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Abstract

High-Areal Capacity Microbatteries from Symmetrical Interdigitated 3D Nanowire
Network Electrodes

by Joel Ojonugwa OMALE

The inability of state-of-the-art microbatteries to simultaneously meet the performance
and size requirements for modern-day, constantly miniaturizing microelectronic devices
has created an impetus to finding better materials and designs capable of fulfilling these
requirements. Thin film batteries are ubiquitous, but the presence of small active materi-
als precludes their use in high-energy applications; on the other hand, while thick-film
batteries are capable of providing adequate energy for many of these devices, long and
tortuous ion diffusion pathways limit their use for high-power applications. This work
explores a strategy of decoupling power and energy capabilities of microbatteries by
using functionalized three-dimensional interconnected core-shell nanowire networks as
the electrodes’ active material in a 3D microbattery. Specifically, it presents the foremost
attempt at fabricating a symmetrical microbattery with interdigitated electrodes from
polyaniline, a conducting polymer, whose electrochemistry allows its use in symmetrical
batteries; the interdigitated architecture of the electrodes allows its compact integration on
a single substrate, consistent with the requirements for microelectronics applications. The
Pt nanowire network was prepared by template-assisted electrodeposition; the nanowires
and thin films were functionalized with the active material, polyaniline, by electroless de-
position, and the interdigitated architecture was effected by laser ablation of the as-grown
Pt nanowire network. For the same thickness of active material, the thin-film micro-
battery presents an areal capacity of 0.09 pA hcm™2, while the 3D microbattery presents
2.7uAhcem™2, 30 times higher than the thin film’s, consistent with the expectations of
increased mass loading. The thick-film battery, despite having 40 times more material than
the thin film, presents an areal capacity of only 0.45 pA h cm ™2, evidence of limitations by
longer ion diffusion pathways. The volumetric capacity of the 3D battery is compared with
similar batteries in the literature, and it is found to compare favourably, with even better
cycle characteristics. This work is a proof of concept of working symmetrical batteries

with interdigitated electrodes based on a 3D core-shell nanowire network architecture.
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1 Introduction

Experts project that the number of connected Internet of Things (IoT) devices will rise
from the present-day value of 17.6 billion to anywhere between 20 billion and 50 billion in
2020, and have a concomitant market value of almost 6 trillion Euros [1-3]. The reason for
this is obvious: with wide-ranging applications from medicine, to consumer applications,
to infrastructure management, IoT promises increased efficiency and economic benefits
to individuals and enterprises. Moreover, global warming, increasing energy demand
due to population growth, and recurring energy crises have accelerated the growth of
the proportion of renewable energy sources in the total energy mix for all purposes [4];
however, renewable energy sources are intermittent, therefore requiring the integration
of energy storage systems. These facts have caused a growing demand for higher-power-
density and longer-life-cycle batteries, of all dimensions, than what is available on the
market.

The most prevalent type of battery for electronics and mobility applications is the
lithium-ion battery (LIB) in which lithium ions shuttle between its electrodes, typically
graphite (Li,C¢) as anode and lithium cobalt oxide (LiCoQ,) as cathode, through a lithium
ion-containing electrolyte and a separator, which allows for passage of lithium ions but
not electrons [5]. However, there are certain issues associated with the prevalent lithium-
ion batteries. First, because the most commonly used cathode material is lithium- and
cobalt-based (LiCoQy), there is the issue of sustainability, as the abundance of lithium
and cobalt (even more so0) in the earth are limited; recycling can alleviate some of this,
but their imminent scarcity will ultimately lead to an increased price of batteries. Second,
there are safety concerns, as the presence of both combustible material and oxidising agent
carries the risk of runaway reactions that can result in fire and explosions; although this
can be avoided by selecting an electrolyte of appropriate chemistry, accidents are still
likely, as, like in most devices, accidents occur due to the manufacturers” attempting to
cram more active materials in the same volume, causing internal short-circuits. The final
issue is a rather counterintuitive one: We know that one of the chief purposes of energy-
storing devices is to reduce CO, emission; however, the carbon footprint of LIB production
requires well over 100 recharges of each battery before we see any carbon-related benefits
[6]. It is obvious, then, that for LIBs to meet the need of curbing CO, emission, this number
must be drastically reduced.

By and large, there are two currently explored approaches to tackling these issues:
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(1) by using nanostructured electrodes, and (2) by exploring other, less expensive materials.
Since the electrochemical performance of electrode materials are strongly dependent on
their sizes, morphologies, and structures, researches are proving that many of the present
issues can be circumvented by using nanostructures. In particular, nanostructures offer
short diffusion lengths, which make it possible to charge and discharge batteries faster, i.e.,
have higher power; nanostructures allow for more facile strain accommodation during
charging and discharging than their bulk counterpart, which leads to better cyclability; by
virtue of their sizes, the ratio of their surface area to volume is large, which enhances the
kinetics of the reactions they undergo, resulting in higher specific capacity; and because
the transport of multivalent ions is faster in nanostructures than in bulk materials, using
nanostructures enable practical batteries based on larger ions (Mg**, AI**, say) than lithium
ion, which are typically capable of storing more energy [5-8].

Applications of nanostructures for batteries are mostly as thin-films in so-called
"microbatteries", which are batteries that have their components stacked either one on
another in a planar configuration, or side by side on current-collecting layers [9]. Micro-
batteries are the choice batteries for microelectronic devices (e.g., IoT devices), because
they are miniature and have areal performances consistent with the requirement for such
devices. There’s a plethora of advantages to using batteries of such configuration. For one,
because the thicknesses of the electrodes are in the nanoscale, they tend to be extremely
stable upon cycling, because of the shortened Li" diffusion pathway [10] and reduction in
side reactions by the cell components [11]; for another, since all the components of thin film
batteries tend to be solid, they have large thermal stability, making it usable in a tempera-
ture range as wide as from —40° to 150° C [9]. Notwithstanding these advantages, there are
still demerits. Notably, it’s challenging to simultaneously achieve high areal energy and
power density in such batteries, because increasing film thickness (in order to attain higher
energy density) leads to increased Li* diffusion lengths (thereby sacrificing power density);
moreover, the solid-state electrolytes typically employed have lower ionic conductivities
than liquid electrolytes [12]. To surmount these demerits, specifically regarding the com-
petition between areal energy and power density in thin-film batteries, batteries made
of three-dimensional (3D) nanostructures are proving to be better alternatives to thin-film
batteries [9, 13-16]. This is because by using 3D structures on the same footprint area (as a
thin film), there’s more material and active area, while retaining the short-ion transport
distances associated with nanostructures. Therefore, with such architecture, high areal
energy and power density batteries can be simultaneously attained; moreover, there’s the
added advantage that energy density can be easily tailored by increasing the height of the
3D nanostructures.

Furthermore, the finiteness of metal ores implies that, over time, extraction and

manufacturing of battery components therefrom will be cost-inhibitive, leading to an
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overall rise in the cost of batteries. Many advances in battery technology are underway,
but the preponderance of these advances are to replace liquid electrolytes with solid —
typically polymer [17] - electrolytes. However, electrolytes account for less than ten percent
of battery costs [18, 19]; hence, only as much effort need be expended in optimizing battery
costs. The electrodes, on the other hand, account for, at least, fifty percent of the costs [18,
19]; consequently, much more research effort need be directed at finding cheaper, more
sustainable replacements. As in electrolytes, polymers are also intriguing alternatives
for electrode materials, because they are more sustainable, relatively environmentally
benign, possess propitious mechanical properties — light, flexible, etc.— relatively easy to
manufacture, and are electroactive towards a host of other ions besides Li" [20].

It is the purpose of this work to immensely contribute to these novel approaches
to tackling the issues of the sustainability of LIBs, and to the tradeoff between areal energy
and power density in thin-film microbatteries. Specifically, this work produces, and studies
the performance of, a symmetrical microbattery —i.e., a microbattery whose electrodes are
exactly the same material- with side-by-side interdigitated electrodes made of 3D inter-
connected platinum (core)-polyaniline (shell) nanowire networks (3DNWN). Polyaniline
(PAni) is selected as the active material, because its electrochemistry is suitable for this
purpose: It’s a conducting polymer that has three main redox states — leucoemeraldine,
emeraldine, and pernigraniline — depending on the fraction of benzenoid and quinoid states
in the overall structure. The method of synthesis employed in this work — electroless
deposition — produces PAni in its conducting emeraldine-salt state, which is, in fact, the mid-
redox state; thus, by applying a reducing or oxidizing current to the (PAni) emeraldine-salt
electrodes (charging), the electrodes are reduced or oxidized to the leucoemeraldine or
pernigraniline state, respectively, resulting in a potential difference that can drive charges
during discharge of the battery. Furthermore, the use of interdigitated electrodes allows
compact integration of the anode and cathode on a single substrate, consistent with the
requirements for microelectronics applications, and reduces the ohmic resistance of the
system that results from ions having to shuttle long distance between electrodes [14].

To this end, studies to determine the optimal growth parameters for PAni films on
Pt substrates and on 3D interconnected Pt nanowire networks were initially undertaken;
then the stability windows of potential liquid electrolytes were determined. Subsequently,
cyclic voltammetry (CV) was done under variable conditions to determine the redox
potentials for the transitions between the PAni redox states, hence the potential window
within which cells fabricated therefrom are operable; then, the cycling performance of
PAni films were evaluated. Finally, the interdigitated architecture was effected on the
3D nanowire networks, and its cycling performance determined. At all stages, various
characterization techniques were used to track and instruct the progress of the work.

This work is divided into three sections. The first section is a literature survey of
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important concepts relevant to understanding theoretical aspects, motivation of the work,
and the choices of experiments carried out. The second section presents experimental
details regarding syntheses, characterization, battery assembling, etc. The third section
presents the results obtained and discusses them, from which relevant conclusions are
drawn and recommendations are made for future works.




2 Literature Survey

This chapter is a literature survey of concepts, which, in the author’s opinion, are relevant
to understanding this work. To whet the interest of the reader, it begins on a light note with
a short historical context of energy storage; then, it segues to the more involved subject
of the science and engineering of batteries, touching on the thermodynamics of energy
storage and so on. Microbatteries, the interest of this work, are subsequently particularized,
discussing their requirements, the structural aspects that confer their characteristics on
them, and the state of the art. Finally, an adequate treatment of the solid-state physics and

electrochemistry of conducting polymers, and of polyaniline (PAni), specifically, is given'

2.1 A Brief History of Energy Storage

In 1938, a German archaeologist Wilhelm Konig excavated a 14-cm-long ovoid clay jar
containing a copper cylinder that encased an iron rod in Khujut Rabu, a local area to the
South-East of Baghdad, Iraq [21, 22]. Figure 2.1a shows the excavated artefacts and Figure
2.1b shows the schematic of the device as reconstructed. The artefacts were dated to the
Parthian era, ca. 250 BC to AD 225 [22], and its discoverer theorized that it’s some sort of
galvanic battery, akin to the present-day wet-cell battery, which was used for electroplating
[22]. There’s an alternative view that the device might have been used instead for medical
purposes — probably as a local electrical analgesic [22] — after analyses of the characteristics
of such a cell; the consensus, however, is that this device, popularly known as the "Baghdad
battery" or the "Parthian battery," from antiquity is the first testament to humans’ success
at converting chemical energy to electrical energy, ages before the underlying principles
were known.

Two parties independently discovered, in 1745, that it was possible to store
electric charges (from an external source) between two electrical conductors, one inside
and the other outside a glass bottle. The parties were the Dutch Professor of physics,
Pieter van Musschenbroek, working with his student Andreas Cunaeus, in Leiden, and the
German deacon, Ewald Georg von Kleist. Coincidentally, both parties made the discovery
while attempting the experiments developed by Georg Matthias Bose, who had shown

IThe author has elected to present this chapter (and much of this work, in fact) in a conversational tone;
this, it is hoped, will reduce the tedium that characterizes the reading of scientific works; so, every now and
then, a witty remark may be seen. Don't hesitate to lol!.
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asphalt
stopper
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Electralyte
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() (b)

FIGURE 2.1: (a) Set of excavated artefacts; (b) Schematic of the key components of the
Baghdad battery [23].

that alcoholic spirits could be set alight by passing electricity through water; however,
while Kleist was trying to prove his theory of electricity that treated electricity as a fluid
[24], Musschenbroek and Cunaeus, working in Leiden (the eponym for the device), the
Netherlands, were, in their own words, "[trying] to increase the power and longevity of
electricity" [25]. The earliest Leyden jars, shown in Figure 2.2a, consisted of a hand-held
glass jar filled with water, with a metallic nail passing through the cork stopper to contact
water in the jar. The water in the jar is charged by electrostatic generators through the
metallic nail; the hand holding the jar and the water act as plates such that, on charging
the water, opposite charges accumulate on the hand holding the jar. Discharge is done by
touching the nail with a finger, causing charges to leave the water through the metallic nail
to the hand holding the jar, neutralizing the charges from water (as they are of opposite
signs), usually resulting in shock.

To a reader versed in energy storage devices, it should be obvious that Figure
2.2b is, in fact, what is now called a capacitor; however, the term "battery" was first used
to describe an assembly of Leyden jars connected in series or in parallel to enhance the
properties of an individual jar. It was Benjamin Franklin, who, in a letter to Peter Collinson

in 1749, first coined the term to describe multiple Leyden jars connected in series [28, 29]:

Upon this We made what we call’d an Electrical Battery [italics in original],
consisting of eleven Panes of large Sash Glass, arm’d with thin leaden Plates,
pasted on each Side, placed vertically, and supported at two Inches Distance
on Silk Cords . . . .

Nowadays, "battery" is strictly used to refer an assembly of devices (cells) that store and
release energy by spontaneous chemical reactions by its components, not to just any

6



Chapter 2. Literature Survey

FIGURE 2.2: (a) Early water-filled Leyden jar [26]; (b) Latter Leyden jar that used metallic
plates [27]; (c) A "battery" of four Leyden jars connected in parallel (Courtesy: Museum
Boerhaave, Leiden.)

assembly of energy storage devices®. In this sense, the first true battery ever constructed
was by Allessandro Volta, professor of experimental physics at the University of Pavia,
Italy, in 1800 [21]. It was called the Voltaic pile (see Figure 2.3), and it consists of two
electrodes — zinc and copper — which are stacked serially and separated by a layer of cloth
or cardboard paper soaked in brine (the electrolyte) [30].

More practical batteries emerged, like the Daniel cell invented by a British chemist
John Frederic Daniel in 1836, the porous pot cell invented by a British instrument maker

2Strictly speaking, while "cell" refers to a single device that interconverts chemical and electrical energy,
"battery" refers to an assembly of such devices, typically connected in series. In this work, however, this
distinction is disregarded and the terms are used interchangeably.
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FIGURE 2.3: Volta’s electric pile on display in the Tempio Voltiano in Como [21].

John Dancer in 1838, the Poggendorff cell invented by a German scientist Johann Christian
Poggendorff in 1859, and the gravity cell invented by a Frenchman named Callaud in
1860. All these inventions were improvements on the Voltaic pile, and they were non-
rechargeable in the sense that once their active components were expended, they couldn’t
be made to supply any more current. The first rechargeable battery was the lead-acid
battery invented by Gaston Planté in 1859; the cell was recharged by applying current
in an opposite direction (opposite to how it flows during discharge) [21]. The lead-acid
battery is still used today in automobiles for ignition.

Subsequently, other batteries were developed between 1859 and mid-1900s. But
the first great leap in rechargeable batteries is the lithium-ion battery (LIB) developed
by an English chemist Michael Stanley Whittingham in 1976 [31]. The development
was made after a series of studies on the fundamental properties of Li, TiS, due to his
team’s finding that titanium disulfide (TiS,) could be used as the cathode of a high-energy-
density reversible battery with lithium anode [32]. Besides TiS,, several other sulfides
were pursued, but most of them had voltages less than 2.5 V vs. metallic lithium anode.
Since then, other groups the world over have been pursuing oxide cathodes [33]; these
pursuits led to to the commercialization of the first LIB in 1991 by Sony.

The need to solve the challenges faced by earlier LIBs has led to the second great
leap in battery science and technology, viz. the use of nanoscale materials to manufacture
battery components. The Introduction (1) has already presented some of the challenges
and the approaches being taken, and this is, in fact, still the state of the art; as we go
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through sections in this work, we should recognize this leitmotif.

2.2 The Science and Engineering of Batteries

In the foregoing section, the course of development of energy storage devices was cursorily
reviewed, mainly emphasizing developments in batteries. There are other ways energy can
be (and is being) stored, like in capacitors, fuel cells, solar thermal energy, hydrogen storage
in solids (metal hydrides and carbon nanostructures), and so on; however, most of these
storage systems tend to have low gravimetric and volumetric energy density®, therefore
requiring massive and bulky systems, if they were to be constructed for the various
storage requirement. It’s obvious, then, they are unsuitable for most modern devices
(mobile phones, laptops, automobiles) in which energy storage is required; nevertheless,
in instances when size is not an issue — supply of electrical energy to the grid, for instance —
they present some advantages. We shall no more consider any of these, as they are outside
the purview of this work®.

