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Abstract
Flexographically Printed Rechargeable Zinc-based Battery for Grid Energy Storage
by
Zuogian Wang
Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley
Professor Paul K. Wright, Chair

This study examines the feasibility of utilizing traditional flexographic printing technology for
large-scale zinc-based battery manufacturing for grid energy storage applications. The design
and development of functional flexographic inks is the main goal of this study. Printed battery
electrochemical performance is also a focus area.

Long-life, energy dense, cost effective electrochemical energy storage systems for power grid
applications have become a fast-emerging industry in recent decades. Grid energy storage is
widely regarded as an important component of the smart grid, because of its potential role in
complementing intermittent renewable energy sources. However, battery technologies have not
improved much over the past few decades. Both new battery chemistries and fabrication
processes are needed to significantly reduce battery cost and to allow for easy integration with
renewables.

Printable batteries were designed based on fundamental electrochemical principles governing the
battery performance, including thermodynamics, reaction kinetics as well as transport properties.
With cost and application factors taken into account, practical battery system design criteria were
also summarized with regard to battery geometry, chemistry and fabrication technology.

A survey of current main printing technologies was conducted. Based on the criteria developed
for functional printing process design and selection, a comparison of the technologies was made
and a roll-to-roll flexographic printing process for rechargeable zinc-based battery manufacturing
was proposed. Based on the fundamental operating mechanism of flexography, key criteria for
developing functional flexographic printing inks were established, including composite ink
rheology (steady-state viscosity and yield stress), ink wettability as well as ink dispersing
qualities. The ink viscosity significantly influences the ink transfer efficiency while the yield
stress critically determines its structural integrity once transferred on flexible substrate. The ink
wettability indicates the ink spreading properties and film uniformity while the ink dispersing
quality affects the ink homogeneity from before printing through the printing process. A variety
of MnO, cathode inks were formulated and analyzed based on these criteria. A novel type of
aqueous cathode ink based on PSBR polymeric binder showed excellent flexographic
printability.

Extensive electrochemical characterizations with the flexographically printed PSBR-based
composite MnO, cathode were then conducted. Full cells consisting of dispenser-printed
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electrolytes and zinc foil anodes were assembled. The cyclic voltammetry method was used to
study the reversible zinc intercalation through ionic liquid electrolyte into the aqueous-based
cathode. Galvanostatic cycling showed that the cell capacity stabilized after about twenty cycles
and the capacity varied significantly with discharge current density. Electrochemical impedance
spectroscopy measurements revealed the interfacial resistance between the gel electrolyte and
zinc foil, as well as the evolution of impedance components through cycling, for a full zinc-
based cell system. Coin cells based on zinc/ionic liquid electrolyte/MnO, chemistry were made
in an inert argon environment and then characterized to study zinc-based chemistry performance
in this controllable environment. The coin cells showed comparable behavior to batteries printed
in the ambient environment. Printable PSBR-based nickel current collector inks have also been
developed for an entirely printable zinc-based battery, to conveniently integrate with other
electronics on non-conductive, flexible substrates.

An integrated energy-harvesting prototype was fabricated, which was consisted of dispenser-
printed thermoelectric energy harvesting and electrochemical energy storage devices with a
commercial voltage step-up converter. Parallel-connected thermoelectric devices with low
internal resistances were designed, fabricated and characterized. The use of a commercially
available DC-to-DC converter was explored to step-up a 27.1mV input voltage from a printed
thermoelectric device to a regulated 2.34V output. The voltage step-up circuit efficiency reached
as maximum of 32.4% during the battery charging process while the battery charging efficiency
was approximately 67%. The prototype presented in this study demonstrates the feasibility of
deploying a printable, cost-effective and perpetual power solution for practical wireless sensor
network applications. This work paves the path for potential integration of printable photovoltaic
cell, zinc-based battery as well as relevant electronics for grid energy storage applications.
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HYPOTHESIS Zinc-based solid-state batteries can be fabricated using traditional
flexographic printing technique for high throughput, cost effective
energy storage manufacturing
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CONCLUSIONS (Functional flexographic ink, developed from the fundamental
operating mechanisms of flexography, achieved excellent printability
as well as battery electrochemical performance. 1




Chapter 1

Introduction to Printed Rechargeable Zinc-
based Battery for Grid Energy Storage

1.1. Introduction

Long-life, energy dense, low-cost, flexible electrochemical energy storage systems have become
a fast-emerging industry in recent decades. In the wireless sensor network field, micro-batteries
are needed to integrate with various energy harvesting devices to provide continuous power
sources for reliable wireless sensor nodes applications[1]-[7]. In the portable electronics field,
batteries have become the most significant obstacle to the availability of lighter, smaller
consumer electronics, such as smart cell phones, tablet computers or traditional laptops. With the
development of flexible electronics, such as flexible displays, flexible batteries are expected to
become indispensable as power sources for fully flexible electronic systems. In the electric
vehicle (EV) field, the performance of batteries will need to be improved and cost will need to be
reduced significantly so that EVs can become competitive with traditional internal combustion
engine vehicles. Currently, vehicle manufacturers entering this field are forced to choose
between either the high-end luxury EV market or hybrid vehicles. In the electrical power grid
field, an essential component for smart grid development is large-scale energy storage, needed in
order to balance the variable supplies with variable demands. Variable demands come from
global needs for renewable energy sources, such as solar and wind, which are widely known as
"variable power sources" because they are inconstant in nature[8]-[11]. An illustration of
emerging battery applications is shown in Figure 1.1.

(d)

Figure 1.1. (a) Integration Concept of printed energy storage and MEMS piezoelectric energy
harvesting device as a power supply system for wireless sensor nodes ([12]); (b) Lithium ion
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batteries occupy almost half of the back space of iPhone 5; (c¢) Flexible Lithium ion batteries
activating a blue LED in bent conditions ([13]); (d) 48 lithium ion battery modules in Nissan
Leaf stores 24 kWh energy for powering 80 kW AC motors; (courtesy of Nissan) (e) Sodium
sulfur battery with one megawatt of storage installed on AEP's grid. (courtesy of AEP)

In summary, high performance and cost effective batteries from mW to MW scales for various
energy storage applications are expected to have a significant impact on products and markets in
the near future. Therefore, numerous efforts initiated by the scientific and industrial communities
have been devoted to fundamental and applied battery technologies research and development in
recent years. This has especially been the case since 2000. Both a fundamental breakthrough in
battery chemistry and major innovations in fabrication methods are needed to significantly
reduce battery cost, and to allow for easier integration with such a wide variety of applications.
The use of cost-effective, high-throughput flexographic printing technology to manufacture zinc-
based solid-state batteries, as discussed in this dissertation, has the potential to disrupt the current
battery landscape. As will be discussed in the following sessions, this is majorly because the
flexibility of this method has the potential to create desired geometries at scalable power scales
and integrate conveniently with other printable photovoltaic cells and electronics.

1.2. Grid Energy Storage Technologies

The need for electrical energy storage for utility applications has been discussed for decades,
especially with regards to its potential economic benefits for various applications such as load
leveling and grid reliability improvement. Grid-scale energy storage has particularly attracted
public attention in recent years, and is regarded as one of the most important component of the
“smart grid.” This is because of the potential role of grid-scale energy storage in complementing
intermittent renewable energy sources[8], as illustrated in Figure 1.2[14]. In California,
Renewables Portfolio Standard (RPS) was established by legislation; with the requirement that
California’s electric utilities obtain 33% of their retail sales derived from eligible renewable
energy resources in 2020 and all subsequent years. This decision offers great commercial
opportunities for energy storage technologies.

Overviews on application benefits, advantages and limitations of various storage technologies
have been presented in[8]-[10], [15]. The most promising storage technologies for electricity can
be classified by the form of energy storage/conversion[16]: (1) kinetic energy conversion:
flywheels; (2) potential energy conversion: pumped hydroelectric storage; (3) internal energy
conversion: compressed air energy storage; (4) chemical energy conversion: batteries and fuel
cells; (5) direct electricity storage: supercapacitors. Based on the individual mechanism, each
storage technology offers its own advantage, and thus its own specific grid scale applications.
Detailed discussions for each technology can be found in the above references. Currently,
pumped hydroelectric systems account for 99% of a worldwide storage capacity of 17,000 MW
of discharge power, with compressed air storage a distant second at 440MW/15]. Most of other
technologies could still be considered in the research and development or demonstration stage.

Batteries based on electrochemical energy storage possess a number of unique advantages,
including pollution-free operation, high energy efficiency, modular system characteristics to
meet different grid storage functions[15]. It has been suggested that advanced batteries have the
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potential to offer the broadest potential applications among the variety of storage technologies
for the smart grid [1]. For example, flexible and modular battery systems have great potential in
both centralized and distributed energy storage applications. A comparison of energy density and
cost for the five different types of energy storage technologies is shown in Figure 1.3.

Bulk Generation

Y Sl I
il RPN
Smart Substation

Figure 1.2. A schematic of substantial applications of electrical energy storage for power
generation, transmission, distribution and consumption (industrial, commercial as well as
residential) in future smart grid system with integration of both renewable energy sources and



plug-in hybrids and electrical vehicles, through two way digital communications between loads
and generation in grid (courtesy of Yang[14]).

1000 €
=100
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a - Compressed Air Capacitor
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o 1% Pumped Hydro
& :
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Figure 1.3. Comparison of energy density and cost for five different types of energy storage
technologies.

1.3. Battery Operating Principles

Batteries store energy within their electrode structures through charge transfer reactions, based
on fundamental electrochemical principles. As illustrated in Figure 1.4, a traditional battery cell
consists of a negative electrode, a positive electrode, a separator as well as two current collectors,
all of which are immersed in a liquid electrolyte chamber[17]. Both of the two electrodes are
either porous or solid materials, which are electrically conductive. The separator is electrically
nonconductive but ionically conductive.

The overall cell reaction can be described by two half-cell reactions: one for the negative
electrode and one for the positive electrode. During cell discharge, the negative electrode
becomes anode, where anodic reaction happens at the anode/electrolyte interface.
Simultaneously, the positive electrode becomes cathode, where cathodic reaction happens.
Anodic reaction process typically involves oxidation and dissolution of active materials in the
electrode into the electrolyte at the interface, during which positive ions (as well as electrons) are
formed. Cathodic reaction typically consumes the electronics by reduction and deposition of
positive ions in the electrolyte. In the internal current circuit through the cell electrolyte, positive
ions move from the anode to the cathode, while negative ions move in the opposite direction. In
the external circuit, a potential difference builds up between the positive and negative electrodes
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and electrons flows through the load from negative electrode to positive electrode. During cell
charge, the processes discussed above are reversed, in which negative electrode becomes the
cathode and the positive electrode becomes the anode.

For the purposes of this dissertation, the terms zinc anode and MnO, cathode are always used,

representing respectively the negative and positive electrode. This remains constant, regardless
of whether is the cell is in a charging or a discharging state.

- +
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— — B il
[*] <] — WW —
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= = - * - +
8 8 Electrolyte Electrolyte
-~ -
5 c
: :
= =3
o o

e
=

Discharge State Charge State

(a) (b) (c)
Figure 1.4. (a) Illustration of generic battery cell structure with a liquid electrolyte sealed in a

closed system; (b) Battery cell operating in discharge state; (c) Battery cell operating in charge
state. (adapted from [17])

The driving force behind both of the anodic and cathodic reactions is the change of standard free
energy in the cell system based on thermodynamic theories[18]. The standard cell potential could

be calculated based on the following equation:
AG°

V=R M

where V° is the standard cell potential; n is the number of electrons transferred during the
reaction, F is Faraday’s constant, and AG° is the change of Gibbs free energy in standard state
conditions (with electrolyte concentrations of 1 mole per liter (1 M) and pressures of 1
atmosphere at 25°C.) Standard electrode potentials for most half-cell reactions have been put
together in tables, so researchers could conveniently search and calculate the overall cell
potentials based on the known chemistry[18]. The Nernst equation is typically used to determine
the cell potential when the conditions are other than standard state.

Thermodynamics can reveal the feasibility of a cell reaction occurring, as well as well as the
theoretical cell voltage. However, it is equally important to consider electrode kinetics at the
electrode/electrolyte interface in order to determine what the actual operating cell voltage may
be. This is because the rates of charge transfer are usually the limiting factor. A first step to the
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achievement of high power and superfast-charging batteries for electrical vehicles should be the
creation of materials with superfast reaction kinetics. The Bulter-Volmer equation is one of the
most fundamental relationships in kinetics.

Mass transport is the third fundamental area governing the battery cell performance. This is
because the ionic transport properties in the electrolyte due to diffusion (in response to
concentration gradients), migration (in response to an electric field) as well as convection (bulk
fluid motion) can directly influence the reaction kinetics by controlling the amount of reactants
and products presented at the interface. The total cell resistance is a combination of the effects of
reaction kinetics and mass and electron transfer. (For a detailed description of electrochemical
principles, see “Electrochemical Systems” by Newman[18]). .

In addition to standard cell potential, the theoretical specific energy of batteries could be
calculated based on the following equation:

AG®  —nFV°
SE°C=— = 2)
m m

where
SE* is the theoretical specific energy;
and m is the reactant weight.

Therefore, in order to pursue high specific energy battery system, it is necessary to achieve high
specific charge storage capacity as well as high voltage materials. Similarly, volumetric energy
density of batteries can be analyzed in terms of the density of the materials.

As for the cell rechargeability, batteries can be classified as primary (nonrechargeable) and
secondary (rechargeable) batteries, based on whether the electrode reactions are reversible or not.
While there are specific theoretical and engineering explanations regarding the
nonrechargeability for each type of primary batteries, there is no universally applicable
electrochemical theory, which is capable of accounting for all battery chemistries. For example,
it is generally believed that zinc-based alkaline batteries are not rechargeable because zinc
electrodes have serious problems with shape change, as well as with the growth of dendrites[19].
Likewise, it is widely understood that traditional lithium-sulfur batteries suffer from relatively
brief life times primarily because of the volume expansion of sulfur during discharge[20].
Specific improvements or developments are therefore needed to transform each particular battery
chemistry into a rechargeable system. In this thesis, the main focus will be upon rechargeable
zinc-based batteries. .

1.4. Battery Design

In addition to cell operating principles just discussed determining performance, battery design
must also take into account other important metrics. These additional considerations must
include specific application, materials and manufacturing cost, as well as safety. An overview of
battery design considerations, regarding the geometric structure, chemistry as well as fabrication,
will now be presented.



1.4.1. Geometric Structure

Even though all battery cells have the same essential components, the actual cell formats vary
significantly. Battery geometries, including shape and size, should be designed not only based on
specific applications, but also upon the specific chemistries used. Batteries in the early days were
designed in jars, but mass production transformed the packaging primarily to cylindrical cell
structure design[21]. While the cylindrical cell continues to be one of the most widely used shape
and packaging styles for both primary and secondary cells in market, new commercial battery
formats utilizing other shapes have emerged. These include button cells, prismatic cells, as well
as the pouch cell, as shown in Figure 1.5[17], [21]. Table 1.1 summarizes the four primary cell
structure designs, including the advantages and disadvantages of each, suitable chemistries, as
well as applications.

e ANOCE CAD Pesitive Termina Exhust G Hoke

©

Collector
Cathode (V20x)
Gasket

(a)

(d)

Figure 1.5. (a) Cross section of a button cell (courtesy of Panasonic); (b) Cross section of a Li-
ion cylindrical cell (courtesy of Panasonic); (c) Cross section of a prismatic cell (courtesy of
Polystor); (d) a pouch cell (courtesy of Cadex).

To achieve the desired operating voltage, a full battery pack usually has several cells connected
in series, with each cell adding to the total voltage. At the same time, parallel connection of cells
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can be added into the system to obtain higher capacity, with each cell adding to the total current
handling capability. A combination of serial and parallel cell connections in the battery system
should be also considered. For example, laptop batteries commonly use four 3.6V Li-ion cells in
series to achieve 14.4V, and use two such sets of four cells in parallel to boost the capacity from
2,400mAh to 4,800mAh[21]. Most battery chemistries will allow cell serial and parallel
configuration internally, but it is crucial to use the same battery type with equal capacity, as well
as voltage, throughout and to never mix different makes and sizes. A weaker cell can cause an
internal current and potential imbalance and reduce the battery efficiency and lifetime.

As will be discussed below, distinct from the traditional cell geometries, printable batteries
present an innovative, more flexible, and simplified battery structural design for scalable
applications. Utilization of gel electrolyte based solid-state battery chemistry also substantially
minimizes the packaging requirements.

