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Abstract

Printed Zinc Batteries for Wireless Electronic Networks
by
Rajan Kumar
Doctor of Philosophy in Materials Science and Engineering
University of California, Berkeley

Professor Oscar Dubén, Co-Chair
Professor Vivek Subramanian, Co-Chair

The prevalence of wireless device networks for the Internet of Things (IoT) depends on the
development of integrated energy storage. Today, 10T devices are powered either through a wired
connection, which greatly inhibits their broad distribution, or by coin cell batteries, which
constrain device size, weight, cost, and form factor. New approaches to energy storage design such
as printing-based fabrication techniques are well suited to simplify device integration. Using
additive, high-throughput processing methods, batteries can be printed to accommodate
millimeter-scale nodes and seamlessly integrated into semiconductor packaging flows. While
previous studies have focused on developing printable electrode, separator, and current collector
inks, none have emphasized scaling printed battery size and power to accommodate 10T system
requirements. This dissertation addresses several challenges associated with designing millimeter-
scale energy storage for 10T technologies, utilizing printing techniques to create batteries that
could enable scalable wireless electronic networks. A comprehensive approach is taken to achieve
battery scaling and integration, highlighting the interconnected impact of processing, structure,
properties, and performance of printed battery materials.

Printed Zn-based batteries are explored given their compatibility with loT performance
requirements, offering high energy densities, high discharge rate capabilities, and steady discharge
potentials. Zn battery chemistries are also inherently air-stable, require modest packaging, and use
low-cost, earth-abundant materials, making them excellent candidates for additive integration with
wireless electronics. Printed Zn-Ag.O and Zn-air batteries are presented in this work,
implementing vertical cell architectures to minimize battery footprints and thick electrode films to
maximize cell capacity. In both chemistries, printed battery performance is evaluated as a function
of materials processing and design, with a focus on minimizing battery sizes and processing
temperatures. By co-optimizing each cell component, new performance benchmarks are
established for printed batteries, achieving areal capacities above 10 mAh cm2 and power densities
well above 10 mW cm with millimeter-scale areas and processing temperatures below 200 °C.

Additionally, this dissertation utilizes operando characterization techniques to further study the
impact of materials processing and design on printed battery performance. Operando techniques
offer an emerging set of tools to investigate transient, non-equilibrium materials such as



electrochemical interfaces. In this work, operando methods enable the direct observation of
electrochemical reactions in printed Zn batteries, which guides battery development to improve
performance and mitigate degradation. First, oxygen reduction is measured in Zn-air batteries to
determine the influence of electrode composition and processing temperatures on cathodic
efficiency. Second, hydrogen evolution and oxide formation are examined in Zn-air batteries to
identify design and operation parameters that affect anodic corrosion. Overall, these techniques
aim to complement ex-situ analysis of printed batteries and elucidate relationships between
physical or chemical changes and improvements in battery performance.

Finally, this work discusses system level integration strategies for printed Zn batteries and 10T
devices. Proof of concept packaging and interconnect designs are demonstrated using printing
techniques for millimeter-scale and commercially available sensor nodes. Printed Zn-Ag.O
batteries are also simulated under loT operation modes to determine performance benchmarks in
an integrated system with energy harvesting. Moreover, printed Zn-Ag.O battery arrays are
explored to support high voltage applications.
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Chapter 1: Introduction
1.1 Powering the Internet of Things

Over the next decade, the Internet of Things (10T) promises to be one of the most disruptive
technologies in our society. Through the use of sensors, actuators and antennas to collect and
transmit data, 10T systems have the potential to revolutionize how we make decisions to achieve
common goals.[! Several critical industries including healthcare monitoring, environmental
sensing, and energy management will greatly benefit from real-time feedback from ubiquitous
electronics, accelerating decision-making efficiency and adaptability. As a result, 10T systems are
gaining significant attention, with the overall loT industry expected to generate a revenue of $4.3
trillion by 2024, or nearly ten times the global semiconductor industry’s revenue from 2018. 21

Significant advances have been made to design, manufacture, and connect 10T devices to
make wireless sensor networks (WSNS) a reality. Most importantly, research efforts have focused
on creating low-power consumption nodes and integrating sensing, computing, and
communication functionalities into a single system, as shown in Figure 1.1.%4 These requirements
aim to reduce device costs and miniaturize device footprints in order to realize large-scale, densely
deployed arrays of 10T devices. For example, the Smart Dust project has explored size and power
consumption limits for integrated, autonomous sensor nodes utilizing system on chip
architectures.>

| ~
<

Q

Figure 1.1: Conceptual illustration of a single chip node for a wireless sensor network with
integrated sensing, computing, communication, and power

Although device miniaturization and power reduction intend to enable several emerging
loT applications, the prevalence of WSNs depends on the development of integrated energy
storage. Today, loT devices are powered either through a wired connection, which greatly inhibits
their broad distribution, or by coin cell batteries, which constrain several device parameters
including size, weight, cost, and form factor. Thus, new approaches to energy storage design and
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process integration must be devised in order to keep up with device scaling and create integrated
and autonomous systems.

Ideally, energy storage should be compatible with emerging microelectronics processing
techniques and silicon integration strategies such as wafer-level and chip-scale packaging. This
demands energy storage architectures with thin overall form-factors (< 1mm) and small areas (<
1 cm?). Furthermore, integrated energy storage must accommodate the capacity, current density,
and power density requirements of the supported device. As shown in Figure 1.2, typical low-
power loT device nodes have peak current draws of 1-10 mA cm and peak power densities of
10-100 mW cm2 while integrated storage must sustain high energy densities in order to provide
suitable capacity at form factors approaching 1 mm?2 [l
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Figure 1.2: Current, power, and battery size requirements for low-power devices for the 10T driver.
Data collected from the System Integration chapter in the ITRS 2.0 2015 Edition. Percentage of
footprint corresponds to amount of module space dedicated for a battery assuming a planar
architecture layout.



Given the limitations of current energy storage technologies for 10T devices, recent studies
have outlined critical challenges that must be overcome to power ubiquitous electronics.[**? For
instance, 10T operation modes are quite different from consumer electronics such as laptops or cell
phones. Instead of daily charge and discharge cycles, these devices require short pulses of power
on the MHz — Hz time scale but have low duty cycles and spend most of the time in a low-power
off state. These multiple operation states and power requirements for WSNs are further described
in Table 1.1. Additionally, a representative power consumption profile for an individual node is
shown in Figure 1.3, highlighting the high-power pulses that need to be accommodated in these
systems.*% As a result, WSNs have included both energy storage to accommodate high-power
pulses and energy harvesting technologies to support low-power off states. While energy storage
relies on capturing energy for use at a later time, energy harvesting relies on collecting energy
from external sources for immediate use. Various forms of energy can be harvested for use,
including mechanical (eg. piezoelectrics for vibrational energy), photonic (eg. photovoltaics for
solar energy), and thermal energy (eg. thermoelectrics for heat transfer).[®13-26] For most future
loT applications, a combination of energy storage and energy harvesting will likely be required,
but energy storage is paramount to sustaining device functionality over long periods of time. Thus,
energy storage for 10T systems will be the focus of this dissertation.

Table 1.1: Modes of operation for wireless sensor nodes and their associated power consumption

Function Duration (S) Power (mW)  Description

Sleep 101 - 10* 10°-10% Minimal power required for
background functions such as
internal clock

Polling 10°-1 10°-100 Power needed for data
collection, including sensor,
actuator, and computing
functions

Transmitting 10%-1 1-100 Power needed to send a data
packet to another node or control
station. Power scales with
transmission distance and
frequency

Receiving 102 -10 101 -1 Power needed to listen for an
incoming data packet and confirm
data acquisition




Transmit

Receive

Pall
Sleep

Power

L >
Time

Figure 1.3: Example of a power consumption profile for a wireless sensor node

1.2 Energy Storage

Energy can be stored in a variety of forms, including chemical storage (gasoline, methanol,
hydrogen), electrical storage (capacitors), electrochemical storage (batteries, fuel cells,
electrochemical capacitors), mechanical storage (flywheels, pumped hydro, compressed air), and
thermal storage (molten salts).[!”] Each of these systems store energy at different scales and have
tradeoffs between power and energy, as shown in the Ragone plot in Figure 1.4. Among these
energy storage technologies, batteries have been predominantly used with 10T systems given their
high gravimetric and volumetric energy density, small form factor, and large-scale market
penetration within the consumer electronics industry.

107
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104
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103 L

102 |
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102 10 100 101 102 103 104
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Figure 1.4: Comparison of the power and energy density characteristics for various forms of
energy storage



1.2.1 Battery Fundamentals

Today, batteries are found in nearly all electronic devices and are relied upon heavily for
portable electronics such as laptops and cell phones. A battery converts chemical energy to
electrical energy through electrochemical reactions known as oxidation and reduction. This
involves the transfer of both electrons through an electrical circuit and ions across an ionically
conductive media. A cell is the individual unit of a battery, which can be connected in series or
parallel with other cells to increase the output voltage or capacity of the battery.™*® The cell consists
of five main components:

1) Anode — the negative electrode or reducing agent — gives up electrons to the external
circuit and is oxidized during the electrochemical reaction

2) Cathode — the positive electrode or oxidizing agent — accepts electrons from the
external circuit and is reduced during the electrochemical reaction

3) Electrolyte — the ionic conductor — provides the medium for ionic charge transfer
between the anode and cathode — can be a liquid or solid

4) Separator —the physical barrier — maintains electrical separation between the anode and
cathode — contains liquid electrolytes typically in a porous structure, while solid
electrolytes typically do not require an additional separator

5) Current Collectors — the electronic conductors — ensure electron insertion and removal
from the anode and cathode

In any cell, two reactions occur at the electrode-electrolyte interfaces: oxidation and reduction.
The overall reaction in the cell can be represented as combination of these two reactions:

aA +ne” & cC (1.1)
bB < dD + ne” (1.2
aA +bB & cC+dD (1.3)

where a molecules of A take up n electrons to form ¢ molecules of C. The change in the standard
free energy 4G° is expressed as:

AG® = —nFE° (1.4)
where F is Faraday’s constant (96,485 C/mol) and E° is the equilibrium potential, which is also

referred to as the open-circuit potential. As the overall reaction in Equation 1.3 proceeds, the
potential E of a cell is given by the Nernst equation:

c,d
_RT acap

—1n
a,b
nF ajap

where a; is the activity of each species, R is the gas constant, and T is the temperature. Thus, the
cell potential can be determined based on the two half-cell reactions that occur at each electrode.
Direct measurement of an absolute cell potential is impossible, so half-cell potentials, also referred
to as standard potentials, are always referenced to a benchmark. By convention, the standard
potential of the hydrogen evolution reaction (H2/H™) is set as zero and all other standard potentials
are referenced to this reaction.



Reactions at the electrode-electrolyte interfaces are non-equilibrium in nature, however, so
cell potential depends on several factors intrinsic to the cell. Each of these factors contributes to
cell resistance, referred to as an overpotential, which lowers the overall potential of the cell
compared to the thermodynamically calculated potential.™®! Types of cell resistance include:

1) Surface overpotential — driving force for electrochemical reactions (Butler-Volmer eq.)
2) Ohmic overpotential — driving force for the flow of charge carriers — (Ohm’s law)
3) Concentration overpotential — driving force for the diffusion of species — (Fick’s laws)

Thus, the potential difference across a cell will depend on both the open-circuit potential and the
kinetic, charge transfer, and mass transport limitations. These potential drops are all interrelated
and are influenced by operational parameters such as applied current density and state of charge
as well as physical parameters such as temperature and concentration. This makes isolating the
causes of potential losses difficult, so coupled phenomena must be considered when analyzing
electrochemical systems.

1.2.2 Battery Classifications and Metrics

Batteries can be classified as either primary (nonrechargeable), secondary (rechargeable),
or reserve (nonrechargeable, one or more components stored separately before activation). Upon
discharge, the negative electrode is oxidized and loses electrons while the positive electrode is
reduced and gains electrons. Upon charge, the current flow is reversed and oxidation takes place
at the positive electrode and reduction at the negative electrode.

Several metrics are used to identify battery standards and classify performance, but we will
focus on a few particular metrics in this dissertation. First, the capacity is the amount of electrical
energy that is stored in the active components, which are the electrodes for a battery. The
theoretical capacity of an electrode is based on the half-cell reactions at each electrode, the number
of electrons exchanged in these reactions, and the density and atomic mass of the electrodes, with
an example shown for Zn in Equations 1.6-1.7. Capacity is often measured experimentally by
multiplying the discharge current by the discharge time (mAh) and is compared to the theoretical
capacity. It can also be quantified as a specific capacity (mAh g™) or an areal capacity (mAh cm’
2), Typically, the maximum capacity of a battery is reported for a set of operating conditions but
may change depending on the operating temperature, discharge rate, or other experimental factors.
While volumetric capacity (mAh cm™) is a better metric to determine the intrinsic performance of
the battery, areal capacity is often used in the printed battery community and is discussed further
in Section 1.4-1.5.

1mol 6.022x10%%3atoms 2e~ 1.6x1071°C

= 2947 C 1.6
65.38¢g X mol X atom * e (16)

1 gram Zn x

1 mAh
2947 Cx = 819 mAh (1.7)

3.6C

Second, the current density is the rate at which charge is transferred to or from the
electrodes. Current density is typically an operating condition set based on the supported device
requirements and is often measured in mA cm2. This metric is typically more useful for IoT device
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integration compared to C rates, which are normalized to battery capacity, since the current
requirements for 10T systems are irregular, as mentioned in Section 1.1.

Finally, the power density is the rate of energy consumption per unit volume or weight.
The power density is determined based on the cell potential and the applied current density. A
battery’s maximum power density can be obtained by performing a polarization experiment, where
cell potential is measured as a function of the applied current density. Based on the different factors
that affect cell overpotential (as discussed in Section 1.2.1) and their responses to the applied
current, a battery will typically exhibit a profile similar to Figure 1.5.

A F 3

Potential
Power Density

v
v

Current Density Current Density

Figure 1.5: Example of a polarization curve for a battery
1.2.3 Battery Chemistries

Anode and cathode materials can be combined in a nearly limitless number of combinations
to create a battery, but several practical constraints limit the number of viable electrochemical
couples used in batteries today. These factors include energy density (both volumetric and
gravimetric), cycle life, charge and discharge rates, temperature range, and cost of materials.
Energy storage requirements are solely dependent on the device application, so benchmarks for
each of these metrics will change depending on the device requirements. For example, grid scale
storage will have different specifications for energy density and discharge rates compared to
electric vehicle storage. As a result, several battery chemistries have been commercialized and a
few of them are described here and summarized in Table 1.2.

Table 1.2: Characteristics and applications of primary and secondary batteries

Chemistry Mode Characteristics Applications

Zn-MnO; Primary Good low temperature Portable and consumer
performance, high discharge electronics
rates, moderate costs, high

shelf life

Zn-Ag20 Primary High specific capacity, flat Hearing aids, watches,
discharge, good shelf life, underwater and space
higher cost applications



Zn-air Primary High energy density, poor Hearing aids, medical
shelf life dependent on devices, portable electronics
environmental conditions

Lithium ion Secondary  High voltage, high energy Portable and consumer

density, long cycle life electronics, electric vehicles
Lead-acid Secondary  Low cost, moderate energy  Automotive, golf carts, lawn
density, wide temperature mowers, tractors, trucks,
range, high discharge rates ~ emergency power, utilities,
power tools
Nickel-metal ~ Secondary  High specific capacity, high  Consumer electronics,
hydride discharge rates, moderate hybrid electric vehicles
cycle life
Nickel-zinc Secondary  High specific capacity, low  Scooters, bicycles, trolling
cost, moderate cycle life motors

Primary batteries are commonly used in communication systems, medical devices, and
large format cells for underwater and space applications. Many primary cells utilize Zn anodes due
to their low cost, earth abundance, and ease of fabrication in non-inert environments. These
chemistries include Zn-MnO., Zn-Ag.0, and Zn-air cells and all typically utilize alkaline
electrolytes such as KOH. Alkaline electrolytes are caustic and are often highly concentrated (20-
50 wt%) in order to provide high ionic conductivity, so electrolyte-resistant plastics must be
utilized during cell packaging to avoid cell corrosion or electrolyte leakage. Zn-MnO: is the most
popular primary cell chemistry given their moderate cost of materials, suitable high-discharge rate
performance, and long shelf life. Comparatively, Zn-Ag>O and Zn-air batteries have higher
materials costs but offer higher energy densities.

Secondary batteries are nearly ubiquitous today in portable electronics such as laptops and
cell phones, but are also being utilized in larger format applications including electric vehicles and
grid scale storage. Lead-acid batteries are one of the oldest secondary battery chemistries and are
popular in automotive applications given their reliable performance over a wide temperature range.
Nickel-based batteries such as Ni-metal hydride and Ni-Zn are utilized in high-power consumer
electronics and were first implemented in hybrid electric vehicles and electric scooters and
bicycles. But among secondary cell chemistries, lithium-ion batteries are the most popular given
their high voltage, high energy density, and long cycle life. In commercial cells, carbon is typically
used as the anode material and a lithium-metal-oxide alloy such as LiCoO; or LiMnO; is used as
the cathode material. A Li containing organic electrolyte such as LiPFg in ethylene carbonate and
dimethyl carbonate is commonly used to shuttle Li ions reversibly. Although widely used, lithium-
ion batteries require careful attention to processing, packaging, and safety considerations. Lithium
is highly reactive with water; so Li-ion batteries must be assembled in inert environments such as
glove boxes or dry rooms and hermetically sealed to avoid air exposure. Packaging materials must
also be compatible with the electrolyte chosen since most Li-ion electrolytes are flammable and
highly reactive. Additionally, Li-ion battery operation must be closely monitored to avoid critical
failure mechanisms such as Li plating and dendrite formation on the anode, gas generation and
pressure buildup, or temperature spikes during overcharging or fast discharging.



1.2.4 Battery Packaging

In addition to cell chemistry, packaging also greatly influences a battery’s utility. Battery
safety and materials degradation are crucial factors that hinge on the use of suitable packaging
strategies. Other parameters are also heavily dependent on battery packaging, such as lifetime,
energy density, power density, and cost.[?%1 Overall, packaging conforms the battery to the intended
application, determining the sealing, form factor, temperature, and even state of charge of the
battery pack.

Among the established cell chemistries discussed in Section 1.2.3, there are a few standard
packaging formats. These include cylindrical, coin, prismatic, and pouch cells, as shown in Figure
1.6.1211 Cylindrical cells are made of flat cells that are layered and rolled into a cylindrical can.
These cells have a high packing density and offer high mechanical stability since the cylinder is
able to withstand internal pressures without deformation. Cylindrical cells also offer low internal
resistance and can deliver high currents, but require specialized insulator materials to separate
active components and result in higher manufacturing costs. Coin cells, also called button cells,
house the anode and cathode inside two cell cans that are crimped together around a gasket. These
cells provide smaller form factors and lower manufacturing costs, but have lower packing density
and require slow charging to avoid swelling, so most coin cells are used in primary configurations.
Coin cells are also commonly used in research laboratories for proof of concept designs due to
their simple assembly.
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Figure 1.6: Schematic of the shape and components of various battery configurations including a)
cylindrical b) coin c) prismatic and d) pouch cells.?*! Formats are given for Li-ion batteries, but
are similar for other battery chemistries.



Prismatic cells are layered and rolled in a similar method to cylindrical cells, but achieve
thinner form factors needed for many consumer electronics applications. Prismatic cells have
improved space utilization compared to coin cells and have greater design flexibility, but are also
more expensive to manufacture and require extra space to accommodate swelling, which lowers
the overall volumetric energy density of the battery. Finally, pouch cells offer the thinnest, most
flexible form factor available for commercial cells based on the use of soldered foils as current
collectors instead of rigid electrical feed-throughs. Pouch cells have high packing efficiency,
although some space must be allocated for cell swelling. Housed in lightweight packaging made
of Al and polymer films, pouch cells are commonly used in most portable electronic devices such
as laptops and cell phones.