Now, what is a battery? A battery is a device that uses electrochemical oxidation-
reduction (redox) reactions to directly convert the chemical energy of an electrode material
(the active materials) into electrical energy. Batteries can be rechargeable or nonrechargeable,
depending on whether the redox reactions that lead to the supply of electrical energy
can be reversed by applying electrical energy to reform the reactants (electrodes!). Non-
rechargeable batteries are also called primary batteries, and the reactants can’t be reformed
once they are expended; in that case, they are said to be "dead." As expected, the recharge-
able batteries are also called secondary batteries, and by supplying electrical energy to
reverse the cell reactions that initially provided the electrical energy during discharge, they
are recharged.

Fundamentally, the electrochemical principles of all batteries are the same —
whether nonrechargeable or rechargeable. To elucidate these principles, we shall consider
the types that can be said to be archetypical of each class, viz. the Leclanché cell and the
lithium-ion battery (LIB), respectively. But, first, we should take a quick detour to applied

thermodynamics.

3These terms refer to the amount of energy stored per unit mass and volume, respectively. All relevant
battery jargons will be fully defined in Section 2.2.2.

4This section is a synthesis of some textbooks — Refs. [33-37] — discussions with R. Rupp, and the author’s
experience. Citations are made only in areas that, from the author’s judgement, presents a certain author’s
opinion or are from journal publications. But if you, my dear reader, find errors, the author is the culprit.
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221 A Detour to Applied Thermodynamics: Electrochemistry

Since the application of thermodynamic principles to designing the first steam engine that
led to the industrial revolution, leapfrogging much of the western world into an era of
immense plenty [38], there’s been no aspect of applied thermodynamics that has been,
arguably, as pivotal to economic growth as electrochemistry”. Electrochemistry is the study
of the relationship between chemical change and electrical work [37]. We can see that
this relationship is in two directions: either electrical work leading to chemical change, or
chemical change leading to electrical energy. Batteries operate in the latter direction, and
the systems in which these changes occur is the galvanic or voltaic cell; thus, a battery is
basically a voltaic cell.

a. Notations

An electrochemical process is always associated with the movement of electrons between
species in a redox reaction; the chemical specie that loses electrons is said to be "oxidized"
and that which gains the lost electrons is said to be "reduced." We see, then, that oxidation
and reduction processes always occur concomitantly. Since each specie, in a sense, causes
the reaction that the other undergoes, the reduced specie is said to be the "oxidizing agent,"
and the oxidized specie the "reducing agent." A voltaic cell (or galvanic cell) uses a chemical
reaction to produce electrical energy; because the chemical reaction spontaneously occurs,
the change in its Gibbs free energy is negative, i.e., AG < 0. Figure 2.4 shows the basic
construction of a battery (or voltaic cell). It consists of two electrodes, which conduct
electricity between the cell and the surroundings, in contact with electrolytes that contain

ions that participate in the redox reactions at the electrodes.

LR Sumoundings
Anode {Load) Cathode
{oxidation) ﬁ (reduction)
| Energy

- i+

Electrolyte X* Electrolyte Y+

FIGURE 2.4: Schematic of a basic battery (Adapted from Ref. [37]).

5This is purely the author’s opinion and it’s no doubt open to debate. But once you consider the
applications of electrochemistry to almost all aspects of energy storage, to metal extraction and refining, to
sensors, etc., you might sway his way.

10
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An electrode is the cathode or anode depending on the half-reaction that occurs
there: when oxidation occurs at an electrode, that electrode is the anode, and the electrons
lost there travel through wires to an external load, to the cathode, where reduction occurs.
By convention °, the cathode of a voltaic cell is the positive electrode and the anode
the negative electrode, and each redox reaction occurring at the electrodes is called a
half-reaction.

Let’s consider Figure 2.4 to be a hypothetical voltaic cell, whose anode is a metal
X in contact with an electrolyte containing its ions X, and the cathode a metal Y in contact
with an electrolyte of its ion Y. The respective half-reactions are:

Oxidation half-reaction
X=Xt +e”

Reduction half-reaction
Yt+e =Y

Overall (cell) reaction
X4+4Y" =5 Xt4+Y AG <0

Now, electrons are being transferred in the X/Y" reactions, but electrical energy wouldn’t
have been generated if the X/Y" pair were in the same beaker; physically separating and
connecting them by an external circuit ensures that the electrons travel through the external
circuit to the other specie. This electron flow is the observed current. The separation of
half-reactions is the essential idea of a battery7 ; when X loses electrons, the resulting cation
X" enters the solution, while the lost electrons passes through the anode to the connecting
wire to the cathode, where Y™ in solution accepts them and reduces to Y atoms; therefore,
as the cell operates, electrons are continuously generated at the anode, leading to an
excess of electrons (thus a negative charge) relatively to the cathode, where the electrons
are consumed. This is the basis of the sign convention of the electrodes in a voltaic cell.
Furthermore, we may observe a narrow tube bridging both electrolytes. This tube is called
a "salt bridge," and its purpose is to complete the circuit, assuring charge neutrality during
redox reactions. We know that, initially, the oxidation half-cell contains a neutral solution
of X" and anions, A~, say, but as X atoms loses electrons, the electrolyte will develop a
net positive charge, as X" enters the solution. In the same vein, the reduction half-cell
leads to a net negative charge during cell operation, as Y* combines with the lost electrons,
leaving the solution to form Y atoms on the cathode. The resulting charge imbalance in

both half-cells would stop the cell from running; so, to avoid this, both electrolytes are

® Actually, this convention is not merely arbitrary — we shall soon see that it’s related to the nature of the
phenomena causing the electrons to flow. La patience!

"The reader may recall that in the Volta’s electrical pile, electrolytes are soaked in clothes. These clothes
act to electrically separate the electrodes from each other; therefore, they are called "separators" in real
batteries, and they act to electronically isolate the electrodes from each other while assuring ionic contact.

11
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ionically bridged with the salt bridge, which contains ions that can shuttle between both
electrolytes and complete the circuit, thereby assuring charge balance in both half-cells. In
practical batteries, there’s usually no need for a separate salt bridge, as the presence of a
"separator,” soaked in the electrolytes as both electrodes, already allows the shuttling of
ions to assure charge balance, while assuring their electrical isolation.

The standard notation [35] for describing our hypothetical cell is

X (s)I1XT(aq) I 1Y (aq) 1Y (s).

The key components of this notation are

¢ The anode half-cell is written to the left of the cathode half cell.

¢ The single vertical line represents a phase boundary and the nature of the phases are
written in brackets next to the specie. If there’s more than a specie within a phase,
the species are separated by commas.

¢ Half-cell components usually appear in the same order as in the half-reaction, and
the electrodes appear at extremities of the notation.

¢ The double vertical line is used to separate half-cells, and also represents the phase
boundary on either side of the salt bridge.

One might wonder why such an assembly produces electrical energy. In such a set-up
consisting of two different materials, the electrode which acts as cathode or anode depends
on the relative ease with they give up electrons. X is the anode because it loses electrons
easier than Y; we say that electrons at X experience greater electrical potential than at Y
[37], leading to a net flow of electrons from X to Y when the circuit is closed. Thus, the
spontaneous reaction occurs due to the difference in the abilities of these materials to give up their
electrons and the ability for electrons to flow through the circuit.

b. Cell potential £,

In light of these, we can confidently deduce that the purpose of a battery or voltaic cell
is to convert the free energy change of a spontaneous reaction into the kinetic energy of
electrons (the electrical energy) moving through an external circuit. The electrical energy
is, in fact, proportional to the difference in electrical potential of both electrodes [35, 37].
This difference is called the cell potential E..;; or voltage or electromotive force (emf). Its unit is
the volts V(1V = 1J/C).

The E..; measured is affected by changes in concentration as the reaction proceeds
and by energy losses due to heating of the cell and external circuit; therefore, in order

to compare the output of different cells, a standard cell potential E?,, is used. E:,, is the

cell

12
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potential measured at a specific temperature (298 K) when no current is flowing and all
components are in their standard state: 1 atm for gases, 1 M for solutions, the pure solid
for electrodes [35, 37]. Since the overall cell is constituted of half-cells, the potential of each
half-cell contributes to the overall potential; the potential of each half-reaction (when all
the components are in their standard state) is called its standard electrode potential E}, ;.-
Conventionally, E},; .., is written for reduction reactions; for instance, the reduction

half-reactions for our cell are

+ — o

X +e — X anode
+ — o

Y +te — Y cathode

Recall that the overall cell reaction is the sum of both half-reactions, and it involves the
oxidation of X at the anode, not its reduction. Since electrons flow from the anode to the
cathode, the cathode must have a more positive Ej, ;.. than the anode; therefore, for
every voltaic cell,

Eo

_ o o
cell — Ecathode - E

anode)

2.1)

which, by definition, must always be positive for a spontaneous process. It’s important
to note that EZ ,, ., and E

anode

are relative quantities, and they are usually measured
with respect to some reference electrode. Most thermodynamics and physical chemistry
textbooks have these values, typically reported with respect to the standard hydrogen
electrode (SHE); but, irrespective of the reference electrode with respect to which both
ES ihode and E° . are quoted, the value of E¢ ;, remains the same. The easier it is for a
material to lose electrons, the more negative £ ;¢ .. is.

The Gibbs free energy of a spontaneous reaction is negative, i.e., AG < 0, and we

have just seen that the E?

cell

is always positive for a spontaneous reaction; therefore,
AG X _Ecell‘

Since AG gives the maximum work a system can do on its surrounding at constant
pressure, and we know that electrical work is the product of charge and potential, then the
amount of charge driven is the constant of proportionality. One mole of electrons has a
charge of about 96,485 C, which is the so-called Faraday constant, denoted F’; we can thus
write that

AG = —nFE.q, (2.2)

where n is the number of mole of electrons involved in the redox process. In our case, it’s
one in both electrodes. If the cell in question has all its components in the standard state,
then Equation 2.2 is

AG°® = —nFE;,

cell*

13
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Moreover, there’s a link between DeltaG® and the equilibrium constant K®:
AG°=—-RThK,. (2.3)

where R is the universal gas constant (8.314 J/mol.K) and 7 is the temperature. On
equating 2.2 and 2.3, and making E?., the subject of formula, we yield
RT

gell = _F In K (24)

In practical batteries, the reactant concentrations are very far from standard-
state values; how then are we to determine the value of E,.;, the cell potential under
nonstandard conditions? A fundamental result of thermodynamics is that AG equals
the sum of AG”° (the free energy change when the system moves from standard-state
concentrations to equilibrium plus RTIn() (the free energy change when the system moves
from nonstandard- to standard-state conditions)[35, 37]:

Een=E,;+RI'nQ, (2.5)
where () is called the reaction quotient. For a reversible reaction aA+bB+ - - - ﬂ‘ cC+dD+
— [C J°[D].. -

- at nonequilibrium conditions, ) = -9, Substituting 2.2 into 2.5 and rearranging

[A]e[B]°...
to make E,.; the subject of formula, we yield

RT
Ecell =E;

cell — ﬁ In Q (26)

This is the famous Nernst equationlo. Thus, from the overall cell reaction of our own
hypothetical cell (see 2.2.1), @ = [Y+
included in determining (); therefore, the pure solids are not included. With the Nernst

Only species whose concentrations can vary are

equation, we can write how the cell potential of our hypothetical battery will vary with
the concentration of the species:

o RT RT [Xﬂ
Eceu = Ecy — hl Q=EqL; — nF —In m (2.7)
8For a reversible reaction aA + bB + - - - ﬂ cC+dD + - - - at equilibrium, K = ]Zf:”ld = %@;:,

rev

where kj,,q and k., are the rate constants for the forward and reverse reactions, respectively.

°Q = K only at equilibrium!.

0A clarification about this is in order. For accuracy, the Nernst equation is expressed in activities of
components a; = %-%, not their concentrations, where v; is the activity coefficient. Because it’s typically
difficult to determine the activities, concentration is used and the potential takes a new value, the formal
potential E’ ;. These values are usually more or less close, so this difference is typically ignored; besides, it
doesn’t do much to the understanding of the concepts presented here.

14
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This result is vary important, and it accounts for why the voltage of a battery reduces with

usage. Some conclusions can be drawn from Equation 2.7:

e When [X']>[Y'],Q>1InQ >0,and E..;; < E°

cell®

e When [X']<[Y'],Q<1InQ<0,and E.;; > E°

cell®

e When [X"]=[Y'],Q=1InQ =0,and E,..;; = E?°

cell*

Figure 2.5 shows how the cell potential varies for an overall reaction Zn (s) + Cu*" (aq) —
Zn*"(aq) + Cu(s) with initial concentration values [Zn**]=1.0 x 10~*M and [Cu**]= 2.0M
at 293.15 K: As expected from Equation 2.7, the plot is linear with In @, decreasing as

1.30

1.20 QTI
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FIGURE 2.5: Cell potential variation for Zn?*/Cu®" (Adapted from [37]).

Q (or [Zn*']); at some point, @ will be so high that ZZ In () equals E2,;,, causing the cell
voltage to be zero. Zero cell voltage implies the overall cell reaction is at equilibrium; at
this point, we say the battery is "dead," but it should be possible to increase the potential
of a rechargeable battery (close) to its initial value by applying current. Figure 2.6 shows
the way potential varies during a full charge-discharge cycle for a LIB [34]; the voltage
induced are due to periodic small current pulses slowly applied at the standard state.
When there’s no external load in our circuit, i.e., when no current is flow, the potential
measured is called the open-circuit voltage (E,.,). It's obvious that this is the maximum
voltage of the cell under specific conditions. Once a current begins the flow, the potential
measured will be less than this value for reasons we shall see next.

c. Polarization and internal impedance

Recall that AG is the maximum electrical energy a cell can provide and it’s related to E..;
through Equation 2.2. It would be desirable that all of AG be converted to electrical work;
however, this is not possible due to polarization once current i begins to flow through the

15



Chapter 2. Literature Survey
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FIGURE 2.6: Charge-discharge voltage of a LIB and OCV profile [34].

electrodes once a load is connected. The losses due to polarization once current begins to
flow are activation polarization, which drives the electrochemical reaction at the electrode
surface, and concentration polarization, which arises from the concentration differences of
the reactants and products at the electrode surface and in the bulk as a result of mass
transfer; these polarizations consume part of the total energy and are given off as heat,
making it impossible to attain the theoretical energy value. The polarization is quantified
by the overpotential n, which is the difference between the actual potential measured E.;
and E,.,:

N = Ecen — Eocy- (2.8)

The relationship between ¢ and 7 is [36]

—al'n

BT (2.9)

1 = 1,expP
where i, is the current when 7 is zero, and « is the transfer coefficient (o ~ 0.5 [35]). Figure
2.7a shows the variation during charge and discharge.

In addition to polarization, internal impedance reduces the cell voltage (or energy)
from the theoretical value; it’s called ohmic polarization or iR drop and, as its name suggests,
its value is proportional to the current drawn from the cell. The total impedance is the sum
of the ionic resistance of the electrolyte, the electronic resistance of the active mass, the
current collectors, contact resistance, etc. When a cell is connected to an external load, the

cell voltage, accounting for all factors that reduce it is [36]

Ecell - Eocv - [(nct)a + (nc>a] - [(nct)c + (7]0)0] - ZRw (210)
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where (7.+), and (7.:). are the activation polarization or charge-transfer overpotential at
the anode and cathode, respectively, and (7.), and (7.). are the concentration polarization
at anode and cathode!!, respectively, and R; is the internal cell resistance. All of them
are related to the current supplied, albeit in more complex ways than the iR drop; at
low currents, their effects are minimal and we attain a cell potential close to E,.,, thereby
delivering close to the theoretical energy value. Figure 2.7b shows the variation of cell
potential and current.

Current lcathodic) Open-circuit voitage
T _____________ IIR loss
= < o, (Mena, + (“E_ﬂc ) o
____._.—r—""'d-/ Dverenliage fathoda) Ei i ey hetvation polanzetion
vl ot @ Operating {ncla, + (Ncle
Cwvervoltage (sndicl ’f,-—"'_'___ g voltage Concentration polarization

fo)
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T
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FIGURE 2.7: (a) Current-overpotential relationship and (b) cell polarization as a function
of operating current [36].

d. Current

Current is the rate of flow of electric charges; because the flowing charges result from
electrochemical reactions, the current must be related to the rates of these reactions. The
rates of electrode reactions depend on the rates of electron transfer and of diffusion'? of
electroactive species between the electrolyte and electrode. Like in all chemical reactions,
the slower rate is the limiting rate. Let’s consider the cathode of our hypothetical cell, this
time assuming that it involves n electrons; the electrode (half-cell) reaction occurring there,
as we have seen, is
fwd

Y 4 ne == yne 2.11)

rev

and the net reaction rate is ‘
i

Unet = Vfwd — Urey = —— 2.12

¢ = Vfud — (2.12)

That is, resulting from the difference between the concentrations of species at the electrode surface and
bulk of the electrolyte.
2Convection and migration are other possibilities, but they are negligible compared to diffusion [35].
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At equilibrium, when the rates of forward and backward reactions are the same,

the net rate is zero and the current is zero, confirming what we have seen earlier.

e. Capacitance of an electrode

The foregoing treatment is on the basis that there’s no thermodynamic constraint on charge
transfer between electrodes and the electrolyte; charge transfer results in redox processes,
and, since they are governed by Faraday’s law, charge-transfer processes are called faradaic
processes. There are conditions under which charge transfer doesn’t occur, perhaps due
to thermodynamic or kinetic constrains; however, other processes such as adsorption or
desorption can occur; these processes, too, can cause external current to flow — at least,
transiently — when cell conditions change. Because they are not due to charge transfer,
and hence don’t follow Faraday’s law, they are called nonfaradaic processes. In all cell
operations, both processes occur; so, in treatment of electrochemical data, the contribution
of nonfaradaic processes should be accounted for.

