum.
GPEs must be dried, and common manufacturing methods use elevated temperatures to
achieve shorter drying times. If GPEs are placed in those elevated temperatures with ambient
air, there is a high probability that they could rapidly absorb water from the environment.

Water in ionic liquids has been shown to affect their density, molar volume, surface
tension, and viscosity [71, 78]. Despite this the effect water has on the capacity or cycle life
of cells that use ionic liquids is unknown. For lithium cells water can be catastrophic, causing
cells to burn spontaneously. Conversely zinc is stable in such environments. The additional
water may generate side reactions, affect cell capacity, and affect the ionic conductivity of
the electrolyte and GPE, although no data have yet been generated on such a topic.

2.4 Printed Batteries

The development of printed electronics has caused an increase in interest in the production of
batteries that can be manufactured inline using the same methods as the rest of the device.
The feasibility of such batteries has been shown by many groups through the utilization of
different chemistries, form factors, and manufacturing techniques.

Ghiurcan et al. developed a non-rechargeable, thick-film, printed, zinc-alkaline battery
on an alumina substrate with current collectors made with a commercial, conductive silver
ink. They created custom manganese dioxide (MnOs) cathode and zinc (Zn) anode inks with
various compositions of polyethylene oxide (PEO) and other binders to attain the desired
properties [27]. These were then printed with a stainless steel stencil onto the silver traces.
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Figure 2.8: Left: The effect of temperature (T) on water sorption for [BMIm]|[BF4| with a
constant relative humidity of 52%. Right: The effect of relative humidity (RH) on water
sorption for [BMIm|[BF,| with a constant temperature of 30 °C [88].

The potassium hydroxide (KOH) electrolyte and paper separator, though, were not printed.
Droplets of the electrolyte were added to the electrodes and separator to wet their surfaces
before being hand-assembled. They were able to achieve discharge capacities between 3 and 4
mAh/cm? and provided a reference for what could be possible with thick-film (approximately
100 pm thick) manufacturing techniques for batteries [27].

Other groups have expanded upon these principles. Tam et al. developed a rechargeable,
thick-film, nickel-hydrogen battery [77]. Braam et al. optimized their ink compositions to
produce non-rechargeable, silver-zinc batteries able to be discharged with a current density
of 1.8 mA/cm? [4]. Gaikwad et al. produced a flexible, high-potential array of printed Zn-
MnO, alkaline batteries [23]. Finally, Ho et al. proved the feasibility of printed, thick-film,
Zn-MnOQO, batteries by utilizing an ionic liquid-based electrolyte held within a solid matrix
of polymer [31]. Unfortunately, while each piece of research proved the feasibility of their
respective chemistries and manufacturing process, their optimization methods, materials
interactions, and system and component characterizations were often left uninvestigated.

2.4.1 Manufacturing Methods

Many methods of printing exist to produce devices and components at different scales. For
high throughput, that is where printing speeds can be measured on the order of meters per
second, flexographic and gravure printing are common. Dispenser and ink jet are commonly
low throughput and are excellent for lab and research scales. Finally stencil casting and
screen printing bridge the gap by having methods of integration with high-throughput pro-
cesses, but can easily and cheaply be utilized at the much smaller lab scale. The acceptable
ink viscosities for each printing process are described in Table 2.1.
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Figure 2.9: Schematic of clamped, printed prototype alkaline cell [27].

Table 2.1: Acceptable ink viscosities for common printing methods [28, 34, 43, 51].

Method | Viscosity Range (cP) | Common Film Thickness (pm)
Flexographic 50-500 1-5
Gravure 50-200 1-3
Screen 1000-10,000 1-12
Stencil Ink must flow Limited by stencil thickness
Dispenser 10-1,000,000 10-150
Ink jet 1-30 <lpm
Flexographic Gravure
Patterned
/ Printing Plate \_/
P Nk
| |
Substrate

Figure 2.10: Methods of transferring ink for flexographic and gravure printing.
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Despite having similar acceptable ranges of ink viscosity and both being contact-printing
processes where the printing plate directly meets the substrate, flexographic and gravure
printing have distinctly different methods of depositing ink. Both use a patterned surface
known as a printing plate to produce a desired image. The differences between the two are
illustrated in Figure 2.10 that shows the cross-section of the printing plate and the location
of the ink for each printing method.

Flexographic printing uses a combination of rollers to coat raised portions of the printing
plate where the image lies. Pressure is then applied by the printing plate onto the substrate
to transfer the ink. The flexographic printing plates are often made of a soft photopolymer
that deforms slightly with the application of pressure [43].

Gravure printing also uses a combination of rollers to coat the printing plate, but tiny
indentations known as cells within the printing plate contain the image to be printed instead
of peaks as with flexographic printing. After applying the ink, any excess is removed from
the top of the gravure printing plate by a doctor blade. Pressure is applied by the printing
plate to the substrate to transfer the ink, as with flexographic printing, but in this case the
substrate must deform slightly to enter the grooves and accept the ink. To withstand the
pressures applied, the printing plate is commonly made of steel and has the desired image
laser-engraved. In order to ensure an even and controlled print, the image on the printing
plate is broken up into individual cells of similar or equal size. After printing the deposited
ink then reflows slightly to merge with the ink from other cells to form the full image [43].

Screen printing, unlike flexographic and gravure printing, does not use rollers or a printing
plate to transfer the ink. Instead a mesh screen (hence its namesake) is stretched across a
metal or wooden frame. A positive mask is then developed on it to allow ink to pass through
only in predefined regions. The mask is commonly made by using a photo-sensitive emulsion
that cures under ultraviolet light. To print the desired image, a line of ink is placed at one
end of the screen and then drawn with a doctor blade over the areas the mask has exposed.
As the doctor blade moves across the screen, it stretches it slightly so that only the ink and
not the screen itself makes contact with the substrate [43].

Stencil printing is very similar to screen printing. Instead of having a mask made on
a screen though, the mask itself is solid. The openings are called wells and ink fills them
as it is drawn over the mask. As a result, the mask is in full contact with the substrate
during printing. Because the mask is the only control layer in the printing process, all of
the geometry in the desired image must be connected to each other. For example, a bullseye
cannot be printed without modification because the internal circle would be free to move
during printing [43].

Dispenser printing, unlike the other processes, is a raster printing process whereby a
pneumatic controller applies metered amounts of air to a syringe filled with ink. The tip of
the syringe is placed just above the substrate as droplets of ink are deposited with each burst
of air. In order to create the desired shapes and images, the substrate is attached to a movable
stage that can translate in the X- and Y-directions while the syringe armature translates in
the Z-direction. It requires no mask and can produce virtually any 2-dimensional shape but
is limited to the the area of travel of the stage and the size of the syringe tip. Hence larger
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Figure 2.11: Viscosity hysteresis loop for a thixotropic material.

diameter tips can dispense more ink, but will have lower resolution.

Ink jet printing is also a non-contact printing process and most similar to dispenser
printing. In place of bursts of pneumatic pressure is a piezoelectric crystal that changes
shape when a potential is applied to it which forces a droplet of ink out of the nozzle. While
dispenser printing has parts and pixels on the order of millimeters to centimeters, the parts
that control ink jet printing are sized on the tens of microns. Inks must have very low
viscosities, have very small particle sizes, and be well-mixed and homogeneous to prevent
the buildup of particles within the system [43].

These printing processes rely on a fluid property called thixotropy, such that the viscosity
of the ink is time dependent and will continue to drop when sheared, even if the shear rate
remains constant [28]. Such a feature is commonly found in non-Newtonian fluids and is
often called shear thinning. After being printed, the viscosity of the ink returns to its initial
value as it rests undisturbed. Such materials exhibit a hysteresis loop of their viscosity, as
shown in Figure 2.11.

Many of the printing processes are unfeasible to work with at laboratory scales. Batteries
are also limited by the amount of mass of the reactive material available at the electrodes,
so thick films are desirable. Thus for experimental and manufacturing flexibility, dispenser
and stencil printing are used in this research.

2.5 Interfaces

Despite many years of research, the direct influence of the interfaces on battery performance
is still being investigated. The morphology of the electrodes surface does, as one would
expect, have an effect on what happens at the interface with the electrolyte, although it is
dependent upon many factors including which phenomenon is being investigated.



CHAPTER 2. PRINTED ELECTROCHEMICAL SYSTEMS AND IONIC LIQUIDS 17

The investigation into the effect of electrode structure on cell performance began with the
development of porous electrode theory. The theory presented a model of porous electrodes
such that the exact distribution and geometry of the material could be neglected. Conversely
the model could be described by features like porosity and volume-average surface area that
are easily experimentally determined. As a result of these assumptions, the model is mainly
applicable to systems in dilute solutions with only two phases of material where the shape-
change of the electrodes is minimal [60].

In 1968 De Levie modeled the double-layer capacitance of specific sawtooth morphologies
of platinum electrodes in a KOH solution and through many observations and simplifications
elucidated the problems associated with interpreting data with rough electrodes [17]. He
concluded that many of the effects were only able to be sufficiently quantified if the surface
was smooth, as with a flat plate. If that was not achievable, the surface was to be made very
rough, as with a brush electrode. In addition, his research noted that unquantified electrode
surfaces could cast doubt on the results from electrochemical tests.

As a result of these conclusions, it is evident that investigations into the surface mor-
phology of electrodes and their interactions with the electrolyte are very important. Unfor-
tunately the simplifications made, as noted by the authors, cause the models to break down
when non-dilute, non-liquid materials are used. Thus until accurate predictive models for
solid electrolytes and non-ideal electrodes are determined, empirical methods must suffice
in quantifying what happens at the interfaces. Electrochemical impedance spectroscopy [3,
55], cyclic voltammetry [56], and direct inspection of surfaces [18, 36] can provide data that
explain what the morphologies are and what happens at the interfaces. The empirical nature
of these methods, though, requires that these experiments be run for all new combinations
of materials and battery compositions.

2.6 Scope of Dissertation

A large amount of whitespace exists in the literature related to the understanding of ionic
liquids as electrolytes, their interactions with polymers as solid electrolytes, and their in-
teractions with various electrode morphologies. In order to produce batteries with higher
capacities, longer cycle lives, and easier manufacturability, each of those points must be
quantified and understood. The benefits afforded by changing the electrolyte to an ionic
liquid reinforce the need to investigate each of these phenomena. Therefore it is impor-
tant to focus on each of the areas through the lens of electrolyte and battery performance.
The aim of this research is to understand what aspects of ionic liquids affect cell capacity,
their limitations both electrochemically or environmentally, and the most effective way to
manufacture functional batteries with them.

Zinc and manganese dioxide (MnOs) were chosen for the battery chemistry because
of their stability in air and their high theoretical capacities. The ionic liquid 1-butyl-
3-methylimidazolium trifluoromethanesulfonate ([BMIm][OTf]) was chosen as the basis of
the electrolyte predominately because of its compatibility with zinc and MnO, [33], abil-
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ity to make that chemistry rechargeable [42], and hydrophobic/hydrophilic properties [10].
Poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-HFP) was chosen for the breadth of
research that shows its compatibility with ionic liquids to form stable GPEs [38].

Several factors are known to influence the performance of electrolytes, gel polymer elec-
trolytes, their manufacturability, and their interactions with the electrodes. These include
salt concentration, water concentration, polymer concentration, environmental humidity,
temperature, material selection, and surface morphology. This project investigated the in-
fluence of those factors on the electrolyte, GPE, and the full cell performance in order to
improve and optimize manufacturability, cell cycle life, cell capacity, and cell yield.
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Chapter 3

Manufacturing Process and Layer
Interfaces

The objective of this chapter is to compare the effects that result from stencil and dispenser
printing on the resulting electrode surface and how those features interact with the gel poly-
mer electrolyte. It achieves this through an investigation of the morphology of the printed
electrodes composed of MnO,, acetylene black, and PVDF-HFP and a characteristic gel poly-
mer electrolyte composed of Zn(OTf)y, [BMIm|[OTf], and PVDF-HFP. Section 3.1 provides
a brief overview of the methods of surface wetting measurements, Fourier transforms, laser
confocal microscopy, and scanning electron microscopy used to conduct the experiments and
the results that can be determined from each. Section 3.2 discusses the use of those meth-
ods to acquire data in a controlled manner, including ink and electrolyte making, electrode
manufacturing, imaging techniques, surface analysis, contact angle measurements, and cell
manufacturing. This section also discusses the different inks used and the reasoning behind
their compositions. The final section provides an overview of the conclusions gathered from
the experiments presented.

3.1 Surface Analysis Methods

This section overviews the methods and techniques used to characterize and qualify the
surfaces of the electrodes under investigation. Surface wetting, Fourier transforms, laser
confocal microscopy, and scanning electron microscopy were used to determine the interac-
tions between surfaces, the roughness and waviness of each electrode, and the overall quality
of the printed components.

3.1.1 Surface Wetting

For a given solid surface, a liquid droplet will form a specific shape as a result of the sur-
face energies between it, the surface, and the surrounding environment. Young originally
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Figure 3.1: Graphical representation of of Young’s equation for contact angle measurements
via vector sum.

described the phenomenon as a balance of surface energies at the interface between the solid,
liquid, and vapor substances, which was given by

'YLVCOS(Q) =Ysv — VSL (3-1)

The derivation of Equation 3.1 can be found via thermodynamics by starting with a
droplet of liquid of radius R on an ideally flat surface, where 6 denotes the contact angle,
V' is the volume, and S is the area of the liquid-air interface as shown in Figure 3.1. The
volume of that droplet and the area of the interface are defined by

3
V= %(1 — cos0)?(2 + cost) (3.2)

S =27 R*(1 — cosf). (3.3)
The Gibbs free energy of the droplet is then expressed by

G =yvS + m(Rsind)?(vsr, — vsv) = 7S — m(Rsind)a (3.4)

where 7y is the surface tension at the liquid-vapor interface, gy, is the surface tension
at the solid-liquid interface, vgy is the surface tension at the solid-vapor interface, and a
is vsv — Y51, for a flat, homogeneous surface. Assuming that the volume of the droplet is
constant, Equations 3.2 and 3.3 can be substituted into 3.4 to yield

G 912
(1 = cos) (2 + cosf

where GG is now a function of only the contact angle, #. Taking the derivative of G with
respect to 6 yields

1/3
)2} (2vpy — a(l + cosb)) (3.5)

dG [ 9rV/?
(

1/3
do (1= cost)*(2+ 0050)5] 2(a — ypycosh)sind. (3.6)
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Figure 3.2: Graphical explanation of Fourier transform.

Thus % (6 = Opquitibrium) = 0 is fulfilled when a = vy yielding

'YLVCOS(Q) =7Ysv — VSL- (3-7)

While non-homogeneous surfaces and more complex systems cannot be described accu-
rately by Young’s equation and require additional derivation, the presence of the contact
angle remains to explain the interactions the interfaces between multiple materials. [83].

3.1.2 Fourier Transforms

The Fourier transform is a method of decomposing a waveform in the time or spatial domain
into a sum of sinusoids with different amplitudes in the frequency domain. The resulting
spectrum provides a basis for filtering and analyzing waveforms of many types. For example
Figure 3.2 shows how a waveform composed of sine waves A and B is broken into its con-
stituent parts. The resulting graph in the frequency domain shows the contribution of each
waveform at its specific frequency and amplitude.

The Fourier integral that accomplishes the transformation is stated as

H(f) = / h h(t)e 21t qt (3.8)

where h(t) is the function in the time domain to be transformed, H(f) is the resulting
frequency domain function, f is the frequency, ¢ is time, and j = v/—1 [6].
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After performing operations on H(f) in the frequency domain, h(t) in the time domain
can be retrieved by performing an inverse Fourier transform on H(f), defined as

e = [ " H(f) (3.9)

The functions h(t) and H(f) are thus described as a Fourier transform pair.

