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Abstract

In this study, the fabrication of a 3D printed battery through electrodeposition is attempted.
The electroplated 3D printed battery consists of two dissimilar electroplated electrodes im-
mersed into an electrolyte. Suitable materials and electrolyte had to be found that would allow
the battery to be 3D printed without any assembly.

While research papers have already proven that electrically conductive 3D printed materials
can be electroplated, there is a lack of research in utilizing the electroplated 3D printed ma-
terials as electrodes in a battery as well as a lack of research into the performance of such a
battery.

The process of electrodeposition is used to deposit copper and zinc metal ions onto the two
electrically conductive electrodes. A Galvanostat with a three electrode setup was used to keep
the current stable and measure the current and voltage over time.

Once the 3D printed battery was fabricated, electrochemical impedance measurements were
taken with an LCR meter and the discharge voltage and current measurements were taken with
a multimeter. The 3D printed battery was attempted to be modelled by an equivalent circuit
and its discharge graph compared with other currently researched batteries.

In the end, the 3D printed battery was fabricated and achieved a rated capacity of 6.6 mAh.
However, given the voltage potential of approximately 0.9V, the 3D printed battery has high
internal resistance. Furthermore, issues with the electrolysis of the solution hindered the per-
formance of the 3D printed battery.
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1 Introduction

1.1 Context

More cost-effective and power efficient technologies for energy storage are at the forefront
of research and development in today’s world [Pickerel et al., 2019, Pocket-lint, 2019, 1bu,
2019, Dudley, 2018]. With an ever-increasing human population, the manufacturing capacity
of energy storage devices is heavily lagging behind the demand as a recent study predicts that
the number of energy storage installments will have to increase by a 122-fold to meet demand
by 2040 [Editors, 2019]. Therefore, entities such as private companies and public universities
have been researching and developing alternative methods for the fabrication of energy storage
devices [Waugh, 2013, Wikipedia contributors, 2019g].

One such fabrication process exists in the form of 3D printing, which embodies the entire man-
ufacturing process into one system that allows for complex free-form geometries and control-
lable 3D structural prototyping [Tian et al., 2017]. 3D printed energy storage devices primarily
function on the concept of captured electrical energy, which is achieved through either the
electric domain with the use of a dielectric or the electrochemical domain with the use of an
electrolyte or a combination of the two in the case of the supercapacitor [Zhang et al., 2017a].
In the past, the materials available for 3D printing were limited to rigid plastics such as PLA
and ABS. With recent advancements, composite materials have been developed that possess
the property of electrical conductivity through the addition of additives such as copper and
carbon-black particles [Schouten, 2017, Kim et al., 2016]. In turn, these composite materials
can be printed into stand-alone structures in such a way that they become 3D printed energy
storage devices such as capacitors and supercapacitors.

With the use of 3D printing and electrically conductive filaments, electrolytic capacitors have
been fabricated with more complex geometries, i.e. maze-like and interdigitated patterns, in
the efforts to maximize the effective surface area of the two conductive sides [Esfandiari et al.,
1983]. On the other hand, supercapacitors, first introduced in the 1950s, have the advantage of
storing 10 to 100 times more energy per unit volume than electrolytic capacitors, having faster
charging and discharging cycles than batteries, and tolerating more charge and discharge cy-
cles than rechargeable batteries; they owe these advantages to the inclusion of an electrolyte
that forms an ionic conductive connection between the two electrodes, which differs from the
constant dielectric layer found in electrolytic capacitors [Wikipedia contributors, 2019j]. Gen-
erally, there are two different types of supercapacitors that each rely on a different kind of ca-
pacitance: electrostatic double-layer capacitance and electrochemical pseudo-capacitance; in
the first type, capacitance is created through the separation of charge in a Helmholtz double
layer at the interface between the conductive electrode and electrolyte; in the second type, ca-
pacitance is created through the Faradaic electron charge transfer, which is achieved through
either redox reactions, intercalation, or electrosorption [Wikipedia contributors, 2019j]. As with
electrolytic capacitors, the research in terms of 3D printed supercapacitors has been focused
on finding geometries for the electrodes that maximize the effective surface area as well as in-
creasing the capacitance through doping and activation of carbon black particles within the
composite filaments [Tiliakos et al., 2018, Beidaghi and Gogotsi, 2014, Zhang et al., 2014, Zhao
etal., 2014,Yuetal,, 2018,Sun et al., 2015].

However, supercapacitors still lack the capacity of batteries as, in most cases, supercapacitors
contain only one-tenth of the capacity [Wikipedia contributors, 2019j]. Current commercially
available electrically conductive filament is not sufficient to 3D print a fully-functioning bat-
tery without additional additives; electric batteries require redox reactions that result from the
insertion of two dissimilar metal electrodes into an electrolyte [Wikipedia contributors, 2019c].
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2 Research into 3D Printed Batteries Through Electrodeposition

At the current moment, there is quite extensive research on the topic of 3D printed batteries
with two distinctive paths of focus; some papers develop techniques for 3D printing the en-
tire battery while others focus on tackling the issue of 3D printing individuals components of
the battery such as the electrodes and electrolytes [Shen et al., 2017, Garay and Bashirullah,
2015,Ho et al., 2009, Down et al., 2019, Lawes et al., 2015]. To 3D print the entirety of the battery
without post-processing, some studies prepared the filament prior to printing, i.e. by dissolv-
ing standard PLA filament into a solution containing either lithium iron phosphate or lithium
titanium oxide to create two dissimilar metal electrodes; then, through this process, these pa-
pers utilize standard printers to print embedded batteries within structural components [Reyes
etal., 2018,Wang et al., 2017]. Furthermore, other publications on 3D printed batteries focus on
the individual methods used to 3D print electrodes and electrolytes; in terms of electrodes, the
focus has been on testing the printability of different materials such as lithium and graphene
and evaluating their ionic conductivity [Walsh et al., 2018, Rocha et al., 2017, Liu et al., 2017, Yi
et al., 2018]; in regards to electrolytes, the focus has been on developing 3D printable solid-
state ceramic composite electrolytes that maintain high ionic conductivity and mitigate brit-
tleness [Blake et al., 2017, Mcowen et al., 2018, Zekoll et al., 2018].

However, most of the methods shown in these papers require extensive equipment and prepa-
ration to the filament and 3D printer itself. As mentioned earlier, it is possible to 3D print car-
bon and other electrically conductive composite materials, but metals are required for electro-
chemistry. One alternative solution exists in the form of electrodeposition, which is a process
that deposits metal ions through the application of an electric current [Kanani, 2006]. Unlike
electroless plating that relies solely on chemical reactions and covers the entirety of the sur-
face area, electrodeposition can be done selectively, making it possible to only cover the areas
desired. In conjunction with 3D printing, electrodeposition would enable the deposition of dif-
ferent metals onto separate electrically conductive areas that are already embedded within the
same 3D printed part, thereby mitigating any assembly on part of the electrodes [Angel et al.,
2018].

Previously published papers have already successfully proven the concept of electroplating
metal ions on an electrically conductive 3D printed part [Kadari, 2017,Zhanget al., 2017b,Angel
et al,, 2018,Kim et al., 2019, Dhole et al., 2018, Sonavane et al., 2010, Felloni et al., 1987]. How-
ever, there is inadequate research on the topic of utilizing 3D printed electrically conductive
parts that have been electroplated as electrodes for a 3D printed battery; also, there is insuffi-
cient research on the performance of such a battery.

The 3D printed battery would require two different metals to be electroplated onto the 3D
printed electrodes. As mentioned earlier, it has already been proven that lithium can be electro-
plated onto electrically conductive 3D printed materials [Zhang et al., 2017b]. However, these
methods to electroplate lithium and their composites require extensive preparation of the elec-
troplating solution and modification of the equipment setup. Alternatively, among other op-
tions of metals that are commonly electroplated such as nickel, iron, copper, zinc, silver, etc.,
one possibility lies in the combination of nickel and zinc, whose chemistry is utilized to create
rechargeable batteries. However, the option to fabricate a rechargeable 3D printed battery is
outside the true scope of the thesis as the focus should be on developing the most basic type of
battery to answer the research goals of this thesis in their most basic form. Furthermore, time
constraint and availability of resources and equipment are other factors to consider as well.

The metal pair combination of copper and zinc was ultimately chosen due to the simplic-
ity of the composition of the final electroplated electrodes and the relatively inexpensive and
straightforward electrodeposition process.
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CHAPTER 1. INTRODUCTION 3

1.2 Research Goals

Thus, in this thesis, a fully-functioning 3D printed battery will be envisioned through the use of
electrodeposition. The 3D printed battery will consist of the 3D printed part with its two elec-
troplated electrodes immersed into an electrolyte. With this clear objective, the main research
question becomes:

* How does the performance of a 3D printed battery fabricated with the use of electrode-
position compare with currently researched batteries?

Furthermore, the thesis will focus on the 3D printing of electrically conductive and non-
conductive materials as well as the characterization of the behavior between the electroplated
electrodes and electrolyte. Therefore, the following sub-questions arise:

* What is the optimal configuration of the 3D printed electrodes that will permit the best
coverage of metal ions during the electrodeposition process?

* What is the ideal electrolyte that will allow for the largest battery capacity?

* How can the electrical characteristics of the 3D printed battery be modelled?
To answer these questions, the thesis will follow the structure outlined in the following section.

1.3 Report Structure

As witnessed earlier, Chapter 1 was the introduction to the thesis and provided the literature
overview along with the main goals of the report.

Chapter 2 contains the general theory needed for this thesis and will cover the basic under-
standing of the chemistry of an electric battery and the process of electrodeposition.

Chapter 3 contains the reasoning behind the design choices of the 3D printed battery.
Chapter 4 discusses the characterization methods that will be used to characterize the battery.

Chapter 5 contains the methodology and provides insight into the methods used to fabricate
the 3D printed battery.

Chapter 6 constitutes the results and discussion section of the thesis and will therefore cover
the results of the electrodeposition of the electrodes as well as the characterization of the fin-
ished 3D printed battery.

Chapter 7 concludes the thesis by answering the research goals stated in Chapter 1 and provides
a summary on future improvements.