Table 1.1. Comparison of four different types of cell formats in respect to typical chemistry,
advantages, disadvantages, and primary applications (adapted from [21]).

Cell Types Typical chemistry Advantages Disadvantage Applications
Cylindrical * Alkaline * Ease of manufacture * Heavy * Power tools
* Lead Acid * Good mechanical stability * Low packaging density * Medical Instruments
* NiCd * Good cycling ability » Laptops
* NiMH
* Li-ion
Button (Coin) * Alkaline * Small size * Do not allow fast charging * Medical implants
* Inexpensive to build * Mainly non-rechargeable * Watches
« Ease of stacking * Hearing aids
* Carkeys
* Memory backup
Prismatic * Li-ion * Improved space utilization * More expensive to * Mobile phones
* Allows flexible design manufacture * Laptops
* Lower manufacturing cost * Less efficient in thermal * Hybrid and electric
management vehicles
» Shorter cycle life
Pouch * Li-polymer « Simple, flexible and light weight < Sensitive to high humidity * Consumer electronics
design and temperature » Military
* Highest packaging efficiency environments * Automotive

* Less durable

1.4.2. Battery Chemistries

Rechargeable battery systems will be the main focus of this thesis. Each different type of battery
chemistry has its own unique performance and cost advantages, as well as limitations. Thus, the
battery chemistry should be carefully selected for each different type of application. Primary
batteries can be used up to 10 years after manufacture, and generally have much higher energy
densities than secondary batteries[21]. The main primary battery chemistries currently on the
market include alkaline, lithium metal as well as zinc-air.



The four main types of commercially available rechargeable battery chemistries are compared in
Table 1.2. Lead-acid batteries currently account for almost half the demand. These types are
primarily used in automotive and stand-by applications. Because of low cost and reliable service
in unfavorable environmental conditions[21], lead-acid cells are expected to continue to enjoy a
steady increase in popularity in the near-term future. Nickel-cadmium (NiCd) batteries command
a major market share in such applications as power tools, UPS, two-way radios, and medical
devices. NiCd chemistry is preferred over nickel-metal-hydride (NiMH) for its high durability
and reliability, but some countries have banned its use due to environmental considerations. The
market for NiCd cells is slowly being taken over by NiMH and Li-ion batteries, because
cadmium is highly toxic. In 1991, lithium-ion battery was introduced by Sony. Since that time,
because of their high operating voltages and energy densities[22], lithium-ion batteries have
significantly impacted the rechargeable battery industry. Li-ion batteries rapidly became the
dominating power sources for portable electronic devices, especially for cell phones and laptop
computers[23]. Three main types of lithium ion battery have been developed and
commercialized. Each of these is based upon different transitional metal oxide materials used
for the cathode, including cobalt oxide, manganese oxide, and iron phosphate [21][24].

Table 1.2. Comparison of the characteristics of four commonly used rechargeable battery
systems, showing the average performance ratings at the time of publication (adapted from [21]).

Specifications Lead Acid NiCd NiMH Li-ion
| Cobalt MnO, Phosphate
Specific energy 30-50 45-80 60-120 150-190 100-135 90-120
(Wh/kg)
Internal resistance <100 100-200 200-3000 150-300 25-75 25-50
12V pack 6V pack 6V pack 7.2V Per cell Per cell
Cycle life 200-300 1000 300-500 500-1000 500-1000 1000-2000
(80% discharge)
Fast-charge time 8-16h 1h typical 2-4h 2-4h 1h or less 1h or less
Overcharge tolerance High Moderate Low Low. Cannot tolerate trickle charge
Self-discharge/month(rt) 5% 20% 30% <10%
Cell voltage(V) 2 1.2 12 3.6 3.8 33
Peak load current 5C 20C 5C >3C >30C >30C
0.2C 1C 0.5C <1C <10C <10C
Charge temperature -20-50°C 0-45°C 0-45°C 0-45°C
Discharge temperature ~ -20-50°C -20-65°C -20-65°C -20-60°C
Maintenance 3-6 months 1-2 months 2-2.5months Not required
requirement
Safety requirements Thermally Thermally Thermally Protection circuit mandatory
stable stable stable
In use since Late 1800s 1950 1990 1991 1996 1999
Toxicity Very high Very high Low Low

It has largely been these small and light-weight Li-ion batteries which has made the proliferation
of modern portable devices possible, such as the smartphones which give people convenient
Internet access, multimedia entertainment, navigation and communication capabilities. However,
the growing functionality of such devices requires the supply of ever-increasing levels of power

10



to support the operation of these devices. It is important to realize that even for the lithium-ion
battery, energy density shows a slow growth rate—only about 10% per year. This is a much
lower rate than that of the integrated circuits transistor density growth rate, which, following
Moore’s Law, continues to double every two years. To keep pace with the state of the art IC
development, the power and energy performance of Li-ion batteries needs to be significantly
improved. Due to the highly reactive nature of the materials, safety issues have also always been
(and continue to be) a problem for the Li-ion chemistry.

For grid storage applications, several other rechargeable battery chemistries are currently under
development. This is being done with the aim to significantly reduce the cost to compete with
fossil fuel power sources. These new technologies include sodium-sulfur, vanadium redox flow,
sodium-metal chloride, as well as lithium metal polymer batteries. A comparison of the
promising grid storage chemistries is presented in Figure 1.6, in terms of both gravimetric power
and energy densities. Lithium-ion batteries have a great advantage in terms of both power and
energy densities. However, as will be discussed in a later section, the capital cost per unit of
power and energy are still relatively too high for grid applications. (The advantage of zinc-based
chemistry for this application will be presented in detail below).
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Figure 1.6. Specific power and specific energy for different rechargeable battery systems. Most

of these chemistries are currently being investigated for grid storage applications (courtesy of
Bruce Dunn[15]).

1.4.3. Fabrication

For each different type of battery cell system, a specific fabrication method needs to be designed
for manufacturing them at different levels of scale. Manufacture of battery chemistries with
highly air reactive materials, (for example, lithium), is extremely complicated and expensive.
The typical fabrication process for lithium-ion pouch cells is shown below in Figure 1.7. At least
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four major steps are involved: (1) Electrode sheet preparation; (2) Cell assembly; (3) Case
formation & sealing; and (4) Battery testing. Within each major step, many small stages and a
considerable amount of specific equipment are needed for the production of all components of
the cells. Manufacturing environments need to be strictly controlled, including such factors as
inert gas environments for lithium electrode storage and cell assembly and high vacuum oven
environments for electrode drying and formation. Tight tolerances and strict process controls are
crucial throughout the lithium-ion manufacturing process [25]. Any chemical contamination or
physical flaws on the electrodes can cause fatal failure because they can potentially cause
penetration of the thin, porous separator, giving rise to internal short circuits in the cell [25].

Figure 1.7. Diagram of Li-ion pouch cell fabrication process and equipment utilizations
(courtesy of MTI Corporation).

Step 1 Electrode Sheet Preparation
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Step 3 Case Formation & Sealing
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and gas receiver on Aluminum lamination =) machine to seal the top and =) fill electrolyte in vacuum/glove
sheet and then place cell into the cup shorter side after double-up box
( ) r N
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f
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shape trim

Step 4 Battery Testing

Battery Analyzer to test the battery’s performance and Impedance Tester to measure battery’s internal resistance

Please note: Cell here is the battery core without case and electrolyte.
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While development and application of grid energy storage has been limited by many factors,
including economic payback time, government policies, battery lifetime and reliability, the high
cost of large-scale battery manufacturing is one of the most challenging problems[11]. This cost
primarily consists of the materials costs and production costs for the system. In the future, the
preferred energy storage technologies will need to be using low-cost, environmentally friendly
materials that are developed into battery cells through a relatively simple manufacturing
process[15]. In the following sections, both the novel rechargeable zinc-based battery
chemistries and their fabrication using printing techniques will be discussed.

1.5. Printed Rechargeable Zinc-based Battery

Significant research efforts in the battery community have recently been made towards
development of rechargeable zinc battery chemistries. These efforts have been motivated
primarily by their high energy and power densities, inherent safety, low toxicity, relative ease in
handling, and low cost[26]-[29]. Specifically, rechargeable nickel-zinc [30], [31], silver-
zinc[32], alkaline manganese dioxide (MnO,)-zinc [28], [33] and zinc-air[34], [35] batteries have
been studied. All chemistries discussed above, however, share a common challenge regarding the
weak rechargeability of the zinc electrode, predominantly due to unwanted shape changes,
dendrite formation, as well as the solubility of reaction products within the typical alkaline
electrolyte[36]. On the cathode side, the proton intercalation reaction based on alkaline
electrolyte is not a reversible process. There are significant phase and structural changes
happening to MnO, cathode, such as expansion and contraction during reaction, which leads to
internal cell resistance increase. Researchers have thus been working towards solutions involving
replaceable alkaline electrolytes, with special interest in ionic liquid electrolyte[27].

m Capacity | Energy Density | Cycles

1 mAh/ | 1.5 mWh/cm? >70
cm? 150 mWh/cm?
Cathode: 130 Wh/kg

MnO,

Anode: Zinc

(a) (b)

Figure 1.8. (a) Illustration of the cross section of a printable zinc-based microbattery[29]; (b)
Electrochemical performance of the first prototype of the microbattery, including capacity per
footprint area, energy density as well as cycle life[29].

Ionic liquid electrolytes were first used as promising electrolyte solvents for lithium-ion
batteries[37], [38], supercapacitors[39], [40] and fuel cells[41], [42]. lonic liquids are room-
temperature molten salts, which are typically composed of asymmetric organic cations and
inorganic anions. lonic liquids possess many especially attractive properties, such as ultra-low
volatility, ultra-low flammability, low viscosity, high thermal stability, high ionic conductivity,
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and a wide electrochemical stability window[27]. It was first demonstrated by Xu et al.[27] that
zinc ions are mobile in a polymer gel electrolyte (PGEs) based on ionic liquids, and that zinc
metal is capable of dissolving into and depositing from the membranes. These membranes also
exhibit wide electrochemical stability window. Dr. Christine Ho, from the same research group
of this Ph.D. dissertation author, subsequently developed a printable zinc-manganese dioxide
microbattery for wireless sensor network applications, based on a novel ionic liquid (BMIM+ Tf-
) gel electrolyte. As shown in Figure 1.8(a), the microbattery is designed in a fully solid/semi-
solid state with a gel electrolyte between the two electrodes, which eliminates (or at least
significantly reduces) the need for complicated liquid electrolyte case sealing and packaging.
The first microbattery prototype shows promising properties, with the cell exhibiting storage
capacities of about I mAh/cm” over more than 70 cycles[29] as shown in Figure 1.8(b).

Because of this fully solid-state, flexible pattern structure design, a novel dispenser printing
method was developed and utilized for additive manufacturing of the sandwich structured
battery, as shown above. Composite inks for each component of the battery were developed and
optimized in formulations for achieving good rheology for dispenser printing and
electrochemical performance, as shown in Figure 1.9(a). Because zinc is not as air sensitive as
lithium metal, the whole fabrication process was done in ambient environment, using a custom-
built dispenser printer as shown in Figure 1.9(b). The custom-built dispenser printer
demonstrated great flexibility and precision in energy harvesting and energy storage device
fabrication for prototyping. For wireless sensor network applications, it provides a flexible
method for integration with other energy harvesting, sensing, and data transmitting devices on a
variety of substrates. A detailed introduction to its operating mechanism can be found in chapter

pressure line

- - - -

. I = 4
. » /

T~

& vacuum and
j ~heater lines

Figure 1.9. (a) Typical functional composite inks for the dispenser printing of different
components of the zinc-based batteries: nickel ink for current collector, MnO; ink for cathode,
ionic liquid ink for electrolyte and zinc ink for anode; (b) Custom built dispenser printer for
microbattery prototyping (adapted from Ho[29]).

The printing technique is a highly scalable method, which offers great opportunities for large
format zinc-based battery manufacturing for grid storage applications, using traditional screen,
gravure, or flexographic printing techniques. The competitiveness of this technique both in terms
of capital cost per unit power and per unit energy with other grid energy storage technologies is
calculated and illustrated in Figure 1.10. Because of the low cost of the chemicals for zinc-based
batteries, as well as for the flexographic printing cost utilized in the estimation, printable zinc-
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based battery is promising for a variety of both power and energy related applications in future
power grid.

It is important, however, to notice that although the initial zinc-based microbattery experimental
results are encouraging, in addition to scaling up the fabrication, the printed rechargeable battery
chemistry still needs to be significantly improved in a number of ways. This new chemistry still
suffers from a variety of challenging problems, such as capacity fade, low yield and reliability,
with contributions possibly coming from both of the materials formulation itself and from the
printing process control. In chapter 4, the efforts to understand performance of these batteries in
controlled inert environments by making coin cells will be discussed.
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Figure 1.10. Comparison of roll-to-roll printable zinc-based battery with other energy storage
technologies in both of capital cost per unit power and per unit energy. The estimation is based
on the capital cost of both flexographic manufacturing and materials for the battery. The battery
power cost is based on an average discharge rate of 0.1C (courtesy of ESA and Dr.James Evans).

1.6. Chapter Summary

1. Electrochemical energy storage has become a renascent and fast-growing industry,
displaying rapid growth in the wireless sensor network, portable electronics, electric
vehicles, and smart power grid fields. The current battery solutions have not changed
significantly in recent decades, and this lack of improvement has gradually made
batteries the limiting factor in technological advancement, and presented great challenges
to widespread use of the new technologies. Disruptive battery technologies are needed to
keep pace with other energy conversion and semiconductor technologies.
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2. Although there are a variety of potential solutions to grid energy storage, batteries offer
their own unique advantages, including pollution-free operation, high energy efficiency,
and flexible, modular system characteristics to meet different grid functions. Advanced
batteries have the potential to offer the broadest potential applications among the variety
of storage technologies for the future smart grid.

3. Fundamental electrochemical principles governing the performance of batteries include
thermodynamics, chemical reaction kinetics and transport properties. These principles
ultimately determine the battery voltage, power density, and energy density. With
performance, cost, and applications taken into account, practical battery systems can be
designed with regard to structural geometry, chemistry, and fabrication techniques.

4. Printed rechargeable zinc-based batteries represent a promising technology for grid
energy storage applications in terms of their performance and cost, as well as scalability
in fabrication. While custom-built dispenser printing is great for prototyping, this
technique has limitations that prevent it from being cost-effective for larger-scale
production. Therefore, as a proposed solution to such limitations, a roll-to-roll,
flexographic printing technique utilized for the large-scale zinc battery manufacturing
and enhanced battery performance with new ink formulations, will be presented in the
following chapters. .
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Chapter 2

A Survey of Functional Printing Techniques
for Scaled-up Battery Fabrication

2.1. Introduction to Printing Technologies

To realize large-scale zinc-based battery manufacturing from prototyping at a dispenser printing level, a
survey of available printing techniques is presented in this chapter. Traditional graphic printing is a
reproduction process. Kipphan writes that' “printing ink is applied to a printing substrate in order to
transmit information (images, graphics, text) in a repeatable form using an image-carrying medium™[1].
The graphic ink is typically a pigmented substance. An overview of most common printing technologies
is given in Figure 2.1. A classification can be made based on whether the printing technologies require a
printing plate or image carrier [1]. Conventional technologies developed over the past few centuries
generally require a printing plate, while newly developed digital printing technologies are plateless.

___Letterpress(incl.
Flexography)

—— Lithography
Conventional Printing
(with plate)

L—  Gravure

L—Screen Printing

Printing .
Technologies
Electro-
Photography
Digital Printing
— (without plate) |
— Ink Jet

Figure 2.1. The main printing technologies: four conventional printing requiring a plate and two
plateless digital printing (adapted from[1]) .

! Appears in [1]: page 40.
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The main conventional technologies requiring printing plates are further divided according to the
physical characteristics of the printing surface used|[2], as shown in Figure 2.1.

Letterpress, including flexography, is an ink relief process. The image area is raised above the
background materials. The raised printing surface is first inked by an anilox roller during the
printing process, and then pressed against the printing substrate to finish the ink and image
transfer.

Lithography utilizes a planographic (flat) printing surface. The image area is chemically treated
so that it accepts inks (oleophillic), but rejects water (hydrophobic) during printing process. The
non-image area is chemically treated to be oleophobic and hydrophilic.

Gravure printing is an intaglio process, in which the printing image is typically recessed into the
surface of a metallic cylinder. Cells engraved on the metallic surface, are filled with ink, while
the non-image area is wiped free of ink with a doctor blade during printing. The image is
transferred to the printing substrate through the inks in the recessed cells.