For use in computer algorithms however, only numerical integration is possible, thus a
suitable Fourier transform pair must be developed for such a method of computation. For
a sampled signal that is non-periodic, this is called the discrete Fourier transform (DFT).
The function h(t) is normally continuous in the time or spatial domain for use in conducting
Fourier transformations, so it must be sampled over only a finite number of points that will
most closely approximate the complete Fourier transform. Beginning from the notion that
the time-domain waveform h(t) must be sampled at some interval T and some time-domain
sampling function Ay(t), the sampled function can be written as

h(t) Ag(t) = h(t) i 5(t — kT)
e (3.10)
= > W(ET)s(t - kT)

k=—o00

Following Brigham’s derivation produces the common form of the DF'T given by

N-1
n .

[ S T —j2mnk/N

Glg) = 2 9(kT)e (3.11)
k=0
n=01.,N—-1
and the discrete inverse Fourier transform is given by
1 = n

ET) = — G(—— j2mnk/N

9(kT) N; (N7 (3.12)

where N is the number of samples, n and k are the sample indexes in the proper domain,
and T is the sampling interval [6].

Note that Equation 3.11 produces a series of N equations, one at each sample. An
algorithm can be produced to solve this series of equations. The fast Fourier transform (FFT)
is simply the algorithm that can solve the system of equations in O(NlogN) operations,
whereas solving the DFT directly would require O(N?) operations [6]. The algorithm itself
is omitted for brevity, but an inspection of Figure 3.3 shows the computational benefit of
the development of the FFT.
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Figure 3.3: Comparison of number of operations between DFT and FFT.

3.1.3 Laser Confocal Microscopy

While laser confocal microscopy provides several benefits over other microscopy methods,
one of the most advantageous is the ability to rapidly acquire a 3-dimensional surface map.
Prasad et al. provide a succinct description of how such a microscope functions [65]. Laser
light is first reflected by a dichroic mirror onto a set of rotating mirrors. This allows the
microscope to raster along a surface and to illuminate individual points. The light that
reflects off of the surface at the point that receives the laser light is reflected across the
rotating mirrors and through the dichroic mirror. Before it is received by the photodetector,
it passes through a pinhole filter placed in the conjugate focal plane, thus rejecting the
majority of out-of-focus light reflected from of the target surface. This provides clear, crisp
images within the focal plane. The microscope then steps vertically across a sample to
acquire the necessary sections to produce the 3D map [65].

3.1.4 Scanning Electron Microscopy

At the basic level, a scanning electron microscope bombards an object of interest with a
beam of high-energy electrons and, through the use of special detectors that are sensitive to
the reflected electrons, produces an image from the interactions between the electrons and
the object. Those interactions can be classified as either elastic or inelastic [89]. Zhou et al.
explain how the elastic interactions are essentially deflections, where the electron is redirected
by the atomic nuclei or outer shell electrons of similar energy in the surface of interest. Such
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interactions give rise to backscattered electrons that can be used to produce an image of the
surface. Inelastic interactions are absorptions into the structure that can produce secondary
electrons or other emissions such as x-rays, Auger electrons, or cathodoluminescence.

Backscattered electrons (BSEs) are defined by Zhou et al. as electrons “[that have]
undergone single or multiple scattering events [that] escape from the surface with an energy
greater than 50 eV.” Depending on the material to be imaged, different amounts of the
electron beam are reflected back toward the source. The detector is designed to produce an
image only from electrons that travel in a straight path between the sample and the detector.
A major benefit of using backscattered electrons is the obtained images have high contrast
despite having a lower lateral resolution (approximately 1 pm) [89].

3.2 Surface Analysis Experiments and Procedures

This section details the procedures, techniques, and metrics used to analyze the surface
morphology of printed electrodes, Zn foil, and dried gel polymer electrolyte as well as the
interactions of the layers and materials with each other. The procedures used in these in-
vestigations included dispenser printing, stencil casting, confocal optical microscopy, contact
angle measurements, scanning electron microscopy, and cell cycling.

3.2.1 MnO, Electrode Ink Production and Preparation

The creation of custom MnO, inks was necessary because no standard printed MnO, elec-
trode existed when this research was conducted. Based off the work by Ho et al., the inks
were composed of MnOy, acetylene black (AB), and PVDF-HFP as described in Table 3.1.
The MnO, is the active electrochemical component that was expected to allow zinc to in-
tercalate into its crystal lattice. The small amount of AB was added to improve electrical
conductivity in the electrodes [34]. The polymer PVDF-HFP was included to provide struc-
tural support for the powders and to tune the rheology to the desired range and ensure
manufacturability. NMP was chosen as the solvent because it readily dissolved PVDF-HFP
and allowed for further fine tuning of the ink rheology. Both the MnOs electrode and gel
polymer electrolyte used PVDF-HFP as their binder, thus ink compositions were created
to characterize the surface wetting and interactions based on both surface morphology and
amount of binder present. Composition A maintained a low mass percentage of polymer
consistent with compositions found in the literature and as recommended by material sup-
pliers [33, 23, 27, 59]. Composition B had 7.5 times more polymer and a similar amount of
MnO, to AB to provide an extreme case to compare composition A against.

In order to add PVDF-HFP to each ink, a gel was added that was composed of PVDF-
HFP and NMP. The gel was created by adding 1 part by mass (pbm) of PVDF-HFP
(Arkema) into 5 pbm of NMP (Alfa Aesar, ACS grade, 99.0+%). To dissolve the PVDF-
HFP, it was added to the NMP then placed in the sonicator with the heater on for at least
2 hours until fully dissolved.
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Table 3.1: Solid material ratios for MnO, electrode compositions. NMP was added to achieve
the desired rheology for printing.

Composition A | Composition B
Material Mass % Mass %
MnO, 90% 66%
AB 6% 4%
PVDF-HFP 4% 30%

Composition A | Composition B
Material Mass (g) Mass (g)
MnO, 3.6 2.6
AB 0.24 0.16
PVDF-HFP 0.16 1.2
NMP 2.9 6

Table 3.2: Masses of material used to create MnO, electrode inks for each composition.

The solid, dry MnO, and AB powders were weighed and mixed together in a separate
bottle with a vortex mixer (Fischer Scientific, Digital Vortex Mixer 120V) before being added
to the desired mass of gel. After being added to the gel, additional NMP was pipetted into
the mixture in 0.25-0.50 g increments until the desired rheology was obtained. After each
pipette of material, the components were mixed on the vortex mixer for 30-60 s.

Upon completion, the final mixture was placed on the vortex mixer for 3 minutes at 2500
rpm. The ink was then placed in the sonicator for 30 minutes with the heat on. Finally, the
bottle was placed in a ball mill (Across International, PQ-N04) for mixing. Ball mills use a
planetary gear system to spin steel or ceramic jars that contain a slurry of coarse material,
a solvent, and grinding balls. The jars are placed on the planet gears and spun at a high
rate of speed. The grinding balls within the jars impact and pulverize the coarse material to
produce a finer powder. While commonly used for materials processing, the mill was used
in this research to thoroughly mix each ink. The ball mill was run at 30 Hz for 1 hr, where
the direction of rotation would reverse every 15 minutes to sufficiently mix each ink.

3.2.2 Dispenser Printing

A custom dispenser printer was utilized to produce thick-film electrodes on various surfaces.
A 23 TW gauge (0.635 mm outer diameter, 0.432 mm inner diameter) syringe tip was filled
with the desired functional ink and connected to a 5 cubic centimeter, luer lock syringe. The
syringe assembly was then inserted into a housing connected to a Z-axis stage. A hose with
a screw lock was finally connected to the top of the assembly to allow for air to be injected
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into the syringe body to dispense the functional ink. A pressure controller (Musashi ML-808
FX) was used to dispense metered amounts of compressed air to produce pixels of ink onto
the desired surface. The source was house air that was filtered for water and particulates
before entering the controller. An X- and Y-axis stage was used to mount the substrate
and to translate it to produce various printed geometries. This stage had two pairs of holes
milled into it that were connected to a vacuum pump to ensure the substrate would not
move during printing. Custom software developed in Java with the Netbeans IDE was used
to control the stages and dispenser controller. This software was used to dispense inks onto
the substrates to produce squares for testing and analysis.

3.2.3 Stencil Casting

In order to produce 1 cm? electrodes with a consistent morphology, stencil casting was used.
The stencil was produced by using a laser cutter (Universal Laser Systems VLS3.50) to cut
1 em? squares in a 2-by-4 array in 150 um-thick polyethylene terephthalate (PET) film. The
squares were spaced 1 cm apart on each side to ensure separation of the printed areas in the
event of ink bleed as a result of capillary forces in the small cavity between the stencil and
the substrate. The substrate chosen for the electrodes was 50.8 um-thick stainless steel foil
because of its electrical conductivity and structural stability required for constant handling
at the research scale.

A 25 cm? glass mirror was used as a casting surface because it provided a small, easy to
handle, flat surface. The mirror, substrate, and stencil were cleaned with acetone and wiped
down with Kimwipes to ensure good contact and a smooth casting surface. After cleaning
the substrate was placed on the mirror and taped along the top end where casting would
begin. The stencil was then placed on top of the substrate and taped also at the top end. A
small amount of acetone was added between the stencil and the substrate and wiped down
with a Kimwipe to distribute the fluid under the entire stencil. This generated an adhesion
force between the stencil and substrate to improve casting quality and edge fidelity.

Small amounts of the ink to be cast were placed at the top of each square with a wood
applicator stick (Puritan). A glass slide was then slowly drawn down the stencil while being
held at a small acute angle relative to the direction of casting.

Upon completion, a pair of tweezers were used to carefully peel the stencil off the sub-
strate. The resulting cast was then placed in an oven for at least 2 hours to evaporate all of
the solvent. The stencil and mirror were then cleaned with acetone for future reuse.

3.2.4 Laser Confocal Microscopy

An Olympus LEXT OLS3000 3D Laser Confocal Microscope was used to image and measure
the height of a subsection of the surface of printed electrodes and electrolytes. Note that
the calibration table for the microscope presented in Appendix A. Each surface was scanned
using the fast scanning mode. To obtain a single, 1789 um-square image, 9 images each
643 pm-square, were taken and stitched together with 10% overlap within the software
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Figure 3.5: Stencil casting process.

automatically after acquisition. After obtaining the data, the resulting image was leveled
with the built-in quick level function in the Olympus LEXT software. The height map was
then exported to a comma separated value (CSV) file for analysis with custom software.

The resulting height map, called the primary profile, included both high and low wave-
length features, called the roughness and waviness respectively. To conduct analyses of the
surface and separate out these different features, an FFT was applied to each row of data
of the primary profile. This produced a spectrum of sine waves with different wavelengths
and amplitudes that represented each row of data. This was then used to parse the low
wavelengths that represented the waviness profile and to then convert them from frequency
and amplitude data to position and height data by using an IFFT.

To parse those low wavelengths, a low-pass filter was implemented and applied to the FFT
data. As per the standard from the American Society of Mechanical Engineers (Standard
B46.1-2009), an 80 pm cutoff wavelength was used for the low-pass filter. Thus all waveforms
with a wavelength higher than 80 ym were unmodified and the rest were set to zero to remove
their contribution. The transfer function for a low-pass filter is described by

A1
Hs) = e = T anfT,

where s is the value at a point, \. is the cutoff wavelength, and f, is the sampling
frequency [40].

(3.13)



CHAPTER 3. MANUFACTURING PROCESS AND LAYER INTERFACES 29

When the IFFT was applied to the subset of wavelengths that represented the waviness,
the returned profile had a value of zero at the origin and half the magnitude. The zero
origin was because the FFT used sine waves as a representative waveform and the profile
is not an infinite, continuous function. The half magnitude was because the FFT produced
a symmetric map of wavelengths for exclusively real-numbered data. Only the first section
of that data was used in the IFFT, thus half of the magnitude was left out. To fix the
magnitude, the IFFT result was simply multiplied by a factor of two. To move the origin
from zero back to that of the primary profile, an extended primary profile was used.

This extended primary profile was produced by using the original primary profile as the
center of a mirror repeating pattern. If L represented the left edge and R represented the
right edge of the original primary profile, then the extended primary profile was RLLRRL.
This ensured congruency with the features at the edges and that the correct waviness profile
had no zero origin. After performing an FF'T, low-pass filter, and IFFT on this extended
primary profile, the center of the pattern was extracted as the correct waviness profile. Figure
3.6 shows these steps with a cross-section of a primary profile of a stencil-printed electrode
with ink composition A.

The roughness profile was calculated by subtracting the waviness profile from the primary
profile.

The arithmetic average (R,, W,) and root mean square (R,, W,) were calculated over
the full, 2-D roughness and waviness profiles, R and W respectively, associated with surface
produced by each manufacturing method. The equations for each are as follows,

N M
1
R, W, = UN ; Zz:; 1 (24, 95)] (3.14)
1 N M
Ry, Wy = \| 577 22 D7 (@.95) (3.15)

j=1 i=1

where 71 represents the matrix of surface heights, x; and y; represent the indices for values
in the matrix of height data, and M and N represent the number of rows and columns of
the matrix.

3.2.5 Scanning Electron Microscopy

A scanning electron microscope (SEM) (Hitachi TM-1000) was used to image surfaces and
cross-sectional edge views of the printed components. It is important to note that the
system uses back-scattered and secondary electrons to produce images, thus the surface to
be investigated must be able to sufficiently reflect electrons.

For viewing the top surface, the sample was mounted on a flat holder with carbon tape.
For viewing edges, the sample was cut with a pair of scissors, then mounted with the edge
facing upward on a right angle holder with carbon tape. After mounting the sample on
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Figure 3.6: Process to acquire correct waviness profile and roughness profile from a primary
profile by utilizing a mirror repeating pattern.
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the holder, the sample was placed on the screw stem and the height was adjusted on the
clearance guide. Finally, the full assembly was inserted into the SEM to be analyzed.

3.2.6 Contact Angle Measurements

To measure the interaction between the printed and non-printed surfaces in relation to the
gel polymer electrolyte, the contact angle between the materials was measured via the sessile
drop method. The dispenser printer was utilized to produce controlled droplets for testing.
A 23 TW gauge (0.635 mm outer diameter, 0.432 mm inner diameter) syringe tip was used
to produce droplets approximately 0.095 to 0.125 mm in diameter, or 1.5 to 2 times the
outer diameter of the tip.

After producing a droplet of sufficient size at the end of the tip, it was brought into
contact with the target surface. The tip was then retracted, leaving the droplet on the target
surface. The droplet was allowed to settle for approximately 10 seconds to an equilibrium
before an image was captured for analysis. Because the morphology of the printed electrodes
was variable over the area, the contact angles at both the left and right edges of the droplet
were measured. The software ImageJ64 was used to measure the angle between the droplet
and target surface. The average value of those results was then calculated to represent the
interaction between the electrolyte and target surface.

3.2.7 Cell Manufacturing

Coin cells were assembled by placing a printed, 1 cm? square MnO, electrode in the center
of the CR2032 form factor stainless steel can. Several drops of electrolyte were pipetted onto
the MnOy electrode to fully wet the surface. A 19 mm diameter separator (Freudenberg
Nonwovens, FS22430-06LF, polyolefin) was cut and placed on top of the wet MnOs electrode
to electrically insulate it from the counter electrode and prevent shorting. Several more
drops of electrolyte were pipetted onto the separator to fully wet the surface. The counter
electrode was 50 pm thick, 99.95+% pure zinc (Zn) foil (Goodfellow, 307-980-18) cut to
1 cm? square. This was placed in the center on top of the wetted separator. Two 15.8
mm diameter, stainless steel spacers (MTI Corp, EQ-CR20-Spacer304-05) and two 15.8 mm
diameter spring (MTI Corp, Belleville washer, EQ-CR20BW-Spring304) were stacked on top
of the Zn foil. A CR2032 lid (MTI Corp, EQ-CR2032-CASE) with insulating ring already
attached was then set on top of the final stack inside of the can. The assembly was placed
in a coin cell crimper (BTInnovations) and sealed shut. The open circuit voltage (OCV) of
the completed cell was checked to ensure there was no short.