Robotics and Mechatronics Luka Séulac



4 Research into 3D Printed Batteries Through Electrodeposition

2 Theory

In this chapter, the theory behind the the basis of the chemical reactions that produce a mea-
surable electric current at the output of a battery will be explained as well as the process of
electrodeposition. In addition, the aspects of 3D printing that enable the fabrication of the 3D
printed battery will be mentioned.

2.1 Redox Reactions

As briefly mentioned in the introduction, an electric battery operates on the principle of redox
reactions, which release electrical energy from the difference in the bond energies of the metals
present in the battery [Wikipedia contributors, 2019i]. More specifically, there are two types of
redox reactions: oxidation and reduction. Oxidation is the result of a decrease in the oxidation
state of the atoms, or a net loss of electrons [Wikipedia contributors, 2019i]. Reduction, on
the other hand, is the result of an increase in the oxidation state of the atoms, or a net gain of
electrons [Wikipedia contributors, 2019i]. Thus, an exchange of electrons occurs through the
process of oxidation and reduction till the high-energy reactants in the battery become lower-
energy products.

For oxidation and reduction to occur, a closed loop between the two separate metal electrodes
has to exist to facilitate the movement of electrons and metal ions. Within the battery, the elec-
trolyte envelopes the two metal electrodes and serves as a medium for the oxidized metal ions
to enter and reduced metal ions to leave. Externally, the two metal electrodes are connected
with a wire, which allows the transfer of electrons from the electrode where oxidation happens
to the electrode where reduction occurs.

An example of the basic principle of the redox reactions can be seen in Figure 2.1.

H+

zing

H+

Figure 2.1: Cross-section of a copper-zinc battery with sulfuric acid electrolyte [Wikipedia contributors,
2019h]

As can be seen in Figure 2.1, the example is a copper-zinc battery with sulfuric acid as the
electrolyte. With reduction happening at the cathode and oxidation occurring at the anode,
the copper-zinc battery constitutes what is called a Galvanic cell. On the left side of the battery
in Figure 2.1, the zinc metal from the zinc anode is oxidized according to the following half-
reaction:

7n(s) — Zn2+(aq) +2e

The electrons freed from the oxidation of the zinc metal pass through the wire to the copper
electrode while the freed zinc ions enter the electrolyte. At the same time, on the right side of
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CHAPTER 2. THEORY 5

the battery in Figure 2.1, the hydrogen ions within the electrolyte are reduced according to the
following half-reaction:
2 H+ +2e — H2

The electrons that have passed through the wire from the zinc electrode now reside on the
surface of the copper electrode and attract the hydrogen ions from the solution, ultimately
bonding and bubbling away as hydrogen gas [Wikipedia contributors, 2019h]. Thus, the total
reaction can be summarized by [Wikipedia contributors, 2019h]:

Zn(s) + 2H" —2%— 7Zn?*(aq) + H,

Generally, with the knowledge of the half-reactions, it is possible to calculate the open circuit
voltage by adding the absolute value of the standard electrode reduction potentials. However,
in the case of strong acids, the Nernst equation cannot predict the standard electrode potential
[Wikipedia contributors, 2019h].

Apart from the single electrolyte configuration, the copper-zinc battery also comes in the form
of two half-cells, also known as the Daniell cell. The basic principle of the Daniell cell can be
seen in Figure 2.2. In the zinc half-cell, a zinc anode is submerged in a solution of zinc sulfate.
In the copper half-cell, a copper cathode is submerged in a solution of copper sulfate. Both
half-cells are connected by means of a wire and salt bridge. The wire permits the passage of
electrons while the salt bridge allows for only the passage of ions. The salt bridge can be a
glass tube filled with an inert electrolyte or a porous membrane, i.e. filter paper [Wikipedia
contributors, 2019b].

——> electrons ——>

&

salt bridge
zincions sulfate ions

|
i

sl VAY

zinc

copper
electrode

electrode

4 lﬂ/\

zinc /é d copper (Il)

sulfate (=) (+) sulfate
anode cathode
oxidation reduction

Figure 2.2: A diagram of a standard Daniell cell with its two half-cells connected by a salt bridge
[Wikipedia contributors, 2019b]

The zinc metal still participates in the process of oxidation, but, now, the copper metal under-
goes reduction instead of the hydrogen molecules within the electrolyte.

In the following section, the fundamentals of electrodeposition will be given.

2.2 Electrodeposition

To obtain the electrodes that will be used in the final 3D printed battery, the process of elec-
trodeposition was used. As briefly articulated in the introduction, electrodeposition involves
the application of an electric current on two submerged electrodes to ultimately coat one of

Robotics and Mechatronics Luka Séulac



6 Research into 3D Printed Batteries Through Electrodeposition

the two electrodes with dissolved metal ions from the solution through reduction [Wikipedia
contributors, 2019e].

Despite the electrodeposition process being slightly different for copper and zinc, the basic
concept is the same. As can be seen in Figure 2.3, the anode and cathode are immersed into a
solution that contains dissolved ions of the metal to be electroplated. The chemical reactions
that happen during electrodeposition are analogous to a Galvanic cell acting in reverse; instead
of oxidation happening at the anode, reduction occurs during electrodeposition and vice-versa
for the cathode [Wikipedia contributors, 2019e]. Therefore, the rate at which the metal ions
from the cathode are dissolved into the electrolyte is equal to the rate at which the anode is
plated. As a result, it is important to make sure that both the cathode and electrolyte contain
the metal that will electroplated as the metal from the cathode replenishes the supply of metal
ions in the electrolyte during the electrodeposition process [Kanani, 2006].

Since both copper and zinc have to be electroplated, a copper cathode in a copper sulfate solu-
tion with dissolved copper ions will be used for the copper electrodeposition and a zinc cathode
in a zinc sulfate solution with dissolved zinc ions will be used for the zinc counterpart.

-+
e e
} t
Anode Cathode
Me

Cu

“~cu*

S02-

Figure 2.3: A diagram showcasing the electrodeposition of copper with a solution of copper sulfate
[Wikipedia contributors, 2019e]

Likewise, for the electrodeposition processes to be successful, the copper and zinc ions in the
electroplating solution require a certain current to supply enough electrons on the surface of
the anode to bond with. The required current follows a upward linear trend with the surface
area of the anode. The current density for copper electrodeposition is 3mA/cm?. Meanwhile,
the current density for zinc electrodeposition is 20 mA/cm?.

In the next section, it will be explained how the current can be kept constant, despite the drop
in the electrical resistance of the electroplated electrode.

2.2.1 Three Electrode Setup

To drive the whole electrodeposition process, it is important to have a stable, steady flow of
electrons through the anode, electrolyte, and cathode. Normally, a voltage source would be
attached to the ends of the anode and cathode; however, due to the high resistance of the elec-
trically conductive 3D printed material, very little current would be permitted to flow. The
electrical resistivity and conductivity of the 3D printed material and its respective impact on
the behavior of the 3D printed battery will be examined in further detail in Chapter 3.

Rather, a current source should be used to ensure that the desired current is being supplied to
the whole system. To maintain the current density specified previously, a Galvanostat will be
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CHAPTER 2. THEORY 7

used since it is a control and measuring tool capable of keeping the current constant through
an electrolytic cell, regardless of the changes in the load itself thanks to to its relatively infi-
nite internal resistance [Wikipedia contributors, 2018]. Thus, as the electrically conductive 3D
printed electrode is being electroplated and its electrical resistance decreases, the voltage drop
over the anode will decrease. As a result, the Galvanostat responds to the change in the electric
resistance by varying its output potential.

To gain an unbiased measurement of the voltage potential within the electrolytic cell, the Gal-
vanostat relies on a three electrode setup, which consists of a working, reference, and counter
electrode as can be seen in Figure 2.4. The term "working electrode" is another label for the
anode, or the electrically conductive 3D printed electrode on the 3D printed part. The term
"counter electrode" refers to the cathode, or the electrode that is composed of the metal that is
to be electroplated onto the working electrode. The third electrode, or reference electrode, does
not directly participate in the electrodeposition process and is placed some distance from the
other two electrodes; it is usually composed of non-reactive materials such as silver-chloride
to provide an unbiased measurement of the voltage potential.

The correct wiring and orientation of the three electrodes with the Galvanostat will be men-
tioned later on in Chapter 5. If the electrodes are connected incorrectly, the current from the
power supply will flow through the wrong components, resulting in no deposition at all and in
most cases, failure of equipment.

-
'

()
N\

I

WE CE
4
|

Solution

Figure 2.4: A diagram of a three electrode setup with the label "WE" for working electrode, the label "RE"
for the reference electrode, and the label "CE" for counter electrode [Vangari et al., 2013]

In regards to the Galvanostat, another advantage of keeping the current constant is the ability
to calculate the amount of metal that will be electroplated onto the working electrode with
Faraday’s Law of Electrolysis, which will be explained in the following section.

2.2.2 Electrodeposition Rate Calculations

With the knowledge of the current applied and its duration, it is possible to calculate the
expected quantity of metal ions that will be electroplated onto the working electrode using
Faraday’s Law of Electrolysis. Faraday’s Law of Electrolysis states that the amount of material
reduced or oxidized at the working electrode is directly proportional to the total conducted
charge and can be represented through the following equation [Wikipedia contributors, 2019f]:

M-Q
m =
z-F

(2.1)

Robotics and Mechatronics Luka Séulac



8 Research into 3D Printed Batteries Through Electrodeposition

In the above equation, m is the mass in grams of the metal that is electrodeposited on the
working electrode; M is the molecular mass of the metal being electroplated in grams per mol;
z is the number of valence electrons of the metal being electroplated; F is Faraday’s constant
with the value of 96485.33289 Cmol™!; Q is the total electric charge that has passed through
the entire system in coulombs and can be calculated using the following integral over time
[Wikipedia contributors, 2019f]:

T
Q:f0 Idt (2.2)

Assuming a constant current, preliminary calculations for the copper and zinc electrodeposi-
tion can be made. Also, using the three electrode setup during the actual electrodeposition
process, the integral of the current over time can be taken. The exact current values used for
the electrodeposition process will be mentioned in Chapter 5. Then, the measured results will
be compared with the expected values in Chapter 6.