There are certain electrodes in which no charge-transfer processes occur — or are
negligible — over a wide potential range; they are said to be ideal polarizable electrodes (IPE).
Since charges do not cross the IPE interface when a potential is applied, they behave like
capacitors, storing charges at the electrode-solution interface. Recall that the capacitance

of a capacitor C' with stored charges ¢ at an interface under a potential difference of E is

q
C = ok (2.13)
When a potential is applied across a capacitor, charges will accumulate on the metal
face until Equation 2.13 is satisfied. The current flow due accumulation of charges is the
charging current.

The electrode-solution interface has been proven experimentally to behave like a
capacitor: at every potential, there exists a charge ¢ on the electrode and a charge ¢° in
the solution. The signs of these charges depend on the potential across the interface and
composition of the solution; however, ¢ = —¢° always. The charges on the electrode (as
excess or deficiency of electrons ) reside in a very thin layer of the metal surface (<0.1 A),
while the charges in the solution is an excess of cations or anions [35].

The whole array of charged species existing in the electrode-solution interface
is called the electrical double layer. Figure 2.8 shows the structure of the electrical double
layer13 ; at a given potential, the electrode- solution interface is characterized by a double-
layer capacitance Cj, typically in the range of 10 to 40 F'/em? [35]. Unlike real capacitors,

I3THP and OHP stand for the inner and outer Helmholtz plane, respectively. They correspond to the loci
of the specificically adsorbed ions.
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however, whose capacitances are independent of the voltage across them, C;, is often

dependent on potential.

IHP OHP

Specifically adsorbed anion

O = Solvent molecule

1

1

1
X1 Xo

N

FIGURE 2.8: Model of the electrical double layer [35].

Finally, perturbations on the double layer results in different evolutions of the
dependent variable(s) in question. We shall see in Section 2.2.3 that battery performance
are experimentally evaluated by cycle tests. For a cycle test done at constant current, i.e.,
galvanostatically (which is typically the case), a current step is imposed on the system; in
addition to the voltage variation due to redox reactions in a battery, iR drop, polarization,
etc., there’s also a capacitive effect. The potential'* due to the capacitive effect is

E, = +i(R, +t/Cy), (2.14)

where R, is the overall resistance of the circuit, ¢ is the charging time (which is inversely
proportional to the applied current); it’s obvious then that the capacitive effect increases at

lower current. For other scenarios, see Ref. [35].

2.2.2 Battery Characteristics

In the previous subsections, we saw certain parameters used to characterize batteries,
viz., Equations 2.1, 2.2, 2.8, etc. Now, we shall consider some others that are rather more

definitional than stemming from thermodynamic considerations.

¢ Capacity: The capacity of a battery is the total amount of charge delivered when
completely discharged under given conditions. The theoretical capacity Cr is the

4The positive sign is for the charging current, while the negative is for discharge; thus the potential is
added during charging and reduced during discharge.
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total amount of electricity evolved from the electrochemical reaction; it depends
on the amount of material present, and its unit is the C' or Ampere-hour Ah. Since
Faraday’s number amount of charge F' (96,487 C or 26.8 Ah) is delivered by one mole

of electrons, then the Cr is defined as
Cr =nF. (2.15)

The practical capacity Cp of batteries is usually much smaller than C7, because not
100 % of the reactants are converted in electrochemical reactions. Since the theoretical
capacity is an extensive property, it’s typically reported per mass (Ah/g), volume
(Ah/cm?), or area (Ah/cm?) of active materials; that way, materials can be easily
compared, irrespective of the amount available. Because the number of moles of
electrons is used in determining the Cr, the gravimetric theoretical capacity can be
easily by dividing by the molar mass.

Moreover, as the charge or discharge rate (i) increases, the practical capacity further
reduces due to the ¢R drop. The charge or discharge rate is denoted by C,4.; to
define it, we should see that the time required to practically charge or discharge a

battery, ¢, say, is
S

t

with ¢ is in hours. Hence, the C, ;. is quoted as "C/t" rate; for instance, if ¢ is 1, we
say it's "1C" rate, meaning the total capacity is charged or discharged in one hour; if
tis 2,it’s C/2, meaning half of the capacity is charged or discharged in an hour; if ¢
is 0.5, then it’s 2C, meaning the full capacity is discharged in half an hour, or its full

capacity is discharged twice in an hour, and so on.

¢ Energy density: This is a very important battery characteristic: it’s the amount of
energy stored per unit mass or volume or area of active material. Recall that Equation
2.2 gives the relationship between the cell potential and the maximum energy that
can be delivered by n mole of reactants. It should be obvious that the actual energy
is less than the maximum due to overpotential when current starts to flow, as we

have already seen. Accounting for overpotential, the practical energy is:
€p = —NEF(Eoey — 1) (2.16)

Thus, we can determine the energy density by dividing this value by the molar mass
of reactants involved in the reaction:

Energy  —nF(Eoe —

Energy density = il =Cp(Eeen —n) inWh/g. (2.17)

molar mass M
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1 Whis 3600 J.

* Power: The power of a battery is the energy that can be derived (or discharged) per
unit of time: it’s the product of current i and electric potential. Again, the practical

power, on accounting for overpotential, is

B energy density B
~ charge or discharge time

i(Eocv - 77) (218)

When current increases, the power increases until a maximum value, beyond which
it begins to drop, because of reduction in E,, (or increase in n due to polarization).
Polarization is related to the diffusion of ions and the internal resistance of a battery
[34]. To improve power, it is necessary to enhance the diffusion rate of ions and the
electrical conductivity.

* Cycle life: Cycle life is the number of charge-discharge cycles a battery can achieve
before its capacity is depleted. In general, it depends on many factor, like the stability
of electrodes, concentration of ions in electrolyte, conditions under which the battery
is used, even aspects relating to battery packaging, etc. [34]. After NV charge-discharge
cycles, the capacity retention is Cy/C;, where C is the capacity after the first cycle
and Cly is the capacity after N cycles. The relative capacity decrease is (C; — Cy)/Ch.
Finally, battery cycle life is strongly affected by the depth of discharge (DOD), which is
the percentage of the original capacity that has been discharged; typically, cycle life
is increased if DOD is small.

2.2.3 Electroanalytical Techniques

In this section, a cursory explanation of some relevant electroanalytical techniques, viz.
cycling test and cyclic voltammetry, will be given, as they are relevant to understanding

discussions in subsequent sections.

Cycle test

Cycle tests are done to simulate the behaviour of batteries under predefined conditions. In
this test, a certain input parameter is imposed to charge and discharge the battery multiple
times, while monitoring the evolution of the battery’s capacity, cell potential, etc., as these
variables are dependent on the charge-discharge parameters. Typical charge-discharge
conditions are constant power, constant current, and constant external resistance [34].

Depending on the output variables of interest, other constraints may be imposed.
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Figure 2.9a is a plot of some batteries’ voltages as functions of capacity (which is
basically time'”) when discharge is done at constant current. The battery voltage when
discharge is complete is called the cutoff voltage. In the case of curve I in Figure 2.9a,
the battery voltage is hardly influenced by reactions occurring within the battery during
discharge; Curve II shows two flat regions due to change in the reaction mechanism; In
curve III, the reactants, products, and internal resistance of the battery are continuously
changing throughout the discharge process. In addition, Figure 2.9b shows how potential
varies for different current densities. It should be clear by now that the decrease in potential
with increase in current is due to polarization. Finally, although the effects of temperature
hasn’t been emphasized thus far, it has an immense effect on the performance of batteries.
Recall that we saw in Section 2.2.1 that rate of electrode reactions is dependent on the
diffusion of chemical species; all things being equal, diffusion increases with temperature;
thus, at higher temperature, we should expect higher voltage at high temperatures. This
is indeed what'’s observed. Figure 2.9c accentuates this. However, at high temperature,
self-discharge or some side reactions may be initiated, which can have adverse effects on a

battery’s performance.

Cyclic voltammetry

Cyclic voltammetry (CV) is perhaps the most popular and versatile electroanalytical
technique commonly employed in the study of electrode processes. It provides information
about a host of parameters, which will be perfunctorily presented hereafter; however, for a
detailed treatise on the theory of cyclic voltammetry, see Refs. [39] and [40].
Simply put, a CV is done by applying a linearly changing voltage (a voltage ramp)
to an electrode according to
E=FE +uvt (2.19)

where E; is the initial voltage, nu is the scan rate (in V/s), and t is the time. The voltage
variation with time is shown in Figure 2.10a; Figure 2.10b shows examples of curves
one can get for different electrodes that undergo Nernstian process, i.e., whose voltage
evolution follows Equation 2.6. These curves are called cyclic voltammograms; we shall now
use Fig 2.10c to state some characteristics of a CV curve.

The peak currents i, ; results from a surge in the diffusion of ions from the bulk of
the electrolyte onto the electrode surface after all the ions initially on the electrode surface
are consumed (resulting in higher concentration gradient); it can be shown [35, 36, 41] that

the peak current is
| 0.447(Fn)*? AC,(Dv)"/?

pi = (RT)172 (2.20)

1

15 = 4!
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FIGURE 2.9: (a) Discharge curves of different electrochemical reactions (b) Effect of
current density on battery voltage (c) Effect of temperature on battery voltage [34].

where A is the area of the electrode, C is the ion’s bulk concentration in the electrolyte, and
D is the diffusivity of the ions; it’s obvious that by merely doing CV, transport properties
can be determined'®. Although we might prefer high scan rates in order to have larger
currents, we increase the capacitive effect at the electrode-electrolyte interface, which may

overshadow the actual redox capacitance. Typically, this effect is negligible for scan rates

below 1 mV /s [36].
Furthermore, midway between the peak potentials F ), is a very good approxima-

tion of the electrode potential; thus, in practice, £/, is used as the potential for a reversible
electron transfer reaction. The separation of the peaks results from the need of the ions to

diffuse to and from the electrode.

16"+ is added to the equation to give the reader leeway in the choice of sign convention for the electrodes.
Also, in some publications or books, the index of n and F' is 1/2, not 3/2; this results from the fact
that different numerical methods are used to derive the relationship; but since they are constants, it’s
inconsequential to data analyses, as we can still monitor the variables of interest.
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FIGURE 2.10: (a) Applied potential as a function of time for a generic cyclic voltammetry
experiment (b) Sample CVs for various Nernstian reactions (c) CV showing salient points
(All adapted from [41])

Finally, we can also determine the nature of the reversibility of an electrode
process by the peak-to-peak separation AE,. For a reversible process,

_ 23RT

AE
P nk’

(2.21)

For a quasi-reversible process, the peaks are not sharp and are larger than the value given

by 2.21. Of course, a completely irreversible process would have a peak in only a scan
direction.

2.2.4 Primary (Nonrechargeable) Batteries: Leclanché Cell

Section 2.2.1 details the thermodynamic principles required to understanding the working
of a battery. But, as every engineer knows, cognizance of scientific principles alone is not
enough to get a device functioning as consumers would hope: many limitations still exist,
like the cost of production, environmental concerns, the ability of a device to withstand
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extreme conditions, and so on. However, it’s sufficient to comprehending the working
of real devices and why certain engineering choices are made. Let’s now consider the
Leclanché cell.

Leclanché cells, a type of zinc-carbon cells, are the most commonly used primary
batteries worldwide; they are cheap, mainly used in portable radios, flashlights, and other
moderate light drain devices. It was initially created because of the need to provide a
more reliable and easily maintained power source for telegraphic offices [36]. It uses a
zinc anode, manganese dioxide cathode, electrolyte of ammonium chloride and/or zinc
chloride in water, and starch paste separator. Carbon is usually mixed with manganese
dioxide to improve conductivity and retain moisture. As the cell is discharged, the zinc is
oxidized and manganese dioxide is reduced. Its overall cell reaction is

Zn 4+ 2MnOy — ZnO - Mn;0Os;. (2.22)

In spite of the fact that Leclanché cells have existed for a long time, there are still
some disputes as to the actual electrode reactions occurring [42]; this is mainly because
its cathode MnQO;, is a non-stoichiometric oxide, and is thus better represented as MnO,,
where z is typically 1.9+. Several factors affect the efficiency of the reactions within the
cell: cell geometry, discharge rate, discharge temperature, depth of discharge, diffusion
rate, type of MnO, used, etc. Theoretically, its specific capacity is 224 Ah/kg, based on
the simplified cell reaction; however, because of the complex nature of its reactions, its
capacity never exceeds 96 Ah/kg [36].

Figure 2.11 shows the cutaway of various geometries on the market. In the
cylindrical battery, the zinc serves as both the cell case and the anode; the carbon rod is
both the current collector and positive electrode. The inside-out cylindrical construction
(Figure 2.11b) does not use zinc anode as the container, which makes it more efficient,
and less likely to leak. The flat cell design allows for more cathode space, because the
package and electrical contacts are minimized; this results in a doubling of the volumetric
energy density compared to the cylindrical construction. The typical discharge curve of a
Leclanché cell discharge is shown in Figure 2.11d.

2.2.5 Secondary (Rechargeable) Batteries: Lithium-ion Batteries

Lithium-ion batteries (LIBs) are the most popularly used rechargeable batteries — they
are being used almost exclusively in mobile phones, laptops and electric vehicles (EVs)
[33]. This results from their unparalleled energy and power density among rechargeable
batteries due to their chemical nature: For one, lithium has the most negative electrode
potential of all elements, implying that, by its nature alone, it should be involved in a
battery with the best cell potential; for another, Li is the third least dense element and
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FIGURE 2.11: Typical cutaway views of (a) Cylindrical Leclanché battery, (b) Cylindrical
Leclanché battery — inside-out construction, (c) Leclanché flat cell, (d) Typical discharge
curve [36].

has one of the smallest ionic radii of any single charged ion, making it possible to have
batteries therefrom with high gravimetric and volumetric capacity and power density.
Finally, although multivalent ions have larger capacity per ion, the extra charge makes
them diffuse more sluggishly, limiting their performance, and making it even more difficult
for them to overthrow Li as choice metals for batteries.

Basically, a LIB consists of electrodes connected ionically by Li*-containing elec-
trolytes, electrically isolated from each other by a separator, which is typically a micro-
porous insulating polymer that allows for exchange of Li" between the electrodes but
not electrons, and electrically connected externally to a load. Electrolytes can be liquid,
gel, polymer, and ceramic [43]. Figure 2.12 illustrates the working principle of LIBs; the
principle is the same for every one on the market — the only differences are in the materials
of construction.

The electrode materials in Figure 2.12 are common among LIBs, and batteries
are typically assembled in the discharged state [43]; during charging, LiCoO, (lithium-
cobalt-oxide or LCO) is "forced" to release electrons by an external current to carbon (in
the form of graphite, C) through the external connection, which is also accompanied by

movement of Li*, through the electrolyte, from LCO to C. These accumulated charges at
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FIGURE 2.12: Illustration of the working principle of a LIB [43].

Cis the energy released during discharge: when an external load is connected, electrons
flow from C to LCO, also accompanied by the flow of Li" through the electrolyte in the
same direction 7.

This mechanism of Li* shuttling between electrodes is called the "rocking-chair"
mechanism [34]. Considering both electrodes, the theoretical capacity of Figure 2.12 can
be easily calculated to be around 100 Ah/kg; in practice, however, other materials, like
binders, electrolyte, etc., are, in addition, taken into consideration, which reduces this
value. With a potential of 4.1V, its theoretical specific energy is 410 Wh/kg, but in practice,
its specific energy 150 Wh/kg [36].

The electrode materials of LIBs undergo three types of reactions with lithium, viz.
insertion, alloying, and conversion reactions. Figure 2.13 schematically shows the relative
structural changes the electrodes undergo during these reactions.

Materials in which intercalation or insertion reactions occur are mostly the cathode
materials. LCO (shown in Figure 2.12) is the most common of this family of cathode
materials. In order to save cost, another member of the family, LiFePO, (LFO), has reached
commercial stage as a cathode material; when used in conjunction with an anode interca-
lation compound belonging to the same family, Li; TisOs», it offers advantages of safety,
reduced cost, and toxicity [44]. According to Ref. [33], some of the requirements that inter-
calation compounds of the form Li,M, X, (where M is a transition metal and X is anion)

must satisfy are high lithium chemical potential to maximize cell voltage; this implies

17T am wary to assign the tag "cathode" or "anode" to either electrode; this is because either electrode can
be the cathode or anode, depending on the process it undergoes. The standard in the treatment of galvanic
cells is that the electrodes are labelled according to the discharge process; this makes sense, because not all
galvanic cells are rechargeable; therefore, in this LIB, C is the anode, since oxidation occurs there during
discharge, and LCO the cathode, as it’s reduced during discharge.
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FIGURE 2.13: Schematic representation of different reaction mechanisms in LIB electrode
materials; black circles are voids in the crystal structure, blue circles are metal ions, and
the yellow circles are lithium ions [44].

that M should have a high oxidation state; it should allow for an insertion/extraction of a
large amount of lithium to maximize cell capacity; lithium insertion/extraction should be
reversible, and it shouldn’t be associated large changes in the structure of the host material,
in order provide good cycle life, among others.