In screen printing process, the image is printed in an open mesh area, where the ink is forced
through the stencil printing plate when a squeegee is moved across the top of the screen stencil
[1]. An illustration and comparison of the four main conventional printing technologies is shown
in Figure 2.2.

Ink Ink

Image Carrier Image Carrier
(a) Letterpress and Flexography (b) Lithography
Ink Ink

Image Carrier Image Carrier (stencil)

(c) Gravure Printing (d) Screen Printing

Figure 2.2. Illustration and comparison of the four main conventional printing plate or image
carrier-based printing technologies (adapted from [1] and[2]).
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Digital printing takes an electronic data file and transfers the printing image digitally to the
designated printing device[2]. The dominant digital printing technologies are electrophotography
(laser printing) and ink jet printing. Compared to conventional printing technologies, digital
printing enables short run reprinting, personalized, and “print on demand” printing[2]. However,
the printing quality of digital printing is slightly inferior to most conventional technologies, and
it is less economical for large-scale printing, especially for web-fed printing process.

Each of the printing technologies has its own set of advantages and disadvantages. Therefore,
each of them is found most suitable for certain applications and not others. This is true not only
in the graphic printing field, but also in the emerging printed electronics industry, such as the
manufacturing of OLED displays, photovoltaic cells, sensors, and logic memory. However, in
general, printed electronics is based on functional electronic materials additive processes, in
contrast to traditional subtractive batch processes. Typically, printed electronic processes could
be performed in ambient temperature and pressure conditions, instead of the controlled
environments required for most subtractive procedures[3]. In the following section, printing
technology selection criteria and considerations for large-scale energy storage fabrication will be
discussed.

2.2. Battery Printing Technology Design and Selection

A suitable functional printing technology should meet the requirements of being compatible with
the print materials, capable of printing specific device structure, and being economically
effective at desired manufacturing scales. For grid scale zinc-based battery manufacturing, the
printing system components and process should be compatible with a variety of electrode slurries
and electrolyte solutions. Such slurries and solutions consist of various polymeric binder
materials, metal powders, conductive carbon blacks, solvents as well as surfactant additives.
Battery printing has relatively low requirements regarding the printing resolution. The printing
system should be able to print multilayer structures with desired film thickness and uniformity.
For example, the battery electrodes are typically in a range of 20-100um, and the gel electrolyte
are typically in a range of 5-30 um. The printing system is required to manage the printing of
large format batteries at high speed with low cost, so a roll-to-roll, web-fed printing process is
desirable. A summary of printing process design and selection criteria as well as considerations
for grid energy storage fabrication is shown in Table 2.1.

The various printing technologies will be discussed addressing these important aspects as well as
their current applications in printed electronics field discussed for each. For a comprehensive
introduction to each of these graphic printing technologies, it is recommended to refer to
“Handbook of Print Media,” by Kipphan[1].

Because gravure printing typically uses a metallic printing plate, it has the disadvantage of being
highly expensive in terms of the plate cylinder and printing plate preparations, and being not
suitable for multilayer structure printing as is required for solid-state batteries. Research on using
gravure printing for fabrication of ITO transparent electrodes[4], solar cells[5], and polymer
field-effect transistors[6] has been conducted.
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The plate chemical treatment and ink transfer principle make the offset lithography process
unsuitable for functional battery ink printing. This is because these features interfere with the
faithful reproduction of the chemical properties of the printed device, which is indispensible for
the battery fabrication.

Table 2.1. Printing process design and selection criteria, and considerations for grid scale zinc-
based battery fabrication.

Printing Process Design Criteria Consideration for Grid scale Battery Fabrication

Ink compatibility Slurry electrodes and ionic liquid solution
electrolytes

Printing resolution Low resolution requirements: around 20pum

Device component thickness Electrodes:20-100um; Electrolyte:5-30um

Device structure Sandwich structure with a gel in the center

Manufacturing scale Centimeter to Meter

Manufacturing cost Cost competitive with other battery systems

High viscosity inks can be used for screen printing, and thick films (up to hundreds of microns)
can be printed, which is a great advantage for functional device printing. Screen printing has
been explored for printed electronics manufacturing, such as with solar cells[7], organic light-
emitting devices[8], and field emission display[9], etc. Because most current screen printing
equipment is semi-automatic, requiring manual control, it cannot be readily adapted for the roll-
to-roll printing of solid-state batteries.

Inkjet printing has a great advantage of enabling personalized, high resolution, large format as
well as short run printing [1][2]. However, it is still an expensive process, and highly limited by
its printing speed. Current research on ink-jet printed electronics includes all-polymer transistor
circuits[10], organic light emitting devices[11] for flexible displays, RFID tags[12], etc.

Traditional letterpress typically uses metal type and blocks for creating the printing surface,
which makes it expensive and not suitable for multilayer structure printing, especially on metal
foil substrates. Most of the letterpress machines have relatively slow speed of printing, which
makes this approach less than ideal for high throughput battery fabrication.

Flexography, however, widely employs flexible, soft photopolymer or rubber plate, which is less
expensive and more convenient to design, prototype and manufacture [1]. The flexible plates
also make large format, multilayer device printing possible on a variety of wide web substrates
such as metal foils. High ink drying speed due to utilization of low viscosity inks and the rotary
principle of flexography allows for high throughput battery printing with web-fed roll-to-roll
presses. The rubber, ceramic as well as photopolymer materials the ink goes through during the
ink transfer process are chemically inert, so the functional battery inks are compatible with the
roller mediums in flexographic press. The roll-to-roll battery printing is capable of being
conveniently integrated with other roll-to-roll process of printing organic based solar cells and
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electronics in future, for combined grid energy conversion and storage system manufacturing.
Although flexography suffers from low printing resolution (up to 30um), this is not a serious
issue because zinc-based battery fabrication has a relatively low requirement for the film

resolution. The use of flexography has been investigated for low cost, high volume production of

Zn0O nanowire devices[13] and micro-scale conductive networks[14].

2.3. Chapter Summary

A brief overview of current main printing technologies available has been provided in this
chapter. Based on the criteria developed for printing process design and selection, a comparison
of the technologies is made, as shown in Table 2.2. Flexography appears to be the most suitable
roll-to-roll printing technology for grid scale zinc-based battery manufacturing.

Table 2.2. Comparisons of five major printing technologies available for grid scale, zinc-based
battery fabrication in terms of printing process design and selection criteria.

Printing Letterpress/  Offset Gravure Screen Ink-jet
Process Design  Flexography Lithography Printing Printing Printing
Criteria

Ink compatibility (%4 v v v
Printing 4 v 4 4 4
resolution

Device 4 4 v

component

thickness

Device structure v v v
Manufacturing v v v

scale

Manufacturing v v v

cost
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Chapter 3

Functional Flexographic Inks for Battery
Electrode Fabrication: Printability

3.1. Introduction

Functional inks for all the three components of the battery have been developed and dispenser
printed directly on current collectors such as aluminum and stainless steel foils. The custom
prototype dispenser-printer used in previous work is shown in Figure 3.1(a). It consisted of a
computer controlled 3-axis stage with a pneumatic pressure controller to dispense composite
materials from standard syringes. The syringes tips use hypodermic needles with various inner
diameters ranging from 0.0826 mm to 3.810 mm, providing feature sizes between 5-200 pum with
1 um precision both in the lateral and vertical dimensions[1]. Previous studies on the printed
microbatteries as shown in Figure 3.1(b) [2], [3], electrochemical capacitors [4], [5],
thermoelectric generators [6]-[12] as well as MEMS current sensors [13] have been conducted
using this versatile prototype dispenser-printer. However, due to the limitations of this printer,
only mm to cm scale batteries can be printed, even then at relatively low throughput rates, which
1s good for device prototyping but not for large-scale manufacturing.

A roll-to-roll printing process has therefore been proposed for the developed battery technology
using commercially available flexographic printing presses. Roll-to-roll methods, such as
flexographic or gravure printing, are traditionally used for printing packages, newspapers and
magazines. In recent years, these methods are emerging as cost effective large-scale fabrication
technologies in the semiconductor and solar industry with the development of organic electronic
systems[14], [15]. The technology is currently still under development, with many research
papers from academia and research institutions worldwide reporting progress such as roll-to-roll
printed RFID tags[16], flexible polymer solar cells[17]-[20], OLED displays [21]-[24]and
sensors[25], [26]. However, as far as the author knows, there has been no publication of research
on roll-to-roll printing process for large-scale battery fabrication, such as to provide energy
storage for all these flexible electronics applications. This is partly because of the limitation of
traditional battery chemistries, most of which requires sophiscated manufacturing processes with
well controlled inert environments[27], [28].

An illustration of the proposed zinc-based battery printing process is shown in Figure 3.2. The
printing process consists of a four-station flexographic (flexo) press printing directly on
unwound metal foil webs. At each station, the inks are first picked up by a fountain roller from
the ink reservoir and transferred to the “anilox” roll This roll plays a key role in controlling the
printed feature thicknesses; it has engraved cells with controllable volumes (measured in the
printing industry in billions of cubic microns per square inch (BCM)). The inks are then
transferred to the plate cylinder, which consists of the desired printed features on a
photopolymer. Finally, the impression cylinder applies a certain pressure to the web and the plate
cylinder to print the ink. As was discussed, flexography was specifically selected because of its
great advantages: it is a fully automatic process with high throughput rate; it is a mature wide
web process - thus it is good for large-format device printing; it has flexible, soft plates thus it
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has great flexibility with the printing substrates including metal foils; it can print at resolution as
low as 20 um-30um, which is good enough for battery applications. Gravure printing, on the
other hand, is not good for foil substrate or layered structure printing due to its expensive, rigid
metallic pattern plates[29].

In the battery fabrication application, each station is designed to print or deposit the developed
functional inks for the cathode, electrolyte, anode and current collector in series, respectively.
Printing plates are designed to print the various components of custom-sized batteries, forming a
sandwich-structured battery. This roll-to-roll manufacturing technology is capable of fabricating
batteries with capacities ranging from mA-hrs (microbatteries) to A-hrs (grid-scale batteries).
Different manufacturing process parameters, such as printing speed, drying techniques, intensity
and times should be strictly controlled between each printing station depending on the
formulations of the functional ink to provide optimized printing quality and battery performance.
But what turns out to be more critical is to develop inks with suitable fluidic properties for this
unique roll-to-roll high-speed ink transfer process in order to achieve excellent printing quality.

alignment camera

print head

pressure line Current

Cathode Electrolyte Anode Collector

needle H

= : substrate

(a) (b)
Figure 3.1. (a) Custom dispenser printer; (b) Dispenser printing solid-state batteries. (adapted
from [2])
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Figure 3.2. Proposed multi-station flexographic printing process for large-scale battery
production.

3.2. Flexographic Printing Process and Ink Design

Dispenser printing is an ink extrusion method based on well-controlled compressed air pressure,
thus the ink viscosities are in a large range between 0.1 Paes and 10 Pass[3]. A variety of

26



functional inks, including non-newtonian electrode slurries and newtonian solutions, all show
excellent printing qualities achieved by controlling the process parameters for the dispenser
printer. The printing speed, drop spacing, air pressure, and needle configurations show
significant influence on the final printing precision and repeatability.

Flexography however requires much more careful design of its inks, due to the complex nature
of the printing process as illustrated in Figure 3.3. Large volumes of inks (in liters) are typically
needed to fill the ink reservoir for a cost effective roll-to-roll printing process, so the inks need to
maintain high dispersing qualities and have minimal aging effect. Because the inks need to be
transferred effectively at high speed from the ink reservoir to the substrate through multiple
rollers and media, including rubber fountain rollers, ceramic anilox rollers as well as
photopolymer plates, the viscosity and wetting properties must be well adjusted so that a high ink
transfer rate and accuracy are achieved. Once the inks are transferred to a variety of substrates,
both a compressive force from the impression cylinder as well as a shear force due to the relative
motion of the substrates and plates are applied to the inks, so the inks need also to have proper
structural properties to form desired pattern with high accuracy. Prior work at UCB has mostly
employed organic-based inks. However because flexographic printing presses are designed for
large volume manufacturing, aqueous-based inks are highly desired, compared to traditional
organic solvent based formulations for battery chemistry and have therefore been the subject of
this investigation.

Doctor Anilox
Blade Roller
Plate
~N l Cylinder
Fountain

Roller Drying:

(b)
//
& Infrared,
‘ vacuum
(c)
M !
(d)
Ink ‘ A ‘
(e)

Reservoir Impression
Cylinder

(a)

Figure 3.3. (a) Ink transfer process happens between multiple types of rollers before successful
deposition; (b) Rubber fountain roller; (c) Anilox roller with engraved ceramic surface; (d)
Photopolymer plates mounted on the plate cylinder; (d) Stainless steel foils where inks are finally
deposited with plate patterns.
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Typical commercial flexographic printing presses are equipped with multiple printing stations,
which are not convenient for initial research and development at the laboratory stage.
Consequently, an automatic single-color flexographic press (DOR-320A® from Ruian Inc.) has
been set up in our research lab to study a single-layer flexographic printing process as well as the
drying processes. It is a complete printing system with web winding, web rewinding and a
controllable infrared drying station. Printing process parameters are easily adjustable; the
printing speeds vary from 0 to 50 m/min, the printing widths vary from 0.05 to 0.31m, and the IR
temperatures vary from 0 to 150°C. At an even smaller scale, an automated ink proofing system
(Perfect Proofer ®) at the Graphic Communication Departments in California Polytechnic State
University San Luis Obispo was used for developing and testing battery inks at the milli-liter
scale. Instead of using ink reservoir and wide web substrate, manual ink dispensing test method
was utilized for timesaving purposes and to minimize expenditure on inks. With accurately
controlled inter-roller pressures and printing speed, it is easy to scale up the fabrication process
once proof of a printable ink is obtained. The three representative pieces of equipment are shown
in Figure 3.4.

Figure 3.4. (a) Six-station flexographic press at Cal Poly State University; (b) Single-statation
flexographic printer at UC Berkeley; (c) Flexographic ink printability tester at Cal Poly State
University.

Dispenser printable inks developed previously show various poor printing qualities. Among
them, poor wetting shown in Figure 3.5(b) was typically due to the high surface tension of the
inks relative to the low surface energy of the foil substrate, especially for some aqueous-based
composite inks; Non-uniformity as shown in Figure 3.5(c) happened frequently with low
viscosity inks with poor structural properties. Active particles in the cathode slurry were easily
squeezed to the edge of the square on the stainless steel substrate instead of spreading uniformly.
Comparing to what we obtained from using commercial graphic black inks (inks used for
printing newspapers etc) in Figure 3.5(a), it is concluded that substantial ink fluidic property
analysis and improvements, beyond inks developed for dispenser printing, are necessary to
achieve high quality functional thick films from flexographic printing. In the following sections,
the ink rheology and wettability as well as dispersion will be discussed. Finally, physical
characterizations of the dried films were performed and correlated to the ink formulations and
properties.
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Figure 3.5. (a) Films printed from commercial flexographic inks on stainless steel foil; (b) poor
wetting properties with aqueous based cathode inks on stainless steel foil; (¢) non-uniform films
printed with organic solvent based cathode inks.

3.3. Aqueous Functional Inks

Most of the work in this dissertation was focused on printing and developing cathode slurry inks
typically consisting of manganese dioxide (MnO;) powder, conductive carbon powder, a
polymeric binder material as well as a solvent. However, the key criteria that were established
apply to other ink formulation such as the inks for anode and current collector, and even
potential slurry electrolytes.

In the previous work, a cathode slurry was developed based on traditional Poly(vinylidene
fluoride-co-hexafluoropropene) (PVDF-HFP) binding material, which requires volatile n-
methyl- 2-pyrrolidone (NMP) as the solvent[2]. The main function of the binder was to form
inter-particle bridges/connections to promote particle adhesion after solvent evaporation.
However, water-based flexographic inks are highly desirable for cost reduction as well as more
environmentally friendly processing with diminished concerns about flammability and impact on
the health of workers. This is particularly important for large scale printing processes due to
large volumes of solvent evaporation into the ambient environment. Because water has lower
normal boiling point than many organic solvents used for batteries, faster drying at lower drying
temperature thereby become a reality, which is essential for roll-to-roll high production rate
process. Even in the graphic printing industry, water-based inks with new surfactant, dispersant
and formulations have quickly replaced traditional organic solvents based inks, due to the strict
environmental regulations concerning using volatile organic compounds (VOCs) everywhere
from paint to plastic manufacture[30].