2.2.3 Selective Electrodeposition

As expressed in Chapter 1, electrodeposition offers a unique advantage over other techniques
such as electroless plating that would otherwise make the battery unattainable. Selective elec-
troplating allows for the electrodeposition of different metals onto the same 3D printed part,
given that the areas of electrically conductive material are separated by areas of electrically
non-conductive material [Angel et al., 2018]. The selection of area is made through the con-
nection of the electrode with the current-carrying wire.

An important remark for electrodeposition is that the current carrying wire does not make con-
tact with the electroplating solution. Otherwise, the deposition of metal ions will happen on
the wire itself. Rather, the current-carrying wire should be connected to the electrode through
an external part of the electrode that is not in contact with the electroplating solution. Fur-
thermore, selective electroplating will not work if contact is made between the two electrodes
either through the contamination of the 3D printed part or the unintentional presence of the
electroplating solution.

2.2.4 Electrolysis of electroplating Solution

During the review of the specific current densities for the copper and zinc electrodepositions,
one issue that should be considered is the electrolysis of the electroplating solution. At the volt-
age potential of 2.01V, the sulfate ions within the electroplating solution undergoes electroly-
sis, resulting in bubbles of oxygen molecules that severely affect the electrodeposition process
by significantly increasing the electrical resistance.

2.3 3D Printing

3D printing was specifically chosen for its ability to produce multi-material objects with com-
plex geometries and no post-processing. FDM printing has the unique ability of switching be-
tween different materials during the fabrication process of the desired object. Therefore, the
user has direct control over the dimensions and weight of the structure of the object as well as
the resolution of the quality of the final product. Furthermore, 3D printing is practical as it re-
quires only one piece of equipment and a computer with the necessary program to convert the
desired model into code for the 3D printer. Changes to the model can be made immediately
and the object being 3D printed can be immediately stopped if a defection is noticed during
the 3D printing process. Otherwise, with some other methods of manufacturing, flaws in the
object will only be noticed after fabrication.
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CHAPTER 2. THEORY 9

Due to the fact that the material is melted onto the build plate of the 3D printer, the original
characteristics of the material are inadvertently altered. In regards to the electrically conduc-
tive composite materials, one particular quality that is altered is the electrical resistivity. During
extrusion, the electrically conductive particles within the filament are rearranged, resulting in
the material developing high, anisotropical resistivity [Schouten, 2017, Dijkshoorn et al., 2019].
Thus, the 3D printing orientation of the object will have an effect on the behavior of the elec-
trical resistivity of the object. The effects will be discussed in Chapter 3.

In the following chapter, the design choices that ultimately lead to the final design of the 3D
printed battery will be explained.

Robotics and Mechatronics Luka Séulac



10 Research into 3D Printed Batteries Through Electrodeposition

3 Design Choices

In this chapter, the design choices that lead to the final design and implementation of the 3D
printed battery will be analyzed.

3.1 Basic Concept

Within the general scope of the design, the 3D printed battery could follow one of two choices.
The first choice is outlined by the diagram in Figure 2.1, where two dissimilar metal electrodes
are immersed into a single electrolyte. The second choice follows the example of the Daniell cell
in Figure 2.2, where two half-cells that each contain a dissimilar metal electrode are connected
by a porous membrane or salt bridge.

The proposed implementation of the two half-cells and salt bridge creates new challenges. To
still comply with the concept of no assembly for the 3D printed electrodes, the 3D printed sam-
ple would have to be large enough to encompass two beakers full of electrolytes and incorpo-
rate the porous membrane within its structure. Currently, further research has to be done to
investigate whether a porous 3D printable material exists that could act as the salt bridge. In
the case that a porous material can be found, it would require the 3D printing of three different
materials over just the two for the first choice.

By opting for the configuration with one electrolyte over the one with two, the focus can be put
on developing a simple battery that functions. Likewise, the use of a single electrolyte enables
more flexibility and freedom with the design of the electrodes. The electrodes can be spaced
closer together to increase the passage of ions and the unit as a whole can be 3D printed in
such a way that it fits comfortably within a standard-sized beaker to ease the electrodeposition
process.

Therefore, the final concept for the 3D printed battery can be summarized as a single glass
beaker that contains a 3D printed sample with two electrically conductive electrodes that are
submerged in an electrolyte.

3.2 Choice of Material

For the fabrication of the electrodes, several electrically conductive filaments were available,
varying in the degree of flexibility and electrical conductivity. The choices for the electrically
conductive filaments can be seen in Table 3.1. The resistivities provided in the table are the
values given by the manufacturers for the filament itself; the values of the 3D printed material
vary according to the 3D printing settings and geometry of the 3D printed object [Schouten,
2017, Dijkshoorn et al., 2019].

Table 3.1: Table of the inventory of 3D printer filament [Schouten, 2017]

PLETPU95-250 | DackMagic ElectriFi Proto-Pasta PI-ETPU 85-700+
Conductive TPU
Electrical
ectrica 1. | 300 125 0.01 15 80
Resistivity (Qcm™")
Material TPU with TPU with PLAwith | PLA filled TPU with
" . . copper with carbon-black .
Composition carbon particles carbon particles . . carbon particles
particles particles
Fragil
Degrade after lg:i f(r)less
Additional Remarks | 250 percent strain | several months | . . 700% strain
. inconsistent
of shelf-life e
resistivities
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CHAPTER 3. DESIGN CHOICES 11

As can be seen in Table 3.1, there are five options for the choice of electrically conductive ma-
terial. Essentially, the materials are grouped into two categories: flexible and rigid. Among
each group, there are contenders for the material with the lowest electrical resistivity. Among
the rigid materials, ElectriFi is the clear winner while the BlackMagic Conductive TPU secures
the spot among the flexible materials. However, both filaments are excluded as viable options.
The BlackMagic Conductive TPU has been removed from the market due to problems with its
shelf-life and ElectriFi easily loses electrical conductivity in areas under strain due to its brittle-
ness [Schouten, 2017].

The electrically conductive filament that was chosen was Proto-Pasta due to its low electrical
resistivity when compared to the remaining options. Composed of PLA, the Proto-Pasta fila-
ment will also help with the structural integrity of the 3D printed battery and provide a rigid
surface for the electrodeposition of metal ions. A flexible material, on the other hand, would
dislodge and break apart the layer of metal electrodeposition when strained.

Furthermore, to accompany the electrically conductive material, an electrically non-
conductive material will need to be used to isolate the 3D printed electrodes within the
3D printed sample. The layer adhesion of the two materials should be optimal to ensure
structural integrity and prevent contamination by the electrolyte through possible cracks in
the structure. Therefore, the material with the best compatibility with Proto-Pasta would be
electrically non-conductive PLA due to their homogeneity.

3.3 3D Printer

3D printers come in all different sizes, mainly depending on the build volume they can accom-
modate. For the design of the 3D printed battery, it is not recommended to base the entire
design on the capabilities of a specific 3D printer as it could limit the reproduction of the de-
sign on other printers that lack those specific features. Rather, a more generalized requirement
list for the feature set of the 3D printer should be made.

Given the two already chosen materials, one of the requirements for the 3D printer should be a
dual extruder. Furthermore, since the two materials are PLA-based, a heated build plate should
be required to ensure that the first layer adheres to the printer bed and does not rapidly cool
down compared to the rest of the print.

With this requirement list, it is possible to move onto the design choices that are impacted by
the decisions made inside the 3D printer slicer program.

3.4 Resistivity of Electrode

As mentioned earlier, the 3D printing settings and geometry of the model have an effect on
the electrical resistivity of the 3D printed object. Therefore, it is necessary to figure out the
orientation of the model that produces the lowest values for electrical resistance.

In terms of Proto-Pasta, the manufacturers themselves have posted claims on their website
about the supposed volume resistivity of 3D printed parts; a volume resistivity of 30 Qcm™!
is experienced in the layers along the x- and y-axes while a volume resistivity of 115Qcm™!
is experienced inbetween the layers along the y-axis [pro, 2017]. Also, a number of research
papers have concluded that the z-direction in 3D prints have the highest resistivity [Dijkshoorn
etal., 2019, Schouten, 2017].

Therefore, for the lowest electrical resistivity, the electrode should be printed horizontally on
the build plate of the 3D printer. Furthermore, there is a limit to the vertical thickness of the
electrode as the Proto-Pasta filament was shown to permit noticeable deposition of copper up
until a distance of 2 mm from the electrical contact point [Kim et al., 2019].
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3.5 Electrode Configuration

As determined in the previous section, the electrode should be printed horizontally as the 3D
printed lines in the x- and y- direction have a lower electrical resistance than the 3D printed
lines in the z-direction. To maximize the amount of metal ions that can be electroplated onto
the electrode, the electrode should have a large surface area in the x- and y-direction while
maintaining a small thickness in the z-direction. As a result, the final design of each electrode
is a plate with a thickness of 0.6 mm, which is the smallest thickness recommended.

As mentioned in Chapter 2, there needs to be an external part of the electrically conductive
electrode that is not in contact with the electroplating solution during electrodeposition. The
solution is to have the electrodes on the surface of the electrolyte with one of the large sides
touching the electrolyte and the other large side protruding out of the electrolyte. Thus, the
current carrying wire can be connected to the side that is protruding outwards.

Furthermore, since the two electrodes will be positioned horizontally on the surface of the elec-
trolyte, the 3D printed sample will need to be able to stand on its own, especially outside of
laboratory conditions. Thus, by taking all the considerations into account and the fact that
placing the electrodes closer together produces a higher current, the final model in Figure 3.1
was made [Guy, 2004].

Figure 3.1: A picture of the final 3D battery model in AutoDesk Fusion 360

Moreover, the 3D printed part containing the electrodes has to fit within a standard issue lab-
oratory glass beaker. Standard 1000 mL glass beakers have a diameter of 91 mm [Wikipedia
contributors, 2019a]. Thus, the upper limit of the length and width of the 3D printed part is
91 mm; however, given the fact that the copper and zinc cathode still have to fit as well as the
reference electrode, this physical limit is much lower.