To assemble a dry stack cell, a 1.2 cm?, 10 um thick, dispenser-printed GPE was picked
and placed onto a 1 cm? MnQ, electrode. A 1 cm? zinc foil counter electrode was then placed
on top of the wetted GPE to complete the cell.

To assemble a wet stack cell, two drops of electrolyte were pipetted onto a printed 1 cm?
MnO, electrode. A 1.2 cm?, 10 pm thick, dispenser-printed GPE was then picked and placed
onto the electrode to completely cover it. Two more drops of electrolyte were then pipetted
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Figure 3.7: Exploded view of each assembly method and cell form factor.

onto the GPE layer. A 1 cm? zinc foil counter electrode was then placed on top of the GPE
to complete the cell.

A print-on-print stack cell was assembled by dispenser printing a 1 cm? MnO, electrode
that was then dried for at least 3 hours at 80 °C in the oven. Then a 1.2 cm? GPE was
dispenser-printed onto the cathode then dried for at least 3 hours at 80 °C in the oven. A 1

cm? zinc foil counter electrode was then placed on top of the GPE to complete the cell.

3.3 Results and Discussion

3.3.1 Printed Electrode Composition

SEM images were obtained for electrodes with composition A, as shown in Figure 3.8, to
determine the distribution of active material within the printed cathode and the overall
quality of the surfaces produced. The images show how the polymer caused the build up of
large, spherulite-like structures between 10 and 100 pm in diameter [38].

For composition A, cracks on the order of 10 um wide and 50 to 100 pum long were present.
Voids were also visible for the dispenser-printed electrodes with feature sizes between 10 to
50 pm wide. These features tended to form both superficially and within the electrode
itself, as shown in Figure 3.8. Despite this the cross-sectional edge views for both the stencil
and dispenser-printed electrodes showed a high degree of particle packing, thus providing
conduction pathways through the electrode to the current collector. The low fraction of
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polymer in the ink composition ensured particle contact without fully coating the functional
material. Although the electrodes exhibited these beneficial qualities, they were very brittle
and were unable to withstand the bending of the substrate or other perturbations.

While composition B does show good particle packing, a layer of the PVDF-HFP coated
the majority of the top surface of the electrodes, as visible in Figure 3.8. The polymer was
also found to have infiltrated into the electrodes, thus creating regions with low conductivity
within the structure. This is even more pronounced in the stencil-printed electrode where the
polymer has mixed almost completely through the layer. This coating likely arose because
the density of PVDF-HFP (0.288 g/cm?) was lower than that of the MnO; (5.03 g/cm?) or
AB (1.95 g/cm?). Some settling may also have occurred where the rheology of the solution
was not strong enough to continually suspend the large solid particles throughout drying.
While the presence of this film was not ideal for electrochemical conduction, it is possible
that it could provide an improvement in the wetting of the GPE on the electrode surface
because they both contain the same polymer.

Voids similarly ranged between 10 ym and 50 pm wide in the dispenser-printed electrode
made from composition B. Unlike the dispenser-printed electrode made from composition
A, this had no visible cracks. This was attributed to the much higher amount of polymer
in the ink. The additional binder caused the electrodes to be more mechanically robust and
they could be flexed without breaking.

As noted previously, the addition of excess polymer to the ink composition did increase
the mechanical strength of the films and reduced the number of cracks and voids. However
this boon to manufacturability may have caused passivation of large areas of the electrode by
fully coating the functional material, thus reducing conductivity to a non-functional range.
This was confirmed when full cells were made, as will be discussed in Section 3.3.4.

3.3.2 Swurface Morphology Characterization

The primary profiles shown in Figure 3.9 elucidate the differences between the MnO, printed
electrodes manufactured with compositions A and B via stencil and dispenser printing.

The stencil-printed MnO, electrodes for both compositions exhibited randomly distributed,
sharp, well-defined valleys. Composition A contained valleys between 20 and 80 um deep
and peaks 40 to 80 pum tall across the electrode. Composition B contained valleys between
20 and 125 pum deep depending on location and peaks between 30 and 130 pum tall. The
profiles also showed less packing and a wider distribution between the extreme features of
the surface made with composition B.

Of the printed electrodes, the dispenser-printed composition A exhibited wide, shallow
valleys between 20 and 60 pum deep and peaks 20 to 80 pm tall. It also had a row-like con-
figuration associated with the raster method the dispenser printer used to deposit material.
These features can be slightly seen as columns for the dispenser-printed composition B.

Comparing the printed electrodes with each other, composition A exhibited fewer ex-
treme holes and steps in the surface while composition B had many. The dispenser-printed
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Figure 3.8: Top and edge views of stencil and dispenser-printed MnO, electrodes of compo-

sition A and B.
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Figure 3.10: Primary surface profile of zinc foil to provide a reference against the stencil
and dispenser-printed MnO, electrodes for compositions A and B. Note the change in scale
relative to the other surface maps.
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electrodes appeared to have a more regular distribution of particles than their stencil-printed
counterparts.

Table 3.3: Arithmetic average and root mean square roughness (R,, R,) and waviness (W,,
W,) of MnO, electrodes inline with the scanning direction with the microscope. Note that
all units are in pm.

Composition A Composition B
Stencil Dispenser || Stencil Dispenser | Zinc Foil
Re | 3.490 3.314 3.776 3.853 0.228
Ry 5.396 5.406 5.511 5.610 0.320
W, | 20.75 20.35 24.89 25.44 1.380
W, | 26.24 25.97 30.59 30.94 1.707

Table 3.4: Arithmetic average and root mean square roughness (R,, R,) and waviness (W,,
W,) of MnO; electrodes orthogonal to the scanning direction with the microscope. Note
that all units are in pum.

Composition A Composition B
Stencil Dispenser || Stencil Dispenser | Zinc Foil
R, | 3.501 3.119 3.698 4.213 0.310
Ry 5.427 5.263 5.413 5.888 0.423
W, | 20.79 21.58 25.726 25.217 1.248
W, | 26.19 27.60 31.356 31.653 1.911

The metrics used to describe the surface subsections, as shown in Tables 3.3 and 3.4,
showed that in all cases, except between R, for the stencil-printed electrodes in the orthogonal
direction, the composition B electrodes were rougher and wavier than their composition A
counterparts. Between manufacturing methods, though, there were no large discrepancies.
The largest change was a 13.9% (0.515 pm) between the orthogonal R, values for the stencil
and dispenser-printed composition B electrodes. Relative to the printed electrodes, the zinc
foil exhibited very low roughness and waviness values, as expected for a metal foil. The
slight changes in height in the foil were due to handling when placing it on the microscope
because of the high malleability of zinc.

The average and RMS values, commonly used to quantify the surface features of ma-
terials, lacked the ability to take feature distribution into account. Despite this a visual
inspection of the distribution of features may be important for determining the ability of
successively printed layers to fully wet each electrode during and after printing, especially if
air may be trapped within such features.
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3.3.3 Contact Angle Measurements

A gel polymer electrolyte (GPE) with the composition 1:1:5 parts by mass (pbm) for [1:15 of
Zn(OTf)y:[BMIm][OTE]]:PVDF-HFP:NMP and the electrolyte 1:15 pbm of Zn(OTf),:[BMIm|[OT{]
were pipetted onto the electrodes to determine the resulting contact angles. Figure 3.11
shows the result for droplets of each electrolyte on the printed electrode surfaces.

As noted in Table 3.5, the contact angles of the GPE on the composition A printed
electrodes from both stencil and dispenser printing were very similar to each other. The
average of the stencil-printed contact angles was 25.28° and the average of the dispenser-
printed contact angles was 23.40°, though. Here the distribution of features may have played
a role with the improved wetting (associated with a smaller contact angle) on the dispenser-
printed electrodes. The electrolyte with no PVDF-HFP attained effectively perfect wetting
with a contact angle of 0° for both types of printed electrodes.

Table 3.6 shows the contact angles of the GPE on the composition B printed electrodes
which, as noted previously, the contact angles were very similar between manufacturing
methods. The average of the stencil-printed contact angles was 10.84° and the average
of the dispenser-printed contact angles was 10.49°. On a per-sample basis, the dispenser-
printed electrode had slightly improved wetting, though. The electrolyte with no PVDF-
HFP attained effectively perfect wetting with a contact angle of 0° for both types of printed
electrodes as with composition A.

Interestingly, the electrolyte and GPE in contact with the zinc foil exhibited the highest
contact angles of all of the materials tested as shown in Tables 3.7 and 3.8. The electrolyte
alone had a higher contact angle than the GPE indicating that, on zinc, problems with
conductivity may arise if an insufficient amount of electrolyte is used in making full battery
cells.

A comparison of all of the contact angle results shows that for the majority of cases,
wetting of the electrolyte was dictated predominantly by material selection and composition
other than by surface morphology. It was hypothesized that like materials would wet each
other well. For example, a droplet of gel solution composed of PVDF-HFP was expected to
wet a PVDF-HFP film well because they both contain the same polymer. This result was
confirmed for composition B, which had a greater fraction of PVDF-HFP than composition
A.

Conversely, the surface morphology did have a very large influence on the retention of air
at the interfaces between the GPE and the printed electrodes, as shown in Figure 3.12. The
high quantity of bubbles was indicative of this. An investigation of Figure 3.12 shows that the
images with the most bubbles corresponded to the surfaces with the greatest distribution
of tall peaks with deep trenches or holes, which were the stencil-printed composition A,
stencil-printed composition B, and dispenser-printed composition B electrodes. The zinc,
which had the highest contact angles and smoothest and flattest surface and was tested with
the same material, conversely had no bubbles at all. Note that the bright spots in the zinc
image were from a ring of LEDs for overhead illumination.
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Figure 3.11: Droplets of gel polymer electrolyte (GPE) and electrolyte on each printed
electrode and on zinc foil.

Table 3.5: Contact angle of gel polymer electrolyte (GPE) on printed MnOs electrodes with
composition A. Measurement error = +2°

Composition A
Stencil Dispenser
Left Right | Average | Left Right | Average
11]24.59° 24.31° 24.45° 24.47°  22.66° 23.57°
25.00°  21.52° 23.26° 22.75°  20.19° 21.47°
3 126.39° 29.89° 28.14° 25.82° 24.52° 25.17°

\)
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Figure 3.12: Droplets of gel polymer electrolyte (GPE) on zinc foil with no bubbles, and
stencil and dispenser-printed electrodes of compositions A and B with air trapped at the
interface.
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Table 3.6: Contact angle of gel polymer electrolyte (GPE) on printed MnO, electrodes with
composition B. Measurement error = 42°

Composition B
Stencil Dispenser
Left Right | Average || Left Right | Average
1] 10.61° 11.90° 11.26° 12.01°  9.900° 10.96°
12.75°  9.440° 11.09° 11.30°  10.65° 10.98°
3 110.24° 10.11° 10.18° 10.11°  8.980° 9.545°

[\

Table 3.7: Contact angle of gel polymer electrolyte (GPE) on zinc foil.

Zinc Foil
Left Right | Average
1] 39.47° 45.05° 42.45°
39.11°  37.53° 38.32°
31 46.74°  42.50° 44.62°

Table 3.8: Contact angle of electrolyte without PVDF-HFP on zinc foil.

Zinc Foil
Left Right | Average
1] 56.43° 60.79° 58.61°
66.30° 61.86° 64.08°
3| 56.82° 54.73° 55.78°

3.3.4 Cell Performance

The assembly of dry stack cells with both composition A and B electrodes resulted in contact
between only the peaks of the dry MnOs electrode surface and the GPE film. These cells
produced an open circuit voltage (OCV) of approximately 1.2 V after assembly as measured
with a handheld multimeter. They were placed on the battery cycler for testing, but were
unable to be cycled. The cells produced no significant discharge capacity. The cycle discharge
capacities were on the order of 2x1073 mAh/cm?, well below the capacity of any conventional
battery. The voltage profile jumped immediately to 1.8 V or above upon starting the charging
step and back down immediately to 1.0 V upon starting the discharging step. The high
impedances at the interfaces between the electrode and GPE film were most likely the cause of
the voltage spikes above and below the cycle conditions for fully charged and fully discharged
respectively.
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Top View Edge View

e

Figure 3.13: SEM images of top and edge views of a stencil-printed electrode with a layer of
GPE printed on top, as noted in the print-on-print assembly method.

The discharge capacities for the print-on-print cells of both compositions were similar to
the dry stack cells when cycling was attempted. Many cells could not provide an OCV in
the expected 1.2 V range and sometimes produced no voltage at all. Figure 3.13 shows the
electrode after printing the GPE on top. Both the electrode and GPE inks used PVDF-
HFP as the binding polymer and NMP as the solvent. After printing the GPE, the NMP
present in it saturated the electrode, thus causing it to become fluid once again. The two
layers became highly mixed, coating the functional material with additional polymer and
insulating the majority of the electrode.

The cells produced with composition A electrodes and wetted interfaces, both the wet
stack and coin cells, were the only cells to cycle successfully. The cells made with composition
B electrodes did not cycle because of the layer of polymer on the top surface, as hypothesized
previously. An investigation of the respective current and voltage profiles for the functional
composition A cells in Figure 3.14 shows how the coin cells and wet stack cell with stencil-
printed MnOj, electrode had smaller voltage jumps due to internal resistance when the cell
began to charge than the wet stack cell with the dispenser-printed MnO, electrode. A lower
jump was expected due to the use of the highly porous polyolefin separator instead of the
semi-porous GPE film.

Figure 3.15 shows that the wet stack cells achieved higher discharge capacities for both
electrode types than the coin cells. The wet stack cell with a dispenser-printed MnO,
electrode attained a peak discharge capacity of 0.306 mAh/cm?, then decayed to an average
of approximately 0.175 mAh/cm? prior to failure after cycle 20. The wet stack cell with
a stencil-printed MnOs electrode shows a similar improvement in discharge capacity over
the first several cycles compared to the equivalent coin cell. It achieved a peak discharge



CHAPTER 3. MANUFACTURING PROCESS AND LAYER INTERFACES 43

Current  veseaeaanans Voltage

Dispenser Printed - Composition A - Coin Cell Stencil Printed - Composition A - Coin Cell
0 0.0

nt (mA)
Current (mA)

Curre!

5 10 15 20 - 5 10 15 20
Time Index (h) Time Index (h)

Dispenser Printed - Composition A - Wet Stack Cell s, Stencil Printed - Composition A - Wet Stack Cell

ent (mA)
Current (mA)

Curre

5 10 15 20 - 5 10 15 20
Time Index (h) Time Index (h)

Figure 3.14: Current and voltage profiles over 20 hours of testing for the coin cell and wet
stack cell types with dispenser-printed composition A electrodes.

capacity of 0.43 mAh/cm? for a single cycle before failing on cycle 8.

Conversely the coin cell with a stencil-printed MnO, electrode had a discharge capacity
of 0.066 mAh/cm? for the first cycle, which then before decayed to 0.021 mAh/cm?. Further
cycling caused the discharge capacity to improve steadily back up to 0.054 mAh/cm?. This
varied dramatically from the coin cell with a dispenser-printed MnQOs electrode. That cell had
a discharge capacity approximately flat before failing soon after seeing a jump in discharge
capacity to 0.203 mAh/cm?. Tt also lasted only 15 cycles before failing.

3.4 Conclusions

This chapter investigated the manufacturing of and interactions between printed and non-
printed electrodes composed of MnO,, AB, and PVDF-HFP, and a gel polymer electrolyte
composed of Zn(OTf),, [BMIm|[OTf], PVDF-HFP, and NMP, along with the discharge ca-
pacity of the resulting cells through several optical, numerical, and electrochemical methods.
Two printed electrode compositions were investigated, one with a low mass fraction of poly-
mer and another with a high mass fraction of polymer. Cells made with each electrode
composition were produced via either dispenser or stencil printing and assembled into a full
cell with the GPE and zinc foil. Several different methods of producing cells were used to
determine how changes in material contact affected the discharge capacity.
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Figure 3.15: Comparison between discharge capacities for coin cells and wet stack cells
assembled with stencil and dispenser-printed electrodes from composition A.