Aside from these widely used packaging formats, alternative battery packaging schemes
are also being explored within the research community, as shown in Figure 1.7. One such format
is the Swagelok type cell, where metal rods are used as current collectors and electrodes are
sandwiched in between Swagelok compatible gaskets, spacers, and fittings.[??l These cells are
similar in nature to coin cells, but offer a significant advantage in that they can be easily
disassembled after cell testing, making post-mortem analysis and component recycling possible.
Another emerging format is the operando cell, which is often a commercial format such as a pouch
or coin cell that has been modified to include an X-ray transparent window into the cell.?® The
operando cell permits battery characterization during charging and discharging to capture
information about the non-equilibrium processes that occur within the cell. Operando cells will be
discussed in greater detail in Chapter 4.

Figure 1.7: @) Schematic and picture of a Swagelok cell used for a Li-O; battery.??! b) General
schematic of an operando cell design.[?4
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1.3 Printing as a Fabrication Technology for Batteries

Millimeter-scale single chip nodes are poised to enable several emerging I0T technologies,
but several advances in system integration must be made in order to realize autonomous nodes for
WSNs. Incorporating sensing, computation, communication, and energy storage demands careful
consideration of process integration and assembly. Moving forward, none of the traditional battery
packaging strategies discussed in Section 1.2.4 are compatible with a millimeter-scale single chip
node, so alternative processing methods are needed to reduce integration complexity and minimize
battery size, weight, and cost.

Among several emerging approaches, printing-based fabrication techniques are well-suited
to simplify system integration and enable battery form factors that can accommodate millimeter-
scale nodes. Printing-based fabrication utilizes high-throughput processing techniques popularized
by the graphic arts and display industries that are capable of achieving micron-scale feature
resolution while depositing at meter per second print speeds. Furthermore, these approaches use
additive processing methods, as opposed to subtractive processes used in conventional
manufacturing, to limit material waste and lower overall costs.!?>! As a result, printing techniques
allow significant design flexibility and customizable device form factors that can ease system
integration and complexity.

Within the printed electronics community, a range of printing methods are used to fabricate
devices including batteries, transistors, solar cells, antennas, and sensors.?6-%% Printing methods
are chosen based on both device and materials requirements and have tradeoffs between factors
such as throughput, resolution, and cost.l*-23 Table 1.3 outlines the differences between these
printing methods, describing the important factors that control patterning performance and the
materials properties that should be considered when designing a printable ink.

Table 1.3: Critical parameters for various printing methods used in printed electronics

Printing Viscosity Line Layer Max Speed Method, Pattern
Technique Range (cP) Width Thickness  (m/s) Design Cost

(Hm) (Hm)
Gravure 10 — 1,000 1 0.01-10 15 Contact, High
Screen 500 - 50,000 20 1-250 1 Contact, Medium
Flexography 50 - 500 50 0.1-10 10 Contact, Low
Inkjet 1-50 10 001-1 1 Non-Contact, Free
3D (FDM, SLA) >1,000 50 >10 0.1 Non-Contact, Free
Spray 1-100 10 0.01-1 0.1 Non-Contact, Free
Slot-Die > 1,000 50 > 10 5 Non-Contact, Low
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Among the printing techniques described in Table 1.3, screen printing is uniquely capable
of depositing the high layer thickness (10s — 100s of um) required to achieve high capacity
electrodes for printed batteries. Thus, screen printing and stencil printing, a proxy for screen
printing, are the focus of this dissertation. Screen and stencil printing are both contact based
techniques, where a mesh or stencil is placed in contact with the substrate to define the print area,
known as the cell, as shown in Figure 1.8. Ink is then deposited in the cell and a blade pushes the
ink to completely fill the cell. Finally, the mesh or stencil is released from the substrate, leaving
the printed feature remaining on the substrate. Quality of the resulting print is largely tied to ink
design, which is dependent on two fundamental rheological properties: surface energy and
viscosity. Surface energy and viscosity influence how an ink flows through the stencil and transfers
onto the substrate. This impacts both the printing resolution, or the minimum possible feature size,
and printing artifacts and defects, or the reliability of ink deposition at desired locations only. Thus,
in order to print battery components at small form factors, surface energy and viscosity must be

considered.
‘/
-z =

4

~ y
~= o - <

Dispense ink Fill cell Release stencil

Figure 1.8: Schematic representation of screen and stencil printing, highlighting the fundamental
steps involved using a contact based printing method.

When an ink is dispensed onto a surface, a thermodynamic equilibrium is established
between the substrate (solid phase), the ink (liquid phase), and the ambient atmosphere above the
substrate and printed feature (vapor phase), as illustrated in Figure 1.9. Each interface has a
corresponding surface energy (ys.: solid — liquid, y.v: liquid — vapor, ysv: solid — vapor) based on
the interaction forces at the interface. Balance of surface energies between each of the phases can
be defined by the Young-Dupre equation shown below:

Ysv = YsL + YLy €0s O¢ (1.8)

where 6c is the contact angle of liquid drop on the substrate. Thus, the surface properties of both
the substrate and the ink can be modified to change the contact angle, which will affect the surface
area of the printed feature and overall resolution capabilities of the printing technique. For printed
batteries, a large contact angle is typically desired to ensure pinning of the ink to the substrate and
avoid spreading of the printed film.
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Figure 1.9: Schematic of a printed feature highlighting the surface energy and contact angle of the
liquid drop

In addition to surface energy, viscosity also plays a critical role in ink printability. Viscosity
is a measure of a fluid’s resistance to deformation under an applied shear stress. Increases in fluid
viscosity correspond to increasing resistance to shear. In most printing processes, an ink
experiences shear forces due to contact with a blade or a nozzle. These shear forces can be
generally described by a Couette flow, as depicted in Figure 1.10a. Here, a fluid is contained
between two plates, one fixed and one moving at constant velocity u. At steady state, the fluid
moves parallel to the plate and the fluid velocity varies linearly based on its proximity to the
moving plate. Each layer of fluid closer to the moving plate moves faster than the layer below it,
causing friction between each layer and an overall force resisting the relative motion of the fluid.
An external force then must be applied to keep the top plate at a constant velocity. The magnitude
F of this force is proportional to the velocity u and inversely proportional to the separation of the
plates y, as described in the equation below:

_F_ du (1.9)
T= e uay .
where z is the shear stress and du/0y is the shear rate. The proportionality factor p is the viscosity
of the fluid and is commonly measured in centipoise (cP), which is equal to 0.001 Pa-s. Fluids can
be classified based on their viscous response and are shown in Figure 1.10b. For example, many
inks used in printed electronics exhibit shear thinning behavior due to the breakdown of cohesive
forces within the fluid at higher shear rates. Thus, the viscous response of a fluid is used to
characterize functional inks and determine their compatibility for a given printing technique.
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Figure 1.10: a) Illustration of a planar Couette flow showing a gradient in the velocity as a function
of distance from the fixed plate. b) Categories of materials based on their viscous response to shear
rate (Newtonian versus non-Newtonian).

1.4 Developing Materials for Printed Batteries

Printed batteries are an emerging solution for powering wireless electronic systems,
utilizing additive manufacturing techniques to achieve novel form factors and geometries that can
be integrated with 10T devices. Printed batteries rely on additive processing techniques to deposit
functional inks with high accuracy, high throughput, and low cost onto a variety of substrate
materials.?634-361 Development of printed batteries hinges on two key goals: 1) creating functional
electrode, separator, and current collector inks and 2) implementing suitable printing techniques
to achieve high battery integrity and performance. Current research on printed batteries has
focused on each of these goals, demonstrating various printed battery architectures using a few
different cell chemistries and printing techniques.

As discussed in Section 1.2.1, a battery is composed of an anode, cathode, electrolyte,
separator, and current collectors. To create a printed battery, a printable ink must be designed for
each of these components. A typical ink contains an active component and a solvent and may also
incorporate binders, conductive fillers, and additives.®”) The active component provides the
characteristic features required for the specific application and can be metallic, ceramic,
semiconducting, organic, or a combination thereof. The solvent enables printability of the ink as
it controls many of the rheological properties of the ink. The solvent should provide good solubility
to each component of the ink as well as suitable viscosity, surface tension, and homogeneity.
Solvent selection is also critical in order to print multilayer devices such as batteries since the
solvent present in the printed film can potentially dissolve or damage the preceding layer. Binders
are often employed in printing inks to help homogenize the active components into the ink. After
printing, binders also help maintain particle-particle contact as the solvent evaporates and keep the
printed film pinned to the substrate. Finally, conductive fillers are often used in electrodes to
increase electrical conductivity and additives can be used to tailor ink properties that may affect
their rheology, wetting, or corrosion resistance.
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Battery component inks are optimized based on their rheological properties, including
surface energy and viscosity, and materials properties that determine battery performance. For
example, battery electrodes must be able to deliver high capacity, so thicker films are often desired.
This requires higher mass loading of the active component in electrode inks, which results in higher
viscosity inks that may not be compatible with all printing methods. Additionally, printed current
collectors must maintain high electronic conductivity and good adhesion to the substrate. This
requires careful selection of the current collector ink solvent to ensure the ink forms a conformal
coating on the substrate. Table 1.4 provides a complete overview of the rheological and materials
properties that must be considered for developing printable battery inks. To date, printable inks
have been formulated for nearly all of the printing techniques discussed in Section 1.3, including
inkjet, screen, stencil, extrusion, spray, and flexography printing.[38-411

Table 1.4: Material and rheological property requirements for battery components

Component Requirements

Electrodes High capacity (thick films)
High surface area (porous films)
Moderate electronic conductivity (good particle-particle contact)
Materials compatibility and corrosion resistance (solvent,
binder, additives)
Electrolyte and High ionic conductivity (ionic contact between electrodes)
Separator No electronic conductivity (good physical barrier, good
mechanical integrity)
Materials compatibility and chemical stability (solvent,
binder, additives)
Current Collectors  High electronic conductivity (thin films)
Good substrate adhesion (low surface energy)
Materials compatibility and corrosion resistance (solvent,
binder, additives)

Given the unique advantages of printed batteries, several demonstrations have been
reported in the literature, typically using Zn-MnQ; 2481 7Zn-Ag,0 4531 and Li-ion B4
chemistries. A few other cell chemistries, including Ni-Zn, Li-S, Na-ion, Fe-air, and Zn-air, have
also been recently incorporated as printed batteries although the literature on each is less
extensive.[0%%1 Primarily focusing on wearable device applications, these studies have
demonstrated flexible and stretchable electrode, separator, and current collector materials that can
be incorporated in roll-to-roll based processing. To date, printed batteries have achieved areal
capacities between 1 —5 mAh cm?, as shown in Figure 1.11, and have been embedded in a variety
of novel form factors, including tattoo, fabric, and wire based cells. While volumetric capacity or
power density would be more suitable to compare printed battery performance across several
battery architectures and chemistries, sufficient data is not provided from all sources listed in
Figure 1.11 to compare volumetric capacity or power density.
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Figure 1.11: Ragone plot comparing performance of printed batteries from the literature. Open
symbols represent batteries using non-printed separators, while filled symbols represent fully-
printed cells. The green highlighted section represents the performance benchmarks required to
support the 10T driver shown in Figure 1.2.

1.5 Remaining Challenges for Printed Batteries

Despite the advancements made within the printed battery community, further work is
needed to incorporate printed batteries with integrated electronics. While previous studies have
primarily focused on developing inks for various printing techniques, none have emphasized
scaling printed battery size and power to accommodate typical 10T system requirements. For
example, many of the printed battery demonstrations have used planar geometries, which can
reduce power density and electrode utilization and increase internal resistance and device footprint.
In addition, thin printed electrodes are commonly implemented to minimize strain in the battery
under flexion or tension, thus reducing battery capacity. Moreover, several printed battery
configurations have included non-printed components, such as evaporated current collectors and
mesh supports in the electrodes or electrolyte, that are difficult to incorporate into high throughput
assemblies and add to the overall size and cost of the battery. Given all of these constraints, printed
battery architectures have typically been larger than 1 cm?, operated at current densities below 3
mA cm?, and exhibited power densities well below 10 mW cm2, thus impeding the incorporation
of printed batteries for wireless electronic systems via on-chip integration.

In order to utilize printed batteries for WSNs, several limitations in printed battery
processing, architecture, and performance must be addressed. Most importantly, battery footprints
must scale to device relevant geometries in order to integrate battery fabrication with wafer-level
and chip-scale packaging. This will require vertical cell designs to minimize battery footprints,
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which presents new processing challenges and considerations for printed batteries. For example,
materials compatibility will become paramount to device functionality, so printing schemes must
take solvent selection, surface adhesion, and processing temperatures into account to ensure
successful multilayer battery assembly.

In addition, non-printed components often used in printed batteries must be replaced with
additively manufactured components to lower processing costs and accommodate a wide range of
0T device architectures. Typically, current collectors, separators, and cell packaging are non-
printed, limiting design flexibility and often preventing integration with single chip nodes. This
will require lower thermal budgets for printed battery components to ensure compatibility with an
assortment of substrate materials, including low-cost flexible substrates and semiconductor
packaging flows.

Finally, studies on printed batteries must provide greater detail on performance metrics and
justify their applicability for device integration. This must either include battery lifetime data to
justify implementation with 10T devices or further information on battery degradation mechanisms
to motivate further studies addressing cell instabilities. Furthermore, printed battery research must
push towards higher capacities, higher operating current densities, and higher power densities to
enable battery technologies that meet the 1oT performance benchmarks outlined in Figure 1.2 and
highlighted in green in Figure 1.10. Correspondingly, further information must be provided in
future works to permit detailed comparison to performance benchmarks, including information on
electrode thickness and area, operating currents, and cell potentials.

1.6 Dissertation Organization

This dissertation addresses several challenges associated with designing millimeter-scale
energy storage for loT technologies, utilizing printing techniques to create batteries that could
enable scalable wireless sensor networks. Among several possible chemistries, Zn-based batteries
are explored as printable energy storage devices for integrated electronics given their high energy
densities, high discharge rate capabilities, and good charge retention.*®! Furthermore, Zn battery
chemistries are well suited for integrated electronics since they do not require inert environments
for fabrication, have modest packaging and material handling requirements, and use low-cost,
earth-abundant materials.

The approach taken in this work goes beyond previous printed battery research by not only
creating battery materials and incorporating additive manufacturing techniques, but also
characterizing important battery materials properties, addressing battery failure mechanisms, and
establishing performance benchmarks that are compatible with 10T device requirements. This
work also aims to serve as a roadmap for future research on printed batteries across any battery
chemistry or device architecture. With an application driven emphasis, this dissertation provides
guidelines across the five main pillars of materials science (processing, structure, properties,
performance, and characterization) for energy storage scalability and integration for WSNs.

Chapter 2 investigates the scaling limits of a fully-printed, primary Zn-Ag.0 battery with
a vertical cell geometry. Design requirements for printing a multilayer, vertical cell architecture
are considered, focusing on electrode and separator layer optimization and maintaining a thermal
budget compatible with low-cost flexible substrates and semiconductor packaging flows. Printed
battery stability metrics are established, identifying Zn corrosion as the limiting failure
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mechanism. Tradeoffs between electrode geometry and battery performance metrics including
capacity, internal resistance, and cell lifetime are also determined.

Chapter 3 establishes a printed air cathode for metal-air batteries that can be fabricated
below 100 °C, broadening the potential for metal-air batteries to power integrated electronics.
Utilizing additive manufacturing and low processing temperatures, printed cathodes compatible
with wafer-level and chip-scale packaging are presented. The importance of binder, solvent, and
catalyst interactions and their influence on air cathode performance as a function of processing
temperature are examined. Furthermore, this work leverages the printing and ink development
from Chapter 2 to create one of the first demonstrations of a printed Zn-air battery, displaying
higher power density capabilities than the Zn-Ag»O batteries shown in Chapter 2.

Chapter 4 addresses Zn corrosion, the limiting failure mechanism for printed Zn-based
batteries. Operando characterization techniques are implemented to couple electrochemical
measurements with chemical and structural information to directly observe the non-equilibrium
reactions occurring at the Zn-electrolyte interface. Battery materials and processing conditions are
rapidly screened using operando pressure decay measurements in printed Zn-air batteries to
determine trends in corrosion rates. Additionally, operando diffraction experiments using a
synchrotron X-ray source are conducted to illustrate the effect of salient processing and materials
parameters on Zn corrosion.

Chapter 5 provides integration strategies for printed batteries and tests proof of concept
cells under typical WSN operation modes. Printable packaging and interconnects are explored
using extrusion, inkjet, and stencil printing approaches. Zn-Ag.O batteries are tested under pulsed
discharge conditions to mimic single chip node operation in a WSN. Screen printed arrays are also
investigated for high-voltage and high-power applications. Ink design and cell performance for
screen printed arrays are compared to stencil printed cells shown in Chapter 2.

Finally, Chapter 6 summarizes the work presented in this dissertation and offers future
research directions to address the critical remaining challenges for integrated energy storage.
Alternative battery chemistries and geometries are suggested given the limitations of Zn batteries.
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Chapter 2: Scaling Printed Zn-Ag.O Batteries for Integrated Electronics
2.1 Introduction

Printed batteries are an emerging solution for integrated energy storage using low-cost,
high-accuracy fabrication techniques. While several printed batteries have been previously
reported, few have designed a battery that could be incorporated into an integrated device.
Specifically, a fully-printed battery with a small active electrode area (< 1 cm?) achieving high
areal capacities (> 10 mAh cm?) at high current densities (1-10 mA c¢cm?) has not been
demonstrated, which represents the minimum form-factor and performance requirements for many
low-power device applications, as discussed in Section 1.5. This chapter addresses these
challenges by investigating the scaling limits of a fully-printed Zn-Ag.O battery and determining
the electrochemical limitations for a mm?-scale battery.

Zn-Ag20 is the chosen electrochemistry for our printed battery given its inherent air
stability, high energy density (130 Wh kg™), high discharge rate capability, and good charge
retention.™? This system uses a zinc anode and a monovalent silver oxide cathode with an aqueous
potassium hydroxide (KOH) electrolyte, as shown in Equations 2.1-2.3. Zn-Ag.O batteries have
a theoretical open-circuit potential of about 1.6 V, but operating voltages are typically 1.4-1.5 V,
which is still suitable for most low-power device applications. Unlike manganese oxide or lithium-
ion batteries, silver oxide batteries maintain a steady discharge voltage over a wide range of
discharge rates. This is desirable for integration with 10T devices in order to minimize power
electronics requirements and reduce circuit design complexity. For example, silver oxide cells can
better handle the current spikes typically seen during radio transmission bursts in 10T devices.
Furthermore, silver oxide batteries can be fabricated without the use of inert environments, making
them better suited for high throughput manufacturing compared to Li-ion chemistries and allowing
for integration into existing chip packaging and assembly process flows.

Ag,0 + H,0 + 2e~ — 2Ag+ 20H™ (2.1)
Zn + 20H™ - Zn0O + H,0 + 2e~ (2.2)
Ag,0 + Zn = 2Ag + ZnO (2.3)

Using stencil printing to achieve thick electrodes, a vertical cell geometry is established to
achieve a fully-printed, primary Zn-Ag.O battery with low internal resistance and high areal
capacity that meet the lIoT benchmarks for low-power devices. Ink design for each battery
component is discussed, highlighting the materials and processing requirements needed to
implement a multilayer printing approach and maintain compatibility with existing semiconductor
packaging flows. Important factors affecting printed battery lifetime are characterized, including
separator layer pore size and electrode area, which set processing limitations for the printed battery
architecture. Finally, power density, internal resistance, and areal capacity measurements are
performed to determine battery performance as a function of electrode area.
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2.2 Printed Battery Architecture and Processing

Stencil printing is implemented to achieve thick, high-capacity electrodes. Figure 2.1
depicts the stencil printing procedure, where a plastic stencil is used to define the pattern, ink is
dispensed into the stencil, and a doctor blade pushes the ink to fill the stencil and form the printed
film. Analogous to screen printing, stencil printing utilizes high-mass-loading, high-viscosity inks
(> 1,00 cP) in order to print thick electrode films and achieve high-capacity electrodes.®!
Moreover, stencil printing does not require the high upfront design cost of creating a screen and
allows for faster prototyping and iteration of cell designs.