With the model of the 3D printed battery finalized, it is important to decide upon the choice of
electrolyte.

3.6 Choice of Electrolyte

Apart from the sulfuric acid in Figure 2.1, the electrolytes that are generally used in such appli-
cations are weak acids, like citric, acetic, and phosphoric acid, due to their relative abundance
and low health hazard [Guy, 2004]. They all contain hydrogen ions that are necessary for the
redox reactions.

As has been proven, zinc generally dissolves more easily in stronger acids and achieves the
highest voltage potential with sulfuric acid as the electrolyte [Guy, 2004]. The Nernst equation
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predicts that the voltage of a cell is dependent upon the acidity of the electrolyte; therefore, as
the pH level increases, the cell voltage decreases [Wikipedia contributors, 2019h].

Thus, sulfuric acid would be the preferred choice as the electrolyte of the 3D printed battery
with a pH level of 0.3. However, the end use case for the 3D printed battery would be to utilize
the battery as a demonstration of the potential of electrodeposition. Therefore, the 3D printed
battery should be safe to operate outside lab conditions and not contain any hazardous mate-
rials.

As mentioned at the start of this chapter, the final concept of the 3D printed battery will consist
of an open air beaker that will house the electrolyte. Since sulfuric acid is corrosive and pro-
duces toxic fumes, another choice for the electrolyte should be considered. Thus, the decision
was made to use citric acid with a pH level of 2.2 as the electrolyte for the battery as it is safe
to use with one’s hands, does not require extreme care when disposing, and is readily available
in most cases. In the case of the lemon battery, the maximum voltage that can be achieved is
0.9V [Wikipedia contributors, 2019h].

3.6.1 Issue with Electrolysis of Solution

During the review of the electrolytes in the previous section, one issue that should be consid-
ered is the electrolysis of the electrolyte. Citric acid solution contains citric acid and distilled
water, which splits at a potential difference of 1.23V [Wikipedia contributors, 2019d]. The elec-
trolysis of water should not be an issue as the cell voltage should not exceed 0.9V.

In the following chapter, the charactirzartion methods will be presented.
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4 Characterization

In this chapter, an overview will be provided about the different measurement methods that
will used to characterize the electrodeposition process as well as model the different compo-
nents of the 3D printed battery. In addition, the methods used to characterize the 3D printed
battery as a whole will be given.

4.1 Structural Analysis

Apart from a small segment on the 3D printing process, the structural analysis of the 3D printed
battery will mainly focus on the verification of the amount of copper and zinc deposited dur-
ing the electrodeposition process. The current and voltage measurements will be taken by the
Galvanostat and used to mathematically calculate the amount of metal ions deposited. To fur-
ther verify the effectiveness of the electrodeposition process, the weighting of the 3D printed
sample will also be conducted.

The measured results will be compared with the expected results.

4.2 Electrochemical Impedance Analysis

Electrochemical impedance analysis allows for the understanding of how the 3D printed bat-
tery operates in different scenarios by identifying the dielectric and electric properties of in-
dividual contributions of the components within the battery [ele, 2019, Ramasamy, 2013, Shih
and Lo, 1996]. More specifically, electrochemical impedance analysis uses a device called the
LCR meter to measure the inductance (L), the capacitance (C), and the resistance (R) of the
electric device in question [Ramasamy, 2013]. Also, EIS is a non-invasive method that can be
applied to active batteries [Shih and Lo, 1996].

With the values of the impedance of the battery, EIS uses electrical circuits built from com-
ponents such as resistors and capacitors to model the behavior [Ramasamy, 2013]. The most
commonly used electric circuit in EIS is called the Randles circuit, which consists of an active
electrolyte resistance in series with the parallel combination of a double-layer capacitance and
a charge transfer resistance [ele, 2019, Ramasamy, 2013, Shih and Lo, 1996].

The Randles circuit can be seen in the top left of Figure 4.1 along with an example of the corre-
sponding Cole-Cole plot made from data from a LCR meter.
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Figure 4.1: Two Cole-Cole plots and their corresponding equivalent electronic circuits, or Randles mod-
els [ele, 2019]

As can be seen in Figure 4.1, active electrolyte resistance is found by looking at the x-intercept
of the curve on the Cole-Cole plot [ele, 2019]. Furthermore, the charge transfer resistance is
found by calculating the distance inbetween the two x-intercept values of the curve [ele, 2019].
Therefore, by measuring the 3D printed battery with the LCR meter, a Randles model of the 3D
printed battery can be made.

4.3 Discharge Test

In terms of batteries, the most useful specification for commercial users is the rated capacity.
With the rated capacity, the user can make the determination whether the battery can supply
the adequate amount of current for the intended period of time. Therefore, the 3D printed
battery must be discharged to determine its capacity.

The capacity of the battery as well as other characteristics can be seen from the graph of the
discharge cycle of the battery. Generally, for the discharge cycle of a battery, the voltage of the
battery versus time is plotted separately from the current of the battery versus time. However,
many research papers plot the voltage of the battery over the specific capacity of the battery as
can be seen in Figure 4.2 and 4.3.
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Figure 4.2: A graph of the discharge cycle of a zinc-carbon battery with units of voltage over units of
specific capacity [Alias and Mohamad, 2015]
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Figure 4.3: Two graphs of the discharge of a lithium titanium oxide and lithium manganese oxide bat-
teries with units of voltage over units of specific capacity at different discharge currents [Reyes et al.,
2018]

Glancing at the graph in Figure 4.2, several of the characteristics of batteries can be pointed
out. The initial voltage, also the highest value on the curve, is the maximum voltage that the
battery can deliver and therefore, is called the maximum theoretical voltage if all the compo-
nents are ideal [Wikipedia contributors, 2019c]. However, as one can see, the maximum voltage
is not sustained for the majority of the life cycle of the battery; instead, the voltage drops and a
plateauis observed and centers around one value, which is called the nominal practical voltage.
The nominal practical voltage is the voltage that the user of the battery can expect to observe
at the output.

Specific energy of the battery, on the other hand, defines the battery capacity in relation to
weight as can be seen on the axes of the graphs in Figure 4.2 and 4.3. To calculate the capacity of
the battery, it requires taking either the integral of the area under the curve of the voltage graph
over time multiplied with the inverse of the value of the resistor or simply taking the integral of
the area under the curve of the current graph over time. With the value of the current over the
set time period, the capacity of the battery can be expressed as Ah.
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Thus, the rated capacity of the 3D printed battery of this thesis will be calculated from the
integral of the current over time and compared to the capacity of other batteries such as the
ones in Figure 4.2 and 4.3.

In the next section, the methodology of the 3D printed battery will be given.
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5 Method

This chapter discusses the fabrication of the 3D printed battery and the processes and mea-
surement setups that arise from its creation. In the first section, the 3D printer settings will be
mentioned in great detail as it is known that they have a significant impact on the electrical
resistivity of the finished 3D print [Zhang et al., 2017c]. Afterwards, the specifics of the elec-
trodeposition process will be presented, particularly the composition of the baths and currents
applied to the electrodes, and followed by the final implementation of the 3D printed battery,
chiefly the preparation and containment of the electrolyte. Lastly, the measurement setups that
were used to carry out the characterization of the 3D printed battery as described in chapter 4
will be mentioned.

Before the immersion into the electrolyte, the 3D printed battery is referred to as the 3D printed
sample in the following chapters.

5.1 3D Printing

As can be seen in Figure 5.1, the model in Figure 3.1 consists of three separate models; two
individual models for the right and left electrodes and one individual model for the housing of
the electrodes. The dimensions of the 3D printed sample can be seen in Appendix B in Figure
B.1, B.2, and B.3. As can be seen in Figure B.2, the length and width of the electrodes is set to
15 mm and the thickness is set to 0.6 mm. Furthermore, as can be seen in Figure 5.1, additional
extrusions were added in the cutouts for further support of the thin electrodes during the 3D
printing process.

Figure 5.1: A picture of the individual Autodesk Fusion 360 models of the electrodes and housing

The three STL models from AutoDesk Fusion 360 were combined and sliced with Simplify3D.
The two electrodes were 3D printed from rigid carbon black filled PLA (Proto-Pasta [pro, 2017])
and the housing was 3D printed from rigid blue colored PLA using the FlashForge Creator Pro
with the Flexion dual extruder [FlashForge, 2017]. Furthermore, the build plate was manually
leveled by turning the three knobs on the underside of the build plate.

To ensure proper first layer adhesion as well as easy removal of the finished 3D print afterwards,
kapton tape was applied across the length of the build plate. Also, as the build plate was heating
up to the desired temperature of 60 °C, 3DLAC spray adhesive was sprayed onto the area of the
kapton tape where the filament would be deposited.

In regards to the Simplify3D parameters, the settings for both the normal and electrically con-
ductive PLA were set to the following:
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Table 5.1: Table of the 3D printer settings for electrically non-conductive PLA and electrically conductive
Proto-Pasta PLA

PLA Proto-Pasta PLA
Printing Temperature | 205°C 220°C
Extrusion Multiplier | 1.20 1.30
Extrusion Width 0.4mm 0.4 mm
Layer Height 0.2mm 0.2mm
Infill(%) 100 100
Prime Pillar Enabled | Enabled
Skirt Enabled | Disabled
Support Disabled | Enabled
Retraction Enabled | Enabled

Furthermore, the extrusion multiplier was set above 100 for both materials to ensure that there
were no gaps in-between the electrodes and the housing that would otherwise ruin the 3D print
during the electrodeposition process by allowing the electroplating solution to seep through.
Likewise, prime pillars and a skirt were utilized to avoid cross-contamination of the different
materials during the 3D printing process. In Simplify3D, the model was placed upside down
to minimize the amount of support needed and to have the electrodes printed horizontally in
accordion with the decision made in Chapter 3.

Once the 3D printing had finished, the 3D printed sample was removed from the build plate
with the use of ethanol as to not damage the print through the conventional scraping method.