Alloying electrodes have very high capacity — as high as 4200 Ah/kg in Si, for
instance [45] — but they undergo substantial volume changes during alloying, limiting
their use in practical devices. Conversion reaction refers to reactions in which a binary
transition metal reacts with lithium. Electrodes that undergo conversion reactions have
high energy densities, including those transition metal compounds that have been hitherto
disregarded as intercalation compounds due to their low vacancy concentration [46]. The
major drawback to conversion reaction electrodes is the presence of large voltage hysteresis
during charge and discharge. Figure 2.14 summarizes the average discharge potentials
and specific capacities for all types of electrodes.

A host of electrolytes are used in LIBs — liquid electrolytes, solid polymer or
gel electrolytes, and inorganic solid electrolytes. Liquid electrolytes suffer from limited
temperature range (-20 to 50 °C), loss of capacity, safety problems due to flammability, and
relatively low ionic conductivity. Solid polymer, or gel, electrolytes, which is basically
polymers embedded with liquid electrolytes, avoids lithium dendritic growth, easily
processable, safe, and cheap; Its demerit, however, is that it has low ionic conductivity
at low temperature. The use of inorganic solid electrolytes LIB is still in its infancy; the

challenge is that, so far, it’s been impossible to get a solid electrolyte that simultaneously
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FIGURE 2.14: Overview of the average discharge potentials and specific capacities for all
types of electrodes [43].

has good ionic conductivity and electrochemical stability: it's usually one or the other. All
solid state electrolytes offer higher thermal stability than liquids, low rate of self-discharge,
and ability to operate over a wide temperature range [44].

Finally, Figure 2.15 shows the discharge profiles of intercalation cathodes, conver-
sion cathodes, and some anodes, respectively.
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FIGURE 2.15: (a) Typical discharge profiles of intercalation cathodes (b) typical discharge
profiles of conversion cathodes (c) anode charge-discharge profiles at low charge/dis-
charge rates, showing voltage hysteresis. (All adapted from ref. [43].)
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2.3 Microbatteries

Batteries that are required for large-surface area-to-volume devices, like those associated
with solar cells, smart cards, implantable medical devices, micro-electromechanical systems
(MEMS), CMOS backup, etc., are better specified by their areal capacity, i.e., the amount
of charge stored in a unit area of the device (in Ah/cm?). Such batteries are called
microbatteries; the typical required characteristics are power density of 10? — 10°uW/cm?
in the temperature range of -20 — 80 °C, capacity of 10°1Ah/cm?, operating voltage range
of 2-3'V, cycle life of 10* (especially for aerospace applications), and thickness of no more
than 3 mm (including packaging) [47]. The possibility to have batteries at such small scale
results from the advantages that using nanostructured battery components and certain

architecture confer on them. We now consider them.

2.3.1 Size Effects

In the early twentieth century, Albert Einstein’s chef-d’ceuvre, the theories of Special and
General Relativity [48], parallelized the ability to think in four dimensions '® with "genius."
This was, perhaps, further bolstered by the fact that Herbert Marcuse used the term "One-
dimensional" in a rather derogatory sense to human intellects in his highly influential book
One-Dimensional Man [49]. But, as even you my dear reader may attest, the mantra in most
scientific laboratories, technology workshops, etc., today is "nano." It has now become

t19

fashionable among us scientist" to speak about reduced dimensions — words like "0D,"

"1D," "2D" are frequently used - but it’s for good reason?’:

nanomaterials offer a wide
range of unique chemical, mechanical, electrical, thermal, and optical properties (Ref. [54]
is a good review of some of them). In energy storage application, especially as electrode or
electrolyte materials, these unique properties are pronounced.

As electrode materials, they offer better accommodation of the strain of ion inser-
tion/removal, improving cycle life; possibility of reactions not possible with bulk materials,
making it possible to use novel electrode reactions besides the typical intercalation reac-
tion; higher electrode/electrolyte contact area, leading to higher charge/discharge rates;

and short-path lengths for electronic and ionic transport, permitting operation with low

8”Ha, one dimension higher than mere mortals can sense!”

9You need not roll your eyes: of course, I, too, am a scientist!

201n g0 far as I can recall, there’ve been, at least, four Nobel Prizes relating someway to nanoscience and
-technology: the prize in physics to Ruska and Binnig & Rohrer (together) in 1986 "for fundamental work in
electron optics, and for the design of the first electron microscope," and "for their design of the scanning
tunneling microscope," respectively [50]; the prize in chemistry to Curl, Kroto, and Smalley in 1996 "for
their discovery of fullerenes" [51]; the prize in physics to Geim and Novoselov in 2010 "for groundbreaking
experiments regarding the two-dimensional material graphene" [52]; and the prize in chemistry to Sauvage,
Stoddart, and Feringa in 2016 "for the design and synthesis of molecular machines" [53]. So — to answer the
question you're asking yourself — yeah, "nano" is a big deal!
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electronic and/or ionic conductivity at higher power. Nevertheless, there are still disad-
vantages, like an increase in undesirable electrode/ electrolyte reactions due to higher
surface area, leading to self-discharge, poor cycling and short cycle life; inferior packing of
particles, leading to lower volumetric energy densities unless special compaction meth-
ods are developed; and sometimes synthesis might be more complex than for their bulk
counterparts [6, 8, 45, 46, 55, 56].

A prominent example is in the use of nanostructured materials as anode. Recall
that in Section 2.2.5 we saw that materials that undergo alloying reactions with lithium, e.g.,
Si, have very high capacity, but their use is limited because they undergo large volumetric
changes — 400 % for Si, for example [57] — during cycling, which leads to cracking and
pulverization of such materials, hence low cycle lives. It has been proven [57, 58] that use
of nanowires circumvents this issue, and there’s minimal capacity fade with increasing

number of cycles. Figure 2.16 presents some of the cycling properties of Si nanowires.
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FIGURE 2.16: Cycling performance of Si nanowires (Adapted from Ref. [57]).

Another example of the advantage of nanostructured materials, this time in a
cathode material LCO, is shown in Figure 2.17. As size reduces, the substantial increase in
charge/discharge rate (power density) is evident. The reader might be tempted to think
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that the increase in power density is a result of transition to a predominating capacitive
behaviour, but the electric double-layer contribution has been shown to be negligible in
such nanocrystalline LCO [59], proving that it’s purely a nanosize effect; besides, its cyclic
voltammogram (CV) shows the existence of clearly defined redox peaks. The drawback,

however, is the loss in capacity, as 2.17 shows.
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FIGURE 2.17: (a) First charge curves for LCO (bulk, 11 and 6 nm) (b) Second discharge
curves for LCO in various size. (Adapted from ref. [59].)

As we have seen, solid electrolytes are particularly interesting for battery ap-
plications, as they present many propitious properties, like improved operation safety,
ease of fabrication, etc. Polymer electrolytes are the most promising, and the most desir-
able are those formed by solvent-free membranes [60] — poly(ethylene oxide) (PEO) and
a lithium salt LiPFs, for example; however, they have poor ionic conductivities at low
temperature, which has prevented their use in many practical batteries till date [44]. It
has been shown that dispersing nanoscale inorganic fillers in such polymer electrolytes

considerably enhances their ionic conductivities [61].

2.3.2 Architecture Effects

The emergence of solid electrolytes has allowed the possibility to design primary and
secondary thin-film microbatteries, with thicknesses varying from the nanometer to mi-
crometer scale. When the thickness of the film is in the nanometer scale, it is said to have a
2D architecture; within a few micrometers, it’s said to be mesoscopic [15, 47, 62, 63]. Thin
film batteries with thicknesses within the nanometer scale, i.e., the ones of 2D architecture,
are very simple, easy to fabricate, cheap and offer all the advantages of nanostructured

materials that we saw in Section 2.3.1; however, because they contain very small amounts
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of active materials, they can only store and provide a limited amount of energy per unit
area, mass, or volume.

Many of such large-surface area-to-volume devices require much more areal
capacity than 2D microbatteries can provide. Areal capacity can be enhanced by increasing
the thicknesses of components to the mesoscopic scale (to have more materials); but this
further increases the diffusion length of ionic species, reducing the power density of the
batteries. It's obvious, then, that it’s challenging to simultaneously achieve high areal
energy and power density in such batteries.

To surmount this challenge, batteries made of three-dimensional (3D) nanostructures
(called 3D batteries, irrespective of its architecture) are proving to be better alternatives
to mesoscopic batteries [9, 13-16]. This is because by using 3D structures on the same
footprint area (as a thin film’s), we can increase the amount of active materials and still
retain the short ion-transport distances associated with nanostructures (in addition to
all other advantages of nanostructures). Therefore, with such architecture, high areal
energy and power density batteries can be simultaneously attained; moreover, the energy
density can be easily tailored by adjusting the height of the 3D nanostructures. Figure
2.18 shows some of the electrode architectures that are being used. The advantage of
these architectures is that the inter-electrode distance is shortened, making ions to have to
travel much shorter distances, thereby reducing the overall ohmic cell resistance, which

ultimately results in improved battery performance [14].

2.3.3 State of the Art

Although thin-film batteries are also microbatteries, only the state of the art in 3D micro-
batteries will be considered, since it is the interest of this work. In particular, we shall
consider one very similar to the 3D battery fabricated in this work?'.

Very recently, a "dispense-print" process, which allows for extreme miniaturiza-
tion into glass chips and electronic packages, was employed to fabricate a lithium-ion
microbattery (active area of 6 x 8 mm?) with interdigitated electrodes [64]. Carbon-coated
LisTisO1, was used as the anode, while LiNi; ;3Co1,3Mn; /30 was used as the cathode; first,
either laser ablation or wet-etching chemistry was used to create cavities in a glass sub-
strate, then the electrode materials were prepared in a slurry form and micro-dispensed
into the cavities in the substrate. An interdigitated electrode architecture was used that
comprised 4 cathode and 5 anode channels arranged in an alternating structure. Figure
2.19a shows the cross-sectional view of the process sequence for the microbattery fabrica-
tion and Figure 2.19b shows the finally fabricated battery. The capacities of the resulting

batteries ranged from 0.15-0.3 mAh, and several 100 cycles were achieved.

21Tt might interest you to know that that this state of the art battery was published in May 2018. It's
literally the state of the art.
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FIGURE 2.18: 3D microbattery architectures (Adapted from Ref. [15]).

2.4 Polyaniline: Electrochemistry and Syntheses

In this section, we consider the science of polyaniline, which belongs to a very interesting
class of materials, viz. conducting polymers, works on which, in fact, culminated into
Heeger, MacDiarmid, and Shrikawa’s winning the 2000 Nobel prize in chemistry [65].
Polymers are particularly attractive for battery applications, because of favourable prop-
erties, such as high strength-to-weight ratios, toughness, low cost, molecular tailouring
of desired propertie, etc. [66]. Appendix A presents the solid-state physics of conducting
polymers for an interested reader.

2.4.1 Electrochemistry of Polyaniline

Figure A.7a shows the structure of polyaniline (PAni); the values of n and m* correspond
to the different intrinsic oxidation states of PAni. In the most stable forms of PAni, the
value of n can vary from 0, its fully oxidized state pernigraniline (PN), to 1, its fully reduced
state leucoemeraldine (LM). When n is 0.5, PAni is in its most stable form called emeraldine

2Note thatm = 1 — n.
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FIGURE 2.19: (a) Process sequence of microbattery fabrication by the dispense-print
process; glass substrate, anode, cathode, lids and electrolyte are in grey, green, violet,
blue, and yellow, respectively. (b) (i) Picture of the electrodes (in slurry form) being
dispensed into the silicon cavities; (ii) and (iii) micro-battery cells with interdigitated
electrodes packaged with a glass lid having electrolyte-filling holes and a final seal lid
(cathode: 4 black fingers; anode: 5 grey fingers) (Adapted from Ref. [64].)

base (EM), and after doping to increase its conductivity, it’s called the emeraldine salt. As
Figure 2.21 shows, in the reduced structure, there are only benzenoid repeating units and
all N atoms are amine functions, while in the oxidized form, benzenoid and quinoid forms
coexist and all N atoms are imine functions. In addition, other, less stable states exist, and
are all shown in Figure 2.21. Table 2.1 summarizes the physical properties of the different
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oxidation states of PAni.

Aromatic Quinoid

(b)

FIGURE 2.20: (a) General polyaniline structures, n+m = 1, x = half degree of polymer-
ization (Adapted from Ref. [67]); (b) the nondegenerate ground states of polyaniline.
(Adapted from Ref. [68].)

TABLE 2.1: Properties of the intrinsic oxidation states of PAni (Compiled from Refs. [69]
and [70]).

Name Value of n | Properties

Completely reduced state, white/clear,

Leucoemeraldine (LM) 1 .
colourless, strong reducing agent.

Nigraniline 0.75 Black. Oldest synthetic pigment.

Most stable and generally formed from
Emeraldine (EM) 0.5 polymerizations. Blue for the base,
but green when doped to form its salt.

Protoemeraldine 0.25 Brown.

Blue/violet. Not stable: easily undergoes
reduction easily. It’s the only conjugated polymer,
besides polyacetylene, that has degenerate
ground states.

Pernigraniline 0

Only the emeraldine base becomes substantially conducting after acid doping
(to form the emeraldine salt); doping has only marginal effects on the conductivity of all
others. The change from one oxidation state to another can be effected by oxidizing and
reducing agents, or by electrochemical methods [69].

Cyclic voltammetric studies, mass change with quartz microbalance, and in-situ
absorption spectra have shown that the redox mechanism of PAni is the same in both
aqueous and nonaqueous media [71, 72]. Figure 2.22a shows the representative cyclic
voltammograms (CVs) of PAni, and 2.22b shows the corresponding redox mechanisms
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FIGURE 2.21: Octameric representation of the PAni redox states [69].

that lead to the peaks in the CVs. In general, in the first oxidation step, a radical cation
at N-position is formed; in the second oxidation step, a diimine structure is formed via
the cation structure, and the concomitant anion insertion leads to a doping level close to

one electron per aniline unit. It’s also important to note that the anion alone, not solvated

anion, is inserted [72].

2.4.2 Syntheses of Polyaniline

The physical and chemical properties, morphology, degree of crystallinity, porosity, con-
ductivity, etc., of PAni depend on the method of synthesis. Various methods exist with
which to synthesize PAni, but the three most common methods are chemical oxidative, elec-
trochemical polymerization, and electroless deposition methods. Some other, less used methods
are enzymatic and plasma methods [69]. Here, the chemical oxidative and electrochemical
polymerization method will be cursorily presented, but the electroless deposition method

will be presented in more detail, as it is the method used for syntheses in this work.
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FIGURE 2.22: (a) Cyclic voltammograms of PAni in (left) 1 M aqueous HCI (Adapted
from Ref. [73]) and in (right) 0.5 M LiClO4 (Adapted from Ref. [72]); (b) Redox process
of PAni [74].

I—-2Z+ 2>

Chemical oxidative polymerization of aniline

Chemical polymerization of aniline to form polyaniline is a bulk reaction process that
forms PAni precipitates by taking advantage of the insolubility of PAni in aqueous solvents
[69]; a plethora of methods exist with which PAni is produced by chemical oxidation. The
variations in these methods are in the choice of solvent, acid used for doping, the oxidizing
agent, reaction conditions, etc. In general, these methods lead to different properties of the
resulting polymer.

Polymerization is effected at low 0 °C, since the molecular weight of the resulting

polymer increases at low temperature; in addition, a solvent of high dielectric constant,
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together with low temperature, is required to stabilize the cationic chain, favouring poly-
merization initiation and propagation. Low oxidizing agent concentration is also required
to obtain a polymer of large molecular weight, since fewer side reactions occur [69]. An
example of synthesis parameters is to use 0.1 M aniline in 0.1 M (NH4),5,03 and 1 M
H,S0,, at 0 °C [75].

Electrochemical polymerization

Electrochemical polymerization occurs by the use of an electrical current to oxidize aniline
molecules in an acidic solution onto an anode surface. The rate of polymerization, film
morphology, conductivity of resulting polymer, etc., are dependent on the electrochemical
parameters employed [69]. This method is particularly useful for controlling various
properties of the resulting film.

PAni film is grown by cyclic voltammetry within a voltage range, typically be-
tween 0.2 and 1.2 V vs. Ag/AgCl.

Electroless deposition

Electroless deposition (ED) is a process in which aniline slowly polymerizes on the surface
of a catalyst — typically platinum or palladium — in an aqueous acid solution of aniline.
ED proceeds by an electrochemical mechanism that involves the reduction of dissolved
oxygen as cathodic, and oxidation of aniline as anodic, half-reactions at the metal /solution
interface [75].