Electrode thicknesses ranging from 10s to 100s of pum can be deposited on a variety of
substrates including rigid wafers and flexible plastics with high pattern accuracy. Compared to
inkjet printing or spray deposition, stencil printing is capable of depositing thicker electrodes and
is better suited to achieve high capacity electrodes. In our battery architecture, each layer is stencil
printed directly on top of the preceding layer to minimize the battery footprint, with the zinc anode
as the bottom electrode. After the silver oxide cathode is printed on top of the sol-gel separator, an
encapsulation layer is laminated to the substrate and the top current collector is connected to the
cathode. Here, we utilize a spin-coated polydimethylsiloxane (PDMS) encapsulation layer, which
has been previously shown to be printable. 5]

a)

Current Collector Zn Anode Sol-Gel Separator

Ag,0 Cathode

PDMS
PDMS

Silver
Substrate

A

Figure 2.1: a) Schematic representation of the battery fabrication process. b) Cross-sectional view
of the printed Zn-Ag.0 battery. ¢) 1 mm? printed Zn anode compared to a commercially packaged
device and an unpackaged chip.
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2.2.1 Current Collectors

Battery electrodes are typically thick and porous to enhance battery capacity; so thin
current collectors are used to provide a conductive pathway to the positive and negative terminals
and minimize internal resistance. Current collectors must not only be highly conductive to ensure
efficient charge transfer to and from the battery, but also physically and chemically robust in the
presence of the electrolyte in order to maintain good contact with the electrodes. In many printed
battery designs, current collectors are commonly excluded from the printed architecture, relying
on traditional, non-printed current collectors including foils, meshes, or evaporated films.[6-°

In order to eliminate non-printed components from the battery, silver inks have recently
been used to print current collectors %22 put silver is known to swell and thicken in the presence
of concentrated KOH and can crack or delaminate from the substrate.t*3#! Initially, we attempted
O.-plasma surface treatments to improve adhesion between printed silver films and both glass and
PET substrates but were unable to find a suitable set of conditions to prevent film delamination in
concentrated KOH solutions. Instead, carbon was proposed as an alternative current collector
material, given its chemical and physical compatibility with KOH.

A commercially available carbon ink (Creative Materials #112-48) was used to stencil print
carbon films on PET substrates. Carbon films were printed with a Kapton tape stencil to achieve a
film thickness of ~50 um (Figure 2.2a). Film resistivity was measured as a function of annealing
temperature and time and was found to plateau at 110 °C with values of ~ 1 x 10 Q-cm, or about
three orders of magnitude higher than bulk silver (Figure 2.2b). At 110 °C, film compaction was
observed by SEM, so the high measured resistance was not attributed to poor particle-particle
contact in the printed film (Figure 2c). Printed carbon sheet resistance was found to be around 10
Q o on glass and slightly higher on PDMS, compared to about 1 Q o for printed silver (Figure
2.2d). Since the carbon films would constrain the total resistance of the printed battery, we
implemented a printed silver-carbon bilayer structure to provide chemical and physical stability
while maintaining good conductivity (2-3 Q o). The silver layer (Creative Materials #120-07)
was printed on both PET and glass substrates with a Kapton tape stencil and annealed in an oven
at 110 °C for 15 min. The carbon layer was then printed on top of the silver layer and annealed at
110 °C for 30 min. Finally, silver-carbon bilayers were also tested for stability in KOH. A few
bilayers were printed on PET and immersed in 8.4M KOH for 100 hours and showed minimal
change in film resistivity and no signs of delamination or cracking.
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Figure 2.2: a) Typical thickness profile of a printed carbon film. b) Printed carbon film resistivity
at annealing temperatures between 70-130 °C. c) Cross-section SEM image of printed carbon film.
Scale bar is 30 um. d) Comparison of printed carbon and printed silver sheet resistance on glass
and PDMS.

2.2.2 Sol-Gel Separator and Polymer Encapsulation

Physical separation between the two electrodes is necessary to maintain a constant battery
potential and to avoid forming short-circuit pathways. At the same time, the separator must provide
suitable ionic conduction between the anode and cathode to allow the redox reactions at each
electrode to proceed. Printed batteries often depend on the use of non-printed components for the
separator (215171 which requires additional assembly and adds to fabrication costs and
complexity. Although some demonstrations of printed separators have been reported, many require
planar electrode configurations [©121516.18-201 "\which can lead to poor electrode utilization and
power densities while increasing the battery footprint and internal resistance.

Previously, our group reported a printable sol-gel separator using a photopolymerizable
polyacrylic acid (PAA) solution.'*] This enabled each layer of the battery to be printed
consecutively with a vertical cell architecture, decreasing the battery footprint and distance
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between the two electrodes. The PAA sol-gel separator is compatible with the KOH electrolyte
and can be fabricated completely in air, a significant advantage for low-cost, high-throughput
processing compared to Li-ion chemistries. The sol-gel separator solution was composed of an
acrylic acid monomer (Sigma #147230), a crosslinker (Sigma #410195), and a photoinitator
(Sigma #410896) to facilitate crosslinking under UV exposure. The solution was prepared in two
parts. First, PEO (0.092 g) was added to a solution of KOH (3.125 mL, 1M) and acrylic acid (250
pL) and mixed at 500 rpm for 2 hours to allow the PEO to dissolve. The KOH solution was
prepared by adding KOH pellets (Fisher) to DI water and mixing with a vortex mixer. Second, the
crosslinker (250 pL) and photoinitator (19 mg) were added to the solution and mixed at 650 rpm
for 15 min. Before stencil printing the sol-gel separator, the solution was bubbled with nitrogen to
remove any residual oxygen for 12 min. A Spectroline SB-100P series lamp was used to UV
crosslink the monomer in solution and was applied for 10 min. Finally, the sol-gel separator was
soaked with ~30 pL of an 8.4 M KOH electrolyte for 20 min.
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Figure 2.3: Stability of sol-gel separator ionic conductivity over time.

While promising, our previous printed battery configuration suffered from electrolyte
dehydration, causing the ionic conductivity of the sol-gel separator to decrease over time and a
poor battery shelf life. In order to address this issue, the battery was encapsulated in a PDMS ring,
as depicted in Figure 2.1. PDMS is a good moisture barrier, preventing electrolyte dehydration and
ensuring suitable ionic conductivity across the separator throughout battery operation. To
demonstrate the effectiveness of the encapsulation strategy, PAA sol-gel separators were printed
onto gold current collectors inside of PDMS rings. After capping each sol-gel with another gold
current collector, the ionic conductivity across the electrolyte was measured for 600 hours using a
Gamry Reference 600 and remained stable (> 10 mS cm™) over that time span, attesting to the
effectiveness of the encapsulation strategy (Figure 2.3).

2.2.3 Zinc and Silver-Oxide Electrodes

In order to develop high-capacity electrodes at device-compatible areas, electrode inks
must be carefully designed to meet all processing and performance requirements. Thicker
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electrodes with high active mass loadings will provide higher capacity, but electrodes must also
maintain chemical and physical compatibility with the other cell components. For printed
electrodes, ink composition and rheology must also be considered to ensure electrode inks are
compatible with the desired printing method. For small printed batteries powering loT devices,
stencil printing is an ideal deposition technique, given that thick, high-capacity electrode films (>
100 pum) can be deposited with sub-cm? stencil areas. Consequently, stencil printing is compatible
with wafer-level and chip-scale packaging, since batteries can be printed with similar form factors
as typical silicon integrated circuit components (~0.4 — 1 mm thick) and geometries smaller than
the total module footprint (< 3 cm?).2!1 In this study, zinc and silver oxide inks were carefully
designed to achieve these geometric requirements via stencil printing while optimizing ink
composition for high capacity electrodes.

In a typical electrode ink, polymer binders are added to help form a homogenous dispersion
of the active electrode material and to improve particle adhesion during drying. For our printed
battery, both zinc and silver oxide electrodes used a polyethylene oxide (PEO) binder to form high
viscosity slurries for stencil printing. PEO is a biodegradable, water soluble polymer and allowed
us to eliminate the need for flammable solvents such as N-methylpyrrolidone that are commonly
used in battery electrodes. In order to achieve the highest possible electrode capacity, the active
material mass loading should be maximized relative to all other electrode ink components. Thus,
we optimized each electrode formulation to minimize the amount of binder in the film while
maintaining suitable ink rheology for printing.
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Figure 2.4: a) Ag20 ink viscosity for two different electrode ink formulations. b) Ag.O mass loss
at different drying temperatures.

In our cell configuration, the Zn and Ag-O electrodes were the same size; so the Ag.0O
electrode limited the cell capacity and was most important component to optimize. This is also
typically done in commercial Zn-Ag.O batteries since silver oxide is the most expensive
component of the battery. Ag.O electrodes were prepared by first creating a binder solution
composed of 5 wt% PEO (Sigma #182028) in DI water. The binder was stirred for 2 hours at 500
rpm to homogenize the solution. Next, the Ag20O slurry was prepared by combining an Ag20
powder (Strem #93-4743) with the binder in a 96/4 ratio of silver oxide to PEO by weight. The
optimized silver oxide slurry demonstrated a viscosity of about 15000 cP (Figure 2.4a), which is
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near the upper viscosity limit for stencil or screen printing.1?22%l Higher silver oxide to PEO ratios
resulted in highly viscous, non-homogenous slurries that were difficult to stencil print.

Since the silver oxide cathode was printed directly on the sol-gel separator, room
temperature drying was chosen to prevent electrolyte dehydration and any resulting loss in ionic
conductivity across the sol-gel. Silver oxide electrodes were also annealed at 40 and 80 °C and
showed similar mass loss over time compared to room temperature drying (Figure 2.4b). While
higher annealing temperatures may lead to silver oxide electrodes with higher electronic
conductivity and better film uniformity, electrolyte dehydration was prioritized and room
temperature drying was chosen. Further studies are needed to investigate the change in ionic
conductivity of the sol-gel separator as a function of annealing temperature. Some initial results
seem to suggest that the sol-gel separators can be annealed to mild temperatures (50 — 70 °C) and
recover their original ionic conductivity after re-soaking in KOH, but shrink in size after extended
exposure to elevated temperatures and may cause short-circuit pathways between the anode and
cathode.

Similarly, for the zinc slurry, a 5 wt% PEO binder (Sigma #182028) was used with a 91/1
ratio of zinc (Alfa #10835) to PEO by weight. The anode film also included 5 wt% ZnO (Sigma
#677450) and 3 wt% Bi>0O3 (Alfa #40394) to suppress hydrogen gas evolution and reduce the rate
of zinc corrosion.®24-261 Several corrosion inhibitors have been previously explored in the
literature, but Bi>Os is commonly used in commercial precursors and is believed to preferentially
reduce to Bi metal before Zn oxidizes and produces hydrogen gas. Additionally, ZnO is used to
slow the rate of the hydrogen evolution reaction by Le Chatelier’s principle. Since the zinc
electrode was printed before the sol-gel separator, a heated drying step could be included to
completely dry the film and improve electronic conductivity in the electrode. Through plane film
resistance was measured by sandwiching printed zinc films between gold current collectors and
was found to be lowest at 40 °C (Figure 2.5). Since PEO has a melting temperature at ~65 °C, it is
believed that higher anode drying temperatures resulted in poor contact between zinc particles. In
addition, the higher drying temperatures could have led to the formation of a zinc oxide passivation
layer at the electrode surface.
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Figure 2.5: Through plane film resistivity and bulk resistance of printed Zn electrodes.
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Once the electrode inks were optimized for low-temperature drying and high-mass loading,
stencil printing at sub-cm? active areas was examined. Square electrode patterns were formed by
laser cutting holes into 125 and 250 um thick PET stencils with areas ranging from 25 mm? to 0.25
mm2, These thicknesses were chosen to maintain a total stack thickness below 1 mm. Both Zn and
AQ20 electrodes were stencil printed on glass substrates and profile scans were used to measure
the thickness of the electrodes (Figure 2.6). Printed electrodes with well-defined sidewalls and
good adhesion to the substrate were observed at both thicknesses and over the entire range of
electrode areas. Surface roughness was measured in the 10s of um, as expected with stencil
printing. This dictated that a separator layer with a thickness greater than 100 pm be used to
prevent shorting between the two electrodes. For applications requiring further thickness scaling,
it will be necessary to further reduce electrode layer roughness to allow more aggressive thickness
reduction of the total battery stack.
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Figure 2.6: Typical thickness profiles of a) printed Zn anodes and b) printed Ag».O cathodes.
2.3 Battery Characterization and Stability

Integrated batteries for 10T devices must not only deliver suitable performance to power
the system, but also maintain electrochemical stability throughout device operation. Therefore,
battery degradation must be carefully studied to prevent premature battery failure. For most low-
power l0T devices, the input voltage must remain above 1 V for proper device functionality. Thus,
we conducted experiments to approximate printed battery stability, defining battery open-circuit
lifetime as the time at which the open-circuit voltage fell below 1 V.

In the printed Zn-Ag.0 system, electrolyte dehydration, silver oxide migration, and zinc
corrosion were found to be critical degradation mechanisms that reduced cell lifetime. Although
PDMS encapsulation was observed to mitigate dehydration and maintain good ionic conductivity
in the separator, initial cells still demonstrated short open-circuit lifetimes (< 24 hours). These cells
exhibited behavior consistent with short-circuit pathways forming across the separator as the open-
circuit voltage would consistently decay to 0 V (Figure 2.7a). This behavior was attributed to silver
oxide migration across the separator, a common issue in Zn-Ag.O batteries.””! To mitigate this
problem, a 100 pum thick carbon felt (CF) layer was added to the battery stack in between the sol-
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gel separator and the silver oxide cathode. The carbon felt was used to adsorb silver oxide particles
to the surface and prevent migration through the sol-gel separator. As shown in Figure 2.7a, this
dramatically increased the open-circuit lifetime to ~650 hours but required the use of a non-printed
component in the battery architecture.
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Figure 2.7: a) Printed battery open-circuit lifetime with and without 100 um carbon felt (CF)
barrier layer. b) Cross-section SEM images of Ag-0 electrode printed on sol-gel separators with
PEO My = 100,000 g mol? (top) and My = 600,000 g mol™* (bottom). After sitting for 24 hours,
Ag migration only observed in high My sol-gel. All scale bars are 100 um. c) Pore diameter
distribution between the two sol-gel separators with average pore diameter shown in inset. d)
Printed battery open-circuit lifetime for a range of PEO My with and without CF.

Instead of using a barrier layer to prevent silver oxide migration, we aimed to tune the
porosity of the PAA sol-gel separator and eliminate the need for non-printed components in the
battery stack. In our previous work, the PAA solution used high molecular weight PEO (My =
600,000 g mol™) to improve mechanical stability of the printed sol-gel separator.[**! A maximum
PEO concentration of 2.5 wt% was identified since higher concentrations yielded higher viscosity
PAA solutions that could trap air bubbles during processing and lead to pinholes in the
polymerized film. Therefore, instead of increasing the PEO concentration, the sol-gel pore size
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was tuned by decreasing the PEO molecular weight. PEO has been previously used as a porogen
material during sol-gel polymerization, with increasing PEO molecular weight resulting in
increased sol-gel porosity.?” In our system, PEO occupies space within the PAA sol-gel and
creates voids during the polymerization process. By keeping the PEO concentration constant while
decreasing the molecular weight, the PEO should occupy more space within the sol-gel and
decrease pore size.

To illustrate this effect, sol-gel separators were polymerized using a high and low PEO
molecular weight (600,000 and 100,000 g mol™). Silver oxide cathodes were printed on top of the
sol-gel separators that had been soaked in 8.4M KOH and were encapsulated in PDMS to prevent
electrolyte dehydration. After 24 hours, the cathode-separator samples were cross sectioned and
imaged using an FEI Quanta 250 FEG SEM at 20 keV (Figure 2.7b), showing silver oxide
migration only in the high My PEO sample. Pores at the sol-gel surface were measured for each
sample and smaller average sizes were found in the lower molecular weight PEO sol-gel (Figure
2.7c). Compared to the silver oxide particles, which were measured between 4 and 5 pum, the low
Mv PEO sol-gel separator contained small enough pore sizes to block silver oxide migration
through the separator. To confirm battery stability, full cells were printed with and without the 100
pum carbon felt layer and tested at open-circuit conditions using sol-gel separators with PEO My
ranging from 100,000 to 600,000 g mol™ (Figure 2.7d). At PEO My at or below 400,000 g mol?,
the printed batteries demonstrated significantly improved open-circuit lifetimes (> 200 hours)
without the use of a carbon felt layer, indicating the sol-gel acted as a sufficient barrier to silver
oxide migration. Additionally, PEO My had little impact on the ionic conductivity of the sol-gel
separator, which verified that PEO content would not increase the cell internal resistance
(Figure 2.8).
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Figure 2.8: lonic conductivity for sol-gel separators printed with various PEO My ranging from
100,000 to 600,000 g mol™.

After establishing the appropriate sol-gel separator formulation to impede silver oxide
migration, scaling limits for the fully-printed Zn-Ag.O battery were evaluated based on cell
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performance and lifetime. First, sol-gel separators with areas ranging from 1 — 150 mm? were
printed with both PEO 100,000 and 400,000 g mol™ to determine how the ionic conductivity of
the sol-gel changed with size. Within the range of areas selected, each sol-gel separator had an
ionic conductivity above 10 mS cm?, showing that cell size does not restrict ionic conductivity
across the separator (Figure 2.9). Next, full cells were printed with electrode areas ranging from
0.0625 to 25 mm? and measured under open-circuit conditions to assess battery shelf life as a
function of battery footprint. Holding all other conditions constant, we observed a decrease in
battery open-circuit lifetime with decreasing electrode size (Figure 2.10a). This trend is attributed
to corrosion at the zinc electrode and precipitation of zinc oxide at the anode-electrolyte interface.
In the presence of highly concentrated KOH, the zinc electrode oxidizes to form a series of zincate
species that further react to form zinc oxide, which passivates the electrode-electrolyte interface
and inhibits charge transfer.1?8] Correspondingly, the conversion of zinc to zinc oxide leads to a
drop in the equilibrium potential of the anode, based on the Nernst equation of the zinc half-cell,
and causes the open-circuit potential to fall well below 1.5 V. This effect was observed for all
electrode sizes and was pronounced at electrode sizes under 1 mm?, where open-circuit lifetimes
of less than 24 hours were measured.
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Figure 2.9: lonic conductivity for sol-gel separators ranging from 1-150 mm? in area.

Figure 2.10b-d compares the surface morphology of Zn electrodes under different
corrosion conditions. Figure 3b shows a top-down view of the printed Zn electrode before exposure
to the sol-gel separator and electrolyte. Figure 3c and 3d show a 25 mm? and a 0.25 mm? printed
Zn electrode, respectively, after contact with the sol-gel separator and electrolyte for 24 hours. The
25 mm? Zn electrode displays characteristic zinc hydroxide precipitation, as evidenced by the
needle-like growth on the Zn particles.?>-321 Based on a dissolution-precipitation model of Zn
corrosion, as discussed by Bockelmann et. al., the 25 mm? Zn electrode likely experiences type 1
corrosion, where the precipitated layer does not cover the entire electrode surface and the anodic
reaction continues throughout the porous electrode.3! In contrast, the 0.25 mm? electrode exhibits
a zinc oxide passivation layer forming at the surface, as evidenced by the areas of brighter contrast
over the entire electrode. This is characteristic of type 2 corrosion, where a dense zinc oxide layer
covers and passivates the electrode surface, resulting in a sudden drop in electrode potential. 3436

32



EDS spectra were also obtained for the 25 and 0.25 mm? electrodes, with a 1:1 Zn:O signal
observed in the smaller electrode and lower oxygen signal observed in the larger electrode.
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Figure 2.10: a) Open-circuit lifetime as a function of printed electrode size. Error bars show +1
standard deviation. b) SEM images of printed Zn electrode before exposure to electrolyte. ¢) 25
mm? Zn electrode after 24 hour exposure to sol-gel separator and electrolyte. d) 0.25 mm? Zn
electrode after 24 hour exposure to sol-gel separator and electrolyte. All scale bars are 20 pum.