5.2 Issue with Wiring the 3D Printed Battery

To prepare the 3D printed sample for the electrodeposition process and the final battery stage,
a wire was attached to the top-side of each electrode. Due to the melting temperature of PLA,
a soldering iron could not be used to solder the wires onto the 3D printed electrodes. Instead,
Electrolube silver conductive paint was applied along the entire surface area of the top-side
of both 3D printed electrodes to ensure that the current from the wire was uniformly spread
throughout. Then, the current carrying wires were placed on top of the silver painted areas and
secured in place with strips of electrical tape.

5.3 Electrodeposition

Once the 3D printing had been completed, the 3D printed sample was subjected to the elec-
trodeposition process.

The 3D printed sample was first submerged into a 250 mL beaker of ethanol and placed into
an ultrasonic bath for 60 s to increase the surface wettability and clean the surfaces before the
insertion into the electroplating solution [Kim et al., 2019]. Then, once the 3D printed sample
had been dried, the conductive silver paint was applied to the top-side surfaces of the elec-
trodes. Afterwards, as illustrated in Chapter 2, the three electrode setup with the Galvanostat
was assembled, which was followed by the preparation of the copper and zinc bath solutions.
Next, the 3D printed sample was inserted into each bath solution and electroplated with each
metal. The following sections describe the electrodeposition process in further detail.

All the materials and equipment utilized were specifically chosen for the purpose of being used
in standard laboratory beakers.
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5.3.1 Three Electrode Setup

Except for the cathode and electroplating solution, the same equipment was used for the elec-
trodeposition of copper and zinc. To drive the chemical reaction of reduction, the Keithley 2410
power supply with four-wire sense was used [Keithley, 2014].

Keysight 2410 SourceMeter
Force Hi ‘ |

Sense Hi

T Force LO
Working Electrode

Sense LO

Figure 5.2: A diagram of the three electrode setup sued for the electrodeposition process

As can be seen in Figure 5.2, the Force-HI port of the power supply was connected to the
counter electrode, or cathode. The Sense-Hi port of the power supply was connected to the
reference electrode and the Force-Lo and Sense-Lo were connected to the working electrode,
or anode. The material of the counter electrode was dependent on the metal that was to be
electrodeposited. In the case of the copper electrodeposition, a copper cathode of 99.99% pu-
rity that measured 5 cm by 10 cm was used. A zinc cathode 0f 99.99% purity that measured 5 cm
by 8 cm was used for the zinc electrodeposition. A general rule of thumb is that the surface area
of the counter electrode should be ten times greater than that of the working electrode. Like-
wise, for the electrodeposition of each metal, the wire connecting the working electrode, or the
3D printed sample, to the power supply was switched from one electrode on the 3D printed
sample to the other. In both cases, the reference electrode was a silver-chloride electrode.

Pictures of the configuration of the electrodes for each electrodeposition process can be seen
in Figure 5.3 and 5.4. As can be seen in Figure 5.3 and 5.4, the reference electrode is positioned
behind the counter electrode as it should never be in the electric field lines between the counter
and working electrodes. Otherwise, the counter electrode would measure a voltage drop.

Each electrodeposition run was conducted for a duration of approximately 30 min as there was
no significant drop in the electrical resistance of the 3D printed Proto-Pasta electrode from
30 min to 60 min at a distance of 1 cm from the electrical contact point [Kim et al., 2019].

5.3.2 Copper Electrodeposition

The following section concerns with the details specific to copper electrodeposition. The com-
position of the copper electroplating solution follows the research work done by another paper;
originally intended to create enough electroplating solution for a 10 L bath, the procedure con-
sists of the following steps [Bart, 2009]:

1. Fill 7L DI water into the tank

2. Add 0.3 L Sulfuric Acid (H,SO,4) with constant stirring
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3. Mix well
4. Add 1 kg Copper Salt FG and dissolve
5. Add 0.8 L Sulfuric Acid (H,SO,4) with constant stirring
6. Mix well
7. Add 2mL Hydrocloric Acid (HCL)
8. Add 0.1 L Slotocoup HL11
9. Add 3mL Slotocoup HL13
10. Mixwell
11. Make up to final volume with DI water

12. Mix thoroughly

As can be noticed above, the procedure contains a few additives that are intended to accelerate
the electroplating process. To ensure that the surface of the anode is uniformly electroplated,
the copper bath was stirred using a magnetic stirrer at a speed of 300 RPM to circulate the
supply of copper ions [Kim et al., 2019]. Additionally, the underside of the electrode that is to
be electroplated is pre-wetted with the copper electroplating solution to expel any air bubbles.

Given the surface area of the 3D printed electrode to be 2.25cm? and the current density of
3mA/cm?, the current source of the power supply was set to 6.75mA [Kim et al., 2019].

The final copper electrodeposition setup can be seen in Figure 5.3. The beaker was filled
with the copper electroplating solution until the underside of the 3D printed sample was sub-
merged.
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Reference Electrode

"4

3D Printed Sample

Figure 5.3: A picture of the copper electrodeposition setup with labels for the three electrodes

5.3.3 Zinc Electrodeposition

This section deals with the particulars of zinc electrodeposition. Unlike the complex procedure
to formulate the copper electroplating solution, the process to create the zinc electroplating
solution involves only one chemical solution: zinc sulfate. Therefore, 1.0 mol of zinc sulfate so-
lution was poured into the beaker until the underside of the 3D printed sample was submerged.

Once again, to ensure that the surface of the anode is uniformly electroplated, the zinc bath was
stirred by a magnetic stirrer at a speed of 100 RPM to circulate the supply of zinc ions [Alias and
Mohamad, 2015]. The underside of the electrode was pre-wetted with the zinc electroplating
solution.

Given the surface area of the 3D printed electrode to be 2.25 cm? and the current density of
20mA/cm?, the current source of the power supply was set to 45 mA [Alias and Mohamad,
2015].

The final configuration of the electrodes can be seen in Figure 5.4.
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Figure 5.4: A picture of the zinc electrodeposition setup with labels for the three electrodes

5.3.4 Measurement Setup

Likewise, it is important to obtain the correct measurements during the electrodeposition pro-
cess for the purpose of evaluation later on.

To measure the amount of metal electrodeposited during the two electrodeposition processes,
the weighting of the 3D printed sample at different stages was conducted using an electronic
scale.The 3D printed sample was measured straight after being 3D printed. Next, it was
measured after the Ethanol cleaning bath and weighted after the silver paint has been ap-
plied. Then, before the current was applied in each of the electrodeposition processes, it was
weighted after being immersed in each of the electroplating solution. Lastly, the 3D printed
sample was weighted after the electrodeposition of each metal.

Moreover, during the electrodeposition process, the Galvanostat will measure the voltage and
current passing through the entire system of electrodes and electrolyte. Therefore, it is impor-
tant to configure the power supply to communicate in RS-232 mode so that the Matlab script in
Appendix A can be used to set the current and capture the data to be plotted afterwards [Keith-
ley, 2014].

With the weight and Galvanostat measurements, there is redundancy in the collection of data
and the cross-examination of the results can be conducted.
5.4 Final Battery Fabrication

Once the 3D printed sample was electroplated, the 3D printed battery was finalized by immers-
ing the electroplated 3D printed sample into the citric acid electrolyte.
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Normally, in a laboratory setting, citric acid comes in powder form and requires the addition of
boiling water to completely dissolve and become a homogeneous solution. With the molecular
mass of citric acid at 192.12 gmol ™!, 19.212 g of citric acid was combined with 100 mL of boil-
ing water to obtain 100 mL of electrolyte [cit, 2019]. The 100 mL of citric acid electrolyte was
then placed inside a 250 mL glass beaker. The size of the beaker will determine the quantity of
electrolyte that needs to be made as the glass beaker should be filled up until the underside of
the 3D printed sample is submerged. The final result can be seen in Figure 5.5.

’} g ’ \ \’! -
N

Figure 5.5: A picture of the final product with the electroplated 3D printed sample immersed in the citric
acid electrolyte with the wires connected to the plus and minus terminals

5.4.1 Measurement Setup

Similarly, like in the measurement setup for electrodeposition, it is vital to have the proper
equipment to conduct the characterization methods outlined in chapter 4.

For the LCR measurements, the LCR meter used was the HP 4284A Precision LCR Meter with
a frequency range of 20 Hz to 1 MHz. As can be seen in Appendix A, Matlab code was used to
program the LCR meter and set the specific frequencies for the LCR measurements; the LCR
meter was configured to perform two frequency sweeps on the set of frequencies shown in
Figure 5.6. The LCR meter measured the magnitude and phase of the impedance.

frequencies = [20 30 40 60 70 80 90 100 150 200 300 400 500 600
700 800 900 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
15000 20000 25000 30000 35000 40000 45000 50000 55000 60000
65000 70000 75000 8ed4 8.5e4 9e4 9.5e4 le5 1.2e¢5 1.5e5 2e5 2.5
e5 3eb 4ed 5Hed 6Geb Tebh Beb 9ed leb];

Figure 5.6: A screenshot of the set of frequencies used for the LCR measurements

Using the four-wire sense of the LCR meter, the lowside-current and -voltage wires were at-
tached to the zinc electrode and the highside-current and -voltage wires were connected to
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the copper electrode. The electroplated 3D printed sample was immersed in the electrolyte as
shown in Figure 5.5 for the LCR measurements.

For the discharge measurements of the 3D printed battery, the Keysight 34461A Digital Mul-
timeter was used [Keysight, 2019]. As mentioned in Chapter 4, the capacity of the battery is
measured in units of ampere-hour, or Ah. Therefore, the multimeter measured the output cur-
rent from the 3D printed battery over time as it was discharged through an external load. To
easily obtain the values of the voltage from the current measurements, aload of 1 Q was placed
in series with the 3D printed battery.

Once the redox reactions had ceased, the 3D printed sample was removed from the depleted
citric acid electrolyte, electrodeposited with zinc again, and placed in a new solution of citric
acid to start over with the measurements.