The mechanism of polymerization involves, first, reaction initiation by catalytic
oxygen reduction, then PAni growth by autocatalysis. This results in clean deposition
only on the surface of the film, but not on the bulk of the solution. Typical reactants
concentrations are 0.4 M aniline and 0.4 M H,5O, aqueous solution. The reaction system is
maintained at constant temperature and under oxygen saturation to ensure reproducibility
of results. X-ray photoelectron spectroscopy (XPS) studies have proven that the chemical
composition of PAni produced by electroless deposition is the same as the chemical
oxidative and electropolymerization methods, albeit with different morphologies. Figure

2.23 shows the difference in the morphologies of PAni prepared by the three methods.
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FIGURE 2.23: Scanning electron micrographs of PAni prepared by (a) Chemical oxidative
polymerization; (b) electropolymerization; (c) electroless deposition (Adapted from Ref.
[75]).
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3 Experimental

This chapter details the experimental methods and materials employed — all the way from
syntheses of electrode components and fabrication of devices to performance tests. Initially,
growth of polyaniline (PAni) by electroless deposition an on a planar surface was studied
in order to determine the required growth parameters, and the results therefrom were
employed on the 3D nanowire network (3DNWN) after the synthesis of the nanowires; sub-
sequently, suitable cells for different electrochemical tests were conceived and fabricated (if
need be); then, electrochemical tests were carried out to determine the potential difference
within which the battery will operate, and to determine the appropriate electrolyte that
can operate within this potential and not degrade the components of our battery. Finally,
the interdigitated architecture was effected on bare Pt SDNWN by a laser-assisted pattern-
ing technique; these nanowires were subsequently functionalized with PAni. Alongside,
various characterization techniques — like scanning electron microscopy (SEM) and atomic

force microscopy (AFM) — were used to track and instruct the progress of the work!.

3.1 Functionalization of Planar Surface with Polyaniline

The aim of this experiment was to find the optimal growth parameters to obtain a thin film
of ~ 50 nm on a planar surface, so that same can be transferred to grow PAni shells on the
platinum Pt nanowires (see Section 3.3). Section 2.4.2 describes the electroless deposition
method of synthesis of PAni on a flat Pt substrate; here, we shall only consider the practical
aspects of the technique.

Even though Pt was used for the electroless deposition (because it’s more cat-
alytically active in electroless deposition [69]), it has been reported that palladium (Pd)
substrates also catalyse the reaction [75, 76]. Typically, the amount of PAni deposited on
the metal surface is affected by the monomer concentration, the nature of the acid medium,
and the oxygen content in the reaction medium; so, it made sense to follow prescriptions
given in the literature to obtain a predefined PAni thickness and ascertain that similar

results would be gotten.

IPerhaps it should be stated here that, because many of the experiments carried out were on systems
hitherto untested, quite a tortuous path, requiring a large dose of engineering ingenuity, was followed to
ensuring that accurate results were obtained.
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Electroless deposition, as its name implies, proceeds without an external current
or voltage but via an electrochemical mechanism in which the same substrate, at different
times, acts as the anode and cathode of the electrochemical reactions involved. Initially,
oxygen, bubbled into the acidic solution containing the monomer, is reduced on the
substrate (thereby acting as a cathode in this instance), then the aniline monomer in the
solution is subsequently oxidized to form polyaniline on the substrate. Figure 3.1a shows

the reaction:

NH Nl-f
"QNH; +3/4n C, —=3/2n H,0 4
o~ o+
NH NH n4

(a)

FIGURE 3.1: (a) PANI electroless polymerization reaction [69]; (b) Reactor for PAni
deposition on Pt substrates. Oxygen can be seen to be bubbled through the solution, and
the hoses are connected to a chiller which thermostats the reactor.

Initially, a 10-nm titanium (Ti) adhesion layer was sputtered on 4-inch-diameter
silicon wafers, then 100 nm of Pt was sputtered on this adhesion layer. The sputterings
were effected in the PLASSYS MP500S sputtering machine, which, for Ti, was at 15 °C,
50 sccm Ar flow rate, 100 mA applied current for 1 min 57 s to get 10 nm of Ti adhesion
layer. Then Pt was sputtered under the same conditions, except this time for 9 mins to get
100 nm of Pt film?. The Pt-covered substrates were cut into suitable sizes for the reactor,
then immersed in an aqueous solution of 0.4 M H,SO, and 0.4 M aniline monomer (gotten
from Sigma-Aldrich) as per the prescription of Refs. [75] and [69]. While oxygen from
the atmosphere might do for the initial reduction on Pt substrate, the aniline solution was

saturated with oxygen to ensure reproducibility. Also, the solution was thermostated to

2These deposition conditions are based on calibration studies that have been prevously done on the
system.
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ensure the reaction temperature was constant throughout the reaction time. Figure 3.1b
shows the setup for the electroless deposition procedure.

It was found that as-prepared Pt substrate loses its catalytic activity if left unused
for some time — very likely due to formation of a thin film of oxide on its surface. For
this reason, each time before electroless deposition was performed, few nanometers of
film was plasma-etched off its surface; this was carried out by exposing the film to argon
plasma created by applying power of 100 W into argon gas at a pressure of 5 mTorr for a
maximum of two minutes.

The first growth was carried out at 50 °C for 3, 5, 7, 9, and 11 hours. After it
became clear that such "extreme" conditions were unnecessary to meet the thickness target
of 50 nm, growth was repeated, but this time at only 25 °C for varying times of 2, 4, 5,
6, and 7 hours. Within minutes from the start of experiment, green colouration of the
surface of the Pt, which deepened with time, were observed, confirming the growth of
PAni. Images of the resulting films were then taken and their thickness determined by
scratching its surface and measuring with an atomic force microscope (see 3.10 for details).
In addition, for comparison of battery performance, thick films were also grown at 50 °C
for 5 hours to give a 2 yum -thick film.

Besides surface cleaning of the substrate each time before electroless deposition,

the chemicals were used as received — no further purification was done on them.

3.2 Fabrication of Pt 3D Interconnected Nanowire Network
(3DNWN)

The synthesis of 3D interconnected nanowire network involved three steps, viz. production
of porous polycarbonate template, cathodic electrochemical deposition in the template,

and dissolution of the template to reveal the nanowires.

3.2.1 Production of track-etched polycarbonate template

The porous polycarbonate (PC) templates used for the electrochemical deposition of 3D
interconnected nanowire network are manufactured at the Cyclotron Resource Centre here
in Louvain-la-Neuve by itdip, a spin-off of the university, by a sequential two-step process.
Figure 3.2a depicts the process called track-etching technology [77]; it involves bombarding
20 um polycarbonate templates with heavy, energetic ions (typically Ar’* at 5.5 Mev/amu)
under vacuum (102 mbar) at room temperature [78]. The template is bombarded at angles
a of +25° and -25° (shown in Figure 3.2b) to the normal of the template surface.

This bombardment leads to the scission of chemical bonds in the polymer, leaving

latent tracks as the ions pass through the irradiated polymer; the resulting tracks are then
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etched to reveal the pores with 0.5 M NaOH aqueous solution at 70 °C for an etching
time that depends on the intended pore size. Templates produced by this method are
unique, because the pore size and density can be precisely controlled by varying different
parameters. Besides PC, polyimide and polyester porous templates can also be made by
the track-etching technology [77].

For this work, the pore size was 230 nm and the template’s volumetric porosity ~
23 %. After the templates were received from its manufacturers, an adhesion layer of 5 nm
Cr was sputtered on its surface, then 50 nm Au film was evaporated on it to serve as the
cathode in the electrochemical deposition step®.

Raw Film Beamed Film
r\ lon r ‘.\ ".\
Beam
. . Etching baths . |: |

[
I

— v (ALY | ” d”“ “ wiword n
o Y o
Damaged Porous
tracios membrane
dilKS

(a)

(b)

FIGURE 3.2: (a) Schematics of the track-etching technique to produce nanoporous tem-
plates [77]; (b) Schematic representation of a PC template with crossed cylindrical
nanopores oriented at angles o = + 25° normal to the PC surface [78].

3.2.2 Cathodicelectrochemical deposition of Pt 3D interconnected nanowire
network (3DNWN)

Electrochemical deposition (or electrodeposition, ECD) is the process of depositing metals
by means of electrolysis onto an electrode. In particular, cathodic electrochemical deposition

3The choice of Cr and Au film thicknesses were based on previous studies that had been undertaken
to determine the optimal growth conditions for good Pt nanowire adhesion (P. van Velthem, private
communication).
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was used, in that the electrode on which deposition occurred was the cathode of the
electrochemical setup. The three-electrode cell (Figure 3.3a) was used for the ECD process;
in this arrangement, the current is passed between the working and counter or auxiliary
electrodes. The working electrode (WE), as its name suggests, is the electrode of interest —
the one wherein electrochemical processes to be monitored occurs; the counter electrode
(CE) only acts to complete the electrical circuit; thus, since its electrochemical properties do
not affect the behaviour of the WE, any convenient electrode can be used, but, preferably, it
should be one that is inert and doesn’t produce substances by electrolysis which can reach
the WE and interfere with the reactions there. Potential measured at the WE is measured
relative to the reference electrode (RE), whose tip is positioned very close to the WE, by a
high-impedance potential difference-measuring device [35].

The cathodic ECD was effected potentiostatically, and the following reactions
occur at the electrodes:

Cathode: Pt**(aq) +2e~ — Pt(s) (3.1)

1
Anode: H,0 — 502 +2H" 4+ 2e” (3.2)

During potentiostatic cathodic ECD, the current i varies with time ¢, and the total charge

() after time ¢ is

Q:Auw (3.3)

The progress of electrodeposition performed potentiostatically is monitored by an i — ¢
curve?!, which exhibits four regimes as shown in Figure 3.3b. The initial stage is the
nucleation stage, and it’s exhibited as a plummet in current on the ¢ — ¢ curve, which results
from the creation of an electrochemical double layer as the nanowires nucleate. The second
stage is the growth stage, at which the nanowires grow within the pores of the template;
it’s exhibited as a regime of constant current until it fills up the pores, after which the
current soars, corresponding to the cap stage where the nanowires first outgrow the pores.
If electrodeposition continues, the overgrown nanowires form a film over the template and
the current continues to rise until it asymptotes, corresponding to the overfilling stage [79].

Electrodeposition is an electrolytic process and the amount of material deposited
through an electrolytic process is given by Faraday’s first law of electrolysis: the amount
of substance produced at each electrode is directly proportional to the quantity of charge

flowing through the cell. It’s given mathematically as

Q =nFN (3.4)

*Called a chronoamperometrogram — but this is certainly a mouthful.
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where n is the change in the charge of the metal, F' is Faraday’s constant and N is the
number of moles of metal deposited. By calculating the area under the ¢ — ¢ curve, Q) is
determined and by relating to Equation 3.4, the number of moles, hence mass, of metal
deposited can be easily determined.

Power P(ﬂ:rtemplate
m ~ - 1l m v
0o { = \nucleation growth caps overfilling
Working Auxiliary 2
electrode electrode 3
Ey vs. ref In cell notation
/\ Working or
\% ? indicator
\/ Reference
electrode —> Reference
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counter
electrodes (b)
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/\7 \
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Electrolyte %
[~
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X 0 NWs = deposited metal
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FIGURE 3.3: (a) Three-electrode cell and notation for the different electrodes [35]; (b)

Typical i — t curve for electrochemical deposition (Adapted from Ref. [80]); (c) Schematic

representation of the electrodeposition setup (Adapted from Ref. [80]); (d) Photograph

of an operating electrodeposition cell, showing the Ag/Ag" reference electrode, external
connections to potentiostat, and thermocouple.

Figures 3.3c and 3.3d show the schematic of the ECD cell setup and of an as-
sembled operating cell, respectively. The body of the cell is made of Teflon™. Two types
of substrates were used for ECD - Si and quartz. Four-inch diameter Si wafers, stored
in extremely inert conditions, were gotten from the clean room; then an adhesion layer
of 5 nm Cr and 100 nm Au thin film were deposited onto the surface of the as-received
Si wafers. A 7-mm diameter template (prepared in Section 3.2.1) was used on every 1
cm x 1 cm Si substrate. The circular template was gently placed on the substrate with
its Au-coated face in contact with the Au face of the Si substrate. The cell was then as-
sembled as shown in Figure 3.3d. Al foil was used as the current collector of the WE
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(the substrate) to the potentiostat; the RE was Ag/AgCl (0.197 V vs. standard hydrogen
electrode SHE), and the CE was the Pt strip shown. All ECD were carried out in continuous
mode on Potentiostat/Galvanostat Model 263A from Princeton Applied Research at a
deposition potential of - 0.3 V (as per studies by Ref. [81]). The electrolyte was a 10 g Pt/1
Platinum-DNS-Bath from Metakem.

Furthermore, based on previously undertaken studies (P. van Velthem, private
communication), it has been shown that the adhesion of Pt nanowires depends on both
electrodeposition temperature and the thickness of Au film on the template. We have seen
in Section 3.2.1 that 50 nm Au film on the template was the best for adhesion. Concerning
deposition temperature — we know that ECD rate increases with temperature, but this
leads to the formation of nanotubes rather than nanowires, which results in poor nanowire
adhesion; thus, to solve this problem, while retaining a reasonable ECD rate, ECD was
carried out at two temperature regimes: first at 25 °C for ~ 1500 s, which, although a slow
ECD rate, ensures that nanowires (rather than nanotubes) are formed at the outset of the
ECD process. After this period, the temperature of the system was increased to 50 °C,
which leads to a rise in current, hence ECD rate, until completion.

Recall that the charge () gives the amount of deposited material; this makes it
easy to limit the height of the nanowires by setting the total charge to be obtained in
an ECD session. Again, P. van Velthem (private communication) has shown that 1 C of
total charge corresponds to approximately 1 ;zm of nanowire height for deposition in a 7
mm-diameter PC template, and this fact has been confirmed several times by the author
during the course of the work; therefore, by setting (on the Potentiostat’s software) the
total charge to 10 C, 10 um of nanowire height was always attained. This was the height of
nanowires used on all electrodes®.

After ECD, the cell was disassembled, and the sample removed and placed in a
flat beaker containing dichloromethane CH,Cl, (from VWR Chemicals) in order to dissolve
the template. Afterwards, the sample was rinsed by gently placing it in another flat beaker
containing distilled water, then removed and left to dry. One had to be careful at this stage,
because manhandling the sample could lead to nanowire detachment from the substrate.
For instance, during cell disassembling, the O-ring typically remains stuck to the substrate,
as can be seen in Figure 3.4a; to avoid detachment of the nanowires, everything in Figure
3.4a was placed in dichloromethane and the O-ring detaches on its own while the template
dissolves, leaving the nanowire network behind. Figures 3.4a and 3.4b show the deposited
nanowires before and after dissolution of the template, respectively.

ECD was initially done on Si substrate for deposition studies, because it’s easier
to handle and more readily available; however, quartz was the required substrate for the

5A word on this is in order. The nanowires are not standing normal to the substrate but inclined at
some angle; thus, the height referred to here is the height of the template that has been filled, not that of an
individual nanowire.
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laser patterning (see Section 3.6) to form the interdigitated structure, since laser patterning
is possible only on an insulating substrate. Exactly the same procedures — from metals
deposition to template dissolution — were used on quartz substrates. It was observed
multiple times that ECD didn’t occur on quartz substrates (with deposited Au as cathode)
unless it was initially etched (by the same Pt-etching procedure) for a minute before cell
assembly.

(b)

FIGURE 3.4: Substrates with 3D-NWN (a) before and (b) after template dissolution.

3.3 Functionalization of Pt 3D Interconnected Nanowire Net-
work (3DNWN)

After successful nanowire growth, electroless deposition of PAni was done on the nanowires
following the procedure of Section 3.1. Note that plasma etching was also done on samples
that had been prepared long before electroless deposition.

3.4 Cyclic Voltammetry of Polyaniline Thin film in Aque-

ous and Nonaqueous Electrolytes

Section 2.2.3 presents the essentials of cyclic voltammetry (CV); CV was done for two
reasons: the first was to identify the potential range within which cells made from PAni
electrodes can be cycled; the second was to study the electrode redox kinetics of PAni
during cycling to give an idea of its behaviour.

CV of PAni was initially done in 1 M H,SO, at a scan rate v of 5 mV/s in an open
cell at room temperature, using a three-electrode cell, with PAni film as the WE, Pt wire
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as the CE, and saturated calomel electrode® (SCE, 0.242 vs. SHE) as RE. The second CV
was done in 1 M LiClO; in acetonitrile in a Swagelok cell (shown in Figure 3.5a. Since
PAni is conductive, it was directly connected to the potentiostat by contact with a current
collector (like was done in Section 3.2.2); it was done by covering a very small area (just
enough for electrical contact) of its surface with a stainless steel strip placed over the back
of the substrate’. The Swagelok cell components, the metal strips (current collectors), the
substrates to be tested, etc., were left in the Haraeus Vacutherm vacuum oven for 18 hours
to remove all moisture, then assembled in the glovebox. After assembling, the cell was
removed and CV was done outside with a BioLogic SP-300 potentiostat. Note that in both
cases, PAni substrate used was one of the ones prepared at 25 °C for 5 hours.

(a)
PY/H*, Bri(1 M)/AgBr/Ag Cathodic
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T Onset of H* |
reduction on Pt a
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(C) Cell Potential Anodic

FIGURE 3.5: (a) Assembled Swagelok cell for CV in nonaqueous electrolyte; (b) Screen-
printed electrode used for stability window measurement; (c) Linear potential sweep or
ramp; (d) Schematic current-potential curve for the cell Pt/H*,Br~ (1 M)/AgBr/Ag [35].