Chapter 4 will explore whether the corrosion rate is dependent on electrode size and how
reactions at the Zn-electrolyte interface influence charge transfer. For this study, electrodes with
1, 4, and 25 mm? active areas demonstrated suitable and consistent lifetimes (> 24 hours) such that
performance testing could be conducted. Furthermore, these electrode sizes are compatible with
loT device goals of sub-cm? active areas and are considerably smaller than previously reported
printed battery geometries.

2.4 Battery Performance

For successful integration of printed batteries with 10T devices, sub-cm? printed batteries
must exhibit power densities above 10 mW cm at peak operating currents of at least 1 mA cm’
2 1211 To evaluate cell performance as a function of electrode size, full cells were printed with 1, 4,
and 25 mm? electrodes (all 125 pum thickness). Multiple cells were fabricated at each electrode size
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and discharged at current densities ranging from 1 — 12 mA cm™. Discharge experiments were
conducted using a BST8-MA from MTI Corp and cells were initialized at 10 pA cm™? for 1 min
prior to discharge. Figure 2.11a shows that the operating voltage decays slightly with increasing
current density but remains above 1.4 V over the entire current density range, which is well above
the required input voltage for most 10T devices. As evidenced in Figure 2.11b, the printed batteries
provide similar power density regardless of electrode size, indicating that the printed Zn-Ag.O
batteries can be tailored to various wafer-level or chip-scale packaging requirements while
maintaining consistent performance. The highest power density observed was 17 mW cm2, which
is well above the maximum power requirements for most low-power 10T devices. In addition,
small variations in operating voltage and power density were observed across all electrode sizes
and current densities measured, with standard deviations less than 30 mV and 1 mwW cm™
respectively. This indicates excellent reproducibility of the printed batteries and good
electrochemical stability across a wide current density range.
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Figure 2.11: a) Polarization curve for 1, 4, and 25 mm? printed electrodes and b) corresponding
power densities from 1-12 mA cm2. Error bars show +1 S.D. c) Internal resistance for each printed
electrode configuration. d) Example impedance plot of a fully-printed Zn-Ag.0 battery.
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In addition to evaluating peak performance, electrochemical impedance spectroscopy was
performed using a Gamry Reference 600 to characterize the effect of electrode geometry on
internal resistance. The internal resistance, defined as the sum of the ionic and charge transfer
resistances, was measured using a two electrode setup with frequencies ranging from 10° to 0.1
Hz with an amplitude of 10 mV. The impedance curves were fitted using a Randles cell model
where the charge transfer term included both the anode and cathode. Cells with electrode areas of
1, 4, and 25 mm? and electrode thicknesses of both 125 and 250 pum were constructed and
measured. As shown in Figure 2.11c, internal resistance was found to decrease with increasing
electrode area and decreasing electrode thickness. Overall, the internal resistance was less than 40
Q for all electrode conditions, which is suitable for most integrated electronic applications.
Furthermore, our results confirm that the printed batteries can be specifically tailored to a range of
device requirements since the internal resistance can be lowered by decreasing the electrode
thickness. For example, the internal resistance was measured to be as low as 10.5 Q for the 25
mm2, 125 pum electrode which could be useful for high instantaneous power applications.
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Figure 2.12: Discharge profiles for 1, 4, and 25 mm? printed electrodes with a) 125 um thick
electrodes and b) 250 um thick electrodes.

Finally, fully-printed cells were discharged to determine the areal capacity for each
electrode size. Figure 2.12 displays the discharge profile of the printed battery with the highest
areal capacity for each cell configuration, showing areal capacities between 7.5 — 8.5 mAh cm™
for the 125 pum electrode cells and 9.5 — 11 mAh cm for the 250 um electrode cells. All batteries
were silver oxide limited, so the expected capacity and utilization were defined by the weight of
the printed Ag20 cathode. Similar discharge profiles with flat discharge curves and sudden voltage
decay at the end of discharge were consistent across current densities ranging from 1 — 12 mA cm?.
Average areal capacities ranged from 6 —8 mAh cm across the electrode configurations and small
variations in operating voltages (< 30 mV) were observed (Table A2.1, Appendix). Electrode
utilization was typically measured between 80 and 90% of the expected cell capacity and was also
found to be consistent across the same current density range. Figure 6 compares the areal capacities
of our fully-printed Zn-Ag.O battery with other printed batteries reported in the
literature, [67:1920:37-41.89.11,12.15-18] Each |jterature value included in Figure 2.13 is tabulated in the
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Appendix (Table A2.2). Our cell design achieves the highest reported areal capacities for a fully-
printed battery to date, with 8.45 and 10.85 mAh c¢m? for the 125 pm and 250 um electrode
thicknesses, respectively. This is approximately 50% and 94% higher than the previously reported
record of 5.6 mAh cm by Gaikwad et. al., but at device relevant current densities near 10 mA
cm with power densities above 10 mW cm2.l81 The excellent battery performance stems from the
design of high-capacity electrode inks and the ability to print thick electrode films at
small active areas.
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Figure 2.13: Ragone plot comparing performance of our fully-printed Zn-Ag.O battery to reported
literature values. Open symbols represent printed batteries using non-printed separators. Filled
symbols represent fully-printed batteries.

2.5 Summary

In summary, this work investigated the scaling limits of a printed Zn-Ag.O battery and
demonstrated the first packaged, fully-printed battery capable of powering ubiquitous electronics
with sub-cm? areas. Processed entirely in air and requiring a maximum processing temperature of
only 110 °C, our printed battery design can be easily integrated in process designs for CMOS
architectures via wafer-level or chip-scale packaging. Printed bilayer current collectors were
implemented to ensure substrate adhesion in the presence of KOH while maintaining low
resistivity (<3 Q o%). Electrode inks were designed with high mass loadings to achieve thick
electrode films and low internal resistances (< 40 Q) in the vertical battery stack. Sol-gel separators
were engineered to have smaller pores to prevent electrical shorts via Ag.O migration without the
need for nonprinted barrier layers. Encapsulation was also utilized to maintain high ionic
conductivity across the sol-gel separator and prevent electrolyte dehydration. Finally, fully-printed
cells were fabricated with vertical geometries and active areas as small as 1 mm?2. With steady
operating voltages (> 1.4 V), areal capacities as high as 11 mAh cm™2 were measured using
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250 um thick electrodes, the highest reported areal capacity for a fully-printed battery to date. Peak
power densities as high as 17 mW cm 2 were measured at 12 mA cm™2, highlighting our excellent
battery performance and compatibility with 10T device requirements. Overall, our work
demonstrates the potential for printed batteries to power a variety of distributed electronics systems
in the medical device, smart label, and wireless sensor node industries.
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2.7 Appendix

Table A2.1: Summary of printed battery discharge data for all electrode configurations.

Electrode  Electrode  Average Average
Area Thickness  Areal Operating
[mm?] [um] Capacity Voltage
[mAh cm?] V]
1 125 6.05+1.58 1.478+0.020
1 250 6.28+3.26  1.450 +0.017
4 125 7.10+1.69 1.483 + 0.026
4 250 7.44+188 1.462+0.029
25 125 6.93x1.44 1.492 + 0.017
25 250 7.74+£1.20 1.475 £ 0.016

Table A2.2: Summary of printed battery literature and comparison to our fully-printed battery

design.
Battery Reference  Architecture  Printing Method Current Areal
Chemistry  Number Density Capacity
[mAcm?  [mAhcm?]

Zn-MnO; 7 Vertical 3D - Direct Write 0.10 0.98
Zn-MnO; 8 Vertical Stencil (mesh-supported electrodes) 0.31 4.50
0.16 5.60
Zn-MnO; 9 Planar Stencil (fabric-embedded electrodes) 0.18 3.88
Zn-MnO; 10 Planar Screen (non-printed separator) 1.00 0.60
Zn-MnO; 11 Planar Screen (non-printed separator) 0.03 0.05
0.26 1.71
Zn-MnO, 12 Vertical Screen 1.00 2.53
Zn-Ag0 14 Planar Extrusion 1.80 2.93
Zn-Ag20 15 Vertical Stencil 2.75 5.40
Zn-Ag:0 16 Planar Inkjet (bath electrolyte) 1.10 1.50
1.10 2.40
Zn-Ag0 17 Planar Screen 3.00 3.00
Zn-Ag.0 18 Planar Screen 1.40 1.48
Li-ion 19 Vertical Doctor Blade (non-printed separator) 0.47 0.94
Li-ion 20 Interdigitated 3D - Direct Write 1.67 1.50
2.78 1.20
Li-ion 21 Vertical Laser Direct Write 0.10 2.36
Li-ion 22 Vertical Stereolithography 0.015 0.0014
Li-ion 23  Vertical 3D - Direct Write 0.14 4.45
Li-ion 24 Interdigitated 3D - Direct Write 0.07 0.47
Zn-Ag:0  This Vertical Stencil (250 pm) 5.00 10.85
Work 10.00 10.19
12.10 9.78
Stencil (125 pm) 7.00 8.45
9.00 7.99
9.85 7.62
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Chapter 3: Printed Cathodes for Aqueous Metal-Air Batteries
3.1 Introduction

Developing low-cost energy storage for integrated electronics depends on the ability to
increase energy and power densities while reducing materials and manufacturing costs. As a result,
several emerging battery chemistries have been explored as alternatives to Zn-MnO, Zn-Ag-0,
and Li-ion printed batteries.'®1 Among these alternative chemistries, metal-air batteries are a
promising solution for next-generation energy storage.

Metal-air batteries combine design features from both conventional batteries and fuel cells,
featuring a solid-metal anode and a nearly infinite oxygen “fuel” source from the air that permeates
through a porous cathode.[ Compared with other battery chemistries such as Zn-MnOz, Zn-Ag:0,
and Li-ion, metal-air batteries offer superior theoretical energy densities since the oxygen cathode
is not stored in the cell and the anode contains a high ratio of valence electrons to atomic nuclei.
Metal-air batteries are divided into aqueous and non-aqueous chemistries based on the anode used
and resulting electrolyte required.’®! While both have their merits, aqueous metal-air batteries
utilize low-cost, earth-abundant anode materials such as Zn, Al, and Mg and have simpler
processing and packaging requirements compared to non-aqueous systems. Thus, aqueous metal-
air batteries are particularly attractive for 10T device integration.

Equations 3.1-3.2 describe the half-cell reactions for an aqueous metal-air battery. Metal
atoms at the anode are oxidized, releasing electrons to the external circuit. At the cathode, oxygen
diffuses into the cathode and must react with both electrons from the porous cathode and water
molecules from the liquid electrolyte. As a result, the oxygen reduction reaction (ORR) occurs at
a triple-phase interface between the solid cathode, liquid electrolyte, and gaseous oxygen source,
as shown in Figure 3.1.
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Figure 3.1: Illustration of the triple phase boundary in an aqueous metal-air battery. Oxygen,

water, and electrons converge at the solid-liquid-gas interface to reduce oxygen molecules to
hydroxide ions, which are carried across the electrolyte to complete the electrochemical circuit.
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Aqueous metal-air battery performance hinges on the design of the air cathode since the
ORR is kinetically unfavorable.l"®! Catalysts are typically required to facilitate this reaction in
order to avoid high overpotentials, low power densities, and low discharge rate capabilities. Recent
studies in non-printed metal-air batteries have introduced new catalyst materials to improve
cathodic efficiency, but often rely on elevated temperatures (> 400 °C) and prolonged processing
times to achieve good air cathode performance, making them unsuitable for 0T device integration
via conventional semiconductor packaging flows.[1*161 Consequently, rapid synthesis of air
cathodes at low temperatures remains a significant challenge for high-throughput production of
aqueous metal-air batteries.[*"]

This chapter describes the development of a printed air cathode for aqueous metal-air
batteries that can be fabricated below 100 °C, enabling the possibility of using integrated metal-
air batteries to power electronics. Air cathode inks are designed for stencil printing, achieving
thick, porous films at low processing temperatures compatible with wafer-level and chip-scale
packaging as well as many low-cost flexible plastics. Additionally, binder, solvent, and catalyst
interactions are characterized to determine their influence on air cathode performance as a function
of temperature. This includes operando pressure decay and differential electrochemical mass
spectrometry (DEMS) experiments to directly measure the effects of ink design on cathodic
efficiency, which to our knowledge is the first implementation of these techniques for printed air
cathodes. Finally, a primary Zn-air battery with a printed anode, cathode, and separator is
demonstrated, establishing record performance benchmarks for a printed battery that eclipse the
areal capacities and power densities presented in Chapter 2.

3.2 Air Cathode Design and Printed Battery Architecture

In order to develop printable air cathodes, electrode inks must be carefully designed to
optimize the triple-phase interface. Air cathodes require catalysts to facilitate oxygen reduction
and minimize ORR overpotential for high power density batteries. Common ORR catalysts include
noble metals, metal alloys, and metal oxides and are usually in the form of nanoparticles on a
carbon support. The carbon support must be porous to allow oxygen diffusion to the catalyst sites
and should have high surface area to increase the number of reaction sites. While permeable to air,
the carbon support should be hydrophobic to prevent electrolyte flooding in the electrode, which
can reduce the number of active catalytic sites.

As discussed in Section 1.4, a printable electrode ink is composed of the active material,
polymeric binder, and associated solvent. While most research on aqueous metal-air batteries have
focused on developing new carbon structures or catalyst materials, recent studies suggest that
binder and solvent selection may have a substantial impact on cathode performance.*®-20 |n
particular, polyvinylidene fluoride (PVDF), one of the most commonly used binders for battery
electrodes, has been shown to have several drawbacks including poor chemical and mechanical
stability.?*-251 Thus, this work aims to identify how binder and solvent selection influence oxygen
reduction in a printed metal-air cathode and determine ideal processing conditions for suitable
battery performance. Specifically, we aim to achieve a low temperature, high performance air
cathode for successful integration with 10T devices; so temperature effects on cathode component
interactions will be closely examined.

In this study, PVDF is compared against another commonly used polymer binder,
poly(tetrafluoroethylene) (PTFE). PTFE is chosen since it can be dissolved in a low boiling point
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solvent such as ethanol while PVDF is typically dissolved in n-methyl-2-pyrrolidone (NMP), as
shown in Figure 3.2. For the PVDF binder, a 10 wt% PVDF solution in NMP was prepared by
stirring the polymer and solvent for 30 min at 750 rpm at 125 °C. For the PTFE binder, a 15 wt%
PTFE solution in ethanol was prepared by stirring for 30 min at 750 rpm at room temperature.
Cathode inks use a commercially available carbon powder with a Pt nanoparticle catalyst (Fuel
Cell Store #591075) as a proof of concept design for the printed air cathode. Pt is chosen as the
cathode catalyst due to its high oxygen reduction activity and good electrochemical stability. 2628
Primary cell configurations are the focus of this study due to their compatibility with several 10T
systems, as discussed in Chapter 2, but future studies should explore the use of bifunctional catalyst
materials for secondary metal-air batteries.
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Figure 3.2: Lewis diagrams of binder and solvent materials and solvent boiling points.

Stencil printing is implemented to achieve thick, porous air cathodes with small feature
sizes (< 1 cm?) to ensure loT device compatibility. Figure 3.3a depicts the stencil printing
procedure for the air cathode, where a plastic stencil is used to define the pattern, ink is dispensed
into the stencil, and a doctor blade pushes the ink to fill the stencil and form the printed film. Air
cathodes are printed onto porous carbon felt substrates (Fuel Cell Store #590437) using a 125 pm
thick PET stencil. The carbon felt substrates, which serve as the cathodic current collector for the
metal-air battery, are wet-proofed with PTFE to prevent cathode flooding from moisture in the air
and limit electrolyte dehydration. For the PVDF cathode ink, the C/Pt powder was added to the
PVDF binder in a 10:90 weight ratio and printed films were dried in an oven at 125 °C for 30 min
and annealed in a tube furnace at either 200 or 350 °C for 30 min. For the PTFE cathode ink, the
C/Pt powder was added to the PTFE binder in a 15:85 weight ratio and printed films were dried in
an oven at 80 °C for 30 min and annealed at either 80 or 200 °C for an additional 30 min. These
temperature conditions were chosen to demonstrate the difference between printed cathodes
annealed at temperatures close to and well above the boiling point of the chosen solvents for each
ink. Figures 3.3b and 3.3c show the thickness profile and morphology of a typical printed air
cathode, highlighting the high porosity of the printed films to ensure high oxygen permeability to
the triple-phase interface. Pt content in the cathode inks was optimized to ensure high print quality
and electrode performance. Cathode inks containing C/Pt powders with 5, 20, and 30 % Pt by
weight were printed to compare film homogeneity and resistivity, as shown in Figure 3.4a. Inks
with 5% Pt showed the lowest resistivity, which is likely due to better carbon particle-particle
contact compared to the 20 and 30% Pt films. Additionally, inks with higher Pt mass loadings
displayed higher numbers of printing artifacts and slightly worse film adhesion compared to inks
with lower Pt mass loadings, which may also contribute to higher resistivity in these films (Figure
3.4b and c).
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Figure 3.3: a) Schematic representation of the air cathode fabrication process. b) Typical thickness
profile of a printed air cathode. ¢c) SEM image of a printed air cathode.
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Figure 3.4: Cathode ink optimization for 5, 20, and 30 wt% Pt on C powders in a PVDF binder
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Finally, printed air cathode performance is demonstrated in a printed Zn-air battery.
Among aqueous metal-air chemistries, Zn-air batteries are highly promising given their low
materials and processing costs and high practical energy densities (350 — 500 Wh kg™).[82930]
Similar to Zn-Ag.0O cells, Zn-air batteries also offer good charge retention and maintain flat
discharge profiles, which are advantageous for loT device integration.®* Furthermore, Zn-air
batteries can be fabricated without the use of inert environments, making them well suited for high
throughput manufacturing and compatible with existing chip packaging and assembly process
flows. Zn-air batteries have a theoretical open-circuit potential of about 1.65 V, but high
overpotentials at the air cathode typically reduce the operating voltage to about 1.2 — 1.4 V
depending on the ORR catalyst used. The half-cell and full-cell reactions for a Zn-air battery with
a Pt catalyst are shown in Equations 3.3-3.5.171 In Chapter 2, we established a high capacity printed
Zn anode and a novel sol-gel separator with high ionic conductivity that enabled a vertical battery
architecture. This work utilizes these components to design a printed Zn-air battery shown in
Figure 3.5. Zn anodes are stencil printed onto evaporated Cr/Au anode current collectors. The sol-
gel separator is soaked with ~30 puL of a 6 M KOH electrolyte with a 1 wt% polyethylene glycol
400 additive for 10 min. The air cathode printed on the carbon felt current collector is then
laminated on the anode and separator and a PDMS encapsulation ring is used to prevent electrolyte
dehydration.

0, + 4e~ + 2H,0 & 40H" (3.3)
Zn+ 20H™ - ZnO + H,0 + 2e~ (3.4)
2Zn+ 0, > 2Zn0 (3.5)

%

125 pm Carbon + Pt Catalyst

Zinc
Gold
Substrate

50 nm

Figure 3.5: Cross-sectional schematic of the printed Zn-air battery.
3.3 Cathode Materials Characterization

Integration of metal-air batteries for 10T devices hinges on the development of air cathode
processing at low temperatures to ensure system compatibility and low design costs. After printing
the cathode ink, thermal treatment is necessary to achieve a suitable triple-phase boundary for
oxygen reduction. This process removes excess solvent, homogenizes the printed film, and
facilitates good electrical contact between adjacent particles. Previous reports suggest that
temperature plays a critical role in binder stability and interactions between the binder, solvent,
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and active species.[*82232%31 Therefore, physical and chemical changes to the printed cathode films
as a function of temperature must be carefully studied and compared to cathodic performance.