Water-soluble binder systems such as sodium salt of carboxymethyl cellulose (CMC) and
styrene-butadiene rubber (SBR) have been recently introduced in the manufacturing of lithium
ion battery electrodes[31]-[33]. Typical chemical structures of CMC and SBR are illustrated in
Figure 3.7. SBR is typically used as the primary binder for the composite electrode and CMC is
used as a thickening/setting agent. This work explores the application of various CMC/SBR
binder formulations as well as single SBR binding solution with high viscosities, in the zinc-
based battery chemistry and electrode fabrication using flexographic printing technology. A
certain formulation of the composite ink proves to give an optimized high film printing quality
and electrochemical performance.

29



Solvent: Binder: Powders Binder: Solvent:

NMP  PVDF-HFP MnO, CMC/SBR, DI Water
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Figure 3.6. Cathode ink formulations based on different binders: PVDF-HFP is a traditional
organic solvent soluble binder widely used in lithium ion and zinc battery electrodes with proven
performance; CMC/SBR is a relatively new water-soluble binder with high promise for large-
scale manufacturing.
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Figure 3.7. Chemical structures of carboxymethyl cellulose (CMC) (a) and styrene-butadiene
rubber (SBR) (b).

3.4. Ink Rheology

3.4.1. Ink Preparation and Rheological Measurements

Five main types of inks were used for rheological characterizations and comparisons:

1. Commercial flexographic graphic inks (Performa Ink System) were directly ordered from
Actega WIT, Inc. The specific graphic ink used for this work is water-based black ink.

2. A type of composite ink based on commercial extender solution was developed with active
cathode powders. The formulation includes 90 wt% activated MnO, powder with particle sizes <
5 um (Sigma-Aldrich), 6 wt% acetylene black (AB) conductive filler (Alfa Aesar) and 4 wt%
extender solutions.

3. The PVDF-HFP based MnQO; ink contains 90 wt% activated MnO, powder, 6 wt% acetylene
black and 4 wt% PVDF-HFP (Kynar Flex 2801). The PVDF-HFP solution was first formed by
dissolving one part polymer powder in fifty parts NMP solvents (Sigma Aldrich) before mixing
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with MnO, and AB powders. The mixing was done by placing the ink jars in a high-energy
planetary ball mill (Torrey Hills ND 0.4L) and operating at rotational speeds of 210-280 rpm for
180 min.

4. The CMC/SBR based MnO, inks were composed of 90 wt% activated MnO, powder, 6 wt%
acetylene black (AB), 2 wt% carboxymethyl cellulose, sodium salt (MTI) and 2 wt% styrene-
butadiene rubber (MTI). The CMC solution was formed by dissolving one part of powder in
ninety parts of DI water. The SBR solution used was a 50% emulsion as received.

5. The PSBR based MnO, inks were composed of 90 wt% activated MnO, powder, 6 wt%
acetylene black (AB), and 4 wt% modified styrene-butadiene rubber (PSBR-100 from Tragray).
This PSBR emulsion solution is more viscous than the typical SBR from MTI and provides high
binding strength according to the emulsion manufacturer. Water-based ink with dispersing agents
was formed by adding one part commercial dispersing agent for aqueous systems (W-28 from
Nuosperse) to 7 parts MnO, and AB powders. The specific dispersing agent (a non-ionic
surfactant) plays a roll of being separator and preferentially adsorbs on the powder surface to
provide an effective steric layer, which prevents agglomeration and sedimentation.

A series of rheological tests were performed at 25°C using a rheometer (HAAKE Rheoscope)
with a standard cone and plate geometry (cone diameter = 60 mm, cone angle = 2° and gap = 150
Im). Among the tests performed in this study were steady state viscosity and yield stress
measurements, introduced in the following sections. The steady state viscosity measurements
established the thixotropic (shear thinning) behavior of the composite cathode inks, whereas the
yield stress measurement were used to study the ink internal network structure. By performing
both of the tests, the effects of polymeric binder and solvent type on the overall fluidic and
structural properties of the flexographic inks were evaluated and compared.

3.4.2. Steady-state Viscosity

Classic viscosity-shear rate curves were obtained using the steady-state viscosity test. All
composite ink samples (typically around 5ml for each experiment) were initially pre-sheared at
0.1 1/s for 60s, which was followed by a 60s equilibration time before conducting the viscosity
measurements at shear rate ranges of 0.1 1/s to 1000 1/s increasingly, and each experiment was
repeated at least three times for obtaining consistent results. As shown in Figure 3.8, all the inks
demonstrate shear-thinning behavior to varying degrees. At low shear rate range, the PVDF-HFP
and PSBR based inks show higher viscosity than other three inks including commercial
flexographic black inks, CMC/SBR based inks as well as commercial extender based inks. All
viscosities decrease with increasing shear rate, and keep below 1 Paes from 10 1/s to 1000 1/s,
which is the typical operating shear rate range for a high speed flexographic press. This indicates
that all the inks should have no problem with transfer processes from ink reservoir to foil
substrates.
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Figure 3.8. Viscosity as a function of shear rate for five different types of inks (four developed
in this investigation for functional flexographic printing).

For comparison, steady state measurements of ionic liquid polymer electrolyte solutions were
also conducted. The polymer electrolyte solution is composed of equal weight ratios of PVDF-
HFP and BMIM+ Tf- ionic liquid electrolyte. Samples with different ratios of the solvent to the
PVDF-HFP binder were used to measured viscosity. As shown in Figure 3.9, most of the
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Figure 3.9. Steady-state viscosity of polymer electrolyte solutions. The values indicate four
electrolyte solutions with different weight ratios of NMP solvent to the PVDF-HFP binder.
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polymer electrolytes show Newtonian behavior with constant low viscosities within the range of
shear rates applied. However, shear-thinning behavior is exhibited by the high viscosity sample.
The low viscosity values at a wide range of shear rates show that the electrolyte solution should
also transfer between rollers well.

The plots of shear stress-shear rate from the same sets of experiments are shown in Figure 3.10.
The critical shear stress is reached at the peak of each curve. Both the CMC/SBR based cathode
slurry and the PVDF-HFP based slurry showed much lower critical shear stress than other three
inks, which gave much better printing quality as will be shown in the following sections. For
“structural” fluids like these flexographic composite inks, the critical shear stress indicates the
minimum shear stress required to initiate the deformation in the fluids. Below this critical stress,
the ink behaves more as a solid, absorbing the stress without flow[34], [35]. But once the
threshold of critical shear stress has been reached, the material yields to flow. The yield stress
could thus be directly related to the structural behavior of flexographic inks under shear and
compressive stress after they were transferred to the substrate. A standard way to measure the
yield stress is described in the next section.
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Figure 3.10. Shear stress as a function of shear rate for five different types of inks developed for
flexographic printing.

3.4.3. Yield Stress Measurement

To determine the yield stress, five ink samples were initially pre-sheared for 60 seconds at 1 Pa
followed by a 60 second equilibration time before performing a stress sweep from 1 to 300 Pa,
over a time period of 300 seconds as shown in Figure 3.11. This controlled stress test was
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repeated three times for each sample to obtain average values and standard deviations. As
discussed earlier, yield stress is a critical parameter, which determines the flexographic ink
transition point from a solid-like behavior to a liquid-like behavior in which the composite
material’s internal network structure starts to break down, and the material begins to flow[35],
[36]. The yield stress indicates the relative structural strength of the particle network within the
slurry ink and is closely related to the elasticity of the ink. As shown in Figure 3.12 below, due
to the low yield stress of CMC/SBR based cathode slurry and the PVDF-HFP based slurry inks,
their internal structure tends to easily get broken. Once a pressure or a shear stress is applied to
the inks that have been transferred to the substrate, active particles could easily be squeezed to
the edge of the film causing high non-uniformity. An even worse situation would be that inks
flow without control at the edge of the printed area so that the film shape becomes irregular and
pattern transfer becomes inaccurate. On the other hand, the PSBR based cathode slurry had
similar yield stress as with commercial flexographic inks as well as extender based electrode
inks, so it also achieved very good flexographic printability.
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Figure 3.11. Shear strain versus shear stress for controlled stress sweep measurements for five
different types of inks. The critical shear stress is reached at the end of each curve.

In most of studies of the rheology of fluids, it is quite common to just run steady-state viscosity
measurements or even just simple single-point viscosity measurement (at a only one shear rate).
For flexographic ink development, a yield stress study is equally, if not more, important due to
the nature of the complicated printing process itself. It is concluded that both the viscosity and
yield stress of a functional flexographic ink need to be well adjusted to guarantee there are both
of a smooth ink flow and an accurate ink deposition as well as pattern transfer. The latter then
will also be closely related what will be discussed next: ink wetting properties.
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Figure 3.12. Yield stress for five different types of inks developed for flexographic printing.

3.5. Wetting Properties

3.5.1. Introduction

The wetting properties of the functional inks on various substrates are important because they
greatly influence the ink adhesion and final feature formation after the flexographic ink gets
transferred to the substrates, either before or after the stresses is released from the inks.

The fluid drop spreading on a solid substrate surface is determined by a competition between
adhesive forces at the interface of liquid and solid as well as cohesive forces within the
liquid[37], [38]. The interfacial adhesive forces promote drop spreading, while the internal
cohesive forces within the liquid work against it. At equilibrium, the balance of forces on the
liquid at the three-phase line (Figure 3.13) can be described using the Young’s equation[39]:

Ysa:Ysl+Ylacose ( 1 )

where 0 is the Young’s contact angle; vs, Vs and vy, represent the solid-air, solid-liquid and
liquid-air interfacial tensions, respectively.

A spreading coefficient, S, is widely used for predicting whether a liquid drop will spontaneously
spread on a solid substrate surface [40]and is defined as

S=¥sa-(Ysity1a)  (2)

When S > 0, the ink spreading process is spontaneous and a uniform, thin liquid film will be

formed at the equilibrium state; when S < 0, the liquid will eventually form a drop with above
zero contact angles.
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From an energy perspective, the final feature is determined by the surface energy of both of the
fluid and the solid. Changing one or several of these surface energy components makes it
possible to control the system to attain the wetting properties desired for a given system. Thus in
the printing industry, to achieve the desired wetting properties, printers typically try to adjust the
ink surface tension (more popular term than surface energy for fluids) through adding surfactant
chemicals to the ink formulations; or modify the substrate surface energy by doing some surface
pretreatment before printing, such as corona discharge treatment.

vla Air
0 Liquid
vSa vSl Solid

Figure 3.13. The balance of forces at equilibrium on the liquid drop at a three-phase line.

For the flexogrpahically printed battery research, the main focus is on the ink formulations
optimization for functional ink wettability improvement. Both ink surface tension
characterizations and contact angle measurements will be presented here. Because of the
limitations of equipment available for surface corona discharge pretreatment, no large spool of
foils could be prepared for roll-to-roll printing tests.

3.5.2. Surface Tension of Inks

Surface tension of a liquid is believed to be caused by the unbalanced forces of liquid molecules
at the surface when exposed to air (a more general term would be interfacial tension with any
other phase/medium)[41]. As illustrated in the following Figure 3.14, inside a pure liquid or
homogeneous solution, each molecule in the bulk is pulled equally in every direction by
neighboring liquid molecules, which generally result in a net force of zero. However, the
molecules exposed at the liquid surface to air do not have the same kind of neighboring
molecules in all directions to provide a balanced force. Thus, the molecules at the surface tend to
be pulled inward by the unbalanced force and create so-called “surface tension”. Because of this,
a liquid drop, such as an ink, typically tends to contract its surface area by the cohesive force to
reach its lowest surface free energy.

For various ink characterizations, the surface tension of ink measures the cohesive force present
at the solution surface and it directly quantifies the wetting characteristic of the ink surface. All
surface tension measurements were performed using a KSV Sigma 701 tensiometer using the
Wilhelmy plate method[42]. Surface tension is mathematically defined as the amount of work
that must be done in order to create unit area of surface. The SI units are J/m* (or N/m), but in
this paper values are expressed in more commonly used unit mN/m.
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Figure 3.14. Illustration of surface tension caused by the unbalanced forces of liquid molecules
at the surface.

The surface tensions of various inks made using the previously described formulations are
presented in Figure 3.15 below. Both the NMP-based and water-based MnQO, inks with
dispersing agent have shown similar surface tension values to commercial flexographic inks,
which are significantly lower than what is measured for pure water as well as water based
CMC/SBR inks. The value for NMP-based inks is low because the organic solvent, NMP,
mainly exposed at the surface of the slurry has much lower surface tension than pure water (72
mN/m). However, by adding dispersing agent consisting of a combination of non-ionic
surfactants, even water-based slurry could achieve lower surface tension. The results also
indicate the two most effective approaches in order to improving wetting properties of the inks:

by controlling the contents of solvent or adding proper amount of surfactant additives. The
detailed role of surfactant will be discussed.

The surface tension of ionic liquid electrolyte based on NMP solvent was also studied and shown
in Figure 3.16. All the measured average surface tension values are between 30 mN/m and 35
mN/m, with only slight change due to the solvent content changes. It is thus concluded that NMP
based electrolyte should have good wettability on general printing substrates. However, a solvent

trapping system will need to be built for using organic solvent-based functional inks for large-
scale flexographic printing.

37



Surface tension(mN/m)
[\ W E W [*)) J )
(e (e S [w] (e S [w]
T T T T T T
—
—

—_
()
T

Water CMC MnO2 Commercial PVDF MnO2 CMC MnO2
ink black ink ink ink (with
dispersant)

(=]

Figure 3.15. Surface tensions of water, water-based CMC/SBR ink slurry, a commercial water-
based black ink, NMP-based PVDF ink slurry and water-based CMC/SBR ink slurry with
dispersants. Dispersing agent has significantly improved the wetting properties of water-based
ink on stainless steel substrate.
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Figure 3.16. Surface tension varies little for polymer electrolyte inks with different amounts of

solvents. With the solvent contents increase, surface tension of the electrolyte also increases
slightly.
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3.5.3. Contact Angle Measurements

While surface tension values can give a general idea of the liquid surface properties exposed to
the air phase, the contact angle measurements have the advantage of giving a more intuitive
assessment of the flexographic ink’s wetting characteristics on specific substrates, providing
information on the interaction between the ink and the substrate interface. Typically small
contact angles (less than 90°) denote high grade of ink wettability while large contact angles
(greater than 90°) stand for a low grade of ink wetting property.

Contact angles can be measured using various methods, including the telescope-goniometer
method and the Wilhelmy balance method[43]. In this research, contact angle measurements of
the various inks were performed using a photographic method using the custom-built dispenser
printer, a technique based on the goniometer method. ImageJ software was used for captured
image post-processing and contact angle analysis.

Figure 3.16 compares the contact angles of the inks on various substrates. The photopolymer on
the plate cylinder plays a key roll in transferring the ink from the plate cylinder to the substrate.
Good ink transfer requires similar wettability of the transferred ink on both the photopolymer
and the metal substrate while maintaining low-viscosity to promote flow. In this experiment, the
photopolymer plate was custom designed and ordered from Flexographic Printing Plate Co., Inc.
Both the aluminum and stainless steel (type 304-full hard temper, SO0um thick) foils used in the
following chapters are from Mcmaster-Carr. NMP based cathode ink have similar contact angles
measured with commercial graphic inks on all three substrates, which implies wetting properties
are good. The water-based CMC/SBR inks without dispersants, as shown from Figure 3.8,
cannot be printed well due to its high contact angles.

120
) . Commercial
W Stainless Steel Foil ink
100 in
N Aluminum Foil
80
Photopolymer
60 NMP-based

MnQ, ink

Contact Angle (*)

Water-based
MnO, ink

40
20
0 i :

Commercial ink  NMP-based ink Water-based ink

Figure 3.16. Contact angles of commercial water-based ink, NMP-based PVDF ink slurry, and
water-based CMC/SBR ink slurry; the three figures on the right show the contact angle
measurement using our custom dispenser print on an aluminum foil for four types of inks.

From Figure 3.17, however, by adding just 4 wt% of the dispersing agent to the water-based
slurry significantly reduced the contact angles. Future work on optimization of the type and
quantity of dispersants will be beneficial to obtaining the desired functional inks.
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Figure 3.17. Contact angles comparison of commercial water-based ink, water-based
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Figure 3.18. Contact angles of water-based CMC/SBR inks on stainless steel substrate were
greatly reduced by adding ethanol as an additive solvent.

In Figure 3.18, another effective approach to reduce the surface tension and contact angles of the
existing aqueous cathode inks was shown. By adding a certain amount of organic solvent, such
as ethanol or acetone, the contact angles on stainless steel foil were reduced to what could be
achieved by commercial flexographic inks. Of course, this is not a preferred method, as it is a
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return to the volatile organic solvent-based slurry inks. For small scale printing in controllable
environments, this approach might be considered.