®The saturated calomel electrode is the half-cell Hg/Hg,Cl, /KCl (saturated in water).
7Stainless steel was used as the current collector, instead of strips of Al or Cu foil, because it was found
that the two latter metals are stripped in the cycling potential range.
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3.5 Determining the Stability Window of Non-aqueous Elec-
trolyte

The stability or electrochemical window is the potential range in which an electrolyte/-
solvent system does not undergo any oxidation or reduction reactions. Linear sweep
voltammetry (LSV) is used to determine the electrolyte stability window; it involves ap-
plying a potential linearly with time, i.e., applying a voltage ramp, with a sweep rate
v ranging from 10 mV/s to 1000 V/s in conventional electrodes, and the potentials at
which specific current densities are reached are identified as the electrochemical limits
[35]. Figure 3.5c shows the input in LSV; we can see that it is akin to CV, but with no
sweep reversal. The key is to sweep the potential of an inert working electrode, typically
Pt, in the electrolyte of an interest to potentials as negative and positive as possible until
a continuous increasing current is gotten; the range between the potentials that cause
continuous increase in current is the stability window.

Typically, the potential at which a specific current density J.,,—ss is reached is
used to define the cathodic and anodic limit of the electrolyte. The choice of J..—,yy is
somewhat arbitrary with values in the range of 0.01 to 5.0 mA/ cm? [82].

The stability window of a nonaqueous electrolyte, 1 M LiCIO, in acetonitrile
solvent, was determined by the screen-printed electrode gotten from Metrohm (shown in
Figure 3.5b), a three-electrode cell, with Pt working and counter electrodes, and Ag as
the pseudo-reference electrode. The anodic potential was scanned from 0 to +3 V, and the
cathodic potential was scanned from 0 to -2 V, both at a scan rate v of 10 mV /s with a
BioLogic SP-300 potentiostat. The electrolyte used was prepared, and the LSV itself was
carried out, in the glove box from Innovative Technology, with an Ar atmosphere and O,
and H,O concentration of no more than 0.1 ppm. The screen-printed cell was left in the
Haraeus Vacutherm vacuum oven for 18 hours at 70 °C to remove any moisture before use

in the glovebox.

3.6 Laser-assisted Patterning of Pt 3DNWN to Side-by-side
Interdigitated Electrodes

After fabrication of nanowires on quartz substrates, the initial spherical samples were
patterned with a laser-assisted method to form side-by-side interdigitated electrodes with
the SDNWN.

In order to form the interdigitated electrodes, Picosecond laser technology (PL)
was used for ablation of unwanted zones on the initial SBDNWN. PL is a micro-machining
technique that involves photoablation — ablation that results from laser photons directly
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breaking the chemical bonds in an exposed region of a material, thereby sublimating
materials fron the said region — to make high-precision patterns on a material. Compared
to other micro-machining techniques, it’s a relatively cold process, therefore leading to
a very small area of heat-affected zone (HAZ); it’s very clean, leaves no recast material
after ablation, and requires no need for post-processing [83]. It uses ultra-short pulses —in
the picosecond domain or shorter (see Figure 3.6a) — which allows for instantaneous peak
powers, and, because they have high fluence, they can drive multi-photon absorption that
excites electrons in the material, directly breaking chemical bonds. Because its pulsewidth
is shorter than the thermal diffusion rate in materials, heat from residual thermal effects is
removed with the atomized material before the formation of a HAZ, resulting in a very
small HAZ.

For this work, the Oxford picosecond laser was used; a small, constant pulse rate of
1 pulse per 5 us (i.e., frequency of 200 kHz), was used to give an ultra-precise control of
surface ablation. The laser beam wavelength was 355 nm; the operating power P was 3 W;
the spot diameter was 10 ym; and the engraving speed was 200 mm/s. Figures 3.6b and
3.6c show the intended planar pattern and 3D architecture, respectively. As Figure 3.6b
shows, the spacing between the digits are 100 um ®, the width of each digit is 200 pm, and
the length of each digit is 6 mm.

3.7 Cell Assembling

The thin- and thick-film electrodes were each assembled into coin cells, while the substrate
containing the interdigitated electrodes was assembled in a custom-made cell. Before
cell components assembling, all cell components were dried at 70 °C for 18 hours in the
vacuum oven (just as in the previous cases). Assembling of coin cells containing thick and
thin film electrodes was done in the glovebox, then brought out to be tested, while the
assembling of the 3D battery (without electrolyte) was done outside before being placed
in the vacuum oven. Only after assembly, drying and placing in the glovebox was the
electrolyte added.

Figure 3.7a shows an exaggerated schematic of the assembled symmetric 13-mm
coin cells. It contained two ~ 1 cm x 1 cm thick- and thin-film electrodes, respectively.
Two pieces of 13-mm diameter Whatmann 1823-150 glass microfiber filters (the separator),
soaked in 12 drops of 1 M LiClO4-acetonitrile electrolyte, were used in both cases. Stainless
steel was used as the current collector and it covered the PAni surfaces only slightly. The
positive and negative cans (LIR2032) were made of stainless steel, and the assembly didn’t
contain a spring, because the thickness of the components were enough to make it tightly

8The inter-digit spacing has been exaggerated to enable clear dimensioning.
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Photoablation

(b)

(©)

FIGURE 3.6: (a) Description of photoablation; (b) Intended planar pattern of the inter-
digitated architecture with relevant dimensions (Adapted from Ref. [84]); (c) Intended
architecture of the interdigitated 3DNWN electrodes.

assembled. After assembly, tightening was done by pressing together with a pressure of
500 psi.

Figure 3.7b shows the custom-made cell for cycling the interdigitated cell. Each
digit (electrode) was connected to an external energy source by attaching a copper wire
with silver paint. In the glovebox, 12 drops of the electrolyte was put in the cell, covered

with a rubber stopper, placed in Faraday cage, then connected to the potentiostat.

3.8 Galvanostatic Charge—discharge Cycle Testing

Section 2.2.3 presents the technical details of cycle tests, in general. The cycle test is
the most important test to characterize the performance of batteries. To evaluate the
performance of fabricated batteries, cycle test at constant currents, i.e., galvanostatically,
were performed. The cycle tests on the thin-film battery were performed on the Neware
battery testing system model BTS4000 Series, while the cycle tests on the thick film battery
and 3D microbatteries were performed on the Arbin battery testing system model BT2043.
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Separator

(b)

FIGURE 3.7: (a) Schematic of the assembled coin cell for the thin- and thick-film elec-
trodes; (b) Front and plan view of the custom-made cell used for 3D battery cycle testing.
On the left photograph, copper wire can be seen extending from the battery.

3.9 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a type of electron microscopy that produces images
of a sample by scanning it with a focused beam of electrons. The electrons interact with
atoms in the sample, producing various signals that contain information about the sample’s
surface topography and composition. The electron beam is generally scanned in a raster
scan pattern, and the beam’s position is combined with the detected signal to produce
an image. It’s the most common technique for the characterization of surfaces and of the
morphology of nanostructures.

Figure 3.8a shows the schematic of an SEM; typically, the electrons leaving the
electron gun are generated by thermionic emission from a tungsten filament, ceramics
like CeBg or LaB,, or field emission guns (FEG) for higher resolution. The electrons are
accelerated towards the sample by potential in the range of 2 to 50 kV in a vacuum; the
condenser lens then demagnifies the electron beam up to 2-10 nm, as it hits the surface
of the sample. The detector counts the number of resulting particles, like secondary or
backscattered electrons, and this information is transferred to a monitor, which displays
the data. As Figure 3.8b shows, a number of interactions are possible, depending on
the depth of sample probed, from which different information of the sample can be
derived. The secondary electrons give information about the morphology or topography
of samples; backscattered electrons give contrast in phase composition; the others give
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different chemical information, depending on the depth, nature of the material and the
sensitivity hoped for [85, 86].

For analyses carried out during the course of this work, the SEM used was JSM-
7600F from JEOL, whose primary electron source is a Schottky Field Emission Gun (FEG),
and has Semi-Inlens secondary electron detector and Backscattered electron detector. The
acceleration potential was always 15.0 kV.
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FIGURE 3.8: (a) Schematic of the scanning electron microscope; (b) types of electron-
matter interactions [85].

3.10 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is an imaging technique used to measure surface topog-
raphy, surface hardness, and elastic modulus, and used for depth profiling at the atomic
level. It operates by measuring the forces between the sample (to be tested) and the tip of
a probe, and this force depends on the probe geometry, spring constant of the probe, and
the distance between the probe and sample. Its mode of operation is having a sharp probe
tip, with atomic dimensions, scanning over a sample surface along with a feedback mecha-
nism that enables piezoelectric scanners to maintain the tip at a constant force (to obtain
information about topography), or at constant height (to obtaining the force information
above the sample surface). The probe tip is brought close enough to the surface in order to
detect the repulsive force between atoms in the tip and sample. Probe tips are typically
made of SizNjy or just Si [87, 88]. Figure 3.9 is a schematic of the basic operating principle
of an AFM; the surface topography of a sample is tracked by monitoring the deflection of
the cantilever, dz, which is measured as a function of tip position, often by using the back
of the cantilever as a reflector for a laser beam. As the tip scans across the surface of the
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sample, the cantilever is deflected along with the contour of the sample’s surface; the laser
beam is then deflected off into a dual-element photodiode. With this setup, picometer-scale
displacements can easily be measured. The detection system collects the difference in light
intensities between the upper and lower photodetectors and converts it into a voltage.

In this work, AFM was mainly used to determine the height of PAni electrolessly
deposited at various growth conditions by scratching of the surface of the film with a razor
blade. Icon Dimension Multimode Scanning Probe Microscope from Bruker was used for
all AFM analyses.

Detector and
Feedback

Electronics

Photodiode

La57

SMM Cantilever & Tip
. PZT Scanner

FIGURE 3.9: Schematic diagram of the working principle of atomic force microscopes
Instruments [88].
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4 Results and Discussion

In this section, the results of the experiments carried out (as described in Section 3) will be
presented. At this point, we might find a recap of the goal of this work aidful. The purpose
of this work is to fabricate and test a microbattery, whose electrodes are symmetrical, i.e.,
made of the same material, with an interdigitated architecture. To this end, we used
electrodes made from 3D interconnected nanowire networks (3DNWN), and selected
the active material to be polyaniline (PAni), a conducting polymer that has three main
redox states — leucoemeraldine, emeraldine, and pernigraniline — depending on the fraction of
benzenoid and quinoid states in the overall structure. The method of synthesis employed
in this work — electroless deposition — produces PAni in the conducting, emeraldine-salt
state, which is, in fact, the mid-redox state; thus, by applying a reducing or oxidizing
current to emeraldine-salt electrodes (charging), the electrodes are reduced or oxidized
to the leucoemeraldine or pernigraniline state, respectively, resulting in a substantial
potential difference that can drive charges during discharge of the battery. Ideally, during
discharge, both electrodes return to the emeraldine state, since reactions opposite to those
that occur during charging should occur during discharging. As we shall soon see, the
results indicate that this is indeed what occurs.

In so far as the literature review has shown, this work is the first attempt at
undertaking such a task; in addition, because of the challenges with assembling full cells
(microbatteries complete with both electrodes) with electrodes made of 3D nanostruc-
tures [89], most of the results in the literature are for half-cells, especially for alkali-metal
(LI, Na") batteries, which are simply cycled against the pure form of the metals. Although
the architectures and materials from many of these works are different form ours, they can
still be used in comparison, because, if anything, they give an idea of the performance of
microbatteries taken in toto (i.e., materials and architecture considered together). Never-
theless, results from Refs. [78] and [80] are relevant, because, although based on Li*-ion
half-cells, the working electrodes (half-cells) are made of the same 3DNWN like ours,
albeit with different active materials, and synthesized by the same process.
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4.1 Sample Fabrication

In this section, the results of the experiments leading to device fabrication are presented,
with a discussion of observations.

4.1.1 Functionalization of planar surface with polyaniline

Our purpose here was to find the optimal growth parameters to electrolessly deposit PAni
on the nanowires; since planar surfaces are easier to produce and handle, it seemed as the
rational starting point. As was stated in Section 3.1, the first growth was carried out at 50
°Cfor 3,5, 7, and 11 hours, then again at 25 °C for 2, 4, 5, 6, and 7 hours.

Figure 4.1a shows optical micrographs of the initially deposited PAni films taken
with the AFM-integrated optical microscope. The scratch that was made to measure film
thickness is obvious and, in all cases, the AFM cantilever and LASER beam can be seen.
The LASER beam is seen because the all the pictures were taken prior to laser alignment.
Furthermore, it can be seen that electroless deposition isn’t uniform on the surface; since
electroless deposition is a catalytic reaction, involving a number of surface reactions, it
is likely that this effect arises from Pt surface poisoning due to adsorption of a range of
chemical compounds. To confirm this, rather than chemically reactivating the catalyst
surface, it was decided that slight surface etching, to remove the poisoned parts, might
suffice to reactivate the surface, in line with recommendations from Ref. [70].

The results not being up to par led to growing new films after Pt etching, this
time at lower temperature of 25 °C temperature for slower deposition rate [69] that would
ensure more homogeneous growth. Figure 4.1b shows the optical micrographs of PAni
film grown at 25 °C for different times; the green colour is proof that that resulting film is,
indeed, PAni in the emeraldine salt state, and, as can be seen, is darker with increasing

time, signifying that the thickness increases with time.
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Subsequently, film thickness was measured with the AFM by scanning in the
neighbourhood of one side of the scratch made. Figure 4.2 serves as example to show
the nature of analyses done on the AFM data: it’s the 2D image profile of the PAni film,
deposited at 25 °C for 2 hours, in the neighbourhood of the scratch. Data around the
scratch and the PAni film are collected (the boxed region) and after the required image
processing with the NanoScope Analysis (version 1.7) software, a clear height profile is
gotten, as shown on the right of Figure 4.2. This sort of data was collected on several
points and an average was taken to give the film thickness. Although several factors affect
the accuracy of such AFM measurements, we can take the accuracy of these measurements
to be £ 10 %. In the following sections, we shall see confirmations of this.
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FIGURE 4.2: 2D AFM image profile of electrolessly deposited PAni in the neighbourhood
of the scratch for height measurement

Table 4.2 presents the thickness of PAni electrolessly deposited on 100 nm of Pt
on a Si substrate. These results are in agreement with published values [70, 75].

TABLE 4.1: Thicknesses of PAni films electrolessly deposited on Pt substrate at 25 °C

Deposition time (hours)

Thickness (nm)

2 42
4 50
5 94
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4.1.2 Fabrication of Pt 3D interconnected nanowire network (3DNWN)

The porous polycarbonate (PC) templates used were received from it4ip, deposition of
cathode thin films were done in the laboratory. Since the charge was set to 10 C, the
height of the resulting nanowires was 10 ym, and we know beforehand the mass of
electrodeposited Pt nanowires. From Equation 3.4, we can easily determine the mass of
the electrodeposited Pt to be 10.1 mg. Furthermore, Figure 4.3a shows the i — t curve for
the electrochemical deposition (ECD) of PAni; clearly, the area under the curve is the total
charge imposed (10 C), and it shows two temperature regimes, one at 25 °C for 1300 s and
the other at 50 °C until the end of the process. As has already been noted, this was done to
ensure good adhesion of the nanowires onto the substrate. Since the ECD was not done up
to half the template thickness, only the first two stages of ECD — nucleation and growth —

can be seen in Figure 4.3a.
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FIGURE 4.3: (a) i—t profile of electrodeposited platinum nanowires; (b) SEM micrographs

of the resulting nanowires; the bottom right micrograph is for nanowires electrodeposited
to a charge of 1 C, in order to see the quality of adhesion of the nanowires onto the
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Figure 4.3b shows the images of 10 C of Pt electrodeposited nanowires. The
bottom right image is for 1 C (1 um) at 25 °C throughout, in order to confirm the quality of
adhesion of the nanowires on the substrate. As can be seen, the adhesion is of high quality

if ECD is started at a low temperature.

4.1.3 Functionalization of Pt 3DNWN

After the fabrication of Pt SDNWN, the next stage was the functonalization of the nanowires
to the core-shell structure to determine the growth parameters that would result in the
intended core-shell structure before reproduction on the interdigitated electrodes. The
same setup as in the case of thin films were used, however with more careful handling
to reduce the risk of nanowires detaching from the substrate. Electroless deposition was
performed at 25 °C for 2, 4, 6, and 8 hours. Also, all samples used long after nanowire
deposition were plasma-etched (with the same conditions as the Pt thin film before) before
electroless deposition.

Figure 4.4 shows SEM micrographs of the 3DNWN core-shell network for PAni
electrolessly deposited on Pt nanowires for 2 hours. It can be seen that PAni is uniformly
deposited on the nanowires, with no exceptions, to form a clear core-shell structure. The

resulting thickness of PAni shell over the nanowires is 50 nm.
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FIGURE 4.4: (a) Top view of functionalized Pt 3DNWN grown for 2 hours; (b) Magnifica-

tion of functionalized Pt BDNWN, showing the dimensions of the core-shell structure;

(c) Side view of detached functionalized Pt SDNWN deposited at 5 C to show that the
the electroless deposition is uniform everywhere on the nanowire.

Figure 4.5 is the SEM micrograph for functionalization done in 4 hours. From the
top view, bridging of PAni films from neighbouring nanowires can be observed in some
regions; magnification shows that PAni doesn’t fill up the entire sample, but only appears
this way because of the interconnected nature of the nanowires. Within the network,
there’s still a lot of room for PAni while conserving the nanoscale structure of the core-shell
nanowires. The thickness of the PAni shell in this case is §0 nm.
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FIGURE 4.5: (a) Top view of functionalized Pt 3DNWN at 25 °C for 4 hours; (b) Magnifi-

cation of functionalized Pt SDNWN, showing the dimensions of the core-shell structure;

(c) Larger magnification to accentuate to presence of ample room for PAni growth on the
Pt nanowires in the volume.