Thermogravimetric analysis (TGA) can be used to observe physical changes in battery
electrodes due to various thermal events such as vaporization, absorption, and decomposition.
Here, TGA is utilized to examine solvent removal from the PTFE and PVDF cathode inks. TGA
experiments were conducted with a TA Instruments SDT 650 at the Stanford Soft & Hybrid
Materials Facility. All experiments used a 5 °C min™ ramp rate. To confirm binder and active
component stability, PTFE and PVDF binders as well as 5 wt% Pt and 20 wt% Pt on C powders
were measured up to 350 °C, as shown in Figure 3.6a and 3.6b. The PTFE and PVDF binders show
transitions at 55 and 140 °C respectively and remain constant at higher temperatures, indicating
solvent vaporization in each binder. Full solvent removal is evident since the PTFE and PVDF
binders have final relative weights that match their initial concentrations (15 and 10%). For the
C/Pt powders, a constant profile is observed with a relative weight near 93%, which corresponds
to the removal of adsorbed water from the powder during a bake out step before measurement.

Thus, both the binders and active components in the cathode inks are stable individually up to
350 °C.
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Figure 3.6: TGA profiles of a) PTFE and PVDF binders, b) C/Pt powders with 5 and 20 wt% Pt
loadings, and ¢) PTFE and PVDF cathode inks.
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Figure 3.6¢ shows TGA profiles of the PTFE and PVDF cathode inks with binder and
active components mixed. For the PTFE ink, the system undergoes one transition at 55 °C and
remains constant at higher temperatures, similar to the binder only sample and indicating ethanol
vaporization. Given the PTFE ink formulation, full solvent removal should result in a final relative
weight of 28%. A slightly higher value of about 34% is observed due to ethanol vaporization at
room temperature before the ink was loaded into the instrument, which is expected given that
ethanol has a high vapor pressure. Interestingly, the PVDF ink undergoes two transitions at about
130 and 280 °C. While the first transition is likely indicative of NMP vaporization and similar to
the binder only sample, the second transition is more gradual and well above the boiling point of
NMP. Furthermore, the solid loading fraction of the ink (C/Pt + polymer) before the 280 °C
transition is 19%, which closely matches the expected relative weight of the PVDF ink after full
solvent removal. However, at higher temperatures, the relative weight continues to decrease, with
a value of about 10% at 350 °C. Thus, the interaction between the binder and C/Pt powder in the
PVDF ink must contribute to some secondary physical change in the system. We suggest that
PVDF may undergo a decomposition reaction catalyzed by C or Pt near 280 °C. Additionally, a
small amount of NMP may be adsorbed to C or Pt sites in the cathode ink and require a higher
temperature to be fully removed from the system, but likely does not solely account for the
substantial weight loss observed between 250 and 350 °C (~9%).

To further investigate interactions between the cathode ink components, X-ray
photoelectron spectroscopy (XPS) is used to provide chemical analysis of the printed air cathodes.
XPS samples were prepared by printing 25 mm? PTFE and PVDF cathodes onto carbon felt
substrates and following either the low or high temperature anneal condition outlined in Section
3.2 (200 or 350 °C for PVDF, 80 or 200 °C for PTFE). XPS data were collected using a Perkin
Elmer PHI 5600 with a 2 mm Al monochromated source at 15 keV at the Berkeley Biomolecular
Nanotechnology Center. Changes in the carbon and fluorine spectra are compared for both the
PTFE and PVDF cathode films in Figure 3.7. As shown in Figure 3.7a, the carbon signal for the
PVDF cathodes shows a strong dependence on annealing temperature. In the PVDF 200 °C
sample, three distinct peaks are observed and correspond to C-C (284 eV), C-H (286 eV), and C-
F (291 eV) bonds. In the PVDF 350 °C sample, the C-H and C-F peaks are reduced and the C-C
peak has a higher intensity compared to the PVDF 200 °C sample. Furthermore, the fluorine signal
reduces dramatically from the PVDF 200 °C to the 350 °C sample, as shown in Figure 3.7¢c, which
further suggests PVDF decomposition at elevated temperatures. Carbon and fluorine spectra were
also collected for the PTFE cathodes and showed minimal changes between the low and high
temperature samples (Figures 3.7b and 3.7d).
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Figure 3.7: Carbon XPS spectra for printed cathodes with a) PVDF and b) PTFE binders. Fluorine
XPS spectra for printed cathodes with ¢) PVDF and d) PTFE binders.

Additional XPS measurements were taken on the PVDF binder itself to determine if binder-
solvent interactions were responsible for PVDF degradation, as shown in Figure 3.8. Samples were
prepared by casting the PVDF binder on a Si substrate and following the PVDF annealing
procedure outlined in Section 3.2. Clear changes to the PVDF binder are observed with increasing
processing temperature from 200 to 350 °C, including increases in the C-H (286 eV) and C-F (291
eV) peak intensities, as shown in Figure 3.8a, and an increase in the fluorine peak intensity, as
shown in Figure 3.8b. Finally, nitrogen spectra were also collected for the PVDF binder, as shown
in Figure 3.8c, which may suggest that NMP is not fully removed from the binder at 200 °C.
Overall, the PVDF binder annealed at 350 °C shows an XPS profile characteristic of pristine
PVDF, which suggests that interactions between the C/Pt powder and the PVDF binder lead to the
degradation of the PVDF air cathode highlighted in Figure 3.7.
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Figure 3.8: XPS spectra for PVDF binder cast on a Si substrate, showing a) carbon, b) fluorine,
and c) nitrogen signals.

In summary, the TGA and XPS data show that the PVDF ink undergoes a transition near
280 °C that likely corresponds to an interaction between the C/Pt powder and the PVDF binder.
Given our TGA and XPS results, we suggest that the C or Pt catalyzes PVDF degradation at and
above 280 °C, which leads to additional weight loss in the PVDF ink and a reduction in fluorine
signal. In contrast, the PTFE ink shows no strong interactions between the C/Pt powder and the
PTFE binder and remains stable at temperatures between 80 and 200 °C. Thus, our analysis
suggests that PTFE is the preferred binder for low-temperature processing of air cathode inks.

3.4 Operando Characterization of Printed Cathodes
Evaluating the physical and chemical changes of the printed cathode films elucidated
several differences between the PTFE and PVDF inks. While these studies suggest that PVDF inks

may degrade at elevated temperatures, additional studies are needed to examine the effect of
cathode ink formulation and processing temperatures on metal-air battery performance and oxygen
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reduction. To directly establish the impact of binder-solvent selection, we utilize operando
electrochemical techniques to measure ORR efficiency in a printed Zn-air battery. Specifically,
differential electrochemical mass spectrometry (DEMS) and operando pressure decay analysis are
used to determine faradaic efficiency of printed Zn-air cells designed with air cathodes from PTFE

and PVDF inks.

DEMS and pressure decay analysis are commonly used to quantitatively measure the
production and consumption of gaseous species during electrochemical reactions.3*-361 With high
sensitivity and short detection times, these techniques can monitor electrochemical processes in
real time and quantify small changes in reaction species during battery operation. DEMS and
pressure decay analysis have recently been utilized in other non-aqueous metal-air battery
chemistries to understand complex reaction mechanisms and evaluate battery performance.®37-
%91 These studies couple coulometry measurements (typically galvanostatic charge and discharge)
with gas consumption and evolution data and compare the results to expected electrochemical
reactions. Thus, DEMS and pressure decay measurements provide insight to the faradaic processes
occurring in electrochemical reactions and can be used to approximate faradaic efficiency in metal-
air batteries.
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Figure 3.9: Schematic of Swagelok cell design for pressure decay and DEMS measurements.

To perform DEMS and pressure decay experiments, a custom-built cell was developed
based on a modified Swagelok cell design to ensure high hermetic integrity for accurate pressure
and mass spectrometry analysis.[**4% As shown in Figure 3.9, a fused silica tube is sealed against
1/2” stainless steel current collectors (McMaster-Carr) with compressed ethylene-propylene (EP)
o-rings. Tin foil (Sigma #356948) is used as the anodic current collector and is cut into 12 mm
diameter circles. The Zn-air battery is printed using the same procedure as the standard cell design
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discussed in Section 3.2 with a circular electrode geometry. The Zn anode is printed directly onto
the anode current collector and the sol-gel separator and air cathode are printed vertically to ensure
a minimal separation between the anode and cathode. Using PDMS encapsulation, a stainless steel
mesh and ring spacer are placed on top of the cathode to define the volume of the gas headspace,
which was approximately 2100 pL for each cell, including the inlet and outlet capillaries. All
electrochemical experiments were conducted under pure oxygen at an initial pressure of ~1100
torr. Ambient temperature was also measured throughout each experiment to account for
temperature dependent fluctuations in headspace pressure. Galvanostatic discharge measurements
for pressure-decay analysis were conducted using a Bio-Logic VSP Potentiostat. All pulse
experiments (Figure 3.11) were performed with alternating open-circuit and discharge periods for
5 min each. All discharge experiments (Figure 3.10 and Figure 3.12) were discharged until a 0.2
V cutoff potential was reached and were initialized at 10 pA cm for 1 min prior to discharge.
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Figure 3.10: Example of a pressure decay profile of a Zn-air battery discharged at a) 2 mA cm™
and b) 20 mA cm™. Both cells shown use a PTFE 200 cathode and are discharged to 0.5 V (red
regions) with an open-circuit hold (blue region) before and after discharge. C) DEMS data for a
Zn-air battery (PTFE 200 cathode) showing hydrogen evolution from the Zn anode at open-circuit
conditions (white highlight) and under discharge (blue highlight, 20 mA cm?).
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In order to compare the faradaic efficiencies of the PTFE and PVDF printed cathodes,
galvanostatic (constant current) discharge experiments were performed in the pressure decay cell.
As shown in Equation 3.3, ORR in a Zn-air battery with a Pt catalyst requires 4 electrons per
oxygen molecule consumed, so the oxygen consumption rates for each printed cathode were
compared against this process. Figure 3.10a-b show an example of oxygen consumption data for
printed Zn-air batteries discharged at 2 and 20 mA cm. The red regions indicate cell discharge
and the blue regions indicate open-circuit conditions before and after discharge. Here, oxygen
consumption was observed at both discharge and open-circuit conditions, as indicated by the
negative slope. This effect is caused by Zn corrosion in the printed Zn-air battery and is an artifact
of the experimental setup. Because Zn has a reduction potential more negative than water, the
hydrogen evolution reaction (HER) occurs at the Zn-electrolyte interface (further details in
Chapter 4). Evolution of hydrogen in the printed Zn-air battery is confirmed using DEMS, as
shown in Figure 3.10c. In our system, evolved hydrogen can diffuse through the separator and
react with pure oxygen at Pt catalyst sites in the porous cathode to produce water. Thus, two
oxygen consumption processes are observed in the pressure-decay cell: one due to Zn corrosion
and one due to ORR during discharge.

Oxygen consumption due to ORR must be isolated in order to calculate true faradic
efficiencies, so the amount of oxygen consumption due to Zn corrosion must be subtracted from
the total amount of oxygen consumption observed. To determine the rate of oxygen consumption
due to Zn corrosion, pulsed discharge experiments were conducted on the Zn-air batteries. Figure
3.11a-b shows an example of a pulsed Zn-air battery experiment, with alternating discharge and
open-circuit intervals. The slope of the blue open-circuit regions remains constant before and after
each discharge pulse, indicating that oxygen consumption due to corrosion is independent of
discharge rate. This result was verified by conducting multiple pulsed discharge experiments for
each cathode condition, which showed that oxygen consumption rate due to corrosion was
consistent and independent of cathode formulation, averaging 0.153 pmol min? with a 5%
standard deviation (0.008 pmol min™?). The pulse discharge experiments were also conducted
where the current density was varied randomly between discharge pulses, which also showed that
oxygen consumption due to corrosion was constant.
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Figure 3.11: a) Pressure decay and b) electrochemical data from pulsed discharge of a Zn-air
battery with a PTFE 80 air cathode, highlighting the comparison between discharge (red regions)
and open-circuit (blue regions) conditions.
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However, the reader should note that oxygen consumption due to corrosion changes as the
battery approaches a high depth of discharge where the cell potential rapidly falls (also termed the
sudden death region). In this region, the open-circuit oxygen consumption rate typically decreased,
but the exact profile varied from cell to cell. This variation is caused by Zn conversion to ZnO and
the non-equilibrium state of the Zn-electrolyte interface. ZnO precipitates cause a passivation of
the electrode surface that corresponds to a sudden drop in the open-circuit potential of the cell, as
shown in the black line in Figure 3.11b. The passivated Zn surface limits further hydrogen
evolution at the anode and thus changes the rate of oxygen consumption at open-circuit. This was
confirmed via DEMS, as shown in Figure 3.10c, where the slope of the evolved hydrogen over
time decreases towards the end of cell discharge. The hydrogen rate increases after the cell
potential increases (more Zn surface sites available) and then decreases again after the open-circuit
potential falls from about 1.2 to 1.0 V. This process will be further explained in Chapter 4, but for
this analysis, oxygen consumption due to corrosion was calculated only during normal battery
operation (stable open-circuit voltage before sudden death region).
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Figure 3.12: Discharge profiles and oxygen consumption data for a) PTFE 80, b) PVDF 200, c)
PTFE 200, and d) PVDF 350 air cathodes. Blue points show corrosion corrected oxygen
consumption compared to theoretical oxygen reduction (dotted black line).
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Using the pressure decay method, PTFE and PVVDF cathodes were tested in the pressure-
decay cell, as described in Figure 3.12. All batteries were fully discharged and compared to the 4
e /02 process, as shown by the dotted line in each plot. PTFE and PVDF cells were discharged at
their maximum discharge current density (as defined in Section 3.5). In Figure 3.12a-b, the PTFE
80 and 200 °C batteries show high operating potentials (> 1 V) and pressure-decay rates that
closely match the 4 e/O> process. In contrast, the PVDF 200 and 350 °C batteries shown in Figure
3.12c-d have much lower operating voltages and pressure-decay rates that deviate slightly from
the 4 e/O> process. This information is summarized in Figure 3.13 and Table 3.1, where the
coulometry data are coupled with the gas consumption data to calculate a faradaic efficiency for
each printed cathode configuration (where 4 e7/O> corresponds to 100% faradaic efficiency). As
shown, the faradaic efficiencies of the PTFE cells are higher than for the PVDF cells and faradaic
efficiency increases with increasing processing temperature. These results indicate that at high
operating current densities, PTFE cathodes require fewer electrons per molecule of oxygen to
facilitate ORR at the printed cathode compared to the PVDF cathodes. This is likely due to the
higher overpotentials observed in the PVDF cells and is also likely related to the PVDF binder-
solvent interactions discussed in Section 3.3.
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Figure 3.13: Faradic efficiency comparison between air cathode conditions.

Table 3.1: Air cathode performance data from operando Zn-air characterization.

%athode 8urre_{1t éverage e /02 Ez#ad_aic
e ensi eratin icienc
P [MA cr¥1‘2] Pgtentialg[V] [umol/umol]  [g4] Y
PTFE 200 20 1.192 4.09 98.0+1.7
PTFE 80 20 1.139 4.31 92.8+2.0
PVDF 350 12 1.062 451 88.7 £ 2.6
PVDF 200 12 0.683 4.76 84.0+1.7
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3.5 Zn-Air Battery Performance

Based on our operando experiments on printed Zn-air batteries, PTFE cathodes
demonstrate higher performance at lower processing temperatures compared to PVVDF cathodes.
To validate the pressure-decay data, additional discharge experiments were conducted to evaluate
Zn-air battery performance as a function of cathode ink formulation and processing temperature.
Specifically, wet set out to determine a maximum operating current density for each cathode
condition, as this impacts I0T device functionality. The maximum current density was obtained by
defining a cutoff operating voltage, which is typically 1.0 V for low-power nodes (as discussed in
Sections 1.1 and 2.3). Experiments were conducted in air using a BST8-MA from MTI Corp. Cells
were initialized at 10 uA cm™ for 1 min prior to discharge. Since these experiments were conducted
in air instead of pure oxygen, lower potentials are expected due to the lower oxygen partial
pressure.

Figure 3.14 shows polarization measurements for the cathode configurations. PTFE cells
were discharged up to 32 mA cm?, whereas PVDF 350 cells could only be discharged up to 16
mA cm2. PVDF 200 cells demonstrated operating voltages near 0.6 V at 2 mA cm and thus were
not included in our comparison. PTFE 80 and 200 cathodes achieved superior power densities
compared to PVDF cells based on their higher operating potentials, matching our pressure-decay
observations. This confirms that cathodic overpotentials are lower in the PTFE inks compared to
the PVDF inks. The highest power densities observed were 25 and 28 mW cm for the PTFE 80
and 200 cathodes, respectively. Furthermore, our printed Zn-air batteries achieve higher power
densities compared to the printed Zn-Ag,O batteries presented in Chapter 2 (17 mW cm?).
Maximum current densities of about 20 and 25 mA c¢m? were established for the PTFE 80 and 200
cathodes, respectively, although cells could still be discharged at higher current densities and
maintain operating voltages below 1 V. By comparison, PVDF 350 cells achieved a maximum
current density of only 4 mA cm. Compared to previous reports of printed Zn-air batteries®™®!,
our PTFE cathode design achieves significantly higher power densities (~0.25 mW cm) with
much higher operating voltages (0.877 V).
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80, PTFE 200, and PVDF 350 air cathodes.
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Additional tests were conducted to optimize the ink formulation conditions, namely the Pt
catalyst concentration and the binder-solvent ratio. As shown in Figure 3.15a, Zn-air batteries with
5, 20, and 30% Pt by weight in the Pt/C precursor were discharged at current densities between 1
— 16 mA cm. A 10 wt% PVDF binder was used for these experiments. Pt concentration had little
effect on the overall power density of the cell, so the 5 wt% Pt precursor was confirmed to be
suitable for Zn-air battery fabrication. In Figure 3.16b, Zn-air batteries with 10 and 15% PTFE by
weight in the polymer binder were discharged from 1 — 32 mA cm. Again, polymer binder content
was not shown to have a strong interaction on the overall performance of the battery, so 15 wt%
PTFE was chosen for the polymer binder concentration.
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Figure 3.15: Polarization data showing the comparison between a) Pt concentration in the Pt/C
precursor and b) PTFE content in the polymer binder.