An investigation of all of the results indicates that it was not possible to create functional
battery cells without having good contact between layers unless the surfaces were wet with
the liquid electrolyte. This was because the voids were filled with electrolyte and virtually
perfect wetting occurred, thus providing conduction pathways unavailable at a dry interface.

Not only did the roughness and waviness of the surfaces appear to have a very large
influence on the formation of bubbles at the electrode-GPE interface, but the distribution of
features on the electrode did as well. Additional research is required to determine adequate
metrics that will take into account feature distribution of surfaces. For the functional cells
produced here, the surface morphology did not appear to have a major influence on discharge
capacity. A much larger subset of cells must be produced to acquire a statistically significant
distribution to make any additional conclusions.

Additional research into alternative binding polymers must be conducted to rectify the
mixing of the GPE with the printed electrodes. With printed electrodes and GPEs that have
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low contact angles with each other and little to no mixing, cells can be produced where each
successive layer can be printed on top of each other. Very thin GPE films will very quickly
dry when heated in an oven. Despite the faster drying time, mixing between the layers may
still occur at the interface.
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Chapter 4

Electrolyte and (el Polymer
Composition

This chapter investigates the function, composition, and effects of several different compo-
sitions of a [BMIm|[OTf]-based gel polymer electrolyte in order to improve cell discharge
capacity and cell manufacturing yield. Zn(OTf), salt was dissolved into the [BMIm]|[OTf]
ionic liquid to form the electrolyte, which was then added to a solution with a mass ratio
of 1:5 of PVDF-HFP:NMP to form the gel polymer electrolyte. Section 4.1 provides a brief
overview of the fundamentals associated with copolymers, the main component that cre-
ates the gel polymer electrolyte. Section 4.2 describes the electrochemical methods used to
conduct the analyses including electrochemical impedance spectroscopy and ionic conduc-
tivity. Section 4.3 discusses the methods used within this research including the design of
experiments, gel polymer electrolyte manufacturing, quantification of gel drying time, and
the existence of reduction-oxidation peaks indicating a functional electrolyte. Section 4.4
details and provides a discussion of the results obtained. Finally, Section 4.5 presents the
conclusions obtained from the results of this chapter.

4.1 Materials Methods

This section overviews the basis for what a copolymer is and how they interact with solvents
and other materials. The possible morphologies for copolymers are also discussed, as they
provide the means to produce an ionically conductive, solid, gel polymer electrolyte.

4.1.1 Copolymers

A copolymer is made up of an ordered set of “mers” from different polymers. Such materials
have been made in an attempt to combine beneficial properties from two materials or even
discover new properties. Each mer type or unit is commonly represented by a letter, A and
B for example, when describing the organization of mers within a given polymer chain. The
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Figure 4.1: Alternating, statistical, periodic, block, and graft types of copolymers.

Graft

chains can have several types of organization, some of which are shown in Figure 4.1. An
alternating copolymer switches between A and B mers at every junction, a statistical copoly-
mer has a sequential distribution that obeys known statistical laws, a periodic copolymer
has a regular sequence, a block copolymer has two long chains, or blocks, of each mer joined
together at a junction, and a graft copolymer has chains comprised of one unit branch off a
chain comprised of another unit [37].

The creation of these polymers is driven by “an unfavorable mixing enthalpy and a small
mixing entropy” [49]. As a result, similar and dissimilar mers form covalent bonds with each
other to create the copolymer chains. The final structure depends on the total degree of
polymerization N (= N4 + Np), the Flory-Huggins y-parameter, and the volume fractions
of the constituent blocks (f4 and fg, fa = 1 — fg) [49]. The Flory-Huggins parameter is
given by

Xap = Va(0a — 65)*/RT (4.1)

where y4p is the Flory-Huggins interaction parameter between the A and B blocks, 4
and dp are the Hildebrand solubility parameters of the A and B blocks, V, as the volume
fraction of the A block, R is the gas constant, and T is the temperature [49, 54]. The product
of the the Flory-Huggins parameter and the degree of polymerization, y/V, determines the
degree of phase separation, as detailed in Table 4.1. Combining this product with the volume
fraction of each mer type creates a phase diagram that determines what morphology will be
obtained for the resulting polymer.
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Table 4.1: Interaction regimes based on xN product.

Range Regimes
xN <10 Weak-segregation limit (WSL)
10 < xN < 50 | Intermediate segregation region (ISR)
50 < xN Strong segregation limit (SSL)
Spheres Cylinders Labyrinth Lamellae Labyrinth® Cylinders® Spheres’

Figure 4.2: Set of possible morphologies for diblock copolymers.

Figure 4.3: Possible morphologies for diblock copolymers that form micelles.

It is important to note that diblock copolymers, or block copolymers composed of two
mer types A and B, have the ability to form micelles, or shells with different amounts of
packing, as noted in Figure 4.3. These structures create volumes for other material to fill,
specifically the electrolyte investigated in this research.

4.2 Electrochemical Methods

This section briefly covers the basis of electrochemical impedance spectroscopy and what
aspects of battery components can be understood by using such a method. It also discusses
the fundamentals and acquisition of the ionic conductivity of electrolytes.

4.2.1 Electrochemical Impedance Spectroscopy

No known electrochemical system is ideal. Each has attributes that impede the flow of
current that can be qualified as resistive, capacitive, and inductive. The contributions of
each of these components make up the impedance of an electrochemical system.
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Electrochemical impedance spectroscopy (EIS) is a method of determining the impedance
of a subject, be it an electrochemical cell or electrochemical component, at a set of predefined
frequencies. It is a non-destructive method and can provide insight into the state and function
of a cell and its components. The experiment applies an input voltage in the time domain
to the subject that in turn produces an AC current response that can be analyzed as a sum
of sinusoidal functions, also known as a Fourier series. [63, 25].

For a given electrochemical system of inspection, an input signal can be represented by

E, = Eysin(wt) (4.2)

where F; is the potential at time t, Ej is the amplitude of the signal, and w is the radial
frequency that can be described by w = 27 f. The input signal is typically small, usually
from -10 mV to 10 mV, in order to produce a response that is pseudo-linear such that it has
the same frequency and is only shifted in phase such that the current response signal can be
described by

I; = Iysin(wt + @) (4.3)

where, for a linear system, I; is the response signal, I is the amplitude, and ¢ is the phase
shift. To determine the impedance, the equation analogous to Ohm’s Law for impedance is
described by
_ B Epsin(wt) _ 7 'sin(wt) (4.4)

I, Iysin(wt + ¢) sin(wt + ¢)

where Zj is the magnitude of the impedance and the phase is ¢ [25].

Using Euler’s relationship, where /¢ = cos(¢)+jsin(¢), the impedance can be expressed
as a complex function represented by:

Z

Z(w) = ? = Zye!? = Zy(cos(p) + jsin(¢)) (4.5)

Thus Z;, can be determined from the Lissajous plot by
AE  OA AY

g8k 04 4.
%l ="AT = 0B~ AX (46)
and the phase angle can be similarly determined from the Lissajous plot by
OD
= sin~}(——— 4,
¢ =sin"(~57) (4.7)

where the lengths are defined as shown in Figure 4.5 [63].
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Figure 4.4: Input voltage signal and current response for an electrochemical system.
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Figure 4.5: Origin and analysis of Lissajous Figure.
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4.2.2 lonic Conductivity

We can define a relationship for the ionic conductivity of classical electrolytes, that is elec-
trolytes commonly composed of a salt dissolved in water, by beginning with Fick’s Second
Law of Diffusion given by

00 _ s

ot Ox?

where ¢ is the concentration, ¢ is time, x is position, and D is the diffusion coefficient [19].

Mobile charge carriers, such as those in electrolytes, are related to the diffusion coefficient
by the Nernst-Einstein equation:

(4.8)

22egF'D B Z2NA€%D
kgT —  kgT
where A is the molar conductivity, z is the valence of the charge carrier, eq is the elemen-
tary charge, N4 is Avogadro’s number, kg is the Boltzmann constant, and F' is the Faraday
constant. Assuming a spherical species, though, D can be defined by the Stokes-Einstein
equation:

A= (4.9)

kBT
67y

(4.10)

where 7 is the viscosity of the electrolyte and r is the effective radius of the idealized
spherical species [24]. Thus the diffusion coefficient is dependent upon the concentration and
attributes of the active species and its effect on the solution as a whole through the viscosity.
Taking into account that the ionic conductivity is defined as ¢ = Ac = An/V, that is the
product of the molar conductivity and the molar concentration, we can combine Equations
4.9 and 4.10 to define the ionic conductivity for a classical electrolyte as

2.2
oo 2N (4.11)
6Vrr n

where V' is the volume of the solution and N is the number of moles of the conductive
species. Equation 4.11 lacks the features to fully describe the ionic conductivity of ionic
liquid-based electrolytes. Unlike aqueous solutions, ionic liquids themselves are composed of
cations and anions. During conduction the species of interest may come into contact with
these ions and form temporary pairs or even more stable aggregates. In both cases, their
function in the electrolyte changes such that the amount of conductive species, IV, changes
and cannot be easily determined at a given moment [24, 64].

The ionic conductivity can be determined empirically, though, via the EIS methods
noted in Section 4.2.1. From the complex impedance the solution resistance, R, can
be determined at the high frequency intercept point of the real-valued axis. The ionic
conductivity is then defined by
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t
RsolA
where t is the thickness of the gel polymer electrolyte or the distance between the blocking
electrodes if they are submerged in a liquid electrolyte, R, is the solution resistance, and
A is the area of contact between the blocking electrodes and with the electrolyte [46].

(4.12)

g =

4.3 Experimental Methods

This section details the manufacturing process used to produce each gel polymer electrolyte,

as well as the electrochemical methods used to analyze the behavior of the Zn(OTf),/[BMIm|[OTf]
electrolyte with and without the Zn/MnO, battery system. Thermal gravimetric analysis
was used to determine the sufficient drying parameters of the gel polymer electrolyte. Elec-
trochemical impedance spectroscopy and cyclic voltammetry were conducted to determine

the ionic conductivity of the electrolyte and to obtain an equivalent circuit model of full
cells. Cyclic voltammetry was conducted to quantify the reversibility of the reactions and
determine the sufficient mass ratio of polymer binder to electrolyte.

4.3.1 Design of Experiments

This research investigated the effects between the amount of Zn(OTf), salt added to [BMIm|[OTf]
and the ability of each composition to create solid gel polymer electrolytes when added to
PVDF-HFP. Salts are typically added to ionic liquids to produce functional electrolytes [35,

67, 85]. The addition of a salt, though, has been shown to affect the viscosity of the ionic
liquid as the number of charge carriers increases along with the ionic interactions [39]. When
added to a gel, such as the solution of PVDF-HFP in NMP used here, the viscosity changes
even to a greater degree. It then becomes important to understand how the conductivity of
the electrolyte changes. Consequently, the effect of the GPE composition on the overall cell
performance must also be considered.

Table 4.2 describes the salt concentrations and gel polymer electrolyte concentrations
investigated. Compositions without PVDF-HFP are examined to provide a reference point
for the cells with PVDF-HFP. The GPE concentration [1:1] parts by mass of electrolyte to
PVDF-HFP was based on previous research [31]. A GPE concentration [2:1] was also inves-
tigated to determine how a heavily electrolyte-dominant GPE would affect cell performance
and structural stability. The electrolyte concentrations [1:6.5], [1:15], and [1:30] for parts by
mass of Zn(OTf).:[BMIm|[OTf] were chosen based on previous research on these materials
to take into account non-dilute and dilute concentrations [31, 42, 66].

4.3.2 Gel Polymer Electrolyte Manufacture

Each gel polymer electrolyte (GPE) was created by creating and combining two components:
the gel and the electrolyte. The gel was created by adding 1 part by weight (pbw) of PVDF-
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Table 4.2: Design of experiments for gel polymer electrolyte investigation.

Zn(OTf),:[BMIm|[OTf] mass ratio
[1:6.5] | [1:15] [1:30]

[1:0]
Electrolyte:PVDF-HFP mass ratio | [2:1]
[1:1]

Table 4.3: Test parameters for thermal gravimetric analyzer (TGA) experiments.

Step No. | Step Name and Description
1 Isothermal for 5.00 min
2 Ramp 5.00 °C/min to 80.00 °C
3 Isothermal for 360.00 min

HFP into 5 pbw of N-methylpyrrolidone (NMP) (Alfa Aesar, ACS grade, 99.0+%). The
PVDF-HFP was added to the NMP then placed in the sonicator with the heater on for
at least 2 hours until fully dissolved. Upon completion of the gel, the desired amount of
electrolyte was added to form the complete gel polymer electrolyte solution.

To create the solid GPEs, 24-30 drops of the desired composition were pipetted into a
coin cell can that was adhered to a glass slide for handling. Large bubbles were removed by
pipette. The cast solutions were then placed in an oven set to 80 °C overnight to ensure all
of the solvent evaporated. Once fully dried, the outer lip of the GPE was removed either
with scissors or a round punch.

4.3.3 Thermal Gravimetric Analysis

A thermal gravimetric analyzer (TGA) (TA Instruments, Q500 Thermogravimetric Ana-
lyzer) was used to determine the appropriate time required to fully evaporate all of the
solvent in the electrolyte and obtain a solid film. The system was tared, or zeroed, with a
stainless steel pan (TA Tzero Pan, 901683.901) on a platinum hanger. A sample was pipetted
into the pan to fill the majority of the cavity without bulging at the surface or overflowing.
The pan was then returned to the hanger and the test was initiated. The steps detailed in
Table 4.3 were used to conduct the experiment.

4.3.4 Cyclic Voltammetry

Cyclic voltammetric tests were conducted on cells with different electrolyte compositions
to ensure that the reduction and oxidation reactions at the zinc interfaces occurred. Ex-
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Table 4.4: Test parameters for cyclic voltammetry (CV) experiments.

Setting | Value Setting | Value
Electrode Area (cm?) | 1 IRComp | None
Initial E (V) | 0 vs EoC PF Corr. (ohm) | 50
Scan Limit 1 (V) | 2.5 vs EoC Equil. Time (s) | 5
Scan Limit 2 (V) | -2.5 vs EoC Init. Delay | On
Final E (V) | 0 vs EoC Init. Delay Time (s) | 30
Scan Rate (mV/s) | 100 Init. Delay Stab. (mV/s) | 0
Step Size (mV) | 10 Sampling Mode | Noise Reject
I/E Range Mode | Fixed Electrode Setup | On
Max Current (mA) | 100

Table 4.5: Test parameters for electrochemical impedance spectroscopy (EIS) experiments.

Setting | Value Setting | Value
Initial Freq. (Hz) | 1E6 Conditioning | Off
Final Freq. (Hz) | 0.1 Init. Delay | On
Points/decade | 10 Init. Delay Time (s) | 100
AC Voltage (mV rms) | 10 vs EoC' || Init. Delay. Stab. (mV/s) | 0
DC Voltage (V) | 0 vs EoC Estimated Z (ohms) | 100
Area (cm?) | 1 Optimize for | Normal

periments were performed with a Gamry Reference 600, with the cyclic voltammetry (CV)
experiment, and the settings listed in Table 4.4.

Cells were made by placing 50 pm-thick, 1 cm?, square zinc foil electrodes on each stainless
steel plate in the Swagelok cell mentioned previously. The GPE acted as the separator and
ionically conducting medium between the zinc electrodes. Both interfaces were wetted with
2-4 drops of the electrolyte that matched the composition used in the GPE. After sealing
the cell, a multimeter was used to ensure there were no electrical shorts. The working source
and working reference were then connected to one of the electrodes, while the reference and
counter source were connected to the other electrode.