The initial contact angles of the electrolyte on a printed MnO, cathode layer were measured and
shown in Figure 3.19. The low contact angles suggest good wetting properties of the electrolyte
with several electrolyte ink formulations by changing the organic solvent contents. The dynamic
contact angle measurements were also conducted based on the video recording during ink drop
spreading process on the cathode. Instead of coming to equilibrium state quickly, the contact
angle further decreases over time due to the penetration of the electrolyte layer into the porous
electrode. This effect has been consistently observed and measured as seen in Figure 3.19.
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Figure 3.19. Initial contact angles of polymer electrolytes and the penetration and typical
spreading behavior of the ink on porous MnO, electrode.

3.6. Ink Dispersing Qualities

Because flexography is typically a long-lasting, large volume ink printing process, high quality
inks require good ink pigment dispersion, fine particle shape and size distribution as well as
long-term stabilization of the dispersed particles in the ink[44], [45]. Figure 3.20 below shows
the representative commercial ink making mechanism, which include pigment wetting stage,
grinding stage for dispersion as well as the final stabilization of the pigment suspension [45]. The
graphic ink dispersion process is a high-energy process when the pigment agglomerates or
aggregates are mechanically broken up into smaller constituents, which then uniformly
distributed in the ink vehicle. This is usually accomplished by mechanical impact and shear
action provided by high impact mill equipment. Once dispersed, the primary particles then tend
to re-agglomerate, forming so-called “flocs” typically due to the attractive van der Waals forces.
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So in order to maintain the well-dispersed state, dispersing agent additives with stabilizing
molecules are needed to achieve pigment stabilization.

According to the different types of additive dispersing agents and of repulsive force mechanisms,
there are two classes of stabilization[45]: Electrostatic stabilization by adding ionic surfactants to
form Coulomb-repulsion of the same charged particles and steric stabilization by adding non-
ionic surfactant polymers covering the particles, which helps to create physical space separation
based on they hydrophilicity or hydrophobility of the polymer molecules. Depending on the
contents of graphic ink pigments, resins and solvents, proper surfactant additives need to be
selected to achieve excellent ink dispersing quality and stability.

Similarly, to develop good functional flexographic inks for battery or other energy applications,
strict control of the ink dispersion and stabilization process is highly important. For example,
high-speed planetary ball milling has been employed for cathode ink mixing and dispersion and
shows improved ink uniformity and printability compared to inks prepared just using low power
vortex mixer. In the present work a certain amount of dispersing agent (non-ionic surfactant) was
also added to look at its effect on ink formulation performances.
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Figure 3.20. The mechanisms of typical pigments dispersion in liquid inks to produce stable
suspension (adapted from [45])

Figure 3.21 shows the voltage versus discharge capacity curve from batteries assembled with
cathode films flexographically printed with inks with and without 4 wt% dispersing agent as
introduced before. The discharging curve from cathode ink with dispersing agent is much
smoother than the one without dispersing agent, which implies that the ink homogeneity and film
uniformity are likely be improved physically. More electrochemical characterization results will
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be presented in the following chapter but from this figure, it can also be seen that the non-
conductive dispersing agent has increased the internal resistance within the cell, which caused a
lower discharge voltage. An optimization of the dispersing agent type and amount is highly
recommended for achieving excellent ink printing quality, both physically and electrochemically.
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Figure 3.21. Comparison of the electrochemical performance of the cathode films printed from
inks with and without 4% dispersing agent.

3.7. Physical Characterizations of the Printed Films

3.7.1. Introduction

With the different types of inks presented in the sections above, a series of printability
experiments have been conducted mainly using a Perfect Proofer System (Integrity Engineering,
Inc.) Figure 3.22 is shown below to just give a visual idea of what has been achieved. Figure
3.22(a) is a representative pattern printed using cathode ink formulations with CMC/SBR binders
on stainless steel foils while Figure 3.22(b) is a representative pattern from using ink
formulations with PSBR binders. Because of the low yield stress from the CMC/SBR based
cathode inks (similar value with PVDF-HFP based cathode inks as shown in Figure 3.12), once
the ink transferred to the substrate, the major part of the active powders including MnO, and
acetylene black were easily squeezed to the edge of the pattern that was printed. Instead of
forming a uniformly distributed film, this resulted in deposition of * inactive areas” in the battery
electrode, which could then cause deteriorated electrochemical performance. With PSBR based
inks satisfying the established yield stress and ink structural properties criteria, excellent printing
quality with sharp edges and high uniformity were achieved, as shown in Figure 3.22(b).
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(b)

Figure 3.22. Significant improvement of printing quality on stainless steel foils by using cathode
slurry inks with different polymeric binding solutions: (a) Printed films from cathode ink
formulations with CMC/SBR binder; (b) Improved printed films from cathode ink formulations
with PSBR binder.

3.7.2.  Printed Cathode Film Surface Profile and Roughness

Films printed using the flexographic printability tester were observed under an optical
microscope. Figure 3.23 below shows three representative films printed using the same PSBR-
based cathode inks on stainless steel foils, but with anilox rollers with different cell volumes
engraved on the ceramic surface. Larger cell volume means more ink will be transferred to the
substrate, which then gives thicker deposited films. It is observed that all films printed with three
available cell volumes show the well-known phenomenon of “viscous fingering” under the
microscope. The fingering widths or configurations increase with the larger cell volumes. The
fundamental theories of viscous fingering are still not well understood, but it is widely accepted
that it is probably due to the instability during the ink transfer process, which causes ink splitting
[46]-[50]. Further optimization of the ink formulations or using larger cell volumes should be
able to minimize the fingering patterns. A printed film surface profile scan was done using a
mechanical stylus based step profilometer (KLA-Tencor Alpha-Step 1Q Surface Profiler). The
anilox roller with 15 BCM cell volume helps achieve a film with an average thickness around
3.654 um and a standard deviation of 1.903 um. Anilox roller with only 3.5 BCM cell volume
prints a film with an average thickness around 1.271 pm and a standard deviation of 0.681 pm.
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(b) 3.5 BCM

(c) 2.5 BCM

Figure 3.23. Flexographically printed PSBR-based cathode films under the optical microscope
showing viscous figuring patterns: films respectively printed by using (a) 15SBCM anilox roller,
(b) 3.5 BCM anilox roller and (¢) 2.5 BCM anilox roller.
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Figure 3.24. Surface profile scans of flexographically printed cathode films with: (a) 15SBCM
anilox roller, (b) 3.5BCM anilox roller.

For battery electrode printing applications, the thickness typically needs to be at least 20 um to
accomplish desired power and energy output per footprint area. This was realized by running
multiple prints based on the same printing substrates. Figure 3.25 shows that the viscous
fingering phenomenon disappeared after running five continuous prints by aligning the plates
with the pattern already printed on the substrate. The cross-section of a film with five printed
layers is shown in Figure 3.25, and a film thickness around 28 pm was successfully obtained.

(b)

Figure 3.25. Comparison of the printed film surface profile under microscope: (a) viscous
fingering patterns with just one print with PSBR-based cathode inks on stainless steel foils; (b)
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No fingering patterns observed with five continuous prints with same PSBR-based cathode inks
on stainless steel foils.

TM-1000_6930 2012/06/25 1003 L x2.0k 30 um

Figure 3.26. The SEM shows the cross-section of the printed PSBR-based cathode films on
current collector foils.

3.8. Chapter Summary and Future Work

A roll-to-roll flexographic printing process for large-scale zinc-based battery manufacturing was
proposed. Based on its fundamental operating mechanism, key criteria for developing functional
flexographic printing inks were established, including composite ink rheology (steady-state
viscosity and yield stress), ink wettability as well as ink dispersing qualities. The ink viscosity
significantly influences the ink transfer efficiency while the yield stress critically determines its
structural integrity once transferred on flexible substrate. The ink wettability indicates the ink
spreading properties and film uniformity while the ink dispersing quality affects the ink
homogeneity from before printing through the printing process. A variety of MnO; cathode inks
were formulated and analyzed based on these criteria. A novel type of aqueous cathode ink based
on PSBR polymeric binder showed excellent flexographic printability.

The results of this work are promising for the future development of all other composite slurry
components of the zinc-based battery system for flexographic printing as will be shown in the
following chapters, even including an inert particle-based ionic liquid slurry electrolyte. Future
studies will address further optimization of the ink formulations to achieve better printing quality
on a variety of nonconductive and conductive substrate. Specifically, the effects of polymeric
binder contents as well as the type and amount of surfactant additives on the printability will be
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interesting. Study on the substrate pre-treatment would be also essential to fully understanding
and improvement of the whole flexographic printing process for energy storage fabrications.
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Chapter 4

Electrochemical Characterizations

4.1. Introduction

With good battery cathode films flexographically printed, electrochemical
characterizations were then conducted for further optimization of the battery chemistry. A
printed rechargeable zinc-based battery with an ionic liquid gel electrolyte was developed
based on an assumption of a reversible intercalation mechanism of zinc ions into the
manganese dioxide (MnQO;) cathode. It has been shown by Ho[1] that MnO, appeared to
be a suitable insertion host for zinc ions, and served as a good cathode material in a zinc-
metal oxide battery printed from a custom dispenser printer. However, it was pointed out
at the same time that the charge transfer and transport mechanism of zinc ions in
manganese dioxide cathode appears to be complicated, and further characterizations of
these properties are important to the development and optimization of this specific battery
chemistry[2]. Extensive characterizations of flexographically printed cathode films with
newly developed aqueous-based inks are the primary focus of this chapter. Cell
performance metrics include cell rechargeability and lifetime, impedance and energy
density, as well as reliability, etc.

MnO:; is a traditional, inexpensive transition metal oxide widely used in primary alkaline
batteries as well as secondary Li-ion batteries, in which certain phases of the materials
have been demonstrated to be able to withstand the reversible electrochemical insertion
and extraction of lightweight protons and lithium ions. Synthetic MnO, can be
categorized based on the preparation methods: chemical manganese dioxide (CMD) by
chemical methods and electrolytic manganese dioxide (EMD) by electrochemical
methods[3]. According to their degree of crystallization and content of foreign ions
(therefore purity and stoichiometry), at least six distinct types of manganese dioxide have
been characterized (a, B, v, 9, € and ramsdellite)[3]. Among them, the f-MnO is the least
reactive form of MnO, with the highest crystallinity, and it comes the closest to having a
stoichiometric composition among the six [3]. By contrast, y-MnO?2 is nearly amorphous
and much more reactive electrochemically, which makes it widely used in alkaline
batteries with its storage mechanism of protons (H"). More generally, the electrochemical
or battery activity of MnO, is determined by a combination of typical material properties
such as crystal structure, surface area, porosity, and chemical purity [3].

It 1s common that most battery chemistry performances are not readily predictable; the
most reliable way of establishing their properties is through an actual performance test in
a specific battery from what the author understands. In this thesis, a-MnO; has been
mainly studied experimentally. a-MnO, was shown to be able to store and release much
heavier zinc ions (Zn>") reversibly with large and stable tunnels in the structural
framework without destruction of its fundamental structure[4]. It should be noticed that
lithium ions have ionic radii of 0.68 A and valence of one while zinc ions have ionic radii
of 0.74 A and valence of two [2][5].
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The Zn/IGE/MnO; battery chemistry could be summarized as the following two reactions
(during discharge):

Anodic reaction:
In-7Zn*t + 2~ (1)
Cathodic reaction:
Zn?*t + xMn0, + 2e~ - Zn(Mn0,), (2)

It can be seen that the anodic reaction is a zinc dissolution process, during discharge (and
zinc deposition during charge), into the ionic liquid electrolyte. On the cathode side, it is
probably a divalent zinc ion intercalation process happening. The amount of zinc ions
that could be inserted and hosted in the lattice of MnO, will be studied in this chapter.

4.2. Experimental

The chemicals used for cathode and gel electrolyte synthesis, ink formulations and
mixing methods, as well as physical characterization methods for the printed cathode
films can be found in Chapter 3. Figure 4.1(a) shows the flexographically printed PSBR-
based MnQO, films with square patterns after five continuous prints on a roll of stainless
steel foil, with an average thickness of 28 um. From the SEM (Hitachi TM-1000) image
in Figure 4.1(b), it was observed that the aqueous-based cathode film is denser from
surface morphology than what was printed from organic solvent based cathode. It is
probably because of the higher binding strength provided by the PSBR than the PVDF-
HFP.

(a) (b)

Figure 4.1. (a) Five continuous printed PSBR-based MnQO, cathode films on a piece of
stainless steel foil made with a flexographic ink printability tester at California
Polytechnic State University, San Luis Obispo; (b) SEM image shows the surface profile
of a PSBR-based MnO, cathode film.
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For electrochemical characterizations, gel electrolyte solution was dispenser printed on
top of the flexographically printed cathode films after being trimmed. The dispenser
printed electrolyte had an active area of 1 cm”and an average thickness of 50 um before
being cured in the oven at 70 °C for two hours. Subsequently, a full cell was assembled
by placing a piece of zinc foil on top (pre-cleaned with acetone) and clamping for at least
12 hours to equilibrate with the ambient environment before testing. The cell assembly
process is illustrated in Figure 4.2.

All the assembled cells were tested in ambient environment at room temperature and the
results were normalized according to the electrode footprint area the cell occupied. Both
of cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
experiments were performed using a Gamry Reference 600 Potentiostat/Galvanostat/ZRA.
Galvanostatic characterizations were conducted with both of the Gamry system and a
custom built potentiostat/galvanostat[6].

D~/ =

1. Flexo Print Cathode on SS Foil 2. Dispenser Print Gel Electrolyte 3. Zinc Foil Anode Assembly and Cell Test

Figure 4.2. Full cell assembly process with flexographically printed cathode, dispenser
printed gel electrolyte and zinc foil anode for electrochemical characterizations.

4.3. Reversible Zinc Ion Intercalation in the Flexographically
Printed MnO, Cathode

To measure the electrochemical intercalation of zinc ions into the opened layer structure
of a-MnOQO; cathode, a two-electrode cyclic voltammetry setup was used for studies of the
cells assembled as described above. In these experiments, MnO, was the working
electrode and zinc foil was used as both the reference and counter electrodes. Figure 4.3
shows a representative cyclic voltammetry plot of the insertion/extraction of Zn>" ions
into/from the a-MnO, cathode through the ionic liquid gel electrolyte at a voltage sweep
rate of 10 mV/s for three continuous cycles. Relatively broad anodic and cathodic current
density peaks were detected between 0.5V to 2.5V versus the Zn>/Zn reference electrode,
which demonstrated the fast transport of zinc ions and high interfacial reaction rate at this
voltage sweep rate. The cyclic voltammetry curve indicated that the reversible
electrochemical insertion and extraction of Zn”" to and from the MnO, films occurred for
at least three cycles without cell performance degradation.
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Figure 4.4 shows the cyclic voltammetry curves of the flexographcally printed cathode at
different scan rates. Both reduction and oxidation current density peaks gradually
increased with the increasing scan rate. Figure 4.5 shows a general linear relationship
between the peak current density and the square root of scan rate. This linearity suggests

a diffusion-limited reaction (semi-infinite diffusion)[7].The peak current density ip can
be expressed by the classical Randles—Sevick Equation at 25°C:

i,=2.69x 10°n**CD"y'"? 3)
where ip (mA/cm?) is the peak current density;
n 1is the number of electrons transferred in the reaction(2 for the zinc based chemistry);

C (mol/em’) is the zinc ion concentration (2% 107 mol / cm’y,
D (cm’/s) is the diffusion coefficient of the rate limiting species (zinc ions);

and v (V/s) is the scan rate.
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Figure 4.3. Voltammogram for a cell consisted of flexogrpahically printed MnO, cathode,
dispenser printed gel electrolyte, and zinc foil anode at a scan rate of 10 mV/s for three
cycles. Zinc ions insertion into the MnO, lattice structure happened when sweeping
voltage decreases while zinc ions extraction happened from the cathode structure when
sweeping voltage increases. The sweeping direction started towards more positive
potentials.

By fitting the slope of i, versus v"? in Figure 4.5 into Equation (3), the diffusion

coefficient of zinc ions in the PSBR-based a-MnQO, cathode is calculated to be about
9.6x10~° ¢m’/s. For comparison, the diffusion coefficient of zinc ions in BMIM+ Tf-
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ionic liquid electrolytes varies as a function of zinc solute concentrations but is typically
of the order of 10™® cm?/s[2]. The diffusion coefficient of protons in electrolytic MnO» is
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Figure 4.4. Voltammogram for an assembled cell consisting of flexogrpahically printed
MnO; cathode, dispenser printed gel electrolyte, and zinc foil anode at three scan rates
respectively: 1 mV/s, 5 mV/s, and 10 mV/s.
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Figure 4.5. Linear relationship of the peak current density of the cell with
flexographically printed cathode and the square root of scan rate during the cyclic
voltammetry measurement.
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10" to 10"'® cm?/s[8][2] and the diffusion coefficient of lithium ions in MnO, is
typically between 10” to 107> cm?/s[9][2], which is similar to that of zinc ions calculated
here. This indicates that although zinc ions are heavier than lithium ions, the transport
properties of the two in the MnO; cathode are comparable and zinc ion batteries based on
intercalation mechanism is a good possibility.