Further deposition results in thicker shells as Figures 4.6 and 4.7 show; with time,
complete merging of PAni shells, growing from neighbouring nanowires, occur. For PAni
shell grown for 6 hours, again, the top view suggests that the entire volume is occupied,
but the side view shows the presence of more room for PAni growth; however, as Figure 4.7
shows, further deposition of up to 8 hours leads to complete filling of the entire SDNWN.
Recall that for battery applications, the advantages of nanostructures, i.e., simultaneously
having high energy and power density, is hoped to be explored; when the PAni shell is
very thick, as in Figure 4.7, so much so that the 3DNWN core-shell is effectively a thick
film, the resulting energy density will be certainly high, but at the cost of its power density,
as the diffusion length for ions becomes considerable; hence, there is no need to grow PAni
for a longer duration with this template. The thickness of PAni shell grown for 6 hours is
121 nm and 65 nm for that grown for 8 hours.
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FIGURE 4.6: (a) Top view of functionalized Pt 3DNWN grown for 6 hours at 25 °C,
showing further bridging of PAni core from neighbouring nanowires; (b) Side view of
functionalized Pt 3DNWN, showing the presence of ample space for further PAni growth
(c, d) Larger magnification to accentuate the presence of room for PAni growth on the Pt
nanowires in the volume and the dimensions of the core-shell structure.
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FIGURE 4.7: (a) Top view of functionalized Pt 3DNWN, which shows that the entire
3DNWN is almost completely filled with PAni; (b—d) Side views, at various scales, of the
3DWNW, to accentuate filling even within the network.

4.1.4 Laser-assisted patterning of Pt 3DNWN to side-by-side interdigi-

tated electrodes and functionalization of the electrodes

It was agreed upon that the test system would be the core-shell 3DNWN with 50 nm
shell. Before functionalizing the 3DNWN, it was first patterned to form side-by-side
interdigitated electrodes, because patterning after functionalization leads to burning away
of PAni shell, a polymer.

Figure 4.8 shows the optical micrographs of the Pt SDNWN after patterning. It
can be seen that the exact dimensions intended, as shown in Figure 3.6b was achieved. In
addition, the separation between electrodes (100 xm, the same as the separation between
consecutive digits) can be seen in Figure 4.8a; the substrate was ablated to its extrema —
this was done to avoid electrical contact between the interdigitated electrodes, so short
circuiting wouldn’t occur during battery operation. The patterned samples were tested

with a multimeter to ensure this.
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FIGURE 4.8: (a-d) Optical micrographs of LASER-patterned interdigitated electrodes of
Pt SBDNWN before PAni functionalization.

The SEM micrographs of same are shown in Figure 4.9 to accentuate the heat-
affected zone (HAZ); it can be seen that the HAZ is no more than 4 pm for each digit, with
very sparse recasting of the ablated material, just as was claimed in Section 3.6. Therefore,
we can be certain that the effect of patterning on the performance of the battery will be

very negligible.
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FIGURE 4.9: (a-d) SEM micrographs of LASER-patterned interdigitated electrodes of Pt
3DNWN before PAni functionalization.

After LASER patterning to form the side-by-side interdigitated electrodes, the
next stage was the functionalization of the Pt 3DNWN by to form the core-shell structure.
Figure 4.10 shows SEM micrographs after PAni functionalization at different magnifica-
tions; because of the difficulty with taking high-quality images after PAni functionalization,
a very thin film of 5-nm (Au) was sputtered on the sample to make it more conducting.
Nevertheless, from the diameter of each nanowire, it’s obvious that there’s a PAni shell,
and the circled regions in the image show regions in which the Pt core is evident. It should
be noted that no cell cycling was done on this system; it was only done to show that
Laser-patterning has no effect on PAni electroless deposition on the nanowires.

In all cases, after PAni functionalization, gentle rinsing with distilled water is
required because some conducting emeraldine salt crystals bridge the electrodes. A single
tiny crystal in any of the electrical-separation troughs is enough to cause this, as unaided
visual observation and multimeter-testing have shown. It’s imperative to note, however,
that one has to be very careful in doing this, lest the nanowires be delaminated from the
substrate. Typically, the sample is put in a beaker containing distilled distilled water, gently
stirred to remove any crystals from its surface, then brought out and allowed to dry in the
fume box. Finally, Table 4.2 compares the thicknesses of PAni grown on the Pt thin film
and nanowire, while Figure 4.11 shows an image of the battery, with connections, before
packaging for cycling tests. Silver paint was used to attach copper wires that connect the
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FIGURE 4.10: (a—d) SEM micrographs of LASER-patterned interdigitated electrodes of
Pt SDNWN after PAni functionalization.

battery to the battery testing system, and the green colour on the Au substrate is PAni
electrolessly deposited on Au.

TABLE 4.2: Comparison of PAni thickness on SDNWN and planar substrate electrolessly

deposited at 25 °C

Deposition time | Thickness on planar Pt | Thickness on Pt SDNWN
(hours) substrate (nm) (nm)

2 42 50

4 50 80

5 94

6 121

8 165

4.2 Electrochemical Tests

In this section, results and discussion of electrochemical tests will be presented. Where

relevant, links from the preceding section will be made and expounded.
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1

FIGURE 4.11: Image of symmetrical 3D battery with functionalized electrodes ready for
galvanostatic cycling testing.

4.2.1 Cyclic voltammetry (CV) on PAni film in aqueous electrolyte

In the search of an electrolyte for our PAni microbatteries, it was expected that an aqueous
electrolyte would do, because of the values of the redox potentials!, and the narrow
potential difference expected of the PAni battery. In light of this, CV was done on a thin
film of PAni (PAni used was electrolessly deposited at 25 °C for 5 hours) in 1 M H,SO,
aqueous solution; as we have seen, the thickness of this film is 94 nm?. Figure 4.12 shows
the resulting voltammogram:

The CV was performed multiple times as Figure 4.12 shows. There are two
salient points from the voltammogram. The first is the presence of a mid-redox state at
about 0.58 V (labelled B-B’); this has been ascribed to the formation of quinones (mostly
benzoquinone) as a consequence of the hydrolysis (of emeraldine) in water in the following
reaction [90-92]:

!The redox potentials of PAni oxidation and reduction.
2t should be stated that during the course of this work, CV was attempted on ~ 40-nm PAni film, but no
peaks were evident.
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FIGURE 4.12: Cyclic voltammogram of PAni in 1 M H>SO4 aqueous solution at a scan
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The second point is the sharp disappearance of the EM /PN peaks with further
scans; this is likely a result of hydrolysis. To see why these degradations might occur,
consider Figure 4.13 — called a Pourbaix diagram — which shows the potential stability
window of water with pH at 25 °C; it can be easily derived for any temperature by the
solution of the Nernst equation (Equation 2.6), considering the autoionization of water.
Because the potential of the Pourbaix diagram is quoted vs. SHE, the the potential of
Figure 4.12 has to be increased by 0.241 V, making the potential at the EM /PN peak 1.141
vs. SHE. Although it is expected that water is stable at this potential, the possibility of
the oxidation of water at the EM /PN potential is still obvious, especially if the pH of the
aqueous solution shifts to a higher value, which is usually the case in CVs done in aqueous
electrolytes [93]. In any case, even if the pH were perfectly controlled during CV, and no
decomposition occurred, the presence of an oxidation product besides EM/PN precludes
the use of an aqueous electrolyte, because the symmetrical battery may then have to run
on a lower potential. This is undesirable.
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FIGURE 4.13: Pourbaix diagram for water at STP. The potentials are relative to SHE.

Consequently, the presence of a mid-redox state, which can lead to complexities
in the operation of a PAni battery, and the degradation of the film with time, rules out the
possibility of making an aqueous electrolyte-based PAni battery, as both of these factors
will expectedly lead to loss of substantial capacity with battery cycling.

4.2.2 Cyclic voltammetry on PAni film in non-aqueous electrolyte

Following the realization that an aqueous electrolyte isn’t useful for our purpose, CV was
performed again, this time in a non-aqueous electrolyte. Figure 4.14 shows the result of the
cyclic voltammetry performed on a sample containing 94-nm thick PAni film with a surface
area of 0.81 cm? in 1 M LiClO;, solution; this particular test was carried out in an open
cell, not in the glove box; thus, the gradual disappearance of the pernigraniline oxidation
peak is most likely an effect of the oxidation of water, which must have contaminated
the electrolyte solution, just as described in the previous section. Although the pH of
the contaminating water is unknown, it should be obvious that this possibility is, in
fact, more and more likely at pH values that would be expected of ambient conditions.
The degradation is not as abrupt as in the previous case, so we can be confident of its
applicability in our battery. We shall soon see that this is indeed the case.

Now, to the matter at hand. The presence of two pairs of cathodic and anodic
waves is evidence of two reversible, charge-transfer reactions within the potentials swept —
-0.4 V to +1.2 V. A host of information about the nature of the redox processes at the peaks
on their own or relative to each other can be determined?. First, we can define the usual

standard electrode potential Ej ;. (as described in Section 2.2.1). Recall that in Section

3The second scan is used for analyses here.
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FIGURE 4.14: Cyclic voltammogram of PAni in 1 M LiClOj electrolyte in acetonitrile at a
scan speed v of 5mV/s.

2.2.3, it was stated that midway between peak potentials £} is a good approximation
of the electrode potential, causing E , to be used in practice to determine the electrode
potentials; hence, from Figure 4.14, the standard electrode potentials for the different redox
couples of PAni are +0.76 V for the EM/PN redox couple and 0.105 V for the LC/EM redox
couple, both vs. SCE. Since SCE is +0.241 V vs. SHE, then Ej,;;_..;, of both states are +1.0
V and +0.346 V vs. SHE, respectively. Consequently, any stable battery made using the
PN/EM redox couple at the cathode and EM/LM at the anode will have an £, of 0.66 V.
Furthermore, this large value of EZ,; > 125 mV implies that the successive
electron transfer reactions involves a singular molecular orbital, and that no large structural
changes occur upon electron transfer [35]. The CV can also give information about the
nature of the reversibility of the processes. One of the hallmarks of reversible electrode
processes is the ratio of the cathodic and anodic peak currents: in reversible processes, the
ratio of the peaks is 1; thus
Lie) _ . (4.1)
Iy(a)

The difficulty now lies in determining these values for our CV; typically, the peak

current of a redox peak is measured relative to the decaying current of the preceding
peak by an experimental methods that "separates" the peaks to distinct ones by stopping
the scan at the first peak, allowing the current to decay on its own to a small value, then
continuing the scan and using the freely decayed peak as the baseline [35]. However,
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a much simpler, acceptable method would be assuming that the peak current decays
proportionally with ¢~1/2 [35, 94]; since E o t, then it implies an E~%/2? decay, too. In the
following sections, we shall use another method, because this experiment was not carried
out during the course of the work.

Now that we think a non-aqueous electrolyte might be useful, we have to deter-
mine the stability window of the electrolyte to be certain that the electrolyte will be stable
within a potential window of 0.66 V and at the potentials of the redox couples. Linear
sweep voltammtery was used, as was described in Section 3.5. The resulting voltammo-
gram is shown in Figure 4.15. Since the test was cariied out in a glovebox, a Swagelok cell,
with an Ag wire pseudoreference electrode was used. There are no specifc standards for
determining the stability window of an electrolyte from the voltammogram [95], but the

generally used values are potentials at + 1 mA/cm?; therefore, stability window of the
electrolyte is about 4.4 V.

25

= ___/
==

Current density (mA/cm?)
=]

-25

Potential vs. Ag

——Anodic sweep Cathodic sweep

FIGURE 4.15: Stability window of 1 M LiClO4/acetonitrile electrolyte. The potential is
vs Ag, a pseudoreference electrode, and v is 10 mV /s

Finally, we consider the CV for PAni with our electrolyte at various scan rates.
Recall Equation 2.20; it shows the relationship between the peak current and scan rate;
this relationship is called the Randles-Sevcik equation; it implies that, for a reversible redox
process, a plot of the peak current vs. square root of the scan rate should give a straight
line. In addition, if the peak potentials (i.e., the potentials at the peak currents) appear to
be sliding apart as a function of scan rate, the process is quasi-reversible, not reversible.
Irreversibility is not in question here, as we see two clear pairs of oxidation and reduction
peaks from previous CVs [35, 41].

To ascertain the nature of the reversibility of our PAni films, CV was done in

varying scan rates, as shown in Figure 4.16. Again, it was performed in a Swagelok
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cell that had been assembled in a glove box to avoid any influences of humidity, and a
pseudoreference electrode, Ag wire, was used. While we see no decomposition of the
electrode, the oxidation peaks are not well separated.

Cyclic voltammtery pf PAni at different scan rates

-0.8

= >/
——— " 00 ’——07//
—oa 0.2 0 02 04 06 — : 1 12

Current density (LA/cm?)

-100.0
21500
-200.0

-250.0
Potential vs. Ag (V)

——5mV/s 10 mV/s 15mV/s 20mV/s ~40mV/s - 60 mV/s

FIGURE 4.16: Cyclic voltammetry of PAni in 1 M LiClO4/acetonitrile electrolyte at
variable scan rates. The scan for every v was performed thrice, but only the second scans
of each v has been presented for clarity.

Nonetheless, we can still make conclusive judgements about the nature of the
redox processes in PAni. Recall that Section 2.2.3 gives the characteristics of CVs that
determine the nature of reversibility of redox processes. Besides the peak current ratio
being 1, it was also stated that, (1) an increase in the scan rate has no effect on the peak
potentials, and (2) AE, = 22EL for reversible redox processes. It should be clear to the
reader by now that the transitions between PAni redox states involve two electrons; thus,
on the latter condition, considering that the CVs were performed at 20 °C (313 K), we
should expect that AE, is 0.031 V, if the redox processes were reversible. But as Figures
4.14 and 4.16 show, AE), is higher than this value. On the former condition, we can also

see that AE), is not constant but varies with the scan rates.

Therefore both redox processes, corresponding to two the pairs of waves in the
CV, are quasireversible, i.e., the redox process are electron-transfer limiting. Clearly, this fact
will have effects on the performance of our battery, as we shall soon see.

4.3 Battery Performance

The next stage after fabrication of battery, determination of the potential window within

which our battery can operate and the suitable electrolyte, the battery components were
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assembled and its performance evaluated. Galvanostatic charge-discharge voltage profiles
were determined for three different symmetric full cell geometries containing thick film
electrodes, thin film electrodes, and the interdigitated electrodes. The characteristics are

now presented.

4.3.1 Symmetrical thin-film microbattery

The thin-film battery, whose electrodes contained 50-nm PAni film, were assembled in a
coin cell, as described in Section 3.7; in general, the areal capacity in charge and discharge
are, as one would expect, small, since the mass of active materials is small. Figure 4.17
shows the performance of symmetric PAni thin-film battery cycled at 20 C (2.5 pA/cm?).
Smaller current densities were tried, but all led to poor cycling characteristics, typical
of electrolyte decomposition, so the current density was increased until the effect of
electrolyte decomposition was negligible.

It can be observed that the specific capacity is constant at a value of 0.09 zAh/cm?
for more than 200 cycles. Almost no capacity fading was observed until the test was
stopped. Furthermore, the current efficiency improves with the number of cycles and
remains at ~ 98 % for for the rest of its cycle life.
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FIGURE 4.17: Performance of symmetric PAni thin film battery cycled at 20 C (25
pA/cm?): (a) Charge cycle life; (b) Discharge cycle life; (c) Current efficiency of charge-
discharge capacities; (d) Voltage profiles for the first 200 galvanostatic cycles.

Furthermore, also evident in all of Figure 4.17 is an increase in capacity during
the first 130 cycles before slowly decreasing. This fact is most accentuated in Figure 4.17b,
which presents the voltage profile for the first 200 cycles. In addition, the s-shape profile —
typical of many batteries in the bulk — is not observed until after the first 20 cycles or so.
The presence of this in galvanostatic experiments (in LIBs, for instance) is an indication

of phase transitions [96]. Because of the paucity of literature on this, it's not so clear why
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this happens, but it’s fortuitous enough that the battery performs better with time. Any
suitable structural characterization method should make clear what is happening.

The discharge profile, corresponding to rapid discharge, is as expected for a
nanostructured electrode [59, 96, 97]; it results from the ion and electrons’ paths been con-
siderably shortened, as has been stated in previous chapters. Finally, the SEM micrographs
after 1000 cycles of the thin films are shown in Figure 4.18. No substantial degradation of
film, as compared to Si, for instance, [98], is observed. This explains its impressive stability

with cycling.

FIGURE 4.18: SEM micrographs of thin-film electrodes after 800 cycles.

4.3.2 Symmetrical 3D microbattery

Now, we consider the result to which this work has been culminating. Symmetrical 3D
microbattery, as a reminder, refers to the battery with interdigitated electrodes of Pt.ore-
PAni,,.; SDNWN. As has been noted in the opening of this section, the assembly of the cell
for cycle testing of the interdigitated electrodes was somewhat challenging and required
lots of care to reduce the possibility of nanowire delamination.