4.3.5 Electrochemical Impedance Spectroscopy

To determine the ionic conductivity of each GPE or electrolyte and the impedance of full
cells in coin cell packaging, electrochemical impedance spectroscopy (EIS) was performed.
Impedance tests of for both electrolytes and full cells used a Gamry Reference 600 with the
Potentiostat EIS experiment and the settings listed in Table 4.5.
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To perform the analysis of GPEs, each solid film was placed in a Swagelok cell. The cell
was made of flat, round, stainless steel plates that acted as blocking electrodes and were
electrically isolated from each other, thus guaranteeing that only the impedance of the GPE
would be measured. One plate was connected to a spring that applied a small amount of
force to ensure contact. A teflon gasket insulated the plates from the large nut that secured
the two halves together. To ensure there were no electrical shorts, the resistance between
the electrodes was measured with a multimeter. A result of kOhms or higher indicated there
were no electrical shorts. The working source and working sense leads were then connected
to one of the electrodes while the reference and counter source were connected to the other.

4.3.6 Cell Cycling

It was required to charge and discharge, or cycle, each produced cell many times in order
to sufficiently characterize its charge capacity, discharge capacity, energy density, efficiency,
and degradation per cycle. Two Neware Battery Testing Systems (Model T1403-064242)
with maximum voltages of 5 V and maximum currents of 10 mA were used to perform the
cycling.

Each cell was charged to 1.8 V with a constant current of 60 uA. Upon reaching 1.8 V,
the cell was held at a constant 1.8 V for 3 minutes with a decreasing current. Next, the
cell was discharged at a constant 60 pA until it reached 1.0 V. Finally, the cell rested for 3
minutes until the next charging period began. Each cell was cycled for either 50 cycles or
until failure, whichever occurred first.

4.4 Results and Discussion

4.4.1 Film Drying

As shown in Figure 4.6, each GPE composition was tested in a TGA using the procedure
noted previously. There were no significant differences in drying of the GPEs based on
their electrolyte composition. The drying rate was expected to plateau because evaporation
occurred at the surface of the pan. The results indicated that the majority of NMP had evap-
orated out of the films after approximately 4.5 hours, thus drying overnight was sufficient.
It is important to note that the time required to evaporate all of the NMP from the GPEs
was on the order of hours, even at 80 °C. NMP was found to have a vapor pressure of 1.0
Torr at 20 °C, lower than that of water at 17.5 Torr at 20 °C [13]. Printing sufficiently thick
films directly onto electrodes, as shown previously, resulted in the mixing of layers because
the NMP had enough time during drying to dissolve the electrode. Increasing the tempera-
ture could provide a solution. [BMIm]|[OTf] begins to break down at 340 °C [20], while the
PVDF-HFP begins to break down at 375 °C [48], thus the [BMIm|[OT{] will provide the
limiting temperature but the effect on the film structure has not yet been determined.
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Figure 4.6: Change in weight during drying at 80 °C for gel polymer electrolyte 1:1:5 and
2:1:5 compositions of electrolyte:PVDF-HFP:NMP, respectively.

After manufacturing and drying each GPE film, it was removed from the oven and in-
spected. As the films cooled to room temperature, each began to “sweat” and release some
of the electrolyte contained within the film, as shown in Figure 4.7. The droplets formed
directly over the round, spherulite-like structures that comprised the film because of the
different coefficients of thermal expansion. [BMIm]|[OTf] was found to have a coefficient of
thermal expansion of 2.35x107* °C~! [72] while bulk PVDF-HFP had a coefficient of ther-
mal expansion of 1.53-1.9x10~* °C~! [1]. This difference was significant enough to cause
volume changes within the electrolyte as the films cooled from approximately 80 °C to a
room temperature of approximately 20 °C'.

4.4.2 Gel Polymer Electrolyte Morphology

Each GPE composition was cast, dried, and allowed to cool to room temperature before being
investigated under a microscope. As shown in Figure 4.8, all solutions formed spherulite-like
structures. The size of those structures was heavily dependent on the amount of elec-
trolyte added to the PVDF-HFP solution. All of the compositions with a ratio of 1:1
electrolyte:PVDF-HFP parts by mass had average sphere diameters on the order of 20 to 25
pm. The compositions with 2:1 electrolyte:PVDF-HFP parts by mass had average sphere
diameters on the order of 10 pm.

The films were unable to be investigated with the laser confocal microscope because they
were transparent, but the microscope images showed how the surfaces were very wavy as a
result of the spheres. With the propensity of the GPE to form such structures, an unwetted
film on printed electrodes would have high interfacial resistance, as noted previously for cells
assembled without having electrolyte-wetted interfaces.
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[1:30]2:1:5 After Drying

Sweating

Figure 4.7: Left: Sweating on a cast GPE film of [1:30]2:1:5 after drying. Right: Microscope
image at 40x magnification of [1:15]1:1:5 cast GPE film after drying as sweating began to
occur.

4.4.3 TIonic Conductivity

Each GPE composition noted in Table 4.2 was cast and placed in a clean Swagelok cell to run
EIS. Each EIS experiment resulted in a Nyquist plot of the real and imaginary impedance
measured. A sample Nyquist plot is shown in Figure 4.9. Note that the Y-axis was plotted
as the negative of the imaginary impedance. Of the measured data points, the solution
resistance Rg was determined from the points where the curve crossed the real axis or the
point where the contribution of imaginary impedance was minimized. The resulting ionic
conductivities were then calculated and plotted, as shown in Figure 4.10. Each bar represents
a single sample. Four samples of each composition were tested to determine reproducibility
and consistency of results.

As expected the GPE compositions with the highest mass ratio of electrolyte to PVDF-
HFP attained the highest ionic conductivities. When examined in groups based on the
ratio of electrolyte to PVDF-HFP, both the [1:30]1:1:5 and [1:30]2:1:5 compositions achieved
the highest measured conductivities of their respective groups. The [1:30]1:1:5 composition
achieved 0.077 mS/cm? with an average conductivity of 0.058 mS/cm?.  The [1:30]2:1:5
composition achieved 0.552 mS/cm? for a single sample and had an average conductivity of
0.399 mS/cm?. Again in both groups, the [1:6.5]1:1:5 and [1:6.5]2:1:5 compositions had the
lowest conductivities for a single sample and on average. The lowest measured [1:6.5]1:1:5
GPE was 0.019 mS/cm? and the set of samples had an average of 0.028 mS/cm?. The lowest
measured [1:6.5]2:1:5 GPE was 0.225 mS/cm? and the set of samples had an average of
0.288 mS/cm?. Again in both cases, the [1:15]1:1:5 and [1:15]2:1:5 compositions had neither
the highest nor the lowest performers, with averages of 0.042 mS/cm? and 0.326 mS/cm?
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Figure 4.8: Microscope images of cast GPE films at 40x magnification. Note that the images
were adjusted for clarity.
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Figure 4.9: Nyquist plot for one sample of [1:30]1:1:5 GPE composition with inset of points
closest to the origin.

respectively.

Considering that the ionically conductive medium was the electrolyte, increasing the
amount present relative to the amount of PVDF-HFP was expected to increase the ionic
conductivity, as shown here. In both groups of results the electrolyte with the most dilute
composition, [1:30], had the highest conductivity on average across the four replicates. How-
ever there were no significant differences in conductivity on average within each group. The
improvement in conductivity with the more dilute electrolytes was the result of the balance
between the number of charge carriers and their interactions with other particles in solution
[52]. Previous work showed that [BMIm][OTf] is not ionically conductive without the ad-
dition of a salt [42] and that an upper limit exists for the achievable conductivity relative
to the amount of dissolved salt [47]. Additional experiments to determine those limits are
recommended to find that limit.

These conductivity results helped elucidate which compositions might be good candidates
for use in full cells. Unfortunately models did not exist to correlate the conductivity of ionic
liquid-based electrolytes with their function in full cells. As a result, additional experiments
with full cells made from the total set of compositions had to be conducted.
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Figure 4.10: Effect of composition on ionic conductivity.

4.4.4 Cyclic Voltammetry

As discussed by Bard and Faulkner for compatible materials and chemistries, sweeping the
potential to negative values results in reduction. As the applied potential approaches the
reduction potential, current begins to flow as ions in vicinity of the electrode reduce and
additional ions move via diffusion to that surface. A peak of current occurs when all ions
on the surface have been reduced. As the applied potential passes the reduction potential,
a depletion area occurs on the electrode surface because the additional reduction reactions
are limited by how quickly the ions can diffuse to the surface. This causes the current to
drop, resulting in the characteristic peak. Oxidation occurs similarly with a limit in the rate
that ions can diffuse away from the surface [2]. Note that the experiments conducted here
used symmetric cells where both electrodes were zinc foil. Thus the voltammograms were
also expected to be symmetric.

Each electrolyte composition exhibited reduction-oxidation (redox) peaks and axis sym-
metry about the origin indicating a reversible reaction, as shown in Figure 4.11. Note that
the results shown in the figure are for the sixth cycle of each test cell. The oxidation of zinc
to a Zn®T ion and two electrons has been shown to occur at -0.76 V vs. Zn?*/Zn. With
non-idealities in the system, the peaks were expected to appear at that potential or one that
was slightly more negative. In each case, the compositions with the [1:6.5] salt concentra-
tions exhibited the highest current densities, with the composition [1:6.5]1:1:5 achieving the
highest measured discharge current of 14.43 mA /cm?.

The peaks corresponded to the reduction and oxidation of zinc at the interfaces, as noted
previously. Thus it was expected that higher concentrations of salt would yield higher current
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Table 4.6: Design of experiments for gel polymer electrolyte investigation.

Zn(OTf),:[BMIm|[OTf] mass ratio

[1:6.5] | [1:15] [1:30]

[1:0]

Electrolyte:PVDF-HFP mass ratio | [2:1]

[1:1]

densities. It is interesting, though, that both the [1:6.5]1:1:5 and [1:15]1:1:5 compositions
achieved higher current densities than [1:6.5]2:1:5 and [1:15]2:1:5 which had more electrolyte.
The PVDF-HFP may have introduced impurities into the electrolyte causing additional side
reactions and an increase in current density. If that was the case, then it would be plausible
that the further dilution of those impurities with more electrolyte would reduce the current
density. The difference in size of the spherulite-like structures may have also played a role.
In addition, the presence of PVDF-HFP caused an overall increase in the current density,
and at higher loadings may have also contributed to the drift of the redox peaks to potentials
farther from zero.

It was observed from the curves that each composition responded differently to the cy-
cling, where the redox peaks tended to either increase with each successive cycle, increase
immediately after the first cycle then decrease with each successive cycle, or increase after
the first cycle to a value and then remain approximately at that current density without any
clear directional trend. Figure 4.12 shows an example of the phenomena, which indicated
how the Zn?* concentration changed in the electrolyte with each cycle and potentially full
cell cycle life. Stable cells are more desirable, like that shown for composition [1:6.5]1:1:5.

4.4.5 Cycle Capacity

As detailed in the design of experiments, the compositions investigated herein are outlined
in Table 4.6.

Each electrolyte and GPE composition was cast, dried, and assembled into a wet stack
coin cell with a 1 em? stencil-printed composition A electrode and a 1 cm? piece of zinc foil
as previously noted. Each composition was run until failure or completion of 50 charge and
discharge cycles, whichever occurred first. The OCV of each cell was checked upon creation.
Each cell had an OCV between 1.1 V and 1.3 V. The results of the cycle tests are presented
in Figure 4.13.

Relative to the other compositions, the cells with an electrolyte composition [1:6.5]
achieved the highest discharge capacity. As the salt concentration became more dilute,
the average discharge capacity decreased. These results ran counter to those achieved from
the ionic conductivity experiments: the more dilute compositions had higher ionic conduc-
tivities whereas the more concentrated compositions had higher discharge capacities. As
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Figure 4.12: Comparison of [1:6.5]1:1:5 an [1:30]2:1:5 gel polymer electrolyte compositions
over cycles 3 through 6 for cyclic voltammetry. Note the difference in scales.

noted previously, a balance between the number of charge carriers and the interactions that
occur in solution can affect ionic conductivity [52]. During cell discharge, however, reactions
did occur at the interfaces of the working and counter electrodes whereas no interfacial re-
actions occurred when measuring ionic conductivity because blocking electrodes were used.
The results here indicate that a higher density of charge carriers had a beneficial impact on
discharge capacity. Despite this a saturation limit of Zn(OTf), in [BMIm][OTf] has not yet
been experimentally quantified.

Upon investigating the cycle lives of the the cells, the cells created with the compositions
without PVDF-HFP had much lower cycle lives. The single [1:6.5]1:0 cell that had the longest
life also had the lowest discharge capacity of the four tested for that composition. Across
the entire experimental set, enough outliers existed that no definitive trend for capacity
versus GPE composition could be determined by looking at these data. What was visible,
though, was that many cells with low discharge capacities achieved higher numbers of cycles
or completed the full set of 50 cycles before being taken off the tester. Also the total
accumulated discharge capacity, that is the sum of the discharge capacity per cycle, showed
that the majority of the cells produced ended up providing around 2 mAh/cm? over their
lives despite variations in cycle life and capacity, excluding the cells with any of the [1:30]1:0
compositions.

Figures 4.14 and 4.15 show the charge and discharge capacities and the cycle efficiency,
respectively, for the cells that attained the highest average discharge capacities for each elec-
trolyte composition. It is worthwhile to note how the cells without PVDF-HFP in their
electrolyte were much less stable than their counterparts with PVDF-HFP. Overall the ca-
pacity tended to decrease for each cycle as indicated by efficiencies higher than 100%. More
charge was being produced than was being put into the cells, thus it was likely that side
reactions occurred during discharge to produce more current. The capacity could also have
decreased as a result of irreversible replating of zinc onto the zinc foil. This would account
for efficiencies lower than 100%. Contrary to the other results, the [1:30]2:1:5 cell showed an
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Figure 4.13: Comparison of average discharge capacity per unit area, average discharge
capacity per gram of MnQOs, cycles to failure, and accumulated discharge capacity per unit
area for 4 samples of each electrolyte and GPE composition.

improvement in discharge capacity from 0.118 mAh/cm? on cycle 1 to 0.240 mAh/cm? at
cycle 9 before decreasing to 0.202 mAh/cm? on the final cycle. While this may have been at-
tributable to structural changes during the first several discharge cycles, further investigation
is required to understand why this occurred.
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Figure 4.16: SEM images of zinc foil, a printed MnOs electrode, and a [1:15]2:1:5 GPE from
a cell after cycling. A photograph of the printed MnO, electrode condition is included for
reference.
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4.4.6 Postmortem Analysis

It was important to investigate the system components after cycling to identify any potential
causes for short cycle lives or low capacity. Figure 4.16 shows SEM images from a zinc foil
electrode and a printed MnOs electrode after cycling. Several important phenomena were
visible. First was that zinc replated into its common hexagonal close-packed structure,
although many of the crystals grew orthogonal to the surface of the foil. This has been
observed for electrochemical systems with Zn(OTf), dissolved in [BMIm|[OTf] [42]. Adjacent
to the hexagonal crystals, though, ZnO mesocrystals were found. These have been shown
to form in room-temperature environments with an abundance of OH™ ions, commonly
with Zn?*:OH™ ratios of 1:2 to 1:8 [79]. No additional materials were dissolved into the
electrolyte aside from the Zn(OTf),, so side reactions most likely occurred to form Zn(OH)~
and/or free OH™ ions that in turn reacted to form ZnO. These materials are considered to
be undesirable in zinc batteries because they form ZnO that passivates the elemental zinc
surface and removes Zn?* ions from the desired set of electrochemical reactions.

Conversely the printed MnO, electrode seemed to breakdown during cycling, as visible in
Figure 4.16. This phenomenon has been noted by other researchers working with Zn/MnO,
cells with a KOH electrolyte [58]. For the chemistry noted here, this could have been
attributable to the low mass of PVDF-HFP in the ink resulting in a structurally weak film.
On discharge, the MnO, electrode has been hypothesized to allow zinc to intercalate into
its crystal lattice, thus it would have to swell as it absorbed the additional material. It
was likely that at some critical saturation point, then, the film would begin to break apart.
This could be counteracted by using additional PVDF-HFP in the electrode recipe, but as
mentioned previously, too much could coat the majority of the reactive material and render
the electrode electrochemically inactive.