4.4. Galvanostatic Characterization of the Flexographically
Printed MnO, Cathode

4.4.1. Discharge Capacity

Further electrochemical behavior of the flexographically printed cathode was measured
using the galvanostatic method. The typical potential evolution of the assembled battery
cell as a function of depth of discharge at a constant current density of 0.05 mA/cm? is
shown in Figure 4.6. The converted galvanostatic discharge rate was about C/3.2 based
on the maximum cell capacity obtained. The cell was discharged between 1.8 and 0.5 V.
It was noticed that the discharge potential decreased with increasing depth of discharge.
The sloping nature of this decline suggested that the mechanism of charge storage was
predominantly pseudocapacitive[2]. It also revealed a homogeneous phase reaction nature.
This specific assembled cell achieved 0.16 mAh/cm? in first cycle capacity density.
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Figure 4.6. Discharge potential of a battery consisting of flexographically printed MnO,
cathode, dispenser printed gel electrolyte, and zinc foil anode on a stainless steel
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substrate, as a function of depth of discharge. The cell was discharged at a 0.05 mA/cm®
current density and a C/3.2 rate.

The amount of zinc ions inserted in the MnO, composite cathode can be quantified using
the following expression, based on the cathodic reaction written as in Equation 2:
X = mhostz‘ F

on 4
M, It @

host
where m;,,s 1s the total mass of the host material MnO»;
Zion 18 the valence of the zinc ion;
F is Faraday constant;
M, 18 the molar mass of the host material MnO»;
1 is the current;

t is a defined amount of time the current was applied.

From the capacity measured in Figure 4.6 by discharging to a lower cutoff voltage of
0.5V, the value of x is calculated to be 20.5, which represents the amount of zinc ions
inserted into MnO; to form Zn(MnO,),s, stoichiometrically. Even though this is a
relatively small amount of insertion comparing to lithium metal insertion into MnOa, it
should be noticed that the value of x is inversely proportional to the cell capacity
achieved. For cells with higher capacity, this level of insertion is much higher.

4.4.2.  Galvanostatic Cyclability

A typical curve of assembled cell discharge capacity evolution with cycle number at a
discharge current density of 0.1mA/cm” is shown in Figure 4.7. The cell was first charged
at a constant current density of 0.1 mA/cm® until it reached a cutoff voltage of 1.8 V
before being discharged between 1.8 and 0.5 V. As can be seen in the figure, the capacity
decreased significantly at the first few cycles and then stabilized around cycle twenty. For
the first twenty cycles measured, the reversible capacity was approximately 0.05
mAh/cm? while the irreversible capacity was about 0.13 mAh /cm?, about 72% of the first
cycle capacity. The irreversible capacity suggested that there was significant loss of
active materials with first few cycles of reaction. After twenty cycles, an irreversible
capacity still existed throughout each of the following consecutive cycles, but the
irreversibility became negligible.

Figure 4.8 plots out the detailed cell voltage profile as a function of both the depth of
charge and discharge for five different cycles. The Coulombic efficiency of the cell was
calculated based on the first twenty cycles, which was about 95% at this discharge rate.
This indicated that most of the charged capacity in the cells could be discharged at high
efficiency.
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Figure 4.7. The galvanostatic cycling of a cell containing flexographically printed MnO,
cathode, gel electrolyte, and zinc foil anode at a discharge current density of 0.1 mA/cm®.
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Figure 4.8. Cell potential as a function of both depth of charge and discharge for five
different selected cycles. The capacity (maximum depth of discharge) drops quickly at
the first few cycles but then stabilizes around cycle twenty.
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4.4.3. Rate Performance

Studies on the rate performance of the assembled battery cell were also conducted and the
results are shown in Figure 4.9 and Figure 4.10. Galvanostatic discharge capacities were
measured between 1.8V and 0.5V for varying discharge current densities. The cells were
charged and discharged using the same protocol as above but at four different current
densities respectively: 0.05mA/cm?, 0.1mA/cm? 0.5mA/cm” and 1.0 mA/cm’. Figure 4.9
shows the cell potentials as a function of the depth of charge and discharge and Figure
4.10 summarizes the cell capacity attained at different discharge current density. As
expected, the maximum discharge capacity was achieved at the lowest current density
0.05 mA/cm?, which corresponded to a rate of approximately C/3.2. It is because at lower
discharge current density, more active materials in the porous electrode have sufficient
time to get in contact with the electrolyte penetrating into the structure, and react to
generate more current over a discharge cycle. With current density increasing, the
discharge capacity decreased because of the high cell impedance through the porous
structure of printed cathode, which results less reactions[2].

These results indicate that the printed zinc-based battery based on this specific chemistry
works better for energy-related applications in grid storage than power regulating
applications. An integrated system with both of the battery and load leveling
supercapacitor is widely considered to be able to address the demands for both high
energy density and power density systems.
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Figure 4.9. Cell potential as a function of both depth of charge and discharge at three
different current densities respectively: 0.1mA/cm?, 0.5mA/cm” and 1.0 mA/cm?.
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Figure 4.10. Discharge capacity extracted from the assembled cell as a function of
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4.5. Electrochemical Impedance Spectroscopy

4.5.1. Introduction to Principles of AC Impedance Measurement

Electrochemical impedance spectroscopy (EIS) is a widely used AC impedance method
to distinguish impedance components within an electrochemical cell. The impedance is
measured by applying a small AC potential to the cell and recording the induced AC
current response at a certain range of frequencies. The relationship between the applied
potential and the response current is known as the impedance, which is similar to the
potential-current-resistance relationship in a dc electrical circuit. A small sinusoidal
excitation potential (amplitude of potential V) typically less than 10 mV) is used to
maintain a linear or pseudo-linear response so that the output current remains sinusoidal
in wave shape but shifted in phase[2].

The input potential, V' (), is represented by the following expression:
V(t) =V, *x cos(wt) =V, * cos 2nft) (5)

where

t 1s the time;

V, is the amplitude of the potential;
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w 1is the radial frequency;
and f'is the frequency.

The output current response also has a sinusoidal shape, which is expressed as:
I(t) =1y * cos(wt — ¢p) = I, * cos 2nrft —¢) (6)

where
I, 1s the amplitude of the current;
¢ is the phase shift.
Based on Euler’s Formula:
e/® = cosO + jsin® (7)
V(1) and I(?) can therefore be expressed using complex notations:
V(t) =V, xeWt  (8)
I(t) = Iy * e/Wt=J¢ 9)
The impedance is the ratio between the input potential and the output current, expressed
below as a function of phase angle instead of time:
Z = % = |Z| * €% = |Z| * (cos¢ + jsing)  (10)
where

|Z| is the modulus of impedance.

Based on the above Equation 10, there are therefore two types of plot to represent the
measured ‘“electrochemical impedance spectrum”. The first type is a widely used
“Nyquist plot”, representing impedance Z in a complex plane because the impedance can
be divided into real and imaginary components and visually represented in a Nyquist plot.
The second type is a “Bode plot", in which the impedance modulus |Z| and phase angle ¢
are plotted as a function of measuring frequency f on horizontal axis.

Most electrochemical impedance spectra can be fitted to equivalent circuit models
incorporating various circuit components that represent physical entities in the
electrochemical system. Overviews of the common equivalent circuit elements and their
physical meanings in electrochemical systems can be found in several publications ([2],
[10], and [11]). A summary of the common circuit elements and their mathematical
expressions in impedance used to model electrochemical systems is given in Table 4.1.

4.5.2. Interfacial Properties between Zinc and Gel Electrolyte
An example of both of the Nyquist plot and Bode plot displaying the impedance spectra

for a symmetric electrochemical cell with two zinc foil electrodes and an ionic liquid gel
electrolyte is shown in Figure 4.11 and 4.12. This cell was built to study the ionic liquid
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gel electrolyte resistance as well as interfacial properties between the zinc electrode and
the gel electrolyte.

A planar cell structure was first built by clamping two zinc foil electrodes on both sides
of the same gel electrolyte as described in the experimental section. The active interfacial
area between the electrodes and the electrolyte was 1 cm”. The cell was again allowed to
stabilize over 12 hours after assembly before an EIS test was performed on the cell at
room temperature in ambient environment. The cell was swept with a V) of 5 mV from 1
MHz to 0.01 Hz with OV DC bias.

Table 4.1. Common equivalent circuit elements in electrochemical systems and their
mathematical expressions in impedance (adapted from [2]).

Equivalent Circuit Element Impedance Expression
Resistor, R Z=R

Capacitor, C Z=1/jwC

Constant Phase Element, CPE Z=A@Gw)e

Infinite Warburg, W Z=Ww) (1))

infinite

Bounded Warburg, W . Z=Ww)2(1-j)tanh[5(jw/D)!?]
g finite

An equivalent circuit model was built to model this system by Ho and is illustrated in
Figure 4.12[2]. The system can be expressed as an equivalent circuit containing a gel
electrolyte resistor in series with a constant phase element that is in parallel with an
interfacial charge transfer resistor and a Warburg diffusion element. The constant phase
element corresponded to a complex double layer capacitance in a cell system,
representing non-uniform interfacial properties between porous electrodes and electrolyte
[2]. For this specific gel electrolyte based test cell, this element was used because of the
interfacial inhomogeneity from the non-standard cell assembly process. The Warburg
diffusion element is commonly used to model semi-infinite linear diffusion and was
included in the circuit to represent the diffusion of zinc ions in the gel electrolyte. The
equivalent circuit model works well for assembled cells with dispenser printed electrolyte
and zinc foil electrode. The fits determined by the equivalent circuit model are also
included in both of Figure 4.11(a) and 4.11(b). From the equivalent circuit model, the gel
resistance of this system is 90.17 Q/cm’, and the interfacial resistance is 57.49 kQ/cm?.
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Figure 4.11(a). AC electrochemical impedance spectra in Nyquist form and equivalent
circuit fitting of one zinc/gel/zinc cell containing two zinc foil electrodes and one ionic

liquid gel electrolyte.
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Figure 4.11(b). The electrochemical impedance spectra in Bode form and equivalent
circuit fitting of one cell containing two zinc foil electrodes and one ionic liquid gel

electrolyte.
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Figure 4.12. Equivalent circuit model built for a test cell containing two zinc foil
electrodes and one ionic liquid gel electrolyte. Ry represents the resistor, Quiffusion
represents the constant phase element and Wgisrsion represents the Warburg diffusion
element (adapted from [2]).

Using the same ionic liquid electrolyte, symmetric cell structure and testing method,
studies on the cell impedance variation as a function of working temperature and
dispenser printed gel electrolyte thickness were conducted. The temperature dependence
results of the cell impedance are shown in Figure 4.13 together with the extracted gel
resistances and the interfacial resistances from the equivalent circuit models built above.
It was observed that both the gel and the interfacial resistances decreased as the cell
working temperature increased. These were attributed to the increasing ionic
conductivities through the gel electrolyte and the decreasing interfacial charge transfer
resistances with the temperature.
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Figure 4.13. Electrochemical impedance spectra in Nyquist form of a zinc/gel/zinc cell
measured at four different temperatures respectively: 20°C, 45°C, 70°C, and 95°C. The
cell contained a gel electrolyte sandwiched between two zinc foil electrodes. The
decreases in the size of the loops can be attributed to decreasing interfacial impedances

with temperature increases. Both of the gel resistance and interfacial resistance decrease
with the increasing temperature.

The ionic conductivity o of the electrolyte was calculated based on the following
equation:

0 = 1/ARgy (11)
where
[ 1s the gel electrolyte membrane thickness;
A 1s the active area of the gel electrolyte;
and R, 1s the gel resistance measured from impedance spectra.

The ionic conductivities calculated in the wide temperature range from 20 °C to 95 °C
were all in the order of magnitude of 10~ S/cm, which are comparable to those of typical
lithium 1on conducting polymer gel electrolytes. This impedance result of ionic liquid gel

electrolyte shows the promise for potential battery applications in wide operating
temperature ranges.
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Figure 4.14. Electrochemical impedance spectra in Nyquist form of five zinc/gel/zinc

cells consisting of gel electrolyte films at different thickness. The cell contained a gel
electrolyte sandwiched between two zinc foil electrodes. The gel resistances increase
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with the increasing thickness while the interfacial resistances show no apparent
dependence on the gel thickness.

The electrolyte impedance dependence on the gel membrane thickness is shown in Figure
4.14. As expected according to Equation 11, the gel resistance increased with the
membrane thickness. The interfacial resistance did not show direct relationship with the
thickness. The fluctuation of the interfacial resistance curve was probably due to the
varying forces applied to cells during the assembly process with different clamps. The
process variables contributing to the low cell yield and performance variation will be
discussed in session 4.6.

The dependence of ionic conductivities on the zinc solute concentrations in the
BMIM+Tf- ionic liquid electrolyte as well as on the ionic liquid concentrations in the
PVDF-HFP binding solution were studied by Ho[2]. It was concluded that the ionic
conductivities increase with lower zinc solute concentration in the BMIM+T{- ionic
liquid but with higher ionic liquid electrolyte concentration in the PVDF-HFP gel.
However, as the ionic liquid electrolyte concentration increases in the gel, “sweating”
happens as shown in Figure 4.15, which causes the mechanical strength of the gel
structure to degrade. There should be a tradeoff between gel electrochemical performance
and structural integrity.

(b) ()

Figure 4.15. Gel electrolytes under optical microscope after being taken out of the oven
for two hours, respectively for three gel electrolytes with different weight ratios of ionic
liquid electrolyte to PVDF-HFP: (a) 1:1; (b) 0.75:1; (c) 0.5:1. Electrolyte “sweating”
happened to the gel electrolyte with more than 50 wt% 0.25M ionic liquid electrolytes in
PVDF-HFP.

4.5.3. Impedance Analysis of The Assembled Full Cell

The influence of the cell potential on the electrochemical behavior of zinc ions in the
flexographically printed a-MnO, composite electrode was also investigated using
electrochemical impedance spectroscopy. For a small AC input signal with an amplitude
Vyof 5 mV and a frequency sweep between 0.1 Hz to 10° Hz, the impedance spectra of
an assembled cell containing a flexographically printed MnO, cathode, a dispenser
printed gel electrolyte, and a zinc foil anode were recorded along one discharge and
charge cycle at several potentials with OV DC bias. From the CV curves shown before,
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when the potential decreased, the cathode started transferring from zinc ion extraction to
the zinc ion insertion.

The cell’s impedance spectra from the discharge routine were recorded from 1.49 to 1.11
V versus Zn’"/Zn reference electrode, which are all displayed in Figure 4.16. An
equivalent circuit model was not successfully built for these measurements probably
because the cell systems are highly complex and constantly changing. But it was
suggested by Ho that there are four main phenomena contributing to the cell’s overall
polarization[2]: the gel electrolyte resistance at very high frequencies, the electrode
surface film resistance, the charge transfer resistance at the electrode and electrolyte
interface, and diffusion effects at very low frequencies(not apparent in the plots here at
frequencies above 0.1Hz).

The frequencies in the plots decrease from left towards the right direction. It was
observed that the spectra taken for the cell at 1.11 V and 1.32V replicate the high
frequency behavior of the 1.49 V scan; but in the lower frequency charge transfer region,
curve divergences occur. The smaller semi-circles at low potentials show increased
charge transfer resistance at the interface with potential increasing. This is backed by the
impedance spectra at two charging process potentials as shown in Figure 4.17. With
increasing cell potential from 1.21 to 1.36 V, the charge transfer semicircle stretches and
expands as a function of working potential with the same trend as the discharge process.
Similar results were observed with dispenser printed cells an equivalent circuit model
was successfully built by Ho [2].
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Figure 4.16. Electrochemical impedance spectra at several discharging cell potentials,
respectively at 1.49 V, 1.32V and 1.11V. The assembled cell that was measured
contained a flexographically printed MnO, cathode, a dispenser printed gel electrolyte,
and a zinc foil anode.
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Figure 4.17. Electrochemical impedance spectra at several charging cell potentials,
respectively 1.21 V, and 1.36V. The assembled cell that was measured contained a
flexographically printed MnO, cathode, a dispenser printed gel electrolyte, and a zinc foil
anode.