Finally, Zn-air batteries with PTFE 80 cathodes were discharged between 2 — 20 mA cm™
to determine their areal capacity. Figure 3.16 shows these results, with a maximum areal capacity
of 12 mAh cm observed and operating voltages well above 1 V for the entire current density
range. This demonstrates the first printed Zn-air battery processed entirely below 100 °C, a crucial
step towards low-temperature synthesis of metal-air batteries capable of powering integrated
electronic devices. Furthermore, to the best of our knowledge, the printed Zn-air design achieves
the highest reported power density and areal capacity for a printed battery to date, as this battery
beats the previously reported record of 17 mW cm and 11 mAh cm? (Chapter 2). However, the
observed areal capacity only corresponds about 10% Zn utilization, which indicates that most of
the Zn anode is isolated during discharge due to Zn corrosion. This issue will be further discussed

in Chapter 4, where operando characterization techniques can be further utilized to monitor Zn
corrosion in real time.
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Figure 3.16: Discharge profiles for printed Zn-air batteries with a PTFE 80 air cathode.
3.6 Summary

In summary, this work demonstrated a printable air cathode processed entirely below 100
°C, a critical step towards high-throughput production of metal-air batteries. Printable PVDF and
PTFE cathode inks were compared to determine how binder and solvent selection influence
cathodic performance and dictate required processing temperatures. TGA and XPS analysis
identified a phase change in the PVDF ink between 250 and 300 °C, while the PTFE ink remained
stable between 80 and 350 °C. This corresponded to a critical processing temperature for PVDF
inks, as the PVDF 200 cathodes displayed much higher overpotentials and lower power densities
compared to PVDF 350 cathodes. Operando pressure decay and DEMS measurements confirmed
that binder-solvent selection impacted oxygen reduction efficiency, with PVDF cathodes
demonstrating faradaic efficiencies below 90% compared to the PTFE 80 and 200 cathodes at 93
and 98%, respectively. To the best of our knowledge, this is the first demonstration of operando
pressure decay and DEMS analysis of a printed metal-air battery, and thus serves as an important
electrochemical technique to evaluate future printed metal-air battery designs. Finally, printed Zn-
air batteries were fabricated to test printed cathode performance in a full cell. With steady operating
voltages well above 1.0 V, areal capacities as high as 12 mAh cm™? were measured with a PTFE
80 cathode, demonstrating the highest reported areal capacity for a printed battery to date. PTFE
cathodes could be discharged at high current densities (1 — 32 mA c¢cm?) and achieved power
densities as high as 28 mW cm, highlighting our excellent battery performance and compatibility
with peak current and power requirements for loT devices. Overall, our work highlights the
potential for rapid, low-temperature processing of metal-air batteries that can power a variety of
distributed electronic devices.
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Chapter 4: Characterizing Zn Corrosion via Operando Techniques
4.1 Introduction

Printed Zn batteries are well suited to power a wide variety of integrated electronic
applications. As discussed in Chapters 2 and 3, both Zn-Ag.O and Zn-air chemistries have been
developed and offer significant advantages over other battery chemistries given their high
performance at high discharge rates and use of low-cost, earth-abundant materials with inherent
air stability. Despite these significant advantages, further research is needed to address battery
degradation and failure mechanisms that limit overall performance. A few of these degradation
modes have already been addressed. In Chapter 2, electrolyte dehydration and silver migration
through the electrolyte were resolved by incorporating cell encapsulation and engineering the sol-
gel separator. In Chapter 3, binder-solvent-catalyst interactions in the air cathode inks and printed
films were studied in order to optimize the oxygen reduction reaction (ORR) at the cathode.
However, through our previous studies, Zn corrosion has been identified as the dominant failure
mechanism in both Zn-Ag.0O and Zn-air batteries, limiting battery scaling, capacity, and lifetime.
Zn corrosion in alkaline electrolytes has been studied for several decades, but the kinetics of these
reactions at electrode-electrolyte interfaces are still poorly understood. Zn corrosion in alkaline
solutions follows a complex series of intermediate reactions and is highly dependent on properties
of the electrolyte (OH" concentration, use of additives), properties of the electrode (particle size,
porosity), and cell operating conditions (temperature, current density, depth of discharge, cell
geometry).t! Thus, each of these factors can alter the fundamental Zn corrosion mechanism and
need to be studied systematically to understand their influence on battery performance.

In order to better understand Zn corrosion and its effect on battery integration for wireless
sensor networks, this work utilizes operando characterization techniques, which have recently
become an emerging set of tools to investigate transient, non-equilibrium materials such as
electrochemical interfaces.®] These methods allow for the coupling of standard electrochemical
measurements with various characterization techniques to simultaneously gather chemical or
physical information and battery performance in real time. The use of operando characterization
techniques represents a significant shift in the research of battery materials. In most
electrochemical systems, degradation and corrosion studies have primarily relied on ex-situ
analysis, which are not representative of battery operating conditions and cannot directly probe
reactions at an electrochemical interface. Furthermore, typical experiments from previous studies
often rely on post-mortem analysis, which are subject to experimental or environmental artifacts
and limit our understanding of corrosion mechanisms. Instead, moving to operando
characterization techniques including X-ray (diffraction, absorption, tomography), spectroscopic
(Raman, infrared), and spectrometric (mass, neutrons) techniques allow for direct observation of
electrochemical interfaces and can help identify critical factors that influence corrosion.

This chapter sets out to provide a framework for designing more corrosion resistant anode
materials for printed batteries. Anodic corrosion is a limiting factor in a variety of aqueous battery
chemistries, including several emerging metal-air systems such as Zn-air, Mg-air, and Al-air
batteries. By coupling additive manufacturing with operando characterization, this work
demonstrates a rapid screening approach to determine how battery materials and operating
conditions affect corrosion in a printed aqueous battery. Here, we investigate corrosion
mechanisms in Zn-air batteries as a proof of concept of our screening method, using the printed
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Zn-air battery developed in Chapter 3. Pressure decay analysis and differential electrochemical
mass spectrometry (DEMS) are at the core of our rapid screening method, utilizing fairly simple
and inexpensive instrumentation to quantify operando corrosion rates for different
electrode/electrolyte compositions and battery geometries. This enables a high-throughput
approach to quickly compare hydrogen evolution rates for different cell designs. Additionally,
operando X-ray diffraction (XRD) experiments are incorporated to verify the formation of solid
corrosion products at the electrode-electrolyte interface and examine their evolution under critical
battery degradation factors.

4.2 Zn Corrosion in Alkaline Environments

Zn corrosion in alkaline electrolytes limits battery performance by isolating active Zn
particles and lowering the capacity of the battery. In commercial Zn-air batteries for example, Zn
electrodes are typically designed to be two to three times the volume of the cathode in order to
have sufficient Zn available for discharge, but typically less than 60% of the Zn is utilized under
discharge.l! This capacity loss is due to the electrochemical nature of the electrode-electrolyte
interface for a Zn electrode in an alkaline electrolyte. Zn undergoes a series of chemical reactions
that lead to both hydrogen evolution and ZnO precipitation on the electrode surface, causing
passivation of the Zn electrode that restricts the flow of charge in the battery.>~"1 This concept is
illustrated in Figure 4.1 for a Zn-air battery. Because Zn has a reduction potential outside of the
water stability window (more negative than hydrogen), the hydrogen evolution reaction (HER)
occurs when Zn comes in contact with water. The HER in Zn can be described by the half reactions
(Equations 4.1-4.2) and the overall reaction (Equation 4.3):

Zn+ 20H™ © ZnO0 + H,0 + 2e” (4.1)
2H,0 + 2e~ & H, + 20H" (4.2)
Zn + H,0 © ZnO + H, (4.3)

As hydrogen is evolved through HER, Zn oxidation occurs at open-circuit conditions. This process
competes with Zn conversion during discharge, which follows a series of intermediate reactions
(Equations 4.4-4.6) that sum to the overall anodic half-cell reaction (Equation 4.7):

Zn + 20H™ & Zn(OH), + 2e~ (4.4
Zn(OH), + 20H~ & Zn(0H)2" (4.5)
Zn(OH);~ & ZnO + H,0 + 20H™ (4.6)
Zn+ 20H™ & ZnO + H,0 + 2e~ 4.7)

Thus, Zn undergoes two competing oxidation reactions, one that is useful (hydroxide formation)
and one that is not useful (oxide formation), which is referred to as corrosion. In both cases,
additional ZnO formation typically passivates the surface, but this greatly depends on several
operating conditions including depth of discharge, temperature, electrolyte concentration, and
many others.lM In the case of depth of discharge, Figure 4.2 shows a proposed evolution of
hydroxide and oxide species that leads to passivation. As referenced in Section 2.3, type 1 behavior
indicates hydroxide evolution that is soluble in the alkaline solution, which will not result in
surface passivation. At some critical depth of discharge (or critical time as indicated in Figure 4.2),
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hydroxide species will begin oxidizing further to ZnO, which will precipitate out of solution and
begin forming a passivation layer, characterized as type 2 behavior.>® Finally, at sufficiently high
depths of discharge, direct oxidation of Zn to ZnO becomes possible through type 3 behavior. This
third behavior is not fully understood in the literature but is suggested to be connected to decreases
in the electrochemical potential of the anode. It is also possible that hydrogen evolution is
accelerated in this region, but conclusive studies to determine the mechanism have not been
established. This is partially due to the complex nature of the series of corrosion reactions and their
direct dependence on a variety of battery architectures and operating conditions.
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Figure 4.1: lllustration of the corrosion mechanism for a Zn electrode in an alkaline electrolyte.
Hydrogen gas is formed at Zn sites in contact with water molecules, which can lead to pressure
increases and volume expansion of packaged cells. The corrosion reaction proceeds until all Zn
surface sites have been converted to ZnO. This passivates the electrode and prevents useful
discharge of the cell since OH" ions cannot reach available Zn sites.
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Figure 4.2: Proposed mechanism for anodic passivation of Zn electrodes as a function of depth of
discharge.l®!

In order to suppress the hydrogen evolution reaction, several electrode and electrolyte
additives have also been investigated for use in Zn batteries. These studies have primarily utilized
metal-oxide additives in the electrode such as bismuth oxide, indium oxide, calcium oxide, and
aluminum oxide to increase the overpotential of the HER.°*41 Mechanisms for this increase in
overpotential are unclear and still being debated in the literature. Some studies suggest preferential
reduction of metal-oxide additives, such as Bi.Oz to Bi, which leads to an increased electrode
conductivity and a greater charge transfer in the Zn electrode. Others suggest a morphological
change to the Zn anode, indicating that these metal additives decrease porosity in the Zn anode
near the electrolyte interface that can impact zincate dissolution and ZnO precipitation. Additional
studies have also examined additives to the alkaline electrolyte to mitigate Zn corrosion. These
have included methods to both increase zincate saturation and decrease zincate saturation.[s]
Additives that increase zincate saturation help prevent surface passivation to ZnO and enhance
capacity in primary cells, but lead to accelerated redistribution of redox products and significant
shape change of the electrode microstructure over time.[**-'8 Conversely, additives that decrease
zincate saturation force earlier ZnO precipitation, but restrict zincate diffusion away from the
electrode surface, which can help minimize shape change and enhance reversibility of the Zn
electrode at the cost of lower capacity.™*°2%

Although Zn corrosion has been widely studied, most investigations have only examined a
few design variables and have ignored the dynamic interactions that occur at the electrode-
electrolyte interface. Given the intermediate stages of Zn corrosion described in Equations 4.4-4.7
and shown in Figure 4.2, Zn corrosion rates are dependent on several interdependent factors,
including properties of the electrolyte (OH" concentration, use of additives), properties of the
electrode (particle size, porosity), and cell operating conditions (temperature, current density,
depth of discharge, cell geometry). For printed batteries, cell operating conditions and cell
geometry are crucial parameters and often dictated by the supported device. As discussed in
Section 2.3, printed battery geometry plays a critical role in cell performance, limiting battery
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lifetime as electrode size decreases. Differences in electrode surface morphology with decreasing
electrode size were also observed, as shown in Figure 4.3, and were attributed to different
intermediate reactions and concentrations of zincate and ZnO species at the electrode surface. This
work aims to further investigate this observation and determine whether or not electrode size
influences corrosion rate, among several other important design parameters in the printed Zn-air
battery.
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Figure 4.3: a) Open-circuit lifetime as a function of printed electrode size, with SEM images
highlighting the morphological differences in ZnO formation between b) 25 mm? and c) 0.25 mm?
Zn electrodes after 24 hours of exposure to an 8.4 M KOH electrolyte. The 25 mm? printed
electrode shows homogenous hydroxide precipitation over the electrode surface with needle-like
growth, whereas the 0.25 mm? electrode shows a ZnO passivating film at the electrode surface.

4.3 Quantifying Corrosion Rates via DEMS and Pressure Decay Measurements

Operando characterization of cell electrochemistry often relies on using qualitative
techniques to identify reaction mechanisms and monitor evolution of interfaces. In Zn batteries,
several researchers have utilized X-ray tomography and optical microscopy to observe the nature
of Zn particle shape change during battery operation.?*-261 However, these methods are somewhat
subjective and rely on image processing that can be tedious and time consuming, which restricts
the ability to rapidly screen several electrode/electrolyte properties and cell operating conditions
simultaneously. Rather than solely monitoring physical changes to the anode structure, we can
simply monitor the evolution of hydrogen gas to determine Zn corrosion rates. As defined in
Equation 4.3, the amount of hydrogen evolution corresponds directly to Zn dissolution and
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passivation and allows us to quantify cell corrosion rates. Using DEMS to confirm molecular
species of the produced gaseous products and pressure decay analysis (as outlined in Chapter 3) to
rapidly measure gas evolution, we can closely monitor Zn corrosion under realistic operating
conditions and high depths of discharge, which has been lacking in prior literature reports.
Furthermore, this methodology allows us to determine corrosion characteristics of the entire anode
rather than analyzing only a small fraction of the anode volume. Essentially, we can measure a
total corrosion rate in the cell and evaluate several batteries in parallel to find average corrosion
rates for a variety of battery parameters and operating conditions.
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Figure 4.4: Schematic of Swagelok cell design for pressure decay and DEMS measurements.

To perform DEMS and pressure decay experiments, a custom-built cell was developed
based on a modified Swagelok cell design to ensure high hermetic integrity for accurate pressure
and mass spectrometry analysis. As shown in Figure 4.4, a fused silica tube is sealed against 1/2”
stainless steel current collectors (McMaster-Carr) with compressed ethylene-propylene (EP) o-
rings. Zn-air batteries are printed using the same procedure outlined in Section 3.4 with a circular
electrode geometry. The headspace volume was approximately 2100 uL for each cell, including
the inlet and outlet capillaries, and all electrochemical experiments were conducted using a pure
oxygen source. Ambient temperature was also measured throughout each experiment to account
for temperature dependent fluctuations in headspace pressure. Cell potential during DEMS and
pressure-decay experiments were collected using a Bio-Logic VSP Potentiostat. As discussed in
Chapter 3, the pressure decay method utilizes oxygen consumption in the printed Zn-air battery to
approximate the hydrogen evolution rate of the cell. Evolved hydrogen from the Zn anode, as
described by the HER in Equation 4.3, can diffuse through the separator and react with pure oxygen
at Pt catalyst sites in the porous cathode to produce water. Although the oxygen consumption rate
does not directly match the hydrogen evolution rate as measured by DEMS, the pressure decay
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method offers a convenient way to quickly screen battery parameters and operating conditions
since the oxygen consumption rate will correlate with hydrogen evolution and anodic corrosion.
Thus, we utilize pressure decay measurements to quickly compare corrosion across cell conditions
and validate observed trends using DEMS to directly measure hydrogen evolution.
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Figure 4.5: DEMS analysis of initial Zn-air battery design, showing a) hydrogen evolution rate
and b) total evolved hydrogen gas. White sections correspond to open-circuit conditions and blue
sections correspond to 20 mA cm discharge.

As shown in Figure 4.5, our initial printed Zn-air battery design demonstrated a hydrogen
evolution rate of about 25 nmol min* at open-circuit conditions. We also note that the corrosion
rate decays to zero as the cell potential approaches the sudden death regime (type 3 behavior in
Figure 4.2) where the anode surface completely passivates due to conversion of Zn to ZnO. Based
on these initial DEMS results, we set out to determine the effects of individual factors on anodic
corrosion through pressure decay experiments. These experiments included properties of the
electrode (particle size, binder composition, current collector material), properties of the
electrolyte (OH™ concentration, use of additives), and cell fabrication conditions (electrode
thickness, electrode area). Pressure decay experiments analyzing these factors are included in
Figures 4.6 — 4.10, with all cells measured at open-circuit conditions. Each experiment varied
single factors, keeping all other conditions constant. Corrosion rates from pressure decay
experiments were approximated with a 15 point rolling average of the rate of change of the oxygen
consumption. This leads to some noise in the corrosion-rate data, which is typically less than 20-
30 nmol min. In addition, 4 to 6 printed cells were tested at each screening condition to estimate
cell to cell variation, which showed that cell variance was typically less than 50 to 60 nmol min™.
In each of the following figures, two cell measurements are shown to illustrate reproducibility of
the pressure decay method. Based on our observations, changes of more than 100 nmol min* were
considered significant compared to background noise. This value is important in distinguishing
which processing factors significantly affect corrosion. Table 4.1 summarizes the significance of
each factor tested.

Among the factors tested, the anode current collector material had the greatest impact on
corrosion rate, cell potential, and resulting battery lifetime. Figure 4.6 shows printed Zn-air
batteries with Sn, Cu, Ni, and Mo anodic current collectors. Sn, Cu, Ni, and Mo were all chosen
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Table 4.1: Significance of Zn corrosion factors as measured by pressure decay analysis.

Factor p-value
Current Collector 0.003
Electrolyte Concentration 0.008
Electrolyte Additive 0.009
Zn Particle Size 0.036
Electrode Area 0.211
Electrode Thickness 0.241

Electrode Mass Loading 0.414
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Figure 4.6: Pressure decay data from printed Zn-air batteries with various anodic current collector
materials. Solid and dashed lines represent two batteries at the same condition, highlighting the
reproducibility of the measurement. Decreases in cell potential follow correlate with increases
corrosion rate, which is especially evident in the Ni and Mo samples.

since they have modest half-cell reduction potentials (-0.1 to -0.4 V vs. SHE) and form fairly
conductive oxides. Compared to more inert materials such as Au or Ag, these metals should
prevent Zn from being preferentially oxidized due to the mismatch in cell reduction potential.
While Sn and Cu current collectors maintained low corrosion rates and stable cell potentials
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throughout the measurement, Ni and Mo current collectors demonstrated large spikes in corrosion
rate (red curves in Fig 4.6) within the first 20 minutes of cell testing. These sudden increases in
corrosion rate also corresponded to rapid decreases in open-circuit potential (black curves in Fig
4.6). This follows the sudden death mechanism described in Figure 4.5, where high corrosion rates
correspond to rapid passivation of the anode surface and conversion from Zn to ZnO. In the Ni
and Mo samples, the corrosion rate falls significantly after the open-circuit potential stabilizes to
a new equilibrium potential below 1 V, which signifies the complete passivation of the Zn surface.
Given these results, Sn current collectors were chosen for all other studies given its slightly lower
corrosion rate compared to copper and higher oxide conductivity.
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Figure 4.7: Screening experiments for a) electrolyte concentration, b) Zn particle size, and c)
electrolyte additives. Electrolyte concentration and Zn particle size are shown to cause significant
changes in corrosion rate on Sn anodic current collectors.

In addition to anode current collector, a few other factors were shown to significantly affect
cell corrosion rate. Figure 4.7 highlights the effects of electrolyte concentration, Zn particle size
in the printed electrode, and the use of potassium carbonate and potassium fluoride as electrolyte
additives. Using Sn current collectors, lower corrosion rates were observed with a 6M KOH
electrolyte and a 5 pm Zn particle size (> 100 nmol min difference). Similar experiments with
varying electrolyte concentration were performed on Au, a more inert and electropositive metal,
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which showed that higher KOH concentrations are preferred. This seems to suggest a relationship
between water activity and current collector reduction potential. Interestingly, Figure 4.7c shows
what is likely an initialization process for a battery with K.COgz and KF electrolyte additives, which
are expected to decrease zincate solubility.™™>! The solid and dashed curves represent cells with the
same processing conditions, but the dashed cell shows an increase and subsequent decrease in
corrosion rate that tracks directly with the open-circuit potential. This observation may show that
decreasing the zincate solubility may allow the Zn electrode to form a stable interphase region that
helps prevent further Zn oxidation and hydrogen evolution, although further discharge studies are
needed to show that these additives do not significantly reduce electrode capacity. However, these
results further reinforce that open-circuit voltage and corrosion rate are correlated and verify that
the pressure decay method is a useful tool for quickly identifying changes in corrosion rate.
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Figure 4.8: Screening experiments for electrode formulation based on binder concentration and
the ratio of Zn with additives to binder. Each of the conditions tested showed similar corrosion
rates of about 100 nmol min.

While current collector material, electrolyte concentration, Zn particle size, and electrolyte
additives were shown to influence Zn corrosion rates, several other factors were found to have no
effect on corrosion. Figure 4.8 shows batteries with varying electrode formulation based on the
binder concentration and resulting Zn mass loading in the electrode slurry. Regardless of binder
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content and Zn mass loading, cell corrosion rates remained consistent at 80 to 120 nmol min* with
cell to cell variations of 10 to 30 nmol mint. Similar observations were found for electrode area
and electrode thickness, as shown in Figures 4.9 and 4.10. This indicates that the cell lifetime
results shown in 4.3 are not a product of accelerated corrosion at smaller electrode sizes, but that
the smaller electrodes simply corrode faster due to the reduction in interface area. This suggests
that decreasing particle size further or increasing electrode porosity may improve cell lifetime for
batteries with small electrode areas, but further experiments are needed to verify this hypothesis.
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Figure 4.9: Screening experiments for Zn electrode diameter in the Swagelok cell, with similar
corrosion rates observed at both 5 and 2 mm (~100 nmol min™).
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Figure 4.10: Screening experiments for Zn electrode thickness in the Swagelok cell, with similar
corrosion rates observed at both 250 and 25 pm (~80 nmol min™).