It was difficult to separate the GPE from the zinc electrode because, as the cell cycled
and zinc dissolved and replated, it began to grow into the GPE layer, as shown in Figure
4.16. While this result was beneficial because it suggested that the Zn?* ions were mobile
through the polymer and not simply in the pores between the spherulites, it could have
ramifications for the limits with which the cells could cycle. If the zinc foil did not fully
reform on the charge cycle, it could, for all intents and purposes, be losing active material
and result in a reduced capacity as the number of cycles grew.

Zinc dendrites, were not found on either the zinc surface or in the GPE. This has been
shown previously for dried, [BMIm][OTf]-based electrolytes [42], but not for the same mate-
rials prepared in ambient conditions, as investigated herein. While the presence of the ZnO
mesocrystals indicated that side reactions with oxygen were likely, their presence was rare
on the investigated surfaces.
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4.5 Conclusions

This chapter investigated the function and effect of the electrolyte and GPE composition
in affecting the performance of Zn/MnO; cells. The rate of drying, film morphology, ionic
conductivity, cell capacity and postmortem cell conditions were investigated using thermal,
electrical, and optical methods. Three compositions of electrolyte with three compositions of
gel were produced, cast, and implemented to better understand the limitations of the system
and materials used within this research.

The results presented here indicate that the ionic conductivity, a metric traditionally used
to determine the quality of an electrolyte, was not a good indicator of overall cell capacity.
Conversely, electrolytes with higher concentrations of salt had, on average, low conductivities
but also higher capacities. The development of an optimal ratio of Zn(OTf),:[BMIm]|[OTf]
should be a focus of additional experiments moving forward, whereby the saturation limit
of Zn(OTf)y in [BMIm][OT{] can be found.

Depending on the amount of electrolyte present, the GPEs had different morphologies.
Inspection of the films showed that, while GPEs with more electrolyte yielded greater con-
ductivity, they were much weaker than their lower concentration counterparts. While using
the punch to cut out a disc, the 2:1:5 compositions sometimes broke apart and were very easy
to cut, while the 1:1:5 compositions were very tough and often required the additional use
of scissors to cut out the disc. There was no direct indication that the cell performance was
affected by the size of the spherulite-like structures or a higher concentration of electrolyte
from the number of samples for each composition presented here. A large number of cells
for a single composition is recommended to illuminate the issues presented here.

From the postmortem results, the breakdown of the MnOs electrode was a likely cause of
cell failure. As such, alternative compositions with additional PVDF-HFP are recommended
to provide additional structural stability and flexibility during cell cycling. The deposition
of zinc within the GPE could also have caused a reduction in capacity.

A greater interest must be taken in the interfacial mass transport and reactions to de-
termine both an optimal electrolyte composition and optimal GPE morphology. Drying
time and temperature may also heavily affect these qualities, but special care to observe the
thermal limits for PVDF-HFP must be observed to prevent the production of HF vapor.

Overall the results presented in this chapter indicate that a higher concentration of salt,
that is the [1:6.5] electrolyte compositions, have the best performance for cycle life, discharge
capacity, and current density.
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Chapter 5

Water-Electrolyte Interactions

5.1 Introduction

This chapter investigates and quantifies the function, composition, and effects of the pres-
ence of water within [BMIm|[OTf]-based electrolytes at different concentrations in order to
improve cell capacity and manufacturing yield. Different quantities of Zn(OTf), salt were
dissolved into the [BMIm][OTf] ionic liquid to form the electrolytes and acquire initial satu-
ration data. Focus was given to the mass ratio of [1:15] for Zn(OTf)s:[BMIm][OTf] to reduce
the number of compositional variables to investigate. Section 5.2 provides a brief overview
of Karl Fischer titration, the main method used to determine the amount of water present
within each electrolyte. Section 5.3 provides an overview of the methods used to conduct
this research include the design of experiments, gel polymer electrolyte manufacturing, and
Karl Fischer titration. Section 5.4 discusses the results acquired for Karl Fischer titration,
cyclic voltammetry, cell cyclability, and postmortem analyses. Finally, Section 5.5 details
the final conclusions that can be discerned from the results presented herein.

5.2 Electrochemical Methods

This section presents the fundamentals associated with Karl Fischer titration and the chem-
istry used to determine how much water is present in a tested material.

5.2.1 Karl Fischer Titration

Karl Fischer titration is a robust, rapid way of determining the amount of water contained
within a given sample. The method uses a methanolic solution to react with water in specific
molar quantities, given by

H,0 + L, + [RNH]SO,CH, + 2 RN —» [RNH]SO,CH, + 2 [RNH]I (5.1)
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Figure 5.1: Common coulometric titrator equipment setup.

where RN is a base. A basic requirement of all Karl Fischer reactions is the reaction of
sulfur dioxide with the alcohol producing a monoalkyl ester of the sulfurous acid [70].

Coulometric titration is a common way of measuring water in a sample via the Karl
Fischer reaction. A direct current must be applied to generate iodine from iodide dissolved
in the system. This system then “counts” the amount of current required to produce the
iodide which is directly proportional to amount of water in the sample [15].

The system is commonly setup with a titration cell containing the anolyte. For a
diaphragm-less generator electrode, as is used in this research, the cathode is small and
placed in such a way so that the iodine will react with the water before reaching it. A
measuring electrode is present to measure the voltage in the cell as the reactions are taking
place [29]. The typical coulometric titrator setup is shown in Figure 5.1.

5.3 Experimental Methods

This section details the manufacturing process used to produce each ionic liquid-based elec-
trolyte and the analytical methods implemented to analyze said electrolytes.
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Table 5.1: Design of experiments to investigate the effect of water on the [1:15] electrolyte
composition.

Water concentration

Dry | +0.5% Water | +3.0% Water

[1:0]

Electrolyte:PVDF-HFP mass ratio | [2:1]

[1:1]

5.3.1 Design of Experiments

This research investigated the effects of water saturation relative to the amount of Zn(OTf),
salt dissolved within [BMIm]|[OTf], the ability of each composition to create solid gel polymer
electrolytes when added to PVDF-HFP, and cell performance as affected by the presence of
water. Salts are typically added to ionic liquids to produce functional electrolytes [35, 67, 85].
Three concentrations of salt were chosen with Zn(OTf)s:[BMIm|[OTf] mass ratios of [1:6.5],
[1:15], and [1:30] to determine how pronounced an effect the salt had on the saturation
of water. Because so little was known about the interactions of such salts, ionic liquids,
and water the [1:15] composition was chosen to be investigated in greater detail. That
composition of electrolyte was dried and saturated to acquire specific quantities of water.

Table 5.1 describes the water concentrations and gel polymer electrolyte concentrations
investigated for the [1:15] electrolyte. Compositions without PVDF-HFP are examined to
provide a reference point for the cells with PVDF-HFP. The GPE concentration [1:1] parts by
mass of electrolyte to PVDF-HFP was based on previous research [31]. A GPE concentration
[2:1] was also investigated to determine how a heavily electrolyte-dominant GPE would affect
cell performance and structural stability. Dry materials were used to provide a basis of
comparison to compositions as additional water was added. Deionized (DI) water was then
added as a percent of the initial electrolyte weight to produce solutions with 0.5% and 3.0%
additional water. Thus for 1 g of electrolyte the addition of 3% of DI water represented a
total of 1.03 g of solution. These values were chosen to provide a spread of concentration
values relative to the maximum saturation limit of 4.69% as shown in the literature for
[BMIm]|[OTf] [10].

5.3.2 Electrolyte Manufacture

To produce each electrolyte, the [BMIm]|[OTf] ionic liquid was first pipetted into a bottle
with the desired mass. Then, the desired mass of Zn(OTf)s was measured on weigh paper
before being added to the ionic liquid. Upon adding the salt to the ionic liquid, the mixture
was placed on a hot plate between 80-90 °C for approximately 24 hours to allow the salt to
dissolve. Upon completion, no salt remained at the bottom of the bottle, and the solution
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was transparent but exhibited a slight amber color.

Deionized (DI) water was added to the electrolytes by using the electrolyte solution as
a reference. The mass percentage of DI water added was the corresponding mass percent of
the solution.

5.3.3 Electrolyte Drying and Saturation

To dry the electrolytes, each was placed in a vacuum oven (Jeio Tech, OV-11) at 100 °C with
the pressure reduced to approximately -0.09 MPa gage for 48 hours. Upon completion, the
temperature was allowed to slowly return to room temperature. The oven was then refilled
with argon (Praxair, 5.0 Ultra High Purity) to return the chamber to ambient pressure. The
electrolytes were then immediately moved into the glovebox containing a dry (-78 to -79 °C
dew point, 0.1 to 0.0% relative humidity) argon environment with between 0.17 and 0.25
parts per million (ppm) of oxygen. Test quantities were then removed from the glovebox via
pipette in order to perform Karl Fischer titration.

The Zn(OTf), salt was also dried under the same conditions before being transferred into
the dry glovebox. The dried salt was then added to [BMIm|[OTf] that was only opened in
the dry, argon environment of the glovebox to ensure low quantities of water.

5.3.4 Karl Fischer Titration

The mg of water/g of solution in each electrolyte was determined with a Mettler Toledo
DL39 Karl Fischer Coulometer with a diaphragm-less electrode located in an argon-filled
glovebox. The titration cell was filled with 100 mL of AQUASTAR CombiCoulomat Fritless
Reagent (EMD Millipore, 1.09257).

After turning on the system, the standard startup procedure with code 911 was used.
This procedure first reacted with any water absorbed from the environment to obtain a
steady-state value. Then the system calibrated itself by measuring the amount of water
absorbed into the anolyte per minute. The solution was allowed to equilibrate until the drift
from absorption of water within the glovebox atmosphere was less than 10 ug/min. The
bottle containing the electrolyte to be analyzed was then placed on the scale and used as the
tare weight. A sample of material was drawn into a pipette, the button labeled “Sample”
was pressed, and the material was added to the titrator solution under the white stopper.
The pipette was placed back on the scale to obtain an exact weight of mass added to the
titrator solution. The negative value on the scale was then entered on the titrator for the
system to calculate the mg/g of water in the sample.
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Table 5.2: Amount of water present in electrolyte compositions with Zn(OTf)s:[BMIm|[OTf]
mass ratios of [1:6.5], [1:15], and [1:30] as determined by Karl Fischer titration after drying
in a vacuum oven. Note that the units are mg of H,O per gram of solution.

Composition | Sample 1 | Sample 2 || Average
[1:6.5] Dried 9.172 9.231 9.202
[1:15] Dried 5.739 5.696 5.717
[1:30] Dried 3.196 3.196 3.196

Table 5.3: Amount of water present in electrolyte compositions with Zn(OTf)s:[BMIm]|[OTf]
mass ratios of [1:6.5], [1:15], and [1:30] as determined by Karl Fischer titration after being
mixed in ambient conditions for 24 h. Note that the units are mg of HyO per gram of

solution.

Composition | Sample 1 | Sample 2 || Average
[1:6.5] Saturated 89.24 88.56 88.90
[1:15] Saturated 64.54 54.49 59.51
[1:30] Saturated 57.13 56.04 56.58

5.4 Results and Discussion

5.4.1 Water Absorptivity

The water sensitivity of the electrolyte was first examined by creating several electrolyte
compositions with varying masses of dissolved salt. Electrolyte compositions of [1:6.5], [1:15],
and [1:30] mass ratios of Zn(OTf),:[BMIM][OTf] were produced in ambient conditions with
a temperature of 22-24 °C and relative humidity of approximately 40% for investigation.
They were then dried according to the procedure described previously. Samples of each
composition were also allowed to mix on a vortex mixer at 800 revolutions per minute (rpm)
for 24 hours to determine upper limits of saturation from humidity.

As expected the electrolytes with the higher salt concentrations were able to absorb
more water, as shown in Tables 5.2. Research has shown that the anion plays a major role in
water sorption into ILs [10], and the system is being flooded with anions with the addition of
Zn(OTf), to [BMIm][OTf]. Importantly, though, solubility of water was also found to depend
on hydrogen bonding with the cation [21]. Apparently this influence allowed the electrolytes
to retain large quantities of water after drying, between 0.31% and 0.92% depending on
the salt concentration. This finding is important because it means that high heat and low
pressure are insufficient mechanisms to completely remove water from these materials once
they have absorbed it.

The amount of water absorbed by the electrolytes from ambient conditions is described



CHAPTER 5. WATER-ELECTROLYTE INTERACTIONS 74

Table 5.4: Amount of water in an electrolyte composition with a Zn(OTf)s:[BMIm]|[OTf]
mass ratio of [1:15] as determined by Karl Fischer titration with different amounts of deion-
ized water added. The ionic liquid [BMIm]|[OTf] was tested without any Zn(OTf), salt as a
reference. Note that the units are mg of HyO per gram of solution.

Composition Sample 1 | Sample 2 || Average
[BMIm|[OTf] Only 0.0447 0.0437 0.0442
[1:15] Unexposed to ambient 1.3786 1.6283 1.5035
[1:15] + 0.5% of solution 13.9084 14.6939 14.3012
[1:15] + 3.0% of solution 26.3974 25.5406 25.9690

in Table 5.3. As stated previously, the saturation limit determined by Cao et al. for
[BMIm|[OTf] was 4.69% of water [10]. With the addition of salt, though, that value has
nearly doubled for the electrolyte with the highest concentration of salt. In all cases, after
24 h of mixing in ambient conditions, the electrolytes had absorbed more water than pure
[BMIm]|[OTf]. The highest observed saturation was the [1:6.5] composition where approxi-
mately 8.9% of its mass was water.

Xu et al. observed that the addition of water up to 0.5% to 1-butyl-1-methylpyrrolidinium
bis(trifluoromethanesulfonyl)imide (BMP-TFSI) approximately doubled the diffusion coefhi-
cient for Zn?* ions while 2.0% added water improved the reversibility of zinc redox reactions
[86]. Despite the material used in the study, this result seems to encourage the addition
of water within ionic liquid-based electrolytes although the quantity added must be tightly
controlled.

The [1:15] electrolyte composition was chosen to be focused on because of its mid-range
propensity for retaining water from the salt concentrations already investigated. The results
from the addition of different quantities of water are presented in Table 5.4 including the
results for dry [BMIm|[OTf] that had not been exposed to an ambient atmosphere and was
packed in argon. As expected, the pure [BMIm][OTf] was incredibly dry with a composition
of only 0.004% water. Despite being dried at an elevated temperature and low pressure, the
Zn(OTf), salt seemed to retain a large quantity of water. When it was added to the dry
[BMIm|[OTY] it increased the water content to 0.15%. The other electrolytes with 0.5% and
3.0% water added were created simultaneously with the same container of [BMIm]|[OTI].
Interestingly the electrolyte with the 0.5% water added yielded a composition with approxi-
mately 1.4% water in total, and the electrolyte with 3.0% water added yielded a composition
with approximately 2.6% water in total. The result of this discrepancy from the additional
water is unknown, although the environment, salt, and exposure may have played roles. It
should be noted that in order to conduct Karl Fischer titration measurements the containers
had to be opened when placed in the transfer chamber during pump down for insertion into
the glovebox. It is also unknown if this had any significant effect.



CHAPTER 5. WATER-ELECTROLYTE INTERACTIONS 1)

5.4.2 lonic Conductivity

Each GPE composition noted in Table 5.1 was cast and placed in a clean Swagelok cell to
run EIS using the previously discussed settings and conditions. It is interesting to note that
the addition of water did not have a pronounced effect on the conductivity of the GPEs.
For the 1:1:5 compositions, samples with 0.5% water and 3% water added had average ionic
conductivities of 0.0297 mS/cm and 0.0286 mS/cm respectively. For the 2:1:5 compositions,
the 0.5% water and 3% water added samples had average ionic conductivities of 0.318 mS/cm
and 0.324 mS/cm respectively. Inspection shows no significant difference between the data
for the +0.5% and +3.0% water samples. As expected, the addition of more electrolyte
provided the greatest benefit to the ionic conductivity with a 10x increase in value.