4.6. Zinc-based Battery Characterization in Controlled
Environment

4.6.1. Introduction to Low Cell Yield and Performance Variations

Even though both of dispenser and flexographically printed zinc-based batteries showed
promising results in aspects of achievable energy density and cycle life, the current
printed battery cells suffered from low cell yield and performance variations. Batteries
printed in the same batch frequently exhibited distinct electrochemical behavior. While a
few cells achieved tens of cycles without capacity degradation, most of the cells
displayed severe capacity fade or even failed within just a few cycles[2]. Figure 4.18
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shows a cyclic voltammetry curve for a clamped cell consisted of a printed MnO; cathode,
a gel electrolyte and a zinc foil electrode. The rough and changed scanning curves for
three continuous cycles show that the uneven interfacial properties between the electrode
and electrolyte for the assembled cell could be one of the process variables resulting in
the performance variations for different printed cells.
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Figure 4.18. Cyclic Voltammogram for a cell consisted of printed MnO, cathode, gel
electrolyte, and zinc foil anode at a scan rate of 10 mV/s for three cycles. The applied
cyclic sweeping voltage and measured current as a function of time is shown in the upper
right corner of the graph.

Table 4.2. Summary of variables potentially contributing to the low yield and
performance variation for the assembled cells with flexographically printed MnO,
cathode, respectively, from functional ink development process, printing process and cell
assembly and characterization process.

Functional Ink Development Flexo Printing Post-printing
Powder Size and Distribution Inter-roller Pressure Cell Assembly
Powder Oxidation Substrate Uniformity and Tension Testing Method

Ink Mixing Method Anilox Roller Testing Environments
Dispersion and Stabilization Plate Accuracy

Rheology Printing Speed

Wettability Drying Temperature and Time
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A summary of potential variables contributing to the cell performance variation is shown
in Table 4.2. The variables are divided into three primary categories: pre-printing
process (functional ink preparation), printing process, and post-printing process
(assembly and characterizations). Because all the experiments through the three processes
were performed in ambient environmental conditions, there was a poor control with
experimental process parameters such as humidity and oxygen level. Therefore it was
difficult to determine which variable is having most effect on the cell performance.
Preliminary experiments making standard coin cells using the same zinc-based chemistry
for printable batteries in controlled inert environments have consequently been conducted.

4.6.2. Experimental for Making Coin Cells

The chemicals used for MnO; cathode, ink formulations and mixing methods were the
same as used for flexographic printing. After the PSBR-based slurry ink was prepared in
the ambient environment, an automatic coating machine with doctor blade was employed
to cast the electrode on a stainless steel or aluminum foil. Punching tools were used for
making circular disk cathodes with a 1.27 cm diameter, after the electrode was air dried
for 24 hours. Then the circular disk electrodes prepared were put in the vacuum oven for
12 hours at 130°C before being transported directly into an argon-filled glove box
without exposure to the air.

The zinc salt and ionic liquid solution were dried in the vacuum oven for 6 hours at 90°C
before being transported into the glove box. Ionic liquid electrolyte solution with the
same formulation as described before (1:10 zinc salt to ionic liquid mass ratio) was then
prepared in the glove box and ready for coin cell assembly.

Punching tools were used for making circular disk anodes with a 1.43 cm diameter from
the zinc foil. All the circular disk anodes prepared were dried in the vacuum oven for 12
hours at 130°C before being transported directly into an argon-filled glove box.

All other components used for the coin cell assembly were dried in vacuum oven for 12
hours at 130°C before being transported directly into an argon-filled glove box, including
the top and bottom cases, Celgard@separator and spacer, as well as springs. A coin cell
press was then used for making coin cells in the argon-filled glove box.

The coin cells were then transported out to the lab environment for testing, using a fully
automated Maccor battery controller unit.

4.6.3. Discharge Capacity and Rate Performance

Figure 4.19 shows the first cycle deep discharge voltage profiles, between 1.7V and 0.1V,
for coin cells made in the argon environment. With discharge current density increasing,
the specific discharge capacity in mAh per gram of active material MnO, decreased. The
capacity achieved at 11.2mA/g specific discharge current was comparable to what was
attained from the assembled cell in ambient environment with flexographically printed
cathode. In Figure 4.20, the capacity versus cycle curves were plotted at three
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Figure 4.19. First cycle cell voltage versus discharge capacity for coin cells made in
Argon-filled glove box at three different discharge current densities.
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Figure 4.20. The galvanostatic cycling of a coin cell containing PSBR-based MnO,
cathode, ionic liquid electrolyte, and zinc foil anode at three different discharge current
densities.
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discharge current densities. There were fast capacity decreases up to 64% over the first
twenty cycles and then the capacities slowly stabilized. The behaviors are similar to what
was obtained in most cells assembled in ambient environment, but the results were more
consistent and repeatable.

4.6.4. Water Influence on the Coin Cell Performance

The influence of water content in the cell on the performance was studied by making coin
cells in the glove box with the same MnO; cathode coated with doctor blade but without
going through the vacuum oven drying process. The circular disk cathodes were
transported directly in the glove box after they were air dried at room temperature in
ambient environment overnight. A considerable amount of water was expected to remain
in the cathode. The galvanostatic cycling curves of this experiment are shown in Figure
4.21. It was noticed that the coin cells made with ”wet” cathodes did not show much
difference with regard to specific capacity over cycles, although starting out at a lower
capacity. Further experiment with more accurate measurement and control of water
content in the cathode as well as the ionic liquid electrolyte will be helpful to understand
the influence of water content on the zinc-based battery chemistry performance.
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Figure 4.21. The galvanostatic cycling of a coin cell containing PSBR-based MnO,
cathode (dried only at room temperature overnight in ambient environment), ionic liquid
electrolyte, and zinc foil anode at three different discharge current densities.
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4.6.5. Current Collector Effect

Aluminum foils, which is easy to process, corrosion resistant to an oxidizing potential
and inexpensive, are widely used as the current collector for the cathode in lithium ion
battery systems[12]. A comparison of the zinc-based coin cell capacity performances at
similar discharge current density made using aluminum foil and traditional stainless steel
foil 1s shown is Figure 4.21. Both cells achieved similar electrochemical performance. It
was concluded that aluminum foils are compatible with the printable PSBR-based MnO,
cathode and therefore could potentially be used to replace stainless steel foils in suitable
applications for the zinc-based chemistry.
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Figure 4.21. Comparison of the coin cell cycling performances with different current
collectors at similar discharge current density: aluminum and stainless steel foils.

4.7. Printable Current Collectors

4.7.1.  Entirely Printed Zinc-based Battery

Previous research on the printable zinc-based battery was mainly focused on the
optimization of the two electrodes as well as the ionic liquid electrolyte and the
fabrication on foil current collectors[13]-[15]. Development of printable current
collectors will open more opportunities for direct energy storage device integration on
any non-conductive substrates used in various industrial and residential applications.
Combining with the roll-to-roll printing technique, large-scale electrochemical energy
storage could be fabricated on various flexible substrates, such as plastics and papers
used in packaging industry.
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This session shows the preliminary efforts towards development of an entirely printable
battery. Figure 4.22(b) shows the cross-section of a five-layer battery, entirely printed
using the custom dispenser printer on a polyimide substrate, under the SEM. The five
layers include: the zinc anode, the MnQO; cathode, the ionic liquid gel electrolyte and two
nickel composite current collectors. For comparison, a printed cell with only two
electrodes and one gel electrolyte is shown in Figure 4.22(a)[1].

e,

. manganese dioxide electrode "\ 7

Figure 4.22. (a) Cross-section of a dispenser printed zinc-based battery under SEM
showing the sandwich structure with three layers: zinc anode, gel electrolyte and MnO,
cathode[1]; (b) Cross-section of a dispenser printed battery under SEM with additional
two current collector layers, on the top and at the bottom. The current collectors were
composed of carbon black fibers coated with nickel and PSBR binder.

Figure 4.23 shows two entirely dispenser printed zinc-based solid-state batteries on two
non-conductive substrates, one on a polyimide and the other on a transparent plastic
material. Both of the current collectors were designed with electrical connection patterns,
so they were conveniently connected to external loads for testing and characterizations.
The printed cells showed open circuit voltages around 1.2V but during the galvanostatic
cycling, the battery showed no useful discharge capacity. The close circuit voltages
dropped abruptly to the controlled cutoff voltage when discharges started, which were
probably due to the high internal resistances caused by the printed current collectors. In
the following session, an initial optimization of the printable nickel current collector for
higher conductivity will be discussed.

4.7.2.  Optimization of the Printable Nickel Composite Ink

Composite current collector inks have been developed using PSBR as the binder material.
All inks were mixed using a planetary mixer (Torrey Hills ND 0.4L) for three hours
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before being printed to form square films on glass slides with an area of 1 cm”. Electrical
conductivity measurements of the printed nickel films were carried out using the Van der
Pauw method to determine the sheet resistance of the materials. In Figure 4.24, it is
shown that printed nickel films with inks containing 80 wt% original pure nickel powder
ordered from Sigma-Aldrich and 20 wt% PSBR achieved the highest conductivity.
Composite nickel inks with nickel-coated carbon black powder did not give good film
conductivities.

"=

(a) (b)

Figure 4.23. (a) Dispenser printed zinc-based battery on a flexible polyimide substrate;
the two current collectors were designed with electrical connection patterns; (b)
Dispenser printed zinc-based battery on a transparent plastic substrate.

Ball-milling the original pure nickel powder was then used to further control the powder
size and distribution. All powders were individually placed into 100ml stainless steel jars
with stainless steel balls with different diameters at a ball-to-powder mass ratio of 10:1.
The jars were then placed in a planetary ball mill (Torrey Hills ND 0.4L) and operated at
rotational a speed of 300 rpm for a certain amount of time. Isopropanol (ordered from
Sigma Aldrich, Inc.) was typically used as a process control agent at a 1:1 weight ratio of
powder to fluid[16], [17]. As shown in Figure 4.25, the powders showed distinct shapes
and sizes after being ball-milled using different size stainless steel balls as well as for
different time durations. Most powders transformed into flake shape after being ball-
milled for six hours with stainless steel balls with both sizes.

Composite current collector inks consisted of both the original nickel powder and the
PSBR binder were ball milled using the same method as above. SEM images of the
printed film surface morphologies are shown in Figure 4.26. Films printed with the nickel
ink, which was ball-milled for six hours with 3mm stainless steel balls, showed almost no
binder materials dispersing through the film. The conductivity measurements in Figure 4
confirmed that ball-milling process seems to have an adverse affect on the nickel
conductivity. The electrical conductivity of composite nickel films printed from ink with
six hours of ball milling is lower than from ink with two hours of ball milling.
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Figure 4.24. Conductivity measurements for films dispenser printed from four PSBR-
based nickel current collector inks. PSBR was used as the binder for all four inks. Ni/CB
Fiber represents nickel coated carbon black fibers. Pure nickel powders were obtained
from Sigma-Aldrich (coauthored with Bernard Kim).

Figure 4.25. Scanning electron microscope images of nickel powder: (a) ball milled with
10mm stainless steel balls for 2 hours; (b) ball milled with 10mm stainless steel balls for
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6 hours; (c) ball milled with 3 mm stainless steel balls for 2 hours; (d) ball milled with 3
mm stainless steel balls for 6 hours (coauthored with Bernard Kim).

Figure 4.26. Scanning electron microscope images of printed films from PSBR-based
nickel composite inks: (a) ball milled with 3 mm stainless steel balls for 6 hours; (b) ball
milled with 10mm stainless steel balls for 2 hours (coauthored with Bernard Kim).
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Figure 4.27. Conductivity measurements for films dispenser printed with PSBR-based
nickel current collector inks, prepared by ball milling with 3 mm stainless steel balls for 6
hours and ball milling with 10mm stainless steel balls for 2 hours (coauthored with
Bernard Kim).
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4.8. Chapter Summary and Future Work

Extensive electrochemical characterizations with the flexographically printed PSBR-
based composite a-MnO; cathode were conducted. Full cells consisting of dispenser-
printed electrolytes and zinc foil anodes were assembled. The cyclic voltammetry
method was used to study the reversible zinc intercalation through ionic liquid electrolyte
into the aqueous-based cathode. Galvanostatic cycling showed that the cell capacity
stabilized after about twenty cycles and the capacity varied significantly with discharge
current density. Electrochemical impedance spectroscopy measurements revealed the
interfacial resistance between the gel electrolyte and zinc foil, as well as the evolution of
impedance components through cycling, for a full zinc-based cell system. Coin cells
based on zinc/ionic liquid electrolyte/MnO, chemistry were made in an argon and then
characterized to study zinc-based chemistry performance in this controllable environment.
The coin cells showed comparable behavior to batteries printed in the ambient
environment. Printable PSBR-based nickel current collector inks have also been
developed for an entirely printable zinc-based battery, to conveniently integrate with
other electronics on non-conductive, flexible substrates.
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Chapter 5

Integration of Printable Ultra-low-voltage
Thermoelectric and Energy Storage
Devices

5.1. Introduction

As discussed in the introduction chapter, the printed battery project was initiated to
develop an energy storage solution for wireless sensor network applications. Research
related to self-powered wireless sensor systems has emerged in recent years due to a wide
range of potential applications [1], including structural health monitoring [2], intelligent
transportation systems [3], residential energy management [4], and in-home healthcare
systems [5]. Prolific amounts of research have thus been conducted on micro-power
energy harvesting techniques including photovoltaic [6], piezoelectric [7] and
thermoelectric [8] technologies to replace traditional primary batteries as the power
source. However, these energy-harvesting methods, often due to their intermittent nature,
can be detrimental to the continuous operation of the wireless sensor systems [9]. To
provide a perpetual power source, a cost-effective, integrated energy harvesting system
with energy storage capabilities is highly desired [10]. Rechargeable micro-batteries and
electrochemical supercapacitors are typical choices for energy storage. The practical
integration of such a system is highly dependent on the chosen energy harvesting and
energy storage technologies and requires suitable power management solutions [11-13].

In this chapter it is aimed to demonstrate the integration of both dispenser-printed, ultra-
low-voltage thermoelectric generators (TEG) [14-15] and rechargeable, zinc-based
micro-batteries [16-18], which have both been independently demonstrated in previous
works, with a commercial voltage step-up converter circuit. With this proof of concept
prototype fabricated at dispenser scale, scaled-up manufacturing utilizing flexographic
printing techniques will soon be realized by designing larger scale devices and
developing various functional flexographic inks based on printability criteria established
in chapter 3.

In the previous work, a 50-couple TEG printed on a flexible polyimide substrate was
capable of producing 10.5uW at 171.6mV for a 20K temperature difference at matched
load resistance [15]. Printed zinc-manganese dioxide microbatteries with gel polymer
electrolytes achieved average discharge rates of 1 mAh/cm® and 1.2mWh/cm® between
C/2 — C/7 [16]. Although the performance of printed thermal energy harvesting and
energy storage devices was individually demonstrated, practical applications require
integrated DC-to-DC voltage step-up conversion. While low current output (LA~mA)
from TEGs are sufficient for slowly charging microbatteries, it is always necessary to
achieve a voltage output higher than the open circuit voltage of the battery (1.5~5V
depending on the battery type and printed cell numbers). This presents difficulties for
dispenser printable small-scale thermoelectric generators at low temperature differences
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because device output voltages typically fall within the mV range. Thus, the use of a
commercially available voltage step-up DC-to-DC converter (Linear Tech LTC3108)
was explored, to charge a printed microbattery using ultra-low power and energy
harvested from a printed thermoelectric device. Figure 1 shows a schematic of the
components in an integrated system.
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& Thermoelectric
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Figure 1. A schematic of printable, low-voltage, thermoelectric energy harvesting and
energy storage devices integration (courtesy of Rich Winslow).

5.2. Printed Thermoelectric Devices

5.2.1. Thermoelectric Device Design

Thermoelectric devices are designed based on the widely known Seebeck effect [14-15].
When there is a temperature gradient applied to thermoelectric materials, an open circuit
voltage will be generated. Depending on the voltage direction, there are two types of
thermoelectric materials: p-type materials with holes as charge carriers and n-type
materials with electrons as charge carriers. If the two types of thermoelectric elements are
put electrically in-series but thermally in parallel, a high voltage and power generating
device is then created. In the past few years, great research efforts in both academia and
industry have been made to develop high efficient thermoelectric devices for useful
thermal energy conversion.