Finally, DEMS analysis was conducted for an optimized Zn-air cell based on the results of
our pressure decay experiments. Batteries were constructed with Sn current collectors, 6M KOH
with KoCOs and KF electrolyte additives, and a 5 um Zn particle size. Figure 4.11 shows these
results for two printed batteries at the same cell processing conditions. Hydrogen evolution rates
under open circuit conditions were measured between 5 and 6 nmol min, compared to ~25 nmol
min‘t for the unoptimized cells shown in Figure 4.5 (8M KOH, no electrolyte additive, 10 pm Zn
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particle size). This demonstrates the efficacy of the pressure decay method to quickly screen
battery parameters and operating conditions and determine their effect on corrosion rates. As
confirmed by DEMS, we observed a significant reduction in the hydrogen evolution rate in printed
Zn-air batteries using our optimized cell design.
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Figure 4.11: DEMS analysis of final Zn-air battery design, showing a,b) hydrogen evolution rate
and c,d) total evolved hydrogen gas for two different cells with the same cell conditions. White
sections correspond to open-circuit conditions and blue sections correspond to 20 mA cm
discharge.

4.4 Operando X-ray Diffraction Analysis of Zn Corrosion

Pressure decay and DEMS experiments determined several factors that influence Zn
corrosion in printed Zn-air batteries. To further visualize the reactions occurring at the electrode-
electrolyte interface, operando X-ray characterization techniques are used to examine how
important cell factors influence Zn corrosion. These experiments are intended to compliment
pressure decay and DEMS measurements by directly detecting physical changes in the electrode
under realistic operating conditions. To our knowledge, this is the first use of operando X-ray
characterization techniques for printed batteries; so an explanation of the operando cell
architecture will first be given to highlight key design criteria for compatibility with X-ray
techniques.
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All operando X-ray experiments in this work were conducted in transmission mode; so the
battery stack was configured such that X-ray absorption was minimized throughout the stack. First,
polyimide was chosen as an X-ray transparent substrate due to its common use in X-ray
transmission experiments and its high mechanical stability at elevated temperatures compared to
other polymer materials. This permitted us to evaporate metal anodic current collectors onto
polyimide substrates with good substrate adhesion. Thin current collectors were required to
prevent X-ray absorption, so evaporation was chosen such that metal films with thickness below
200 nm could be deposited. Zn anodes were also optimized to ensure suitable X-ray transmission
for all experiments. Porous electrode films were achieved by varying the binder-solvent-active
particle ratios in the precursor Zn inks. By lowering the binder concentration to 4% (compared to
5% in previous work) and decreasing the Zn mass loading to approximately 60% (compared to
77% in previous work), a suitable X-ray transparency was achieved. The cathode and cathodic
current collector design remained the same from that described in Chapter 3 as the Pt content was
kept at 5 wt% and was not expected to lower X-ray transmission significantly. However, the
electrolyte volume was restricted to 30 pL to minimize scattering in the sol-gel.

125 pm Pt/C Catalyst

125 pm Zinc
Metal CC

Figure 4.12: Schematic of operando X-ray cell design. Batteries are printed on polyimide to
provide an X-ray transparent substrate.

Printed Zn-air batteries were tested at the Stanford Synchrotron Radiation Lightsource
(SSRL) at the SLAC National Accelerator Laboratory. Beamlines 7-2 and 11-3 were used for
diffraction experiments. Given that each experimental beamline had different stage and alignment
configurations, customizable cell mounts were created using a 3D printer. As shown in Figure
4.12, the printed Zn-air batteries were assembled into a vertical mount. 3D printed cell holders
were made using a Monoprice MP Select 3D Printer with PET filament to ensure no electrolyte
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leakage or contamination. Battery slots were printed with grooves that matched the cell thickness
dimensions, holding the cell in a constant position during testing. This also allowed multiple
batteries to be tested in parallel at the lightsource. Holes were aligned to with the battery stack,
enabling simple cell alignment during X-ray measurements since the thick PET holder showed
high X-ray absorption relative to the printed battery.

With this operando X-ray cell design, diffraction experiments were conducted to determine
the nature of Zn conversion to ZnO in the printed Zn-air battery. Specifically, the effects of anodic
current collector material and electrolyte concentration on Zn corrosion were studied, given that
these factors were deemed significant from the pressure decay analysis. Previous studies using
operando XRD to study Zn corrosion are very limited, primarily focusing on the evolution of
electrode additives such as Bi>Os and its conversion to metallic Bi.[?"! Using pressure decay and
DEMS analysis to guide our approach, we could focus our synchrotron based studies on factors
shown to influence Zn corrosion. This is an important consideration for any operando X-ray
characterization study given the time and cost required to perform these experiments. Diffraction
experiments were conducted using a 14 keV source and scans were collected on each sample
approximately every 10 seconds. A Bio-Logic VSP potentiostat was connected to the operando
cell inside the beamline hutch and used to measure cell potential and control discharge currents.

Figure 4.13 shows the comparison of Sn and Au anodic current collectors in the operando
cell. Both cells used a 6M KOH electrolyte and 5 um Zn particles in the electrode ink. Both cells
also demonstrated an initial open-circuit voltage above 1.2 V, as shown in Figure 4.13a, and were
discharged at 10 mA c¢m2 until reaching 0.8 V, followed by open-circuit conditions. The Au cell
reaches sudden death and type 3 corrosion faster than the Sn cell, and Figure 4.13b-c shows that
conversion from the Zn to ZnO phase occurs more rapidly in the Au cell compared to the Sn cell.
Decreases to the Zn (101) peak and increases in the ZnO (100) and (002) peaks are observed in
both cells, which is consistent with previous operando X-ray experiments on Zn electrodes.?”]
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Figure 4.13: a) Discharge profiles of operando cells with Sn and Au current collectors, with X-
ray scans collected for the b) Au cell and c¢) Sn cell. Colors of the X-ray scans match the time
markers in the discharge profiles. Prominent Zn and ZnO diffraction peaks are labelled.

Figure 4.14 shows the comparison of 6M and 8M electrolytes in the operando cell with
both batteries using a Sn current collector and 5 um Zn particles. Both cells were discharged at 10
mA cm? until reaching 0.8V. As shown in Figure 4.14a, the 6M cell had a higher initial open-
circuit potential than the 8M cell. Similar results to the current collector studies were observed
with the 8M cell reaching sudden death and type 3 corrosion faster than the 6M cell. Again, this
corresponded to a more rapid conversion of the Zn phase to ZnO phase for the 8M cell compared
to the 6M cell, as shown in Figure 4.14b-c, with decreases in the Zn (101) peak and increases in
the ZnO (100) and (002) peaks.
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Figure 4.14: a) Discharge profiles of operando cells with 8M and 6M KOH electrolytes, with X-
ray scans collected for the b) 8M cell and ¢) 6M cell. Colors of the X-ray scans match the time
markers in the discharge profiles. Prominent Zn and ZnO diffraction peaks are labelled.

Additionally, characteristic differences in Zn dissolution were observed via operando XRD
for the Zn-air cells with a higher corrosion rate. Figure 4.15 highlights the ratio of the Zn (002)
peak intensity versus the Zn (101) peak intensity for each operando experiment, with each data
point corresponding to an individual X-ray scan. Zn-air cells with lower corrosion rates (Sn current
collector, 6M KOH) showed fairly constant peak ratio values throughout cell discharge. In
contrast, Zn-air cells with higher corrosion rates (Au current collector, 8M KOH) showed sudden
increases in the peak ratio. The time of the peak ratio increases match the onset of type 3 corrosion
and sudden death in both Zn-air cells (25-30 min region for Au current collector, 15-20 min region
for 8M KOH). Increases in the Zn (002) to Zn (101) peak ratio may indicate a preferential
orientation for Zn corrosion in cells exhibiting a high corrosion rate, with Zn (101) conversion to
ZnO occurring more rapidly than other Zn planes. This suggests that tailoring the Zn-particle
surface orientation could affect the Zn corrosion mechanism, but further studies are needed to
examine these observations.
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Figure 4.15: Ratio of Zn (002) to Zn (101) peak intensity for a) current collector and b) electrolyte
concentration experiments with the corresponding regions of type 3 corrosion highlighted in red
for the Au current collector and 8M KOH samples.

Overall, operando XRD measurements further support the pressure decay and DEMS data
and show that current-collector material and electrolyte concentration influence Zn corrosion rate.
Current-collector material will dictate the galvanic couple formed at the anode and thus can have
a large influence on the thermodynamic driving force for Zn oxidation. Meanwhile, our results
indicate that the kinetics of Zn corrosion are likely surface limited as KOH concentration dictates
the solubility of zincate and hydroxide ions and the progression of the reactions described in
Equations 4.4-4.7. Furthermore, Zn-particle size also influences total electrode surface area and
should be further investigated as a limiting factor for anodic corrosion.

4.5 Summary

In summary, operando X-ray and electrochemical characterization techniques were used
to elucidate critical factors that influence corrosion in printed Zn-air batteries. DEMS experiments
were utilized to quantify hydrogen evolution at the Zn anode while pressure decay experiments
enabled rapid screening of cell conditions and high-throughput experimentation to determine
corrosion rate statistics. Overall, anode current collector material, electrolyte concentration, and
Zn particle size were observed to significantly impact corrosion rates in printed Zn-air cells,
leading to a reduction in hydrogen evolution rate from 25 to 5 nmol min for the optimized cell
design. Operando XRD experiments confirmed that the use of Sn current collectors and lower
electrolyte concentrations result in delayed type 3 corrosion behavior in printed Zn-air batteries.
Additional studies are needed to explore the effect of Zn particle size, total electrode surface area,
and Zn particle surface orientation as Zn corrosion is likely surface limited. Overall, this chapter
provides a framework for future investigation of anodic corrosion in other aqueous battery
chemistries and offers a fairly simple, inexpensive, and fast approach to quantify corrosion rates
for a variety of battery architectures.
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Chapter 5: Printed Battery Packaging and Integration for 10T Systems
5.1 Introduction

Broad distribution of wireless 10T networks depends not only on the miniaturization of
energy storage but also the ability to seamlessly integrate 10T components into autonomous
systems. Combining sensing, communication, and energy storage into millimeter-scale, single-
chip nodes is necessary to achieve densely deployed arrays of loT devices.!*?! Recent advances in
process integration have enabled on-chip integration of sensing and communication
components,®# but further work is needed to demonstrate energy storage integration that meets
the design and performance requirements of a millimeter-scale node.>-®! This includes designing
battery packaging and interconnects that are compatible with device architectures and processing
techniques while ensuring energy storage can sustain 10T operation modes and performance
benchmarks (as discussed in Section 1.1).

Printing-based fabrication techniques offer several advantages towards on-chip integration
and are capable of simplifying system-level design. These methods utilize high-throughput
processing methods that can additively integrate battery packaging and interconnects, eliminating
the need for traditional battery packaging strategies such as coin or pouch cells.®% Furthermore,
printing-based techniques are compatible with emerging microelectronics processing techniques
such as wafer-level and chip-scale packaging and can complement integration strategies for
sensing and communication components.

This chapter addresses several challenges related to system-level integration of printed
batteries for 10T devices. First, printable millimeter-scale packaging and interconnect designs are
explored using both 3D and inkjet printing. Each design is evaluated based on minimum feature
size resolution and via resistivity to guide compatibility with various chip architectures. Second,
printed Zn-Ag.O batteries are simulated under 10T operation modes to determine performance
benchmarks for an integrated system. Pulsed charge and discharge conditions are used to
approximate energy harvesting from solar cells given various sampling intervals. Finally, printed
Zn-Ag0 battery arrays are demonstrated using screen printing for high-voltage and high-power
applications. Screen printable ink design is discussed and compared to stencil printed cells shown
in Chapter 2 and printed array reliability and performance are examined.

5.2 Printed Packaging and Interconnects

Integrating multiple devices on a single, millimeter-scale platform requires several
processing, materials, and performance considerations. For example, packaging materials must be
good electrical insulators to keep each device isolated. The packaging material must also maintain
chemical compatibility with the battery electrolyte and provide a good physical barrier to avoid
electrolyte leakage, which can damage electronic components in the system. Additionally,
interconnects are required from the battery the battery to the sensing and communication
components to supply power during operation. Millimeter-scale nodes will likely utilize vertical
integration in order to minimize system footprints, so vias can be used to form device
interconnects. Via diameters will be dictated by the chip design and the size of relevant input and
output pads but should be minimized to match device scaling demands. Finally, interconnects must
be highly conductive to avoid significant current and power losses in the system. With these
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requirements in mind, two printed packaging and interconnect designs are evaluated in this work.
The first utilizes a 3D printed package and stencil printed interconnects, while the second
incorporates inkjet printing for both packaging and interconnects. Each design has advantages and
drawbacks, with both methods compared below. Specifically, we aim to identify minimum via
feature sizes and interconnect resistances for each method.

5.2.1 3D Printed Packaging and Stencil Printed Interconnects

3D printing offers a fully additive approach towards integrating components in an loT
system. Fused deposition modeling (FDM) can be used to extrude polymer materials at relatively
low temperatures with feature sizes on the order of 10s of um. In this work, packages were
constructed using a Monoprice MP Select 3D Printer with polyethylene terephthalate (PET) and
polylactic acid (PLA) filaments using a 250 pum nozzle. PET filament can be extruded at 230 °C
and PLA filament at 185 °C (based on their respective melting temperatures) and are compatible
with semiconductor packaging flows. A proof of concept package design is illustrated in Figure
5.1, where a printed Zn-Ag.0 battery is connected to an SL900A RFID tag with data logging
capabilities. In this design, the 3D-printed package is printed in sections based on device and
architecture requirements and can achieve vertical stack integration to minimize the package
footprint. Non-printed components such as the SL900A can be added using pick and place tools
while printed batteries and interconnects are added sequentially in between 3D printing steps.

Package

Ag,0
Sol-Gel Electrolyte

Testing

Sensing Vi
ias

Vias

Figure 5.1: Image and schematic of a 3D printed package with stencil printed Ag interconnects.

In order to optimize the 3D-printed package for minimum via size, several fabrication
parameters were evaluated. Among them, print speed and layer thickness were found to be
important in determining print quality and via dimensions. Arrays of vias were printed with
different print speeds (10 — 40 mm s™) and layer thicknesses (0.05 — 0.20 mm). Printing defects
were commonly observed at higher print speeds (> 30 mm s*), where portions of the printed
filament delaminated from adjacent traces. This left unintended gaps in the printed package, which
were often found next to printed vias, as shown in Figure 5.2. At lower print speeds (< 20 mm s~
1, no printing defects were observed at the via sites. Lower print speeds increase the amount of
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time the melted filament is in contact with the previous layer, which likely improves fusion
between the individual polymer layers. Additionally, via diameter and film roughness were found
to decrease at smaller layer thickness. Table 5.1 shows this dependence, with a 0.05 mm layer
thickness having the smallest via diameter with an average of 0.189 mm. This via size is suitable
for integration with the SL900A (0.4 x 0.3 mm pads) but is not sufficient for all devices, with
smaller chip designs typically utilizing external Al pads with 50 to 200 um diameters. Here, via
diameters were limited by the resolution of the nozzle (250 pum), which was the smallest nozzle
available for this 3D printer. Future studies should investigate the use of smaller nozzle sizes to
further miniaturize 3D printed via dimensions.

30 m

o

m/s

Figure 5.2: Example of printed via defects as a result of print speed.

Table 5.1: 3D printing design guidelines for the effect of layer thickness on average via area and
film roughness with an expected via diameter of 0.25 mm.

Layer Thickness ~ Average Via Area Average Via Average Film
mm mm?) Diameter (mm) Roughness (um)

0.05 0.0281 0.189 78

0.10 0.0556 0.266 111

0.20 0.0762 0.311 147

Stencil printing was chosen to demonstrate metal-interconnect deposition in the 3D-printed
vias. For the 3D-printed package, the minimum layer thickness and roughness are 0.05 mm and 78
pum respectively, so other digital printing techniques such as inkjet or spray would not be able to
print feature sizes large enough to accommodate the package dimensions. Future package designs
may be able to implement a fully 3D-printed structure that include 3D-printed metal interconnects,
but would require a multi-nozzle FDM printer with higher extrusion temperature capabilities and
is beyond the scope of this work. A commercially available Ag ink (Creative Materials #120-07)
was used in order to achieve highly conductive traces at low processing temperatures. Printed vias
were annealed at 110 °C on a hot plate for 15 min, which is below the thermal budget for both PET
and PLA packages. However, chemical compatibility tests under an 8M KOH electrolyte showed
Ag delamination from printed PLA substrates and PLA etching after 24 hours of exposure. PET
substrates showed no apparent change after KOH exposure, so PET packages were used for further
studies. Printed via resistance was determined for a variety of geometries, as highlighted in Figure
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5.3. The via resistance was measured at or below 30 mQ for all configurations, which ensures that
power losses from the battery to the other device components are minimal.
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Figure 5.3: Ag interconnect performance with varying via geometry (diameter and length) in a
3D-printed PET package.

5.2.2 Inkjet Printed Packaging and Interconnects

While 3D printing may support a fully integrated package for 10T systems, inkjet printing
can achieve much finer patterning resolution (10 pum linewidths) and enable printed interconnects
for millimeter-scale nodes. Inkjet printing of nanoparticle-based inks has been previously
demonstrated for a wide variety of materials and applications, including three-dimensional
metallic interconnects.[*>*2 A proof of concept process flow for an inkjet printed system is shown
in Figure 5.4, with this process tailored specifically for an emerging single-chip mote design from
Prof. Kris Pister’s group. This process is adapted from previous work in our group pertaining to
the development of inkjet-printed microelectromechanical relays.[>¢1  Inkjet-printed
encapsulation and interconnects are deposited using a Fujifilm Dimatix materials printer (DMP-
2831) with a Fujifilm Dimatix cartridge delivering a 1 pL droplet volume. Metallic interconnects
were printed using a nanoparticle-based Ag ink (Advanced Nano Products). The insulating
encapsulation layer was spin coated on the chip using a poly(4-vinylphenol) (PVP) solution
composed of 10 wt% PVP and 2 wt% poly(melamine-co-formaldehyde) as a crosslinking agent
dissolved in propylene glycol methyl ether acetate (PGMEA). PVP spin coating can be replaced
by inkjet printing in future design iterations, but is used here to establish proof of concept of the
method. Thickness dependence of the PVP layer on a 3 x 4 mm Si substrate is shown in Figure 5.5
after crosslinking for 30 min on a 200 °C hot plate. Film thicknesses of about 300 nm were
achieved at 6000 RPM, which was used for all subsequent experiments.

81



3 mm

N
y

A
€
IS
<
v [ — III ANP
1) Inkjet ANP 2) Spin coat PVP 3) Inkjet ANP to
bottom contacts insulation etch PVP for vias Chip
and sinter
PVP
. Battery
GND  Vp,
L] L]
4) Bake to 5) Inkjet ANP vias 6) Print Battery
crosslink PVP and top contacts

and sinter
Figure 5.4: Process diagram for inkjet printed package for an integrated device.
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Figure 5.5: Thickness dependence on spin rate for spin coated PVP on a 3 x 4 mm Si substrate,
including center and edge PVP thickness.
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As detailed in Figure 5.4, Ag bottom contacts were used to connect contacts on the chip
for device operation. Without any surface treatment to the chip, Ag linewidths were optimized to
achieve a 38 um linewidth using a 25 um drop spacing, 14 V applied cartridge potential, and a 60
°C printer platen temperature. This was compatible with our chip design, which had 110 pum
diameter Al contacts along the edge of the chip. After spin coating the PVP layer, vias were formed
by printing the ANP ink directly on top of the uncrosslinked PVP as the ANP ink solvent etched
through the spin-coated PVP layer. In the remaining vias, Ag interconnects were inkjet printed
after PVP crosslinking. In future designs, inkjet printed acetone can also be used to define the vias
in the PVP layer and may offer lower overall resistance in the interconnect design. Via conductivity
was then examined using a four point probe setup and a test configuration illustrated in Figure 5.6.
This test configuration matches the procedure shown in Figure 5.4, where PVP is spin coated on
top of a Ag bottom contact. Using a 100 pum diameter via size (as defined by the sacrificial ANP
print area) and a 200 x 200 um ANP top contact, an average total resistance of 80 Q was measured
across the testing feature. This corresponds to a via resistivity of about 300 Q-cm, which is much
higher than the 3D printed package architecture. This high resistivity is likely limited by the ANP
etching procedure, which will leave uncured ANP mixed with PVP at the via junctions. Future
designs will switch to defining vias through a printed acetone etching step, which should help
reduce via resistivity in the inkjet printed design.