Importantly the GPEs produced within the glovebox did not sweat. As shown by previous
researchers, ILs have the propensity to absorb water at elevated temperatures [9]. Within the
glovebox, though, very little water was present as the dew point was measured between -79
and -80 °C. Thus it seemed that the sweating was at least partially related to the presence
of water in the environment. It should be noted that each EIS experiment was conducted
without the addition of electrolyte at the interfaces of the GPE and the blocking electrodes.
This along with the lack of sweating to produce a decent interface may account for the
difference in ionic conductivity between the dry [1:15]2:1:5 sample and the others that were
produced in ambient conditions with additional water.

It should also be noted that there was a significant color change. Inside the glovebox,
the dried GPEs remained transparent or whitish, while those dried in air became yellowish
or amber, especially at the corners of the coin cell can they were cast in. This may be
due to the presence or creation of ZnO that is known to have a yellowish to reddish color
under some circumstances. Srikant and Clarke, while investigating the optical band gap of
ZnQO did propose that “heating ZnO in air at high temperatures could enhance the color”
and that it could be related to oxygen vacancies [75]. As shown previously, the GPE was
not a monolithic, perfectly smooth material, thus there could have been many locations for
oxygen to adsorb and enhance the color. Both the sweating and color differences are shown
in Figure 5.3.

5.4.3 Cyclic Voltammetry

Each composition was made with the previously discussed method where two pieces of zinc
foil sandwiched a wetted GPE or pure electrolyte sample. These samples then had cyclic
voltammetric tests performed on them to determine if redox peaks were present and to
qualify them if found. The results of which are shown in Figure 5.4.

The cells with 0.5% additional water exhibited the tallest redox peaks between 5 mA and
8 mA. The [1:15]1:0 cell with 0.5% additional water had well defined peaks around the 0.76 V
and -0.76 V expected for the oxidation and reduction of zinc. Upon adding PVDF-HFP, the
peaks became less well defined as the potential window within which reactions were found to
occur expanded. While the addition of PVDF-HFP may have resulted in some side reactions
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Figure 5.2: Effect of composition and water content on the ionic conductivity. Note that the
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[1:15]2:1:5 Dry

+0.5% Water [1:15]2:1:5 +3.0% Water

> )

Figure 5.3: Difference in sweating for each GPE composition.
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and a shift in the peaks, this phenomenon did not occur in every sample. The extrema for
the [1:15]1:1:5 with 3.0% additional water sample did not shift after the PVDF-HFP was
added and actually saw a reduction in the redox peak. It is unknown why this occurred but
it indicated poor reaction kinetics at the interface, at least for zinc. Across all of the samples
that had 3% water added the peaks were very poorly defined and could indicate that full
cells with this electrolyte composition would perform poorly. The dry [1:15]1:1:5 actually
saw a slight improvement in the definition of the peaks at the desired potentials when the
PVDF-HFP was added. As the composition changed such that there was more electrolyte
than polymer as in the 2:1:5 sample, the peaks again began to revert back to where they
were in the sample with no PVDF-HFP.

Overall the results indicated that full cells produced with 0.5% additional water might
have better performance than the other compositions, and that cells with PVDF-HFP, specif-
ically [1:15]1:1:5, could be the best. The results also indicated that there is most likely an
optimal amount of water that should be present within the electrolyte to enhance perfor-
mance. The presence of water, though, would also result in the possibility of that it could
be electrolyzed at potentials at or above 1.2 V. This was expected to be seen within the CV
samples generated, but from the results was not clear. Additional experiments with interme-
diate amounts of dissolved water are required to determine if the electrolysis of water would
show distinct peaks and/or dominate the reactions within the cell.

5.4.4 Cell Cyclability

Each electrolyte and GPE composition was cast, dried, and assembled into a wet stack
coin cell with a 1 cm? composition A electrode and a 1 cm? piece of zinc foil as previously
discussed. To reiterate composition A was composed of 90% MnOs, 6% acetylene black, and
4% PVDF-HFP as mass fractions of the solid materials. Each composition was run until
failure or completion of 50 charge and discharge cycles, whichever occurred first. The results
of the cycle tests are presented in Figure 5.5. Note that the [1:15]1:0 dry composition yielded
no cyclable cells and the [1:15]1:0 +3.0% water composition yielded only 3 cyclable cells.
Despite this, spaces for each of those cells produced remain for graphical consistency and
discussion. Upon cell creation, the OCV was tested for each cell. While the cells produced
in air with additional water had OCVs between 1.1 V and 1.2 V, the dry compositions all
had OCVs between 0.9 V and 1.1 V with the majority closer to 0.9 V.

The cells made were cycled, as noted previously, with a constant current charge of 0.060
mA up to 1.8 V, followed by 3 minutes being held at 1.8 V with a decreasing current,
followed by a discharge of 0.060 mA down to 1.0 V, finally ending with a 3 minute rest
after discharge. As is visible in Figure 5.5, the distribution of performance among the cells
with electrolyte and GPE compositions that had water added was very high, from average
discharge capacity to cycles to failure and accumulated discharge capacity. For the [1:15]2:1:5
and [1:15]1:0 compositions, the samples with 3.0% additional water achieved the highest
discharge capacities of 0.289 mAh/cm? and 0.399 mAh/cm?, respectively. The samples with
0.5% additional water for those electrolyte compositions were not far behind, though. They



CHAPTER 5. WATER-ELECTROLYTE INTERACTIONS 78

Dry 1:0 +0.5% Water 1:0 +3.0% Water 1:0

10 10 10

5 5 5

e | o ¢ =

-5 -5 -5

-10 -10 =10
-20-15-1.0-05 00 05 1.0 15 20 -20-15-10-05 00 05 1.0 15 20 -20-15-10-05 00 05 1.0 15 20

Current Density (mA/cm?)
o

Dry 1:1:5 +0.5% Water 1:1:5 +3.0% Water 1:1:5
‘E 10 10 10
(S
E 5 5 p 5
=
-“5)’ o?é 0 o 0
c
[}
O 5 -5 & -5
€
[0}
£ -10 -10 -10
O -20-15-1.0-05 00 05 1.0 15 20 -20-15-1.0-05 00 05 10 15 20 -20-15-1.0-05 0.0 05 1.0 1.5 2.0
_ Dry 2:1:5 +0.5% Water 2:1:5 +3.0% Water 2:1:5
5§ 10 10 10
<
E 5 5 5
2 0
g O?——& 0 e 0
[0
: yorg
E _5 _5 _5
o
S -10 -10 -10
-20-15-10-05 00 05 1.0 15 20 -20-15-10-05 00 05 1.0 15 20 -20-15-10-05 0.0 05 1.0 15 2.0
Potential (V vs. Zn/Zn?*) Potential (V vs. Zn/Zn?") Potential (V vs. Zn/Zn?*)
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achieved 0.242 mAh/cm? and 0.345 mAh/cm? for the [1:15)2:1:5 and [1:15]1:0 compositions
respectively. The [1:15]1:1:5 samples, though, did not show the same trend. The samples
with 0.5% water added showed a marked improvement in their discharge capacity, although
their cycle lives were dramatically lower. Upon investigating their accumulated discharge
capacity over the entire cell lifetime, each group of cells performed very similarly with around
1 mAh/cm?.

The cells with the least amount of water present, despite exhibiting the lowest capacities,
had the longest cycle lives and the most consistent performance across multiple cells. The dry
[1:15]1:1:5 cells had an average discharge capacity of 0.0246 mAh/cm? where the maximum
was 0.0296 mAh/cm? and the minimum was 0.0207 mAh/cm?. The dry [1:15]2:1:5 cells
achieved approximately twice discharge capacity with an average of 0.0529 mAh/cm?, a
maximum of 0.0573 mAh/cm?, and a minimum of 0.0442 cm?. All of these cells lasted
through 50 cycles and, as visible in Figures 5.6 and 5.7, had virtually no drop in capacity
and very stable efficiencies over the number of cycles tested.

As mentioned previously, not a single dry [1:15]1:0 cell could be cycled at all. None could
be charged at the start of cycling to attain the 1.8 V like all of the other samples. The same
cathode material was used for all of the cells and every dry sample for the dry [1:15]1:0, dry
[1:15]1:1:5, and dry [1:15]2:1:5 compositions was produced within the same 24 h period. It is
unknown whether this was a function of the polyolefin separator material, the lack of water,
or unforeseen problems with the electrodes.

When investigating the best performers for each composition in Figures 5.6 and 5.7,
the most visible trend was that cells with the highest capacities lasted the fewest number
of cycles. They also tended not to have stable efficiencies over their lifetimes. Conversely
the lowest capacity cells lasted the greatest number of cycles and had much more stable
efficiencies. While not necessarily common throughout all of the best performers, when the
capacity changed dramatically from cycle to cycle it seemed to indicate that the cell would
soon fail. This was the case for the best samples for the [1:15]1:0 sample with 0.5% additional
water and [1:15]2:1:5 sample with 3.0% additional water.

5.4.5 Postmortem Cell Analysis

After conducting cycling tests, several cells were opened and the Zn foil within was investi-
gated with an SEM as shown in Figure 5.8. Note that each piece of foil was dabbed dry with
a Kimwipe before imaging because the ionic liquid on the surface would not reflect electrons
to produce an image in the SEM.

The foil from the cell with a [1:15]2:1:5 GPE and 3.0% additional water had a very rough
surface with many zinc oxide mesocrystals. With the cells operating between 1.8 V and 1.0
V, it is possible that some amount of the water electrolyzed releasing hydrogen and oxygen.
The generation of zincate and zinc oxide from the hydrogen and oxygen could explain the
appearance of these structures, although they were not visible in any of the other samples
investigated. At such a high density, the impedance of the cell could have risen to the point
where the oxidation of zinc would become unfavorable. Conducting EIS as the cells cycle
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Figure 5.5: Comparison of average discharge capacity per unit area, average discharge ca-
pacity per gram of MnQOs,, cycles to failure, and accumulated discharge capacity per unit
area for 4 samples of each electrolyte and GPE composition with varying water content.
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for each electrolyte composition with additional water.
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Figure 5.7: Coulombic efficiencies (charge out/charge in) for cells that attained the highest
discharge capacities for each electrolyte composition with additional water.
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would confirm this hypothesis. As discussed previously, the cells with 3.0% additional water
in the electrolytes attained the highest discharge capacities. If the reactions that produced
zincate and zinc oxide also produced electrons, whether directly or through additional side
reactions, then that could account for the better performance.

The foil from the cell with the GPE composition of [1:15]2:1:5 but with only a minimal
amount of water had the surface with the fewest features that would indicate reactions. The
striations within the foil due to zinc dissolving and replating are plainly visible and did not
appear to have undergone any significant changes. The blemishes were likely to be ionic
liquid that, as previously stated, did not reflect sufficient electrons to produce a clear image.
Due to being a liquid they would appear cloudy in the image, as was likely the case here.
There was the appearance of particulates on the surface, though. It is unknown whether
these were from the Kimwipe or not but they were plainly visible and in locations without
the blemishes. The low discharge capacity for all cells using this GPE composition would
indicate few reactions of the zinc foil and these images seem to confirm that.

The surface of the zinc foil for the [1:15]1:0 composition with 0.5% water added had the
largest change in the surface features. It appeared that either grains within the metal were
exposed or new grains formed as the zinc replated. This created a unique pattern all across
the surface of the foil. The surface was also very rough, and as a result many pockets of
electrolyte were trapped, hence the plethora of cloudy, black spots. Among all of the samples
investigated, this exhibited the clearest proof that reactions did occur on the foil as desired.

Finally the surface of the [1:15]1:1:5 composition with 0.5% water added appeared to
have the most fouling despite drying with the Kimwipe. A great deal of the surface was dark
as a result of some non-reflective substance, potentially electrolyte. This fouling could have
been the cause of the low cycle life as shown by all of the cells with this GPE composition. A
spectroscopic analysis of the surface is recommended to identify what exactly the substance
or substances are.

The other main failure mechanism visible in the cells was the breakdown of the printed
MnO, electrode, as noted previously. Figure 5.9 shows SEM images of two electrodes after
cycling. The MnO, electrode in this figure and the zinc foil in Figure 5.8 were both from
the cell with a [1:15]2:1:5 dry composition. The printed electrode did not appear to break
down even after 50 cycles.

Conversely, the printed MnO, electrode from the cell with the [1:15]1:0 + 0.5% additional
water GPE began to show some breakdown, as the spherulite-like structures were not as well
defined. Again, this correlated well with the zinc foil it was paired with in that the zinc
was likely plating and deplating during cycling. Additional experiments with XRD are
recommended to identify whether intercalation of Zn?* occurred because such a mechanism
could cause significant shape change and breakdown of the electrode.

Electrode breakdown was very prevalent in the cells that contained [1:15]1:1:5 + 0.5%
water GPE and the [1:15]2:1:5 dry GPE, as shown in Figure 5.10. The MnO, electrode in
the cell with the [1:15]1:1:5 4+ 0.5% water GPE almost completely dissolved. This could
have been the reason for the fouling on the zinc foil surface. It is interesting to note that
not all electrodes experienced this, so the electrolyte, which was common in all of the cells,
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Figure 5.8: SEM images of Zn foil surface from several cells after cycling.
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Figure 5.9: SEM images of MnO, electrode from several cells after cycling.

was likely not the main contributor to the breakdown.

5.5 Conclusions

From the results presented, the presence of water did have an impact on cell performance
and discharge capacity, although the mechanisms through which it acted are not completely
clear. The electrolyte itself is clearly very sensitive to water and has the ability to absorb a
great deal of it from the ambient environment. This is exacerbated by the addition of salt
to the IL which also affects how much water is absorbed.

Previous research indicated that the presence of water would improve the diffusion coef-
ficient of the electrolyte [86]. Despite this no significant change was present with the ionic
conductivity experiments between cells with +0.5% water or +3.0% water. This along with
the low ionic conductivity for the dry compositions could have been the result of poor in-
terfaces and differences in sweating. The addition of electrolyte at the interfaces in the
conventional Swagelok cell used here could provide conduction pathways outside of the GPE
as the electrolyte spreads out over the surfaces. To accurately test the ionic conductivity
with wetted interfaces, a new apparatus should be developed that ensures that the elec-
trolyte will not leak out around the edges of the GPE. The results can then be compared
with those here to determine the influence of composition and concentration of water on the
ionic conductivity.

The results from cyclic voltammetry do clearly indicate that an optimal concentration of
water in the electrolyte should exist where the redox peaks are highest. The electrolytes with
+0.5% water had the highest peaks overall, but this may not be the optimal composition.
Additional points between full saturation and the dry compositions must be created to
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Figure 5.10: Photograph of MnO; electrode from cell with [1:15]1:1:5 + 0.5% water GPE
after cycling.

optimize the GPE composition.

For cell cyclability, the presence of water and the use of a GPE or polyimide separator
had the largest effect on discharge capacity and cycle life. When very little water was
present in the electrolyte and no PVDF-HFP was used, not a single cell would cycle. With
the same dry electrolyte composition but with PVDF-HFP added, cells did cycle and had
very consistent capacities. The cells with additional water, though, did not have consistent
performance among the number of samples tested. Much larger data sets for each group are
recommended to determine variability within a composition.

Overall it is highly recommended to continue investigating the effect of producing cells
within an ambient laboratory environment. An optimal electrolyte composition should be
determined before conducting other experiments to determine variability within groups of
cells.
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Chapter 6

Component Optimization and
Integration

6.1 Introduction

6.2 Material Selection

6.2.1 MnQO; Electrode Ink Composition and Manufacture

The breakdown of the printed MnOs electrodes made from a composition A ink, as shown
in the postmortem analyses, likely indicated that there was too little PVDF-HFP to keep
the material together during cycling. Thus a new ink, composition C, was produced in the
hopes of improving cell stability and cyclability. As a first pass at empirical optimization,
the amount of PVDF-HFP was doubled from 4% to 8% while maintaining the 15:1 mass
ratio between the MnO, and AB with the knowledge that composition B with 30% PVDF-
HFP could not produce any usable cells, most likely because there was too much polymer
present. The final composition is presented in Table 6.1. Composition C was then made
using the same methods of weighing, vortex mixing, sonication, and gel production as noted
in Section 3.2.1. Upon completion of the ink, it was printed on 25.4 pm-thick stainless steel
foil using the method of stencil casing detailed in Section 3.2.3. Stencil casting was used for
manufacturing because of the consistent surface features it produced.