On the materials side, a dimensionless figure of merit (ZT) is used to evaluate the
thermoelectric materials performance as shown in the following equation:
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where

arepresents the Seebeck coefficient;

o represents the electrical conductivity;

A denotes the thermal conductivity of the materials;

and T means the average temperature across the materials.

A higher ZT value is achieved; better thermoelectric materials get developed.

On the device sides, traditional thermoelectric devices are typically in 3D array
structures, which cause not only its fabrication process highly labor intensive, but also
high limitations regarding to the low device array densities as well as low aspect ratios.
[14-15] Printed thermoelectric devices with novel planar design solved most of these
problems with a scalable manufacturing process. It also opens door to novel devices
design and fabrication, for example circular thermoelectric devices, as well as parallel-
connected thermoelectric devices for optimized internal resistant and power output. As
will be shown, the power output of the device is a function of not only the materials ZT
value but also the number of couples/elements and their connections.

All previous thermoelectric devices before were designed with a single type of
connection: all thermoelectric couples connected in series [14-15]. Because of the high
resistivity with the printable composite materials used in our research, the device thus has
very internal resistance (typically 1-5kQ for a 50 couple device). For battery integration,
since the commercially bought DC-to-DC converter is designed as a 2-10Q load
resistance, the printed thermoelectric generator was redesigned to reduce device
resistance to match this load resistance. The reduction in device resistance was achieved
by decreasing the number of thermoelectric couples in series and instead placing them in
parallel. However, this results in a trade-off between voltage output and device
resistance. Figure 2 shows the calculations for this phenomenon for a device consisting of
250 couples given a resistance of 12.5Q for a single couple [15]. Varying the number of
couples in series, while forming sets of series couples in parallel to achieve 250 total
couples, significantly reduces the total internal resistance to match an external load.

Figure 3 demonstrates the optimization of the closed-circuit voltage output (based on a
circuit resistance of 4Q [19]), number of couples in series, and temperature difference for
a printed TEG consisting of 250 total couples. At AT=20K, the minimum closed circuit
voltage of 20mV for the converter can be achieved for a device consisting of 4 — 20
couples in series. The maximum closed circuit voltage can be achieved for a TEG with 25
parallel sets of 10 couples in series. This design was thus chosen for fabrication and
testing. Based on the closed circuit voltage of 28.4mV at AT=20K, the power delivered to
the converter circuit will be approximately 202.3uW. Given the circuit conversion
efficiency of approximately 35%, the output power after stepping up the voltage will be
approximately 70.8uW. This is sufficient for some state-of-the-art wake-up radios that
have an average power consumption of 52uW [20].
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Figure 2. Theoretical calculations showing the trade-off between internal resistance and
open circuit voltage. As couples are formed in series, sets of the series couples are placed
in parallel to achieve a total of 250 couples.
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Figure 3. Optimization of the internal connections of the thermoelectric device to
achieve the highest closed circuit voltage when connected to the step-up converter.
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5.2.2. Experimental

The planar thermoelectric device is fabricated from dispenser printed n-type Bi,Te; and
p-type SbyTes based polymer composites. Details of the thermoelectric materials and
prototype fabrication can be found in [14-15]. A custom-designed, double-layer, flexible
printed circuit board (Flex-PCB) was fabricated by PCB Universe, Inc. The flex-PCB
consisted of nickel and gold plated copper traces on a flexible polyimide substrate. The
elements on the front were connected to the back through vias in the through-thickness
direction. The illustration and a photo with both the front and back views of the actual
device are shown in figure 4a-b. On each substrate, there are 5 parallel sets of 10 couples
in series consisting of 3 mm long elements. This design was chosen to increase voltage
generation and reduce device resistance. Five sets of the devices were then stacked and
connected in parallel using copper wires through the vias as shown on figure 4c.

Front
Printed TE T T
Elements Vias Metal Traces Flex PCB

lJ Back l |

[,

Note: Coverlay on backside to protect traces

(b) |

SISTETES TS SN NE ES S NI EiT T i TisiirL I isisiii.

Figure 4. (a) Illustration and (b) photo of printed thermoelectric elements on a Flex PCB
substrate. (c) Photo of 5 stacked printed thermoelectric devices in parallel(courtesy of
Alic Chen).

5.2.3. Thermoelectric Device Characterization
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After the thermometric devices were printed, cured and assembled [14], the performance
of the stacked TEG (figure 4c) was characterized using a custom testing apparatus. As
shown in figure 5, thermoelectric heater/coolers (9500/127/040 B, Ferrotech Corp.) were
mounted onto two aluminum plates to provide surfaces for cooling and heating. The

(a) Thermoelectric Devices
in Parallel

P PP A

BN Hot Side |

.
*

‘ Cool Air
mmm Outlet

Figure 5. (a) Schematic and (b) photo of a custom built thermoelectric device
characterization apparatus. (courtesy of Rich Winslow)

printed TEG was positioned between the plates as a temperature difference was applied
across the device. The distance between the two plates was adjusted using screw mounts
while the temperatures were monitored using thermocouples. Thermal joint compound
(TIM-417, Wakefield Solutions) was applied at the contact interfaces to reduce contact
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thermal resistance. Various temperature differences were then applied across the printed
TEG. Once the device reached steady state, the open circuit voltage of the device was
measured using a digital multimeter (34401A, Agilent Technologies, Inc.). A variable
load resistance was then connected in series with the device and voltage measurements
were taken at multiple load resistances. The power was then calculated based on the
measured voltage and load resistance at various temperature differences. This apparatus
was also used for the analysis of the integrated system as later described.

Figure 6 shows the characteristic power curve of the stacked TEG at a temperature
difference of 20K. The resistance of each printed set (strip) of thermoelectric devices
ranged between 20-24Q. The resistance of the stacked device consisting of 5 sets was
4.7Q. The maximum power output of the device occurred at matched load resistance,
providing a power output of 203.5uW at 31.9mV. The power output of this device
matches previous models based on characteristics of this materials system [15]. It should
be noted that the polyimide borders of the TEG resulted in thermal losses, limiting the
temperature difference across the generator. Future work will limit the thickness of the
polyimide borders to reduce losses.
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Figure 6. Characteristic curve for the thermoelectric generator with 25 parallel sets of 10
couples in series at AT = 20K.

53. Dispenser Printed Micro-Batteries on PCB

5.3.1. Printable Zinc-based Batteries

Previous chapters have been focusing on flexgraphically printed batteries. In this session,
the dispenser printed battery chemistry for integration will be briefly introduced. In this
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project, a solid-state rechargeable battery was developed consisting of porous electrode
materials (zinc and manganese dioxide), separated by a gel polymer electrolyte (GPE).
The electrolyte consists of a 1:1 mixture of poly(vinylidene fluoride-
hexafluoropropylene) (PVDF-HFP) and 0.5M solution of zinc trifluoromethanesulfonate
(Zn+Tt-) salt dissolved in I-butyl-3-methylimidazolium trifluoromethanesulfonate
(BMIM+Tt-) ionic liquid. Both of the zinc and manages dioxide electrodes are formed
with 90 wt% of active materials, 5 wt% of acetylene blacks as well as 5 wt% of PVDF-
HFP binders.

5.3.2. Fabrication

Dispenser printing provides a flexible way to fabricate the zinc-based batteries. A variety
of substrates can be used for printing including PCBs, thus providing a convenient way
for integrating energy harvesting and energy storage systems. Batteries with different
patterns can also be designed and printed. A sandwich structure is chosen for its
simplicity and large capacity per footprint area. This is due to high surface contact area
between each material. Composite inks were first developed for the MnO, cathode, gel
polymer electrolyte and Zn anode [17] respectively, then printed layer-by-layer via an ink
solvent evaporation process between each printing step. A representative cross-section of
the printed battery under SEM is shown in Figure 7 [17]. The thickness of a single-layer
battery is between 50-100um. Based on this, multiple layers of batteries can be printed on
top of each other to achieve a desired voltage and power output per footprint area thus an
efficient utilization of free space on converter PCB is achieved.

Gel Polymer
Electrolyte

| h

20 ym

Figure 7. Cross section of the printed battery examined under a scanning electron
microscope (SEM) (courtesy of Christine Ho[18]).

5.3.3. Printed Batteries Characterizations
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Controlled galvanic charging and discharging tests of the printed batteries were
conducted using a custom Ardustat potentiostat/galvanostat [17] [21]. Figure 8 shows the
cycling behavior of a printed double-layer battery for integration. The operating voltage
ranges from 1V to 3.6V, and the capacity of the battery quickly stabilizes within the first
several cycles. The capacity loss in the battery is less than 15% over 30 cycles. At least
70 cycles of stable charging and discharging tested with low losses has been proven.
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Figure 8. Charge and discharge characterization of a double-layer battery printed in
series.

5.4. Integrated Energy Harvesting System

5.4.1. Power Management Introduction

To store the energy harvested from the TEGs in a printed microbattery, a commercial
ultra-low-voltage step-up converter circuit (LTC 3108 demo board, Linear Technology
Corp.) was used to convert the mV-range voltage input to several volts for charging. The
voltage step-up circuit provides four selectable regulated voltage outputs, which are
2.35V, 3.3V, 4.1V and 5V respectively. For charging a single printed Zinc/GPE/MnO2
battery, a 2.35V output has been selected. The minimum current from this circuit must
also be considered due to self-discharging characteristics of the printed battery. For a
battery with a footprint area of 1 cm2, at least several pA must be provided for efficient
charging. The micro-battery self-discharge rate is still currently being investigated. Both
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of the voltage step-up conversion and battery charging/discharging efficiency will be
discussed in the following section.

Printed Thermoelectric Devices

Current
Collector

Zn

Gel
Electrolyte

MnO

Current
Collector

100me

2

A prototype of printable thermoelectric and
energy storage devices integration Printed Zinc/GPE/MnO, microbattery

Figure 9. An integrated prototype with a printed thermoelectric device and printed
battery on a voltage step-up PCB [18]. A LED was used as the external load for
demonstration purpose.

5.4.2. Voltage Step-up Conversion

Prior to charging a printed micro-battery, the efficiency of the voltage step-up circuit was
first analyzed for this specific thermoelectric application. Using the thermoelectric testing
configuration described in section 2.3, the output of printed TEG was connected to the
input of the converter. Next, the output from the converter was connected to various
external loads while the voltage across the load was monitored. Figure 10 below shows
the output load current and circuit efficiency as a function of load resistance using a
printed TEG input with a 20K temperature difference across the elements. The open
circuit voltage of the TEG was 65mV while the closed circuit input voltage was 27.1mV
at an input current of 4.1mA. The measured closed circuit falls within the range of the
estimated closed circuit voltage of 28.4mV as described in section 2.1.The power
conversion efficiency reached a maximum of 34% when the external load was 100KQ.
This value matches the expected efficiency of the circuit for this input voltage [19]. The
minimum output current was 2uA when the external load was less than 1MQ. These
conversion losses are believed to arise from the operation of the step-up circuit
components including the internal capacitors for voltage regulation. The internal
resistance of the TEG can be reduced in the future to improve the efficiency. While the
power output across a resistive load may be useful for continuous power applications, this
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output characterization is not indicative of charging performance of a printed micro-
battery. Due to the complex nature of simulating the charging circuitry of a battery, only
empirical analysis will presented in the following section.
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Figure 10. Voltage step-up circuit output current and efficiency at various external load
resistances. A printed TEG at a temperature difference of 20K is used as the input to the
circuit.

5.4.3. Printed Battery Charging

The voltage regulated power output from the conversion circuit was used to charge a 0.25
cm’ printed microbattery. Real time charging voltage and current were monitored and
recorded using a custom Labview program that controlled a digital multimeter (34401A,
Agilent Technologies, Inc.). The battery was first charged from 1.2V to 2V from the
converted output of the TEG at an average charging rate of 20uA and then discharged at
a rate of 30pnA using an Ardustat. With a controlled temperature difference of 20.3 °C,
the charging current was maintained at 18uA, taking 2.5 hours to completely charge the
battery. Based on the power input of the TEG, the power conversion efficiency varied
between 19.5% and 32.4% corresponding to the voltage level of the battery. Figure 11
shows the combined charge/discharge curves of the battery charged by a TEG and
discharged using an Ardustat. The charge/discharge rate and charging time of this battery
gives a charge efficiency of 67%. Charging losses likely occurred from the charging
process, while the Coulombic efficiency of the printed battery have also played a role.
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Figure 11. Combined curves of printed battery charging from printed thermoelectric
device and discharging through Ardustat.

5.5. Chapter Summary and Future Work

This chapter reported on an integrated energy-harvesting prototype that consists of
dispenser-printed thermoelectric energy harvesting and electrochemical energy storage
devices with a commercial voltage step-up converter. Parallel-connected thermoelectric
devices with low internal resistances were designed, fabricated and characterized. The
use of a commercially available DC-to-DC converter was explored to step-up a 27.1mV
input voltage from a printed thermoelectric device to a regulated 2.34V output. The
voltage step-up circuit efficiency reached as maximum of 32.4% during the battery
charging process while the battery charging efficiency was approximately 67%. The
prototype presented in this work demonstrates the feasibility of deploying a printable,
cost-effective and perpetual power solution for practical wireless sensor network
applications. The work of this chapter has been published on Journal of Micromechanics
and Microengineering by IOP Publishing.

Future work will include further optimization of parallel thermoelectric devices for
reduced thermal losses, application-oriented custom DC-to-DC converters and smart
packaging of the integrated energy harvesting system. A scaled up manufacturing by
developing flexographic or advanced coating inks for both two devices and circuits
would be attractive, because this could potentially lead to a roll-to-roll, entirely printable,
self-rechargeable power source solution for all kinds of novel wireless sensor
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applications. Further integration with printed sensor systems for various condition
monitoring and printed electronics for power management will be the next step.
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Chapter 6

Discussion and Future Outlook

6.1.

Printability

6.2.

Anilox roller with larger cell volume: Current flexographically printed cathode
films, through one single print utilizing an anilox roller with 15BCM engraved
cell volume, had an average thickness of 9um. Therefore multiple prints on one
substrate with alignments were needed to achieve the desired film thickness.
Utilizing anilox rollers with larger cell volume (up to 70BCM) and different cell
shapes would likely address this issue.

Manufacturing process optimization: Besides the functional ink properties, the
printing process parameters significantly influenced the final printing quality.
Design of experiments to investigate the effects of the pre-printing, printing and
post-printing variables on the precision and repeatability of the roll-to-roll battery
manufacturing are worth exploring.

Slurry electrolyte: Primary research in this thesis was focused on flexographically
printing the MnO, cathode, Zn anode and Ni current collectors, which are
essentially all slurry inks. The ionic liquid electrolyte is a solution instead without
solid particles dispersing through it. During flexographic printing, a low pressure
or shear stress was able to easily destroy the solution structure and squeeze the
solution everywhere on the printing substrate. Adding inert particles (e.g.
Alumina) with an optimized amount would form “slurry electrolyte”, which has
the potential to make electrolyte printable. The inert particle ratio would enable
further optimization of the electrochemical performance, such as ionic
conductivity of the electrolyte.

Hybrid printing and coating process development: To address the issue of gel
electrolyte and multi-layer battery printing, a combined printing/coating method
in future research could be the potential solution. In roll-to-roll equipment, slot-
die coating stations or screen-printing stations can be conveniently integrated with
flexographic printing stations for a full device fabrication.

Electrochemistry

Fundamental mechanism of zinc ion intercalation into MnO;: Research was
conducted based on electrochemical characterization methods such as cyclic
voltammetry, electrochemical impedance spectroscopy and galvanostatic cycling
to provide insight into the storage process of zinc ions into MnO, cathode. Further
research on characterizations of the film materials at different stages of the
reaction would be valuable to a deeper understanding about the cathodic reaction
mechanism. X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
measurements are recommended.
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6.3.

Zinc-based coin cell optimization: The current zinc-based coin cell performance
was based on characterizations of cells made from cathode and electrolyte inks,
respectively with one single formulation in inert argon environment. Further
research on coin cell making and characterizations to find optimized electrodes
and electrolyte compositions would be important. Coin cell performance in
different working environments (e.g. extremely high and low temperatures) and
operating conditions (e.g. high and low c-rate) as well as cell self-discharge
behavior would be of great value.

Applications

Integration with photovoltaic cells: Research on integration of printable zinc-
based batteries and thermoelectric energy harvesting devices were conducted to
develop a perpetual power source for wireless sensor network applications. For
grid energy storage application demonstration, an integration of the printed
battery with a small photovoltaic device (preferable also printable solar cell based
on silicon or CIGS inks) would be of good value. Potential integration could be
done in dispenser, ink-jet, screen-printing, or even roll-to-roll flexographic
printing scale.
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