B AnP B ANP mixed with PVP PVP

B substrate [ Probe

Figure 5.6: Schematic of performance measurement setup for inkjet printed interconnects.
5.3 Integrating Printed Batteries with Energy Harvesting for 1oT Device Operation

Packaged energy storage for 0T applications will help enable wireless systems, but printed
energy storage must also meet device lifetime requirements and minimum performance thresholds.
IoT components are designed at the extreme low-power limits, with peak power consumption on
the order of 1 mW and energy consumption less than 1 J per day.[*”) However, on-chip energy
storage will be inherently limited since integrated batteries must scale to mm? active areas. Figure
5.7 shows the theoretical capacity and lifetime for a Zn-Ag.O battery, where 1 J of energy stored
corresponds to about 0.2 mAh at an operating potential of 1.5 V. At electrode areas approaching 1
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mm?, a printed Zn-Ag,O battery could support device functionality for ~10 days for devices with
very low sleep state power requirements (~1 pA current draw) and very low sampling rates. While
this may suffice for some 10T applications, most will require additional lifetime to maintain device

viability.
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Figure 5.7: a) Theoretical capacity for a printed Zn-Ag20 battery with different electrode
geometries. b) Lifetime for a printed Zn-Ag.O battery at different average discharge currents
(assuming a 250 um electrode thickness).

Improving device lifetimes can be accomplished by combining energy storage with on-
chip energy harvesting as a means to recapture energy from external sources and store it for later
use. Various forms of energy can be harvested, but photovoltaics are the most promising route for
loT applications. Compared to other sources such as thermal and piezoelectric harvesting,
photovoltaics can be easily integrated at millimeter-scale active areas and provide higher power
densities (MW cm? versus pW cm?).51819 Previous studies have focused on optimizing
photovoltaics, but additional work is needed to examine the performance of tandem energy storage
and harvesting systems and the performance limitations of integrated batteries. In this section, we
aim to explore the pulse discharge and trickle charge capabilities of a printed Zn-Ag.0 battery in
order to demonstrate its efficacy in an integrated 10T system. To our knowledge, this is the first
investigation of printed battery performance under realistic 10T conditions; so an explanation of
the experimental methodology and testing procedure will first be given to highlight key device
criteria.

Stencil printed Zn-Ag.0O batteries were fabricated using the same procedure outlined in
Chapter 2. Electrodes were printed using a 2 x 2 mm stencil with a thickness of 125 pum. Pulse
discharge and trickle charge conditions were simulated using a BST8-MA potentiostat from MTI
Corp and a Bio-Logic BCS-805 battery cycling system. Several conditions were examined under
simulated charge/discharge experiments to determine their impact on battery lifetime, including
pulse frequency, pulse current, and battery depth of discharge. Each factor is application specific
with depth of discharge dependent on the pulse frequency and current. As the sampling rate of the
device increases, the battery must be discharged more frequently, which consumes a larger fraction
of the available battery capacity.
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Figure 5.8 shows the expected relationship between pulse frequency and daily capacity
draw for a typical printed Zn-Ag.O battery with a total capacity of 0.2 mAh. Assuming typical
low-power device requirements (one second pulse at currents ranging from 0.25 to 1 mA with a 2
MA off-state current), sampling intervals of at least one hour require only 4% of the total battery
capacity per day and can easily be recaptured through energy harvesting. At high sampling
intervals and pulse currents, the other extreme end of device operation, about 35% of the battery
capacity is required per day. Thus, we set out to examine a range of pulse discharge conditions
that consume between 0 and 35% of the battery capacity.
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Figure 5.8: Daily capacity draw under pulse discharge conditions for a printed Zn-Ag-0O battery
at varying pulse frequencies and currents. Data assumes a 2 WA off-state current, 1 sec pulse
duration, and a 4 mm? electrode area and 125 um thickness.

Experiments simulating an 10T system were conducted using a charge/discharge cycling
profile controlled by a potentiostat, with the results summarized in Figure 5.9. Intermittent sensing
and communication pulses were represented by short periods of constant current discharge and
energy harvesting represented by periods of constant current charge. An example of a cycling
profile used for one of the printed batteries is included in Figure 5.9c. Large overpotentials during
charging were observed in the first few cycles of this cell, but decreased after the sixth cycle. While
a few of the other testing conditions also showed a similar initialization phase for the first few
cycles, all charge/discharge conditions maintained fairly stable voltaic efficiencies (~90%)
throughout cell cycling, as shown in Figure 5.10. Future experiments may benefit from tighter
voltage cutoffs to avoid such overcharging in the cells.
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Figure 5.9: Simulated pulse discharge performance for printed Zn-Ag.O batteries at a) 3.6C and
b) 1.8C discharge rates, with c) a sample charge/discharge cycling profile.

In an effort to accelerate the testing procedure, discharge periods were chosen on the order
of minutes to increase the total capacity consumption for a single pulse. Tests at two relatively
high discharge rates (1.8 C and 3.6 C) were performed at pulse durations of 1, 2, and 5 min to
achieve depths of discharge between 0 and 35%. Total capacity for each battery was about 0.2
mAh; so 1.8 C and 3.6 C discharge rates corresponded to 0.36 and 0.72 mA respectively (~0.5 and
1 mW). After each pulse, the printed battery was charged to recover the total capacity used during
discharge. To simulate different pulse frequencies, charging rates of 5 and 10% of the discharge
rate were used, which corresponds to duty cycles of 4.8 and 9.1% and charging currents of 9, 18,
36, or 72 pA. These charging currents were selected to match a typical output power range from a
CMOS solar cell. High variance in delivered capacity was observed for most of the testing
conditions; so additional experiments are needed to elucidate trends related to depth of discharge
and pulse characteristics. However, the 3.6C/0.36C condition (Fig 5.9a) had an average delivered
capacity of 3.5 mAh, which is nearly 18 times the printed battery capacity on a single discharge
(0.2 mAh) and would support device functionality for over a month. This proves that printed
millimeter-scale Zn-Ag.O batteries are certainly viable in 10T system architectures when
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combined with energy harvesting, but additional testing and optimization is needed. Particularly,
future experiments should expand the parameter space to include shorter pulse durations that match
the millisecond to second timescales used in sensing applications.
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Figure 5.10: Printed cell voltaic efficiency as a function of discharge/charge conditions and the
resulting depth of discharge in the printed Zn-Ag.O battery.

5.4 Screen Printed Zn-Ag>0 Arrays

In addition to 10T device lifetime, integrated energy storage must also support a wide range

of performance benchmarks for sensing, computing, and communication functionalities. While
loT drivers are typically geared towards low-power requirements, tailoring energy storage to
support higher voltage and power requirements can enhance 10T capabilities. For example,
millimeter scale single chip nodes will likely rely on microelectromechanical system (MEMS)
components, which typically require relatively high pull-in voltages (5-30 V). While
electrochemical cell potentials cannot meet these demands, battery arrays can provide sufficient
energy and power to drive high voltage 10T components. By printing an array of cells, the power
supply voltage can be modulated based on the required operation mode by connecting or isolating
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cells within the array. Here, we aim to design printed battery arrays for integrated electronic
systems and use the printed Zn-Ag.O battery outlined in Chapter 2 as our cell chemistry to
establish proof of concept of the printed array design. Screen printing is chosen to achieve thick
electrode films and high-throughput manufacturing of cell arrays. While stencil printed battery
arrays have been previously developed, screen printing is a more robust method to rapidly print
large arrays of printed batteries. To our knowledge, this is the first demonstration of screen printed
battery arrays; so we will first highlight the materials and processing requirements to achieve
screen printable battery inks.
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Figure 5.11: Viscosity tuning via polymer binder mass loading.

An industrial-grade screen printer (ASYS, ASP 01M) was used to deposit screen printed
Zn-Ag-0 batteries. Compared to stencil printing, electrode inks must be less viscous to ensure
suitable ink transfer onto the substrate. At higher viscosities, inks tend to clog the mesh and impede
ink deposition, resulting in printing defects and thinner films that can impact battery capacity. To
optimize the Zn and Ag20 electrode formulations for screen printing, binder and active particle
mass loading were closely examined. Figure 5.11 shows the dependence of polyethylene oxide
(PEO) mass loading on ink viscosity. As expected, lowering the binder content in electrode inks
leads to lower viscosities and improved ink transfer through the mesh. While stencil printed
batteries used a 5 wt% PEO binder, 4 wt% PEO was found to be suitable for ink transfer via screen
printing and was used for all subsequent experiments. Additionally, Ag20 mass loading was found
to impact electrode thickness, as shown in Figure 5.12. Using a 96 wt% Ag.0 ink, printed films
achieved thicknesses near 50 pum on a single print and showed fewer pinholes and print defects
compared to lower mass loadings. Similar tests were performed for the Zn electrodes, with a 99
wt% active component mass loading found to be optimal. Similar thickness for Zn electrodes were
observed on both plastic and glass substrates, as shown in Figure 5.13, with a single pass also
resulting in printed film thicknesses of about 50 pm.
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Figure 5.12: Screen printed Ag-O electrode thickness tuning via active particle mass loading.
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Figure 5.13: Screen printed Zn electrode thickness characterization.

Additionally, print uniformity was tested in a 4 x 4 cell array to ensure consistnet electrode
deposition within the cell array. Figure 5.14 illustrates this data for both printed Zn and printed

89



AQ20 electrodes. Arrays printed on glass were measured using a Dektak stylus profilometer.
Electrode thickness was shown to be independent of print direction and fairly uniform within the
array, with an average thickness measured between 45 and 50 um for each electrode position.

a)
50 um
. '. n
*m.B mu:
{
| 3
1 .M W W
| !
vB.m B et
45 uym
b)
50 pm
A - i L i
B ma R
;M m mnm
‘mmmm’
‘. - + :,“
45 uym

Figure 5.14: Thickness uniformity for printed arrays of a) Zn and b) Ag20 electrodes. All
electrodes are 5mm and arrow indicated printing direction.

Finally, screen printed battery performance was demonstrated through initial tests
highlighted in Figures 5.15 and 5.16. Screen printed silver current collectors (Creative Materials
#120-07) were used for both the anode and cathode and a sol-gel separator was stencil printed as
described in Chapter 2. Single cells were first evaluated at both 25 and 4 mm? electrode areas, with
screen printed cells achieving areal capacities of about 1.2 mAh cm?. Areal capacities were
expected to be lower for the screen printed cells compared to the optimized stencil printed cells
shown in Chapter 2 due to their lower electrode thickness. Further studies should focus on multi-
step printing of Ag20O electrodes in order to increase screen printed battery capacities. Polarization
data in Figure 5.15c¢ shows that screen printed cells match the power density performance of stencil
printed cells from Chapter 2 with cells maintaining an operating potential over 1.4 V at current
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densities up to 12 mA cm™?. A maximum power density of 17 mW cm is shown here, which
matches our previous results for stencil printed cells. After screen printed cell performance was
established, a 2 x 1 screen printed array was demonstrated, as shown in Figure 5.16. Using printed
Ag interconnects between cells, operating voltages were shown to scale to about 2.9 V at current
densities up to 12 mA cm. Power densities also scaled accordingly, with a maximum value of
about 34 mW cm observed at 12 mA cm2. Current research efforts are focused on demonstrating
larger battery arrays for higher voltage applications, specifically targeting an 8 cell array that could
provide up to 12 V for emerging 10T devices. Challenges related to printed interconnect design
and printed battery yield must be further investigated in order to achieve high voltage arrays.
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Figure 5.15: Screen printed Zn-Ag.0 battery performance for a single cell, including discharge
characteristics at 2 mA cm for a) 25 mm? and b) 4 mm? electrode areas and c) polarization data
up to 12 mA cm.
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Figure 5.16: Screen printed battery performance for Zn-Ag.0 arrays, including a) voltage and b)
power density characteristics. All cells 25 mm?,

5.5 Summary

In summary, this chapter explored system-level integration of printed batteries for 10T
applications. Using 3D and inkjet printing, millimeter-scale packaging and interconnect designs
were demonstrated. Our 3D-printed design achieved low via resistivity with a fully integrated
packaging strategy, but via feature resolution was limited, with a minimum via diameter of 189
pum observed. In contrast, our inkjet-printed design featured via sizes as low as 40 um, but was
more limited in via resistivity. Additionally, printed Zn-Ag.O batteries were tested under realistic
0T device conditions with simulated recharge from energy harvesting. With pulses up to 1 mw,
printed batteries were tested up to 35% depth of discharge and showed total capacities between 1
and 3.5 mAh (5-17.5 J), or up to 18 times the original battery capacity. This demonstrates that a
millimeter-scale printed battery is capable of powering 10T devices under pulsed sensing and
communication conditions. Finally, screen printed Zn-Ag.O battery arrays were designed,
achieving 50 um thick electrodes on a single pass. This translated to battery capacities of about
1.2 mAh cm per cell and a maximum power density of 17 mW cm. Initial tests of 2 cell arrays
showed ideal voltage and power scaling, with operating potentials near 3 V and a maximum power
density of 34 mW cm. Overall, this work highlights many system-level challenges related to
powering wireless sensor networks and should provide an outline for future investigation of
packaging and integration of printed millimeter-scale energy storage.
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Chapter 6: Conclusions and Future Work
6.1 Summary of Contributions

Broad distribution of wireless electronic devices hinges on the development of integrated energy
storage. This dissertation addresses several challenges associated with energy storage scalability
and integration and realizes millimeter-scale printed batteries that meet loT performance
requirements. Guidelines related to printed battery processing, structure, properties, performance,
and characterization are included and serve as a roadmap for future research on integrated energy
storage, regardless of battery chemistry or device architecture. Methods and materials for printed
Zn-Ag-0 and Zn-air batteries are presented in Chapters 2 and 3, implementing vertical cell designs
to minimize battery footprints through careful consideration of materials and processing
compatibility. As a result, this work establishes new performance benchmarks for printed batteries,
achieving areal capacities above 10 mAh cm? and power densities well above 10 mW cm2 at
millimeter-scale areas.

New approaches to defining printed battery performance are also explored in Chapter 3,
which highlight the dependence of battery performance on electrode materials design. Operando
pressure decay and differential electrochemical mass spectrometry (DEMS) measurements enable
direct observation of oxygen reduction efficiency in printed Zn-air batteries. By pairing operando
experiments with ex-situ physical and chemical analysis, interactions between electrode ink
components are investigated and guide the fabrication of low temperature processed metal-air
cathodes (< 200 °C). This comprehensive approach is broadly applicable to future work on
application driven electrode design, both for printed and non-printed battery architectures.
Additionally, this work may be influential in the future development of other aqueous metal-air
chemistries, where oxygen reduction performance is also a limiting factor.

Furthermore, battery degradation and failure mechanisms and their impact on battery
performance and integration are investigated throughout this dissertation, culminating with a broad
discussion of Zn corrosion in alkaline electrolytes in Chapter 4. Operando characterization
techniques are utilized to directly observe corrosion reactions at the anode-electrolyte interface in
the printed Zn-air battery. Overall, this methodology aims to improve the design of corrosion
resistant anode materials and increase the viability of printed batteries for integrated electronic
applications. First, pressure decay and DEMS analysis are used to rapidly screen materials
parameters and operating conditions to identify significant factors that influence anodic corrosion.
Second, operando X-ray diffraction (XRD) is incorporated to verify the significance of these
factors by examining the formation and evolution of solid corrosion products at the anode-
electrolyte interface. Here, anode current collector material, electrolyte concentration, and Zn
particle size are shown to predominantly impact anodic corrosion. However, this approach is
transferable to other battery chemistries and may be particularly useful for other aqueous battery
systems in order to mitigate anodic corrosion and improve battery lifetime.

Finally, Chapter 5 summarizes system level integration strategies for printed Zn batteries
and 1oT devices. Proof of concept packaging and interconnect designs are demonstrated using
printing techniques for millimeter-scale and commercially available sensor nodes. Advantages and
limitations of 3D printed versus inkjet printed architectures are discussed with regards to feature
resolution and via resistivity. Moreover, printed Zn-Ag.O batteries are simulated under realistic
loT operation modes to examine battery performance in an integrated system with energy
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harvesting. Pulse discharge and trickle charge testing suggest that printed Zn-Ag.O batteries are
viable in real 10T systems, sustaining device performance for hundreds of cycles at modest depth
of discharge (0 — 35%). Printed Zn-Ag-0 battery arrays are also demonstrated using screen printing
to support high voltage device applications, with initial tests showing potential and power scaling
in series arrays.

6.2 Recommendations for Future Work

Further development of integrated energy storage will accelerate the realization of
ubiquitous electronics for loT networks. While several issues must be addressed in order to
implement millimeter-scale energy storage, battery design first requires an application driven
approach and appreciation for all imposed requirements. For example, a wireless electronic
device will always dictate the power and energy requirements for energy storage. Specifically, a
battery must be smaller than the other system components to match device scaling and must use
low-cost materials to ensure the entire system is affordable. At the same time, this battery must
support high discharge currents and power requirements, have a high capacity to sustain a long
system lifetime, use materials and packaging compatible with system level processing, and
maintain suitable performance without significant degradation. No current battery chemistry can
support all of these requirements, a subtle point that electronics engineers should recognize when
developing integrated devices. However, electrochemical engineers must conduct energy research
in service of these goals and realize that all of these requirements must be simultaneously attained.
Radical technological changes require interdisciplinary efforts, so future work must prioritize co-
design of electronic and electrochemical components.

Among the challenges facing millimeter-scale energy storage, battery stability and
degradation remains paramount. Battery lifetime is the limiting factor in nearly all electronics
applications and battery or device replacement will be extremely difficult for densely deployed
device networks. Extending battery lifetime and performance relies on the investigation of
electrode-electrolyte interfaces. In nearly all electrochemical reactions, surfaces dictate the
transfer of charge and ionic species and local changes in chemical and morphological states can
have a huge impact on battery state of health. However, electrode-electrolyte interfaces are still
poorly understood in nearly all battery chemistries and require further investigation. The most
prominent exception are Li-ion batteries, where significant advances have been made to
understand how interfacial changes impact battery stability and performance. For example,
dendrite growth and solid-electrolyte interphase formation have been studied thanks in part to
novel characterization techniques including operando methods.

Moving forward, operando techniques must also be applied to alternative cell chemistries
in order to study limiting degradation processes and guide future materials development. Although
they are unlikely to replace Li-ion, aqueous battery chemistries such as Zn, Mg, and Al offer
several advantages for emerging electronics applications. This includes critical factors such as
materials handling and packaging, availability and cost of materials, and safety and toxicity
concerns, indicating they should be further explored to complement Li-ion batteries in electronic
applications. As shown in this dissertation, aqueous batteries are promising for millimeter-scale
energy storage, but also will be influential in other applications including energy storage for
wearable and implantable devices or for larger platforms such as renewable energy generation.
However, issues related to cycle life, corrosion, low capacity, and charge retention must first be
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resolved in order for these batteries to be viable for broader electronics applications. Operando
characterization can help identify how physical and chemical changes to aqueous battery interfaces
influence these performance benchmarks and may enable broader implementation of emerging cell
chemistries. For example, aqueous flow batteries offer significant promise towards eliminating
electrode passivation due to corrosion. Since the electrode and electrolyte are mixed together and
constantly cycled via pumps, the electrode-electrolyte interface remains in a dynamic state
throughout battery operation. Here, operando characterization techniques could be particularly
useful towards identifying the evolution of the reaction surface and monitoring how charge and
ion transfer are affected by materials design and processing parameters.
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