In the following chapter, the results obtained from the measurement setups will be discussed.
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6 Results and Discussion

In this chapter, the measurement results from the different measurement methods presented
in Chapter 4 will be given. The measurement data from the electrodeposition process is com-
pared to the theoretical calculations. Likewise, the LCR measurements are presented and ana-
lyzed to provide a representative model of the battery. Lastly, the current and voltage measure-
ments of the discharge cycle of the battery are shown and interpreted to determine the capacity
of the battery.

The measurement methods were performed in the manner as described in their corresponding
chapters.

6.1 Structural Analysis

Before the results of the electrodeposition are given, a brief section on the challenges encoun-
tered during the 3D printing process will be given.

6.1.1 3D Printing

Several adjustments were made to the printing parameters and the model for the 3D printed
battery went through a few iterations after some trial-and-error. One of the more significant
changes to the printing parameters was the initial layer height. When the Proto-Pasta was
printed directly onto the build plate, the first layer had the tendency to stick to the build plate
and rip itself off the rest of the 3D printed sample when it was removed after completion. This
was a major issue with the first iteration of the 3D printed sample as can be seen in Figure 6.1a
and 6.1b as the thickness of the main structure was only 2 mm. Thus, the initial layer height of
the Proto-Pasta was set to 0.3 mm to ensure that the first layer of the Proto-Pasta came off the
build plate with the rest of the 3D print. Later on, when walls were added to the top side of the
3D printed sample as can be seen in the second iteration in Figure 6.2a and 6.2b, supports had
to be enabled under the entire Proto-Pasta section and the issue with the Proto-Pasta sticking
was completely avoided. In addition, prime pillars were initially used, but were disabled in the
final iteration when the dual extruder setup kept knocking them over. Instead, the retraction
distance was increased from 6 mm to 12 mm. Lastly, leveling the build plate was the single most
significant contributor to the success of the 3D print.

The first iteration of the 3D printed sample can be seen in Figure 6.1a and 6.1b.
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(a) A top view picture of the first iteration of (b) A bottom view picture of the first iteration
the 3D printed sample of the 3D printed sample

Figure 6.1: Pictures of the first iteration of the 3D printed sample

The first iteration was 3D printed in the up-down orientation as can be seen in Figure 6.1b.
Most of the 3D prints had to be discarded before completion as the four thin legs had a huge risk
of being knocked over by the extruder during the printing process. In addition, the lack of walls
along the top side of the 3D printed sample meant that the slightest ripple in the electroplating
solution would easily overcome the small height difference and contaminate the entire 3D print
during the electrodeposition process.

The next iteration as can be seen in Figure 6.2a and 6.2b included raised walls and replaced the
four slender legs for two larger ones instead. The model in the figures had a height of 25 mm
that posed a nuisance during the electrodeposition process as it was quite challenging to lower
and remove from the glass beaker.

(a) A top view picture of the second iteration (b) A bottom view picture of the second itera-
of the 3D printed sample tion of the 3D printed sample

Figure 6.2: Pictures of the second iteration of the 3D printed sample
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With these issues in mind, the final model in Figure 3.1 was made 5 mm higher and the two legs
were shortened in width by 0.5 mm to keep the printing time under two hours.

6.1.2 Issues with the Wiring of the 3D Printed Sample

Moreover, issues arose when the electrical tape holding the wires would tear themselves from
the surface of the electrode when presented with an aqueous solution such as the electroplating
solution. The problem was simply fixed through the drying of the surface and the application
of an external force on the electrical tape.

The possibility of using epoxy to permanently glue the wires to the electrodes was considered.
However, it was decided that the presence of the wires would interfere with the weight mea-
surements intended to measure the amount of metal deposited during the electrodeposition
process.

6.1.3 Electrodeposition
During the process of electrodeposition, the Galvanostat with its three electrode setup was used
to obtain the data in Figure 6.3, 6.4, 6.5, and 6.6.

6.1.4 Copper Electrodeposition Results

Irrespective of the order of electrodeposition, the copper electrodeposition was the first metal
to be electroplated in this case. The graphs of the current and voltage measurements during
the electrodeposition process can be seen in Figure 6.3 and 6.4.

3
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Figure 6.3: A graph of the current vs. time of the copper electrodeposition

As can be seen in Figure 6.3, the current value of 6.75 mA that was specified in Chapter 5 was
achieved with a visible upwards trend. The slight upwards trend of the current can be attributed
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to the decrease of the electrical resistance of the electrode over time due to the constant depo-
sition of copper onto the electrode. Using Faraday’s Law of Electrolysis, the amount in grams
of the copper that was electrodeposited can be calculated for the theoretical current of 6.75 mA
and the measured current as follows:

T
QTheoretical =f Idt=(6.75mA)- (1864.6s) = 12.58605C (6.1)
0

T 1864.6
QMeasured :f Idr :f Idt=15.68C (6.2)
0 0

M-Q 63.546gmol ™! -12.58605C

z-F  2.96485.33289Cmol !
M-Q _ 63.546gmol ! -15.68C

z-F  2.96485.33289Cmol ™!

Mtheoretical = =0.00414¢g (6.3)

=0.00516¢g (6.4)

Mmeasured =

Thus, from the calculations above, the amount of copper electrodeposited during the experi-
ment exceeded the theoretical estimate. However, the current measurements are no guarantee
that the amount of copper calculated was the amount of copper electrodeposited as there is the
possibility that some of the current went towards the electrolysis of the electrolyte. Since no vis-
ible bubbles were observed during the electrodeposition process and the fact that the voltage
was far below any of the electrolysis values mentioned earlier in this thesis, it was concluded
that all the current was dedicated to the electrodeposition of copper.

Likewise, to validate the amount of the copper electrodeposited, weight measurements of the
3D printed sample were taken at various stages during the electrodeposition process; the data
can be seen in Table 6.1 and the analysis of the data will be given later on in this section.

Moreover, during the electrodeposition of the copper, the voltage was measured as well. As
can be seen in Figure 6.4, the curve follows a bell-shaped, downward trend, which matches
expectation; as the copper is deposited, the electrical resistance of the electrode decreases,
leading to a lower voltage drop over the material and so forth.
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Figure 6.4: A graph of the voltage vs. time of the copper electrodeposition

6.1.5 Zinc Electrodeposition Results

After the copper electrodeposition was successful, the 3D printed sample was subjected to zinc

electrodeposition. The graphs of the current and voltage measurements during the electrode-
position process can be seen in Figure 6.5 and 6.6.
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Figure 6.5: A graph of the current vs. time of the zinc electrodeposition

As can be seen in Figure 6.5, the current value of 45 mA that was specified in Chapter 5 was
obtained. However, as in the case of the copper electrodeposition, there is a noticeable upward
trend in the values of the current. The slight upwards trend of the current can be attributed to
the decrease of the electrical resistance of the electrode over time due to the constant deposi-
tion of zinc onto the electrode. Using Faraday’s Law of Electrolysis, the amount in grams of the
zinc that was electrodeposited can be calculated for the theoretical current of 45 mA and the
measured current as follows:

T
Qrheoretical =j(; Idt=(45mA)-() =67.158C (6.5)

T 1864.6
QMeasured = f Idt = [ Idt=67.164C (6.6)
0 0

M-Q  65.38gmol!-67.158C

z-F  2-96485.33289Cmol !
M-Q  65.38gmol™!-67.164C

z-F  2.96485.33289Cmol ™"

=0.02275¢g (6.7)

Mtheoretical =

=0.02276g (6.8)

Mmeasured =

Despite the variations in the current, the calculations for the amount of copper deposited in
both the theoretical and experimental cases is the approximately the same. Based solely on
the calculations of the total charge, the amount of zinc electrodeposition should be approx-
imately 4.3 times the amount of copper electrodeposition. Taking a look at the actual mass
calculations, the amount in grams of zinc electrodeposition is 4.41 times the amount of copper
electrodeposition.
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Visually, as can be seen in Figure 6.7a, the zinc electroplated electrode had a more profound
coating than the copper electroplated electrode. However, visual observations are not enough
to provide the entire picture.

As mentioned for the copper counterpart, the measured current is not a guarantee that the zinc
electrodeposition process has been 100% efficient. But, before any conclusions can be made, it
is necessary to look at the graph of the voltage measurements to determine whether the value
of the voltage is high enough for electrolysis to occur.

In Figure 6.6, the voltage measurements for the zinc electrodeposition can be seen. The curve
initially starts downward and then, shortly slopes upwards before continuing downward at a
constant rate. The overall downward trend matches expectation as the increasing deposition
of zinc reduces the electrical resistance of the electrode. However, the initial increase in the
voltage and the value of the voltage at around 2.35V is self-evident that the electrolysis of the
solution has occurred as sulfate ions undergo electrolysis at approximately 2.010V. Visual ob-
servations of bubbles forming at the electrode further confirms the conclusion.

The formation of oxygen bubbles from the sulfate ions increase the electrical resistance of the
material. Then, at some point, the attraction of the zinc ions to the electrode is so great that the
zinc ions push out the oxygen gas and deposit themselves onto the surface of the electrode as
seen in Figure 6.6 at the peak. To further support this statement, as can be seen in Figure 6.7a,
there are small indentations in the zinc deposition on the top electrode that are indicators of
the once present oxygen bubbles.

2.35

Yoltage (V)

2.3

2.25
0 500 1000 1500

Time (s)

Figure 6.6: A graph of the voltage vs. time of the zinc electrodeposition

A visual of the results of both the copper and zinc electrodeposition can be seen in Figure 6.7a.
As can be seen in Figure 6.7a, there is an area on the bottom electrode that is not covered by
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copper, which resulted from the mishandling of the 3D printed sample during the removal from
the copper bath.

(b) Closeup picture of the zinc electroplated
(a) Picture of the copper and zinc electroplated electrodes electrode focusing on the indentations left by
with noticeable damage to the copper electrode the oxygen bubbles

Figure 6.7: A picture of the 3D printed sample after copper and zinc electrodeposition; the magnetic
stirrer scratched a portion of copper from the bottom electrode during the removal of the 3D printed
sample from the copper bath

Additionally, the weight of the 3D printed sample was taken after the zinc electrodeposition
and the measurement can be seen in Table 6.1.