6.2.2 Electrolyte Composition and Manufacture

The [1:6.5] mass ratio of Zn(OTf),:[BMIm|[OTf] was found to have the highest redox peaks
and contributed to the highest capacity cells of all of the electrolyte and GPE compositions
investigated. GPEs with a mass ratio of 2:1:5 for electrolyte:PVDF-HFP:NMP also consis-
tently produced cells with higher discharge capacities, cycle lives, and ionic conductivities
than the 1:1:5 samples or even those without any PVDF-HFP. Thus to investigate a large
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Table 6.1: Ratio of all solid materials for first pass optimization of MnO, printed electrode.
NMP was added to achieve the desired rheology for printing.

Composition C
Material | Mass %
MnO, 86.25%
AB 5.75%
PVDFE-HFP 8%

number of cells with an optimal electrolyte composition, the [1:6.5]2:1:5 GPE was selected.
Taking into account the environment, the results in Chapter 5 indicated that the presence
of some water within the electrolyte was beneficial, although too much would be detrimen-
tal to discharge capacity. Thus dry [BMIm][OTf] was used with Zn(OTf), from ambient
conditions. They were mixed at ambient conditions to absorb some quantity of moisture,
although they were not left exposed to the laboratory air for any extended period of time
to prevent full saturation. The electrolyte and GPE were manufactured using the procedure
discussed in Section 4.3.2. A 15.88 mm (0.625 in.) diameter punch was then used to cut out
each disc of GPE for assembly within each coin cell.

6.3 Design of Experiments

It was important to determine the reproducibility and distribution of performance across a
large set of data after discovering a set of optimal compositions from previous investigations.
Thus a set of battery components were produced at the same time with the same materials in
the same environment. The two battery testers available each had 8 channels, thus at least 16
cells would have to be produced. Despite the knowledge and advancements presented in the
previous chapters, many aspects of the manufacturing process still could not be controlled.
Some factors include thermal gradients during drying as a result of placement within the
oven, printed electrode surface morphology between prints, particulate distribution, and gel
polymer morphology between casts.

In an effort to prevent bias of the results, random selection and random assignment were
used. Thirty-two printed MnO, electrodes of composition C were produced from four stencil
casts, each with eight 1 cm? squares. They were dried simultaneously in a sealed vacuum
oven at ambient pressure at 80 °C overnight, as discussed in previous chapters. Twenty-
eight casts of [1:6.5]2:1:5 were produced and also dried in a sealed vacuum oven at ambient
pressure at 80 °C overnight, as discussed in previous chapters. After removal from the oven,
they were allowed to cool to room temperature for several hours before assembly.

The central disc of the GPE was cut with the punch and the excess outer ring was
removed. In order to reduce waste, the coin cell cans were thoroughly cleaned and dried
with acetone and Kimwipes and used to produce the cells. In the can, a printed MnO,
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Figure 6.1: Battery tester setup and numbering convention.

electrode was randomly chosen from the set of thirty-two and wetted with 3-4 droplets of
[1:6.5] electrolyte. A [1:6.5]2:1:5 GPE was then randomly selected and assigned to that
printed MnOy electrode. The cell was then completed as a wet stack coin cell as per the
methods discussed in previous chapters, although only one spacer was used instead of two
to account for the thicker GPE.

From the resulting cells, their OCV was checked to ensure they exhibited a potential
above 1.0 V. Sixteen cells were then randomly selected and assigned to channels 1-1 through
2-8 as shown in Figure 6.1. The remaining 9 were used to test the utility of this compo-
sition via integration with a commercial off-the-shelf microcontroller (Texas Instruments,
MSP430G2231).

6.3.1 Statistical Functions

The variability within the data was captured with the mean and standard deviation. The
average discharge capacity statistics were generated over the 314 cycles from all of the cells,
whereas the cycles to failure and accumulated discharge capacity statistics were determined
from the results of the 16 cells. Note that the standard deviation was defined by

1 )2
s = HZ(% —I) (6.1)

i=1

where N was the number of samples, x; was the value of the metric at index i, and z was
the mean value of the dataset. N-1 was used instead of N because of the small number of
samples within the dataset. For completeness, the mean was defined by

T +x0o+ ...+,

~ (6.2)

T =
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6.4 Results and Discussion

6.4.1 Component and Cell Characteristics

The primary surface profiles of four stencil-printed MnO, electrodes were acquired in order
to determine their surface features. The surfaces for samples 1 through 4 are shown in Figure
6.2. Despite a slight depression in sample 1, all four electrodes had randomly distributed
peaks as expected from stencil printing. They also had very few holes or extreme variations
across the surface as determined by visual inspection. These qualities were confirmed by the
roughness and waviness metrics as described in Tables 6.2 and 6.3. Over the investigated
areas, the roughness values were all within 0.56 um of each other in both the inline and
orthogonal directions, which indicated relatively smooth surfaces. The values were also
lower than any of the results for compositions A or B by approximately 1 ym. The waviness
values were also lower than the compositions A or B by an even larger margin of 3 to 4 pm.

Table 6.2: Arithmetic average and root mean square roughness (R,, R,) and waviness (W,
W,) of stencil-printed, composition C, MnO, electrodes inline with the scanning direction
with the microscope. Note that all units are in pm.

Sample | R, R, W, W,

1 2.198 | 3.373 || 18.26 | 22.51
2 2.504 | 3.784 || 16.36 | 20.95
3 2.758 | 4.090 || 17.02 | 21.38
4 2.311 | 3.523 || 15.16 | 19.22

Table 6.3: Arithmetic average and root mean square roughness (R,, R,) and waviness (W,
W,) of stencil-printed, composition C, MnO, electrodes orthogonal to the scanning direction
with the microscope. Note that all units are in pm.

Sample | R, R, W, W,

1 2.341 | 3.540 || 15.50 | 20.03
2 2.547 | 3.891 || 16.14 | 20.68
3 2.453 | 3.844 || 15.70 | 19.83
4 2274 | 3.534 || 15.28 | 19.34

The electrolyte was tested on the Karl Fischer titrator to determine the amount of water
that was present after manufacturing. The results shown in Table 6.4 indicated that less
water was present than in the sample that was dried in the vacuum oven as discussed in
Section 5.4.1. This meant that the electrolyte could not be dried using conventional heating
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Figure 6.2: Primary surface profiles of stencil-printed MnO, electrodes with composition C.
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Table 6.4: Amount of water present in the electrolyte with a Zn(OTf)y:[BMIm][OTf] mass
ratio of [1:6.5] produced in ambient conditions as determined by Karl Fischer titration. Note
that the units are mg of H,O per gram of solution.

Sample | Water Content
1 7.6740
2 8.1230

once it passed a specific point of saturation or the vacuum within the oven was not low
enough and some moist air was present to resaturate the solution.

For the cells made with these components, the OCV was found to be between 1.39 V and
1.42 V with the majority biased toward 1.4 V and above. The yield for the cells made was
also 100%, that is every cell made had a high OCV and cycled on the battery testers.

6.4.2 Cell Cyclability

The 16 cells with the optimized components were cycled until they reached 50 cycles or
failed. The printed MnOs electrodes, GPEs, and full cells were all manufactured in large
batches simultaneously. Despite this the performance was expected to vary somewhat from
cell to cell. The results of the cycle tests are shown in Figure 6.3. Cell 2-5 exhibited the
highest average discharge capacity of 1.047 mAh/cm? over 9 cycles before failing resulting in
a summed discharge capacity over all of the cycles of 9.421 mAh/cm?. Cell 2-3 exhibited the
lowest average discharge capacity of 0.346 mAh/cm? yet had a summed discharge capacity
of 17.30 mAh/cm?. As noted in previous chapters, cells with lower capacities tended to have
longer cycle lives and thus higher accumulated discharge capacities like with cells 1-1 and
2-3 for example.

The cycle capacities for each individual cell are presented in Figure 6.4. As seen from
experimental results in previous chapters, the cells began cycling with a high capacity only
to have decreased performance as they continued. However after the first few of cycles, the
capacity seemed to plateau for many of the cells that survived past those initial cycles. It is
unknown what caused the outlier cycles in cells 1-1, 1-2, 1-3, and 1-5. The errant cycles in
1-2, 1-3, and 1-5 seemed to indicate that the cells would soon fail, which they did, although
that was not the case for cell 1-1. After that cycle it continued along the same discharge
trend as before.

In addition to the cycle capacities, the coulombic efficiencies were also generated, as
shown in Figure 6.5. Aside from those few cycles noted previously, the cells all exhibited
efficiencies at or nearly at 100%. This likely indicated that a mechanism other than side
reactions was the cause of the failure of the cells, of which the postmortem analyses will
investigate.

Figure 6.6 shows the data for each metric after being sorted to provide a clearer basis
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Table 6.5: Statistics for performance data of 16 optimized cells.

Mean | Standard Deviation
Average Discharge Capacity (mAh/cm?) | 0.551 0.180
Cycles to Failure | 19.63 14.75
Accumulated Discharge Capacity (mAh/cm?) | 10.81 5.744

of discussion on the distribution of results. The majority of cells had average discharge
capacities around 0.6 mAh/cm?, although there were a few outliers at the upper and lower
ends as noted previously. The cycle lives and thus the accumulated discharge capacities,
though, tended to split into two groups: those with cycle lives above 20 cycles and those
below 20 cycles. Six of the 16 cells achieved greater than 20 cycles with cells 1-1 and 2-3
achieving the full 50 cycles.

While the cells here achieved the highest capacities of all of the cells researched, the
variability tended to be high as noted by the large standard deviations, as shown in Table
6.5. Again, all materials and components were produced at the same time. This variability
could have been the result of many factors. Potential sources included thermal gradients
within the oven, surface morphology variations, polymer deposits within the printed MnO,
electrodes, or perhaps even the pressure applied when casting the electrodes with the stencil.

6.4.3 Postmortem Cell Analysis

As each cell failed it was taken off of the battery tester, opened, and inspected with and
without an SEM. A visual inspection of the cells showed what seemed to be the same
failure phenomenon. In every cell, the printed MnO, electrode delaminated off the stainless
steel foil current collector and adhered to the GPE. Micrographs and photographs of this
phenomenon are shown in Figures 6.9 and 6.10. This delamination could have been the result
of of repeated expansion and contraction of the cathode during cell discharge and charge. By
conservation of mass and the assumption that intercalation did indeed occur, the addition
of Zn%** jons into the MnO, lattice was expected to cause a potentially significant volume
change in the printed electrode material. An estimate for a 1 mAh discharge and a 100 ym
thick, 1 cm-square printed MnO, electrode with full intercalation of all Zn?* ions requires
a volume change of approximately 24%. The calculations for this estimate are provided in
Appendix B. In every case, failure also occurred near the completion of cell recharge between
1.5 and 1.8 V, as shown in Figure 6.7, with the majority between to 1.7 and 1.8 V, where
the printed MnOs electrode would be releasing the last intercalated ions. Thus something
critical, possibly the shape change and delamination from intercalation, tended to occur at
those potentials on discharge.

It should be noted that the printed MnO, electrode in the cell on channel 1-4, as shown in
Figure 6.9, did not dissolve or visibly mix with the GPE, but through some other mechanism
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Figure 6.3: Comparison of average discharge capacity per unit area, cycles to failure, and
accumulated discharge capacity per unit area for 16 cells each using the same optimized
component compositions.
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Figure 6.4: Per-cycle capacity for each cell tested.

bonded with it. Two other important things were visible in the images. First, the surface
of the printed layer that was in contact with the stainless steel foil appeared to be much
flatter than the other surfaces. Second, the polymer seemed to settle slightly and formed a
thin layer at the interface with the current collector, noted by the lack of bright particulates
at the surface. Both of these factors were likely the result of manufacturing methods, ink
composition, and ink mixing. Such a layer could increase the resistance at the interface
resulting in large voltage jumps at higher discharge or charge currents.

With several cells, it was difficult to remove the zinc foil from the GPE. In the case of
the cell that was on channel 1-3, separating the two components could not be done without
excessive force and potentially causing damage. Edge views of this bonded stack are shown
in Figure 6.8. The delamination of the printed MnO, electrode is also apparent on the top
of the GPE, as are changes to the surface of the zinc foil. The surface was found to no longer
be smooth as the result of repeated cycling. It is also likely that as the zinc replated onto
the foil that structures grew into the pores and through the GPE causing the two battery
components to bond together.

Interestingly the parts of the delaminated MnOs electrode matched geometrically with
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Figure 6.5: Coulombic efficiencies (charge out/charge in x 100) for each cell tested.
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Figure 6.7: Potential during cycling as the cell on channel 2-4 failed on the final cycle.

wear patterns on the zinc foil as shown in Figure 6.10. Despite wet interfaces, reactions
tended to occur at certain preferential locations in and around the center as opposed to over
the entire surface. The GPEs were known not to have perfectly flat surfaces, which may
account for the results shown.

While the surface of the zinc foil shown in Figure 6.9 for the cell on channel 1-4, part of
the first group to fail, showed a relatively clean surface despite pitting, the foil from the cell
on channel 2-5 with the highest discharge capacity exhibited very different features. Optical
inspection showed a much rougher surface, while SEM images showed many different types
of growths. While some ZnO mesocrystals formed predominately at the edges, the majority
of the surface had bright, rough structures. They were in contact with the zinc and often
adjacent to or in contact with locations where striations from replating were visible. These
structures were most likely zinc in nature owing to how bright they were in the SEM image.
It is possible that they were either the basis or part of dendrites that may have formed. While
not tree-like in structure, their presence and structure indicated additional mechanisms at
play in the cells. An investigation of the surface of the GPE showed how these structures
adhered to and potentially grew into the GPE. There were many bright spots that were
partially occluded and blurry, likely because the structures grew into the GPE. The edge
view did not clearly show bright structures throughout the GPE, but did show how zinc
plates formed on its surface. The act of separating and handling the materials to acquire
these images could have removed many of the features that would be indicative of dendrite
growth. Despite the appearance of these structures, the results suggested that the zinc could
transport through the GPE and not only its pores, as noted by the occluded bright spots on
the top view of the GPE.
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Figure 6.8: SEM images of the edge view of the cell on channel 1-3 where the zinc foil and
MnOs bonded to the GPE.

6.4.4 Integration

To test whether the batteries could successfully power commercial electronics, the Texas
Instruments MSP430 microcontrol unit (MCU) was used for common use within the labo-
ratory and its low power specifications. With the assistance of another researcher, eight of
the nine cells provided for integration were connected in four parallel branches. Two cells in
series were connected so each branch achieved at least 2.8 V. Upon assembly the batteries
were nearly fully charged, thus they were directly connected without electrochemical modi-
fication. For simplicity the cells and MCU were integrated on breadboards with commercial
coin cell holders. A multimeter was used to measure the current and confirm functionality.
The setup and result is shown in Figure 6.12.

On assembly the MCU was successfully powered and drew 450 pA. The specification
indicated that the MCU would draw 220 pA for a clock speed of 1 MHz at a potential of 2.2
V. With each branch at 2.8 V, the current draw and clock speed were expected to be higher.
As the system was tested, the current did decline by approximately 100 pA every 15 to 20
s. With the assumption that the impedances of the parallel branches were similar, approx-
imately 112.5 pA was being drawn from each to provide sufficient current. The cells were
previously tested at 60 pA, approximately half of the current here. The large initial current
followed by the rapid decline likely indicated that the assembled experiment approached the
limits for reaction kinetics and ion transport within the cells. It is recommended that this
be investigated further by adding more parallel branches and measuring the current as it is
provided by each branch during testing. The potential of each cell during these tests should
also be measured to d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>