6.1.6 Weight Measurements of Electroplated 3D Printed Sample

Apart from calculating the amount of electrodeposited copper and zinc through current mea-
surements, the approach with weighting the 3D printed sample was also used. The data can be
seen in Table 6.1.

Table 6.1: Table with the weight measurements of the 3D printed sample at different stages during the
electrodeposition process; the initial weight is displayed at the far left followed by the difference in the
weight at each stage

After After Ethanol | After Silver | After Immersion After Copper After Zinc
Process N . . . .

Printing | Bath Paste in Copper Solution | Electrodeposition | Electrodeposition
Weight | 5.34g +0.02g +0.20g +0.24¢g +0.05g -0.13g

However, as can be seen in Table 6.1, the weighting of the 3D printed sample was futile as
the weight of the 3D printed sample decreased significantly after the zinc electrodeposition; a
difference of 0.13 g was observed. Thus, the only explanation for such a difference in the weight
can obtained from observing the physical condition of the 3D printed sample. A picture after
the zinc electrodeposition can be seen in Figure 6.8.
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Figure 6.8: A sideways picture of the 3D printed sample after zinc electrodeposition; notice the discol-
oration of the layers towards the top of the print

As can be seen in Figure 6.8, there is a visible discoloration in the structure of the 3D printed
sample, particularly noticeable along the top portion. Such discoloration can be attributed to
the known corrosive properties of the sulfuric acid and sulfate ions that are present in both
baths. For future reference, there is a research paper on the chemical compatibility of 3D
printer filament with solutions commonly used in chemical laboratory experiments [Heikkinen
et al., 2018]. The research paper ultimately drew the conclusion that PLA is poorly compatible
with sulfuric acid as it dissolves completely over time.

6.2 Electrochemical Impedance Analysis

During the electrochemical impedance analysis measurements, the LCR meter stated in Chap-
ter 5 was used to acquire the measurements in Figure 6.9. As mentioned in Chapter 4, an equiv-
alent circuit of the battery based on the Randles Model can be made from the impedance data.

Unfortunately, due to the issue of time, only one LCR measurement run was conducted. In
Figure 6.9, the magnitude and phase of the impedance of the 3D printed battery was plotted
against frequency. In Figure 6.10, a Cole-Cole plot of the data measured by the LCR meter can
be seen. In Figure 6.11, the Nyquist plot of the data captured by the LCR meter can be seen.
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Figure 6.9: A graph with the magnitude and phase of the impedance of the 3D printed battery plotted
against frequency from 20 Hz to 1 MHz
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Figure 6.10: A Cole-Cole plot with the real impedance plotted against the logarithmic of the imaginary
impedance
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Figure 6.11: A Nyguist plot of the 3D printed battery

From a glance at all three plots, the results are not what was expected as the graphs do not
match or resemble anything from the research papers on electrochemical impedance spec-
troscopy of batteries [Shih and Lo, 1996, ele, 2019, Ramasamy, 2013].

Unfortunately, with the available dataset and knowledge, it was not possible to make any con-
clusions.

6.3 Battery Discharge Test

Once it had been measured with the LCR meter, the 3D printed battery was attached to a load
of 1 Q and left to discharge. As mentioned in Chapter 5, a multimeter was used as an ammeter
and was connected in series with the load and the battery.

As reference for comparison later, the voltage potential of the 3D printed battery was measured
without the load attached. The voltage potential can be seen in Figure 6.12.
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Figure 6.12: A graph of the voltage potential of the 3D printed battery without a load attached

As can be seen in Figure 6.12, the voltage potential is approximately 0.835V, or 0.065V under
the expectation of 0.9V as stated in Chapter 3. Regarding the sharp spikes in Figure 6.12, an
interesting observation was be made. The spikes in the voltage values are directly related to
the application of force to the electrical tape holding the wires in place on the 3D printed bat-
tery. Therefore, the voltage potential of the 3D printed battery reacted positively to external
stimulus.

In Figure 6.13, the current measurement of the 3D printed battery over the course of its dis-
charge cycle can be seen. Additionally, with regards to Ohm’s Law, the current measurement
graph in Figure 6.13 is also the voltage measurement graph since the resistor has a value of 1 Q.
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Figure 6.13: A graph of the current measurements of the 3D printed battery attached to load of 1 Q
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As once can see from the horizontal axis in Figure 6.13, the entire measurement took approxi-
mately 171 min and 20s, or a total of 2h, 51 min, and 20s. The initial discharge measurement
run has to be discarded as it was not known that the multimeter has a maximum save data
interval of 1028 s, or 17.133 min.

It is not known what effect the repeated electrodeposition of zinc has on the capacity of the 3D
printed battery. Due to the constraint of time, no more current and voltage measurements of
the battery discharge cycle were conducted.

Then, by taking the integral of the current over time, the capacity of the 3D printed battery can
be calculated as follows:

) T 10280 1min 1h
Capacity = Idt = Idt=24mA-s- ——- -
0 0 60s 60min

=6.6mA-h (6.9)

Thus, the capacity of the battery is rated at 6.6 mA-h. To increase the capacity of the battery,
the amount of zinc electrodeposited should be increased as the redox reactions cease once the
zinc metal on the electrode has completely oxidized.

Due to the constraint of time, further battery discharge tests with increased capacity could not
be conducted.

On a side note, the small variations in the current, particularly after the 6000 s mark, are in-
dentations in time when the tapes holding the wires connected to the topside of the electrodes
became undone and had to be reapplied through the application of force.

Moreover, in Figure 6.13, one can see sharp drops in the current at around the 3400s and the
5200 s mark as well as a sharp peak at around the 4300 s mark. These significant swings in the
current can be attributed to the accumulation of hydrogen bubbles along the underside of the
electrodes as can be seen in Figure 6.14.

Figure 6.14: A picture of the underside of the 3D printed battery immersed in the citric acid electrolyte;
the left side is the zinc electrode and the right side is the copper electrode

The formation of the hydrogen bubbles are an indication that the hydrogen ions from the elec-
trolyte are being reduced. However, the accumulation of hydrogen bubbles should only occur
at the copper cathode, where the electrons from the oxidation of the zinc electrode gather. The
only sound explanation is that the zinc electrode is acting as a multi-electrode due to the fact
that both oxidation and reduction occur on its surface simultaneously [Ahmad, 2006]. Nor-
mally, the external part of the circuit, the wire in this case, allows the passage of electrons from
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the zinc anode to the copper cathode. Thus, it can be inferred that the electrons released
from the oxidation of the zinc metal have a stronger tendency to bond with the hydrogen
ions than to pass through the more resistive 3D printed electrode.

However, the overall lower than expected voltage measurement is not entirely explained by the
presence of the hydrogen bubbles. Since a 1 Q resistor was used as the load, the expected value
for the current flowing through the measurement setup should have initially been in the same
range as the value of the voltage potential measured in Figure 6.12. As can be observed from
Figure 6.13, there is a discrepancy in the units of the current by a factor of 100.

Therefore, the current measured by the measurement setup can only be explained by the pres-
ence of additional resistance somewhere in the circuit. Thus, the only conclusion that can be
drawn is the additional resistance is coming from the internal resistance of the battery. How-
ever, without proper data from the LCR meter, it cannot verified and supported by measure-
ments.

6.3.1 Other Observations

As the 3D printed battery was a primary cell, the 3D printed sample had to undergo electrode-
position once discharged. Fortunately, since the copper is not used up in the redox reactions,
itis only necessary to electrodeposit the zinc again and replace the electrolyte. In Figure 6.15, a
picture of the underside of the 3D printed sample can be seen after the 3D printed battery has
been fully discharged; the copper remains while all the electrodeposited zinc has undergone
oxidation and only the electrically conductive 3D printed electrode remains.

Figure 6.15: A picture of the 3D printed sample after the zinc metal has been entirely depleted

Furthermore, an important observation is that the copper begins to oxidize after a few days in
an open-air environment. Additionally, the citric acid electrolyte evaporates over time and is
prone to mold growth, if left unattended for long periods of time.

In the following chapter, the conclusion will be provided where the research questions stated in
the introduction will be answered. In addition, future areas for improvement will be presented.
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7 Conclusion

In the end, the 3D printed battery was successfully fabricated through the use of electrode-
position. However, the measured performance was far from expectation in comparison with
calculated predictions and other currently researched batteries.

3D printing of batteries is a rapidly growing scientific field that has shown potential to show-
case exciting new results. To fully understand the electrical and chemical properties that hap-
pen within 3D printed batteries, better measurement methods and equipment setups have to
researched and implemented.

The main research question that were stated in Chapter 1 can be answered, along with the sub-
questions:

* How does the performance of a 3D printed battery fabricated with the use of electrode-
position compare with currently researched batteries?

Overall, the performance of the 3D printed battery was very poor. First of all, the average volt-
age during the entire discharge cycle of the 3D printed battery was 2.36 mV. During the first
4000s, the nominal voltage was 4.4 mV at its best. On the other hand, the carbon-zinc battery
achieved a nominal voltage of approximately 1.6V [Alias and Mohamad, 2015]. The lithium
titanium oxide and lithium manganese oxide batteries achieved a nominal voltage of roughly
1.5V and 3.2V, respectively [Reyes et al., 2018]. Secondly, the specific capacity was calculated
to be 1.109mAhg~! with only the mass of the 3D printed sample considered. The specific ca-
pacity shrunk to 0.022mAhg~! when the 3D printed sample and citric acid electrolyte were
considered. Both values pale in comparison to the specific capacity of the zinc-carbon bat-
tery with the value of 300 mAh g_1 [Alias and Mohamad, 2015]. Likewise, considering only the
surface of the zinc electrode, the specific capacity of the 3D printed battery was calculated to
be 2.93mAh/cm?. Moreover, the two 3D printed lithium batteries are more energy dense, are
rechargeable, and can deliver almost seven times the current compared to the 3D printed bat-
tery of this thesis in some cases. Thus, there is room for a lot of improvement.

* Whatis the optimal configuration of the 3D printed electrodes that will permit the best
coverage of metal ions during the electrodeposition process?

The optimal configuration for the 3D printed electrodes is the path of least resistance. Ideally,
the electrodes would be infinitesimally thin and infinitely long and wide. Furthermore, it is im-
portant that the electrodes have an unobstructed access to the electroplating solution. Thanks
to the advantage of having a magnetic stirrer, the effects of the stagnation of the metal ions in
the electroplating solution is not an issue. Additionally, the area of the electrodes that is to be
electroplated should ideally be facing the counter electrode so that the surface is in the path of
the electric field lines and captures a greater surface area of the electric flux.

e What is the ideal electrolyte that will allow for the largest battery capacity?

As seen in Chapter 6, the capacity of the 3D printed battery relies on the combination of the
amount of zinc electrodeposition and the size of the electrolyte. In the case of the 3D printed
battery fabricated in this thesis, the supply of zinc depletes before the supply of citric acid elec-
trolyte. Thus, in this case, an increase in the amount of electrodeposited zinc metal would
increase the capacity of the 3D printed battery.

In the case that the supply of zinc metal was not the issue, the ideal electrolyte would be sulfuric
acid as mentioned in Chapter 3. However, sulfuric acid would have the highest cell voltage, but

Luka Séulac University of Twente



CHAPTER 7. CONCLUSION 41

it would be the measure of the concentration of the acid that would determine which acid has
the largest capacity [Wikipedia contributors, 2019h].

* How can the electrical characteristics of the 3D printed battery be modelled?

Unfortunately, the data measurements from the LCR meter were inconclusive. The curves on
the Cole-Cole plot, the Nyquist plot, and the impedance magnitude and phase plot did not
closely resemble anything presented by other research papaers [Shih and Lo, 1996, Ramasamy;,
2013, ele, 2019].

7.1 Future Research
In terms of future improvements and research questions, there are quite a few.

For one, further research could be devoted to implementing a porous membrane through 3D
printing into a double cell battery. Layfomm is a potential candidate for the porous membrane
due to its unique composition of part rubber-elastomeric polymer and part PVA. Then, us-
ing the Diabase 3D printer, which the capability of printing six different materials at once, the
Proto-Pasta, PLA, and Layfomm can be printed at the same time.

Furthermore, research could be directed towards the fabrication of a secondary battery in the
form of a nickel-zinc metal pair. There are numerous research papers that have already proven
the lithium can be electroplated.

Future improvements in regards to the research in this thesis can be made in selecting more
corrosive resistant materials. However, from the table of materials in Chapter 3, the only other
option for the type of electrically conductive material is ETPU. Further research could be done
to explore the chemical compatibility of materials such as carbon fiber and graphene.

Moreover, the design of the 3D printed battery could be modified such that the electrolyte is
contained within the 3D printed battery rather than an external container like a glass beaker.

For the measurement of the battery discharge cycle, other measurement devices such as elec-
tronic load devices and power supplies could also be considered.
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A Matlab Code

A.1 Electrodeposition

clear all
close all

sourcemeter = keithley 2410_serial_init (3);

fs = 2; %Hz

secPerA = 10e6;%s/A
slope = 1/secPerh;%A/s
Imax = 10e-6;

Imin = -10e-6;
compliance = 12;

n = 5;

tend = (Imax—-Imin)*2+*n+secPerA/60

dI = slope/fs;

I = [0:dI:Imax,Imax:-dI:Imin, Imin:dI:0];
n2 = length(I);

I(1:803) = 45e-3;

tic

il = 1;

figure

hl = animatedline;

ylabel ('voltage (V) ")
xlabel ('time (sec)) ")

for il = 1:
for 12 = 1:n2

i3 (11-1) *n2+12;

keithley_2410_serial_source_current_4wire (
sourcemeter, I (1i2),compliance)

[voltage (i3),current (i3)] =
keithley_2410_serial_ read(sourcemeter);

time (1i3) = toc;

=}

addpoints (hl,time (i3), current (i3));

drawnow
if i3 > 2
axis([min(time), max (time), min (current),max (
current) ]);
end
end
il

end
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load counter

save (['data',mat2str (counter), '.mat'], 'voltage', 'current'
, 'time ")
counter = counter + 1;

save ('counter.mat', 'counter');

fclose (sourcemeter)

A2

LCR Meter

clear all
close all

Range = {''}

sweeps = 2;%number of frequency sweeps
frequencies = [20 30 40 60 70 80 90 100 150 200 300 400

500 600 700 800 900 1000 2000 3000 4000 5000 6000 7000
8000 9000 10000 15000 20000 25000 30000 35000 40000
45000 50000 55000 60000 65000 70000 75000 8e4 8.5e4 9
ed 9.5e4 1leb 1.2e5 1.5e5 2e5 2.5e5 3e5 4eb 5e5 6eb5 7e5

8e5 9e5 leb];

% frequencies = fliplr (frequencies);

frequencies = [frequencies fliplr (frequencies)];
bias = 0;

frequs = length(frequencies); Snumber of frequencies

GPIB_adress = 17;
RLCmeter = HP4284A_init (GPIB_adress);

tic
for i2 = 1:sweeps
for i1 = 1:frequs
tempdata = HP4284A_single (RLCmeter, frequencies (il)
,10e-3,bias, "Z2TR', "LONG"', 1) ;
if ~isempty (tempdata)
Rp(il,i2) = tempdata(2);
Cp(il,i2) = tempdata(l);
else
Rp(il,1i2) 0;
Cp(il,1i2) 0;
disp('error')

end
time(il,12) = toc;
i2
il
end
end

load counter
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save ([ 'CPRPdata',mat2str (counter),'.mat'], 'Rp"', '
frequencies', 'Cp', 'bias', 'time")

counter = counter + 1;

save ('counter.mat', 'counter');

fclose (RLCmeter)
for i1l = 1l:size(Cp,1);
for 12 = 1l:size(Cp,2);
if Cp(il, i2) >1elO
Cp(il, 1i2) = nan;
end

if abs (Rp(il, 12))>2+pi
Rp(il, i2) = nan;
end
end
end

dim = 2;

avgRp = mean (Rp,dim);

stdRp = std(Rp,0,dim);
avgCp = mean (Cp,dim) ;

stdCp std (Cp, 0,dim) ;

figure

subplot (2,1,1)

errorbar (loglO (frequencies),avgCp, stdCp)
xlabel ('log (Frequency) (Hz)")

ylabel ('Magnitude Impedance (\Omega) ')

subplot (2,1, 2)

errorbar (loglO (frequencies), avgRp, stdRp)
xlabel ('log (Frequency) (Hz)")

ylabel ('Phase Impedance (rad)')

figure

col = parula (sweeps);
% col = Jjet (sweeps);
for i1l = 1l:sweeps

subplot (2,1,1);

loglog (frequencies,Cp(:,1i1l), 'o-', 'Color', col(il, :))

xlabel ('Frequency (Hz) ")

ylabel ('Magnitude Impedance (\Omega) ')

hold on

subplot (2,1, 2)

semilogx (frequencies,Rp(:,11), 'o-', 'Color', col (il
ri))

xlabel ('Frequency (Hz)")
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ylabel ('Phase Impedance (rad) ')
hold on

end

% colormap jet

subplot (2,1,1);

caxis ([l sweeps]);

hl= colorbar;

subplot (2,1,2)

caxis ([l sweeps]);

h2= colorbar;

%% Back—-and-forth sweep
figure
for i1l = 1l:sweeps
subplot (2,1,1);
loglog (frequencies (1l:length (frequencies) /2)
length (frequencies) /2,1il), 'ro-');
xlabel ('Frequency (Hz) ')

o® o° o oe

ylabel ('Magnitude Impedance (\Omega) ')
hold on

o° o° o o

length (frequencies) /2+1:end,11), 'b*-")
subplot (2,1,2)

o° oo

length (frequencies) /2,11), 'ro-")
xlabel ('Frequency (Hz)")
ylabel ('Phase Impedance (rad)')
hold on

o® o° o oe

(length (frequencies) /2+1l:end,il), 'bx-")

subplot (2,1,1);

tro=");
xlabel ('Frequency (Hz) ")
ylabel ('Magnitude Impedance (\Omega) ')
hold on

meanCprl, 'bx-")

subplot (2,1, 2)

,Cp(1l:

loglog (frequencies (length (frequencies) /2+1:end), Cp(

semilogx (frequencies (1l:1length (frequencies)/2),Rp(1l:

semilogx (frequencies (length (frequencies) /2+1:end),Rp

% end

meanCplr = nanmean (Cp (l:length (frequencies)/2,:)");
meanCprl = nanmean (Cp (length (frequencies)/2+1:end, :)");
meanRplr = nanmean (Rp (l:length (frequencies)/2,:)");
meanRprl = nanmean (Rp (length (frequencies)/2+1:end, :)");
figure

suptitle('Printed Line Impedance 4-Point Measurement')

loglog (frequencies (1:1length (frequencies)/2),meanCplr,

loglog (frequencies (length (frequencies) /2+1:end),

legend ('Sweep 20Hz -> 1Mhz', 'Sweep 1Mhz -> 20Hz')
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A o° o o o° o° o° o

o° o0 o° oe

o° oo

semilogx (frequencies (1:length (frequencies) /2),meanRplr

14 'ro—')
xlabel ('Frequency (Hz

) ")

ylabel ('Phase Impedance (rad)

hold on

semilogx (frequencies (length (frequencies) /2+1:end),

meanRprl, 'bx-"')
legend ('Sweep 20Hz —>

%% Plot colour gradient
N = length (frequencies)
col = parula(N);

figure
for i = 1:N
subplot (2,1,1)

loglog (frequencies ([1 i+1]), Cp([i i+1]), 'o-', '

color', col (i, :))
hold on
colorbar
subplot (2,1,2)

semilogx (frequencies ([1 i+1]), Rp([i i+1]1), 'o-'", '

color', col (i, :))
hold on
end

1Mhz',

4

")

'Sweep 1Mhz -> 20Hz'")
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B Dimensions of 3D Printed Sample
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Figure B.2: A picture of the AutoDesk Fusion 360 models of the two electrodes with a thickness of 6mm
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Figure B.3: A picture of the AutoDesk Fusion 360 model of the housing of the electrodes
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