Figure 4.19 presents the cycle life curve for the battery made of interdigitated
electrodes. To aid the reader with interpretation of results, Table 4.3 is presented to shows
the actual current densities and cycle ID corresponding to each C-rate. Note that the
current density are based on the footprint area of the electrodes, and that the C-rates stated
are not based on the theoretical capacities, since we have no access to this at this point, but

based on actual experimental data*. The behaviour at 20-25 cycles is an artefact.

4Simply put, the C-rates were gotten by checking the time it took to attain the highest capacity for each
imposed current density.
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TABLE 4.3: Corresponding current densities and cycle indices for C-rates shown in

Figure 4.19
C-rate | Current density (1A /cm?) | Cycle ID
14C 3.85 1-76
4C 7.69 77-81
8§C 15.35 82-86
20C 38.46 87-91
50 C 76.92 91-95
100 C 153.84 96-100
250 C 384.62 101-105
14C 3.85 106-121
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FIGURE 4.19: Cycling performance of symmetrical 3D battery.

Before the discussion of the results, it’s important to note that smaller current
densities of 0.77 A /cm? (~C/3) and 1.54 uA/cm? (~1 C) were initially used for cycling,
but only electrolyte decomposition was observed. For a likely explanation, consider the
inset of Figure 4.15; it suggests that at such tiny current densities, decomposition of the
electrolyte might be possible: this is because a small current density implies a longer
exposure of PAni to the electrolyte, causing reactions that normally wouldn’t occur. This

effect is even more amplified now that the electrodes are made of nanowires that present
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larger surface area-to-volume ratios. These unfavourable results led to using the higher
current densities presented here.

A number of observations can be made from Figure 4.19. The first is the oc-
currence of an irreversible capacity loss (of 5.05 yAh/cm?) after the first charge at 1.4
C. Again, the foregoing argument, if true, might apply, as there’s usually an irreversible
capacity loss, on the first charge, associated with the formation of reaction products when
electrode-electrolyte reactions occur [86, 99]. A common example of this is the formation
of a solid-electrolyte interphase (SEI) in alkali-metal batteries. In so far as the author
is aware, there’s been no such reports for PAni/LiClO,-acetonitrile systems — but then,
most reports on PAni electrodes use it in the bulk and at much higher current densities.
Another possibility is an imbalance in the capacities of the electrodes; since the electrodes
are symmetric, it corresponds to difference in the areas of the electrodes. To understand
this, consider a cell with electrodes of different capacities; in the first charge, the overall
capacity of the cell is less than the capacity of both electrodes; in the first discharge, the
capacity of each electrode is then limited to the smaller capacity during the first charge,
resulting in an overall cell capacity less than the first charge’s. All things being equal, the
charge-discharge capacities should remain the same in subsequent cycles. This is similar
to what is observed in Figure 4.19. It’s not conclusive to the author which it is, but further
studies, taking care to perfectly fabricate and assembled cells, should solve the quandary.

Furthermore, it can be observed that higher C-rates (from 100 C) present unsatis-
factory coulombic efficiencies; this can’t be simply dismissed as some error in measuring-
devices, as it is evident in all cycles of the instances in which they occur. Charging and
discharging at high currents imply that not all the capacity can be accessed, but there’s
no reason to think they should be accessed to the same extent in the different respective
electrodes. Besides, for a battery, whose capacity is hoped to be utilized, it’s never a good
idea to cylce at greater than 60 C [96], as it becomes more difficult to access its full capacity.
Of course, it would be a whole different matter if we were testing a capacitor.

Similar to what we have seen with the thin films (see 4.3.1), the s-shape of the
galvanostatic charge profile (Figure 4.20) appears after about, again, the 20th cycle, in the
neighbourhood of the maximum capacity at the 1.4 C cycling rate; also, it loses capacity
with cycling, albeit very slowly.

Nevertheless, two excellent points can be be observed in the performance of the
battery, as both of Figures 4.19 and 4.20 show. First, the battery is very stable, and this is
obvious when you consider the second cycle at 1.4 C: it suggests that if the battery had
been left at 1.4 C, the capacity loss would have been negligible with each cycle. Going
by the standard of defining the cycle life of a battery as the number of cycles it takes for
their capacity to fall below 80 % of their initial capacity [34], it’s clear that we are still

very far away from the end of the battery of our battery’s cycle life. The second point
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FIGURE 4.20: Galvanostatic voltage profile for symmetrical battery with interdigitated
3DNWN electrodes for (a) First 65 cycles; (b) 66th to 121st cycle.

is that the decrease in the accessible capacity with cycle rates isn’t very pronounced; for
comparison, a battery, with a Ni.,,.-NiO,.; nanowire anode cycled against Li metal [78],
lost two-thirds of its initial areal capacity when the C-rate increased by a factor of 10, while
our own battery loses only one-sixteenth of its initial areal capacity for the same increase in
C-rate. This goes to show that our battery can deliver optimally in applications requiring
wide-varying cycle rates. This is a combined consequence of nanostructuring and the
interdigitated nature of the electrodes.

Figures 4.19 and 4.20 show that the maximum discharge capacity in this case is
2.7 pnAh/cm? at 1.4 C, 31 times more than the thin film batteries. The author has, with
exhaustive calculations that account for porosity, inclined nature of the nanowires, etc.,
derived that the expected areal-capacity increase should be by 58 times. The lower value
likely results from the large cycling current densities that make it difficult to access the
batteries’ full capacity, and the possibility of nanowire delamination during cycling. Finally,
it can be observed from Figure 4.21 that the nanowires undergo only very little change,
even after over 200 cycles. This proves the excellent cycling stability that has been observed

from the cycle life curve.

4.3.3 Symmetrical thick-film Battery

Finally, PAni thick film batteries were tested in order to compare the power characteristics
with the other two batteries. The thickness of the film was such that it would give the same
capacity® as the interdigitated electrodes. It was determined from the data that this would
require about 2 ym of PAni. The growth conditions for PAni thick films are reported in
refs. [75] and [70].

>Not specific capacity, which, in retrospect, should have been a better idea.
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FIGURE 4.21: (a—d) SEM micrographs of 3DNWN electrodes after 200 cycles. Note that
5-nm of Pt was sputtered on it to improve its conductivity for SEM imaging.

Figures 4.22 and 4.23 present the cycle life characteristics and the galvanostatic
voltage profile, respectively, for the symmetrical thick-film batteries. Again, cycling could
only be done at high C-rates,® because of the limitation on the minimum current density
that leads to electrolyte decomposition. Table 4.4 shows the corresponding current density
for each C-rate.

Much of the trends observed for both the thin films and the interdigitated elec-
trodes can be observed here. The appearance of the s-shape in the charge curve after about
20 cycles, the presence of a large, irreversible capacity on first charge, an initially increasing
capacity, poor coulombic efficiency at C-rates above 60 C, etc., are present in the thick-film
profile. However, unlike the other two, its cycle life is small. If we go by the position of
the second sets of 6 C rate, we see that its capacity is fallen to less than 50 % of its initial
capacity at 6 C, suggesting that it has a poor cycle life. This is consistent with the fact
that thicker films do not undergo volume changes associated with charge and discharge
as facilely as nanostructured materials. Although the SEM micrograph of the film after
cycling is not available at the moment, it should be unsurprising to find that the film is

6These C-rates, too, aren’t based on a theoretical value, but are relative to the first C-rate, 6 C, which was
determined from the experimental data.
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FIGURE 4.22: Cycling performance of symmetrical thick-film battery.
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FIGURE 4.23: Galvanostatic voltage profile for symmetrical thick-film battery for (a) 2nd
to 43rd cycle; (b) 44th to 90th cycle.

substantially disfigured. Its maximum capacity, at 6 C, is 0.45 pAh/cm?; in comparison to
the thin-film battery, we see that for a 40-time increase in thickness, its capacity increases
only 5 times! This, as has been discussed, is a consequence of the limitations on diffusion
of ions in thick film electrodes.

83



Chapter 4. Results and Discussion

TABLE 4.4: Corresponding current densities and cycle indices for C-rates shown in

Figure 4.22

C-rate | Current density (1A /cm?) | Cycle ID
6C 247 1-50
12C 494 51-55
30C 12.35 56-60
60 C 24.70 61-65
120CC 49.40 66-70
300 C 123.50 71-75
600 C 247.00 76-80
6C 247 81-90

4.3.4 Electrochemical performance comparison of as-reported 3D mi-

crobattery with other 3D microbatteries in the literature

As we have seen, much of the work on 3D-architecture microbatteries till date, especially
lithium-ion batteries, are centred on half-cells, mainly because of the difficulty with assem-
bling full cells with 3D architectures [89]; besides, as we should expect, the areal capacity
of microbatteries increase with the height of the 3D components (because of an increase
in the active materials). But the interest in microbatteries — for use in (micro)electronic
devices, etc. —is areal, not volumetric, implying that, ideally, the performance of micro-
batteries ought to be reported on the basis of their area, not volume [47]. These facts
present challenges to comparing our results, which is that of a full cell, to those in the
literature. However, to be fair to all parties, it seems reasonable to compare the results on a
volumetric basis, as many of the batteries with large capacity per unit footprint area have
these large values because of their high 3D components.

Table 4.5 presents data, mostly for full cells, of the performance of batteries made
of 3D nanostructured electrodes, with architecture similar to ours, in chronological order.
None of the data is later than from 2010. The kinds of the electrodes, the cycle rates, etc.,
are also presented to enable the reader make meaningful judgements. What is, however,
indisputable is that our battery performs way better than average, in spite of its small cell
voltage. If the differences in C-rates, and the fact that ours is a full cell, were accounted
for, it would be unsurprising that our battery has the best characteristics. Besides this, the
excellent cyclability of the batteries (save for the thick-film battery) has been presented,
which, although not shown on the table, exceeds that of almost every battery presented
there’.

’The reader is strongly encouraged to confirm this.
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4.3.5 Gravimetric Capacities

Finally, the gravimetric capacities of the batteries are presented. Although it’s preferred
that the capacities of microbatteries be reported on the basis of their area, most of the
literature report the capacity of batteries, in general, on a gravimetric basis. During the
course of the work, the mass of electrolessly deposited PAni was never measured, because
of the complexity of integrating a quartz crystal microbalance (QCM) with the deposition
system.

However, the density of PAni, electrolessly deposited from a solution with the
same composition as ours, and under similar conditions, has been reported tobe 1.4 g/ cm?
[105]. Going by this, the mass of electrolessly deposited PAni, hence gravimetric capacities
can be calculated. Table 4.6 presents the results of these calculations.

TABLE 4.6: Gravimetric capacities of fabricated batteries

Battery type Mass of PAni (mg) | Gravimetric capacity (mAh/g)
3D battery 0.0135 26.51
Thin-film battery 0.00567 8.57
Thick-film battery 0.2268 1.61

The theoretical capacity of PAni can be easily calculated from Figure 2.22b. Con-
sidering that the mid-redox state, emeraldine, is the state in which our PAni films and
shell is synthesized, replacing the anion A~ with the sulfate ion SO;~, and noting that the
taradaic process involves two electrons, it can be easily shown that the theoretical capacity
of PAni is 96.4 mAh/g. In so far as the author is aware, there’s been only one work [106],
from 1968, which has reported the use of PAni as symmetrical electrodes. There, PAni
was used in the bulk — in pellet form — and the capacity reported was 13 mAh/g. We see,
then, our 3D microbattery gives the best result for PAni-based symmetrical batteries so
far. Again, this is due to (1) the interdigitated nature of the electrodes, which offer short
ion-transport, thereby substantially decreasing the inter-electrode ohmic resistance as
compared to traditional battery configurations [14], and (2) the electrode material’s having
a nanostructured, 3D architecture that allow for rapid ion diffusion and efficient charge
collection [8, 14, 78]. As we have seen, the inability to cycle the batteries at low enough
C-rates (due to electrolyte decomposition) prevented us from attaining the theoretical
capacity.
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5 Conclusions and Recommendations

5.1 Conclusions

This work presents the foremost attempt at fabricating symmetrical microbatteries with
interdigitated electrodes from nanostructured polymeric materials. The impetus is the
inability of state-of-the-art microbatteries to simultaneously meet the performance and
size requirements for modern-day, constantly miniaturizing devices. To this end, the
type, dimensionality, and architecture of electrode materials were exploited. The choice of
polyaniline (PAni) as the electrodes” active material stems from its having a substantial
potential difference between its extreme redox states, thereby making it utilizable as an
electrode material for symmetrical batteries. Its being nanostructured implies a short
diffusion length for charge carriers (ions and electrons), causing it to charge and discharge
faster (i.e., have a high power). In addition, it confers on the electrodes the ability to
facilely undergo the structural changes associated with cycling. Its 3D interconnected
core-shell nanowire network architecture provides the ability to tailor the battery’s areal
capacity without compromising on power density; moreover, the presence of a metallic
core — Pt — results in efficient charge collection during the faradaic processes that drive the
battery. Finally, the use of interdigitated electrodes allows compact integration of the anode
and cathode on a single substrate, consistent with the requirements for microelectronics
applications, and reduces the ohmic resistance of the system that results from ions having
to shuttle long distance between electrodes.

In order to meet the purpose of this work, there was the need to initially ascertain
the optimal parameters for nanowire growth and functionalization, and planar-surface
functionalization. Subsequently, the cell components that results in optimal battery perfor-
mance had to be found. After establishing and fabricating all cell components, they were
assembled and the resulting batteries were tested. Batteries made of symmetrical thin-films,
thick-film, and interdigitated, electrodes were assembled and tested. The interdigitated
electrodes are made of 3D interconnected Pt.,,.-PAnig,.;; hanowire networks.

It was found that the suitable electrolyte for the batteries is a non-aqueous elec-
trolyte, 1 M LiClO; in acetonitrile, as aqueous electrolytes lead to decomposition of the
active material (PAni). The potential range within which to cycle the battery was deter-

mined to be between 0.1 V and 0.8 V. Despite the large stability window of the non-aqueous
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electrolyte, electrolyte decomposition was still observed at low current densities, requiring
that cycling be done, at a minimum, at 1.4 C for the interdigitated electrodes, 20 C for
the thin-film electrodes, and at 6 C for the thick-film electrodes. Consequently, it was
challenging to access the full capacity of the batteries.

As expected, going by the opening paragraph, the symmetrical battery with
interdigitated electrodes performs best: it presented a specific capacity of 2.7 pAh/cm?. On
the other hand, the thin- and thick-film electrode batteries had capacities of 0.09 Ah/cm?
and 0.45 yAh/cm?, respectively. The shell (PAni, the active material) of the nanowire
network that make up the interdigitated electrodes was only 50 nm thick, the same as the
thickness of the thin-film electrodes; yet, the interdigitated electrodes presented a capacity
30 times greater than the thin film’s for the same footprint area! Although theoretical
calculations by the author predict a 58-time increase, the lower value is consistent with the
fact that cycling was done at rates that make it challenging to access their full capacities,
and the possibility of some nanowire delamination. Perhaps, a more obvious example of
the advantages conferred by our architecture and nanostructuring is that the interdigitated
electrodes have a higher capacity than the thick-film, whose active-material thickness is
2 pm. Also, comparing the thick-film battery to the thin-film battery, we see that for a
40-time increase in thickness, the capacity of the thick-film battery increases only 5 times.
This, as has been discussed, is a consequence of the limitations on diffusion of ions in
thick film electrodes. Moreover, besides the thick film, the other batteries have excellent
cyclability, as it has been shown that their cycle lives exceed 200 cycles.

A comparison is made between the 3D battery fabricated in this work and others
(published between 2010-2018) in the literature (see Table 4.5). To account for differences
in mass loading (that results from longer 3D structures), the comparison is presented on
a volumetric basis. We see that our battery performs comparably, in spite of its being
symmetrical and having a relatively lower cell voltage than the others.

A recurring question (to the author, at least) during the course of the work is
whether the characteristics of PAni is more representative of a pseudocapacitor. In general,
the nature of the cyclic voltammogram (CV) is the arbiter of this question [96, 97]. As
long as the CV possesses peaks, which result from faradaic processes, then the material in
question is a battery; on the other hand, (pseudo)capacitors present rectangular CVs, with
no peaks, because the processes that lead to energy storage occur at or near the surface of
the electrode material, leading to electrochemical double layer-like electrochemical fea-
tures. The confusion arises because energy storage in both batteries and pseudocapacitors
result from faradaic processes. Worse, when battery electrode materials are nanostruc-
tured (like ours), they present similar linear galvanostatic charge-discharge voltage profile
as (pseudo)capacitors; however — and importantly — while the linear voltage profile of

pseudocapacitors result from their stored energy being concentrated on the electrode’s
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surface (therefore making it easy to release charges), the linear voltage profile for nanos-
tructured battery materials result from charge carriers” having shorter diffusion paths
[59]. The recommendation [96, 97], in this case, when a capacitor-like behaviour doesn’t
result from intrinsic electrochemical process, but from nanostructuring, is to call such
material an extrinsic pseudocapacitor. But to decide whether a material is a "battery" or
"(pseudo)capacitor,” look to the cyclic voltammogram!

The author presents the results of theoretical calculations (Figure 5.1) that show
the full potential of the symmetrical interdigitated battery. Recall that the length of the
nanowires used in this work was only 10 ym and that the thickness of the PAni core was
50 nm; it’s obvious, then, that by increasing the length of the nanowires and/or thickness
of the PAni shell, the effective area per unit footprint area, hence specific capacities, of
the battery will also increase, because the amount of active material is larger. It should be
evident that the increase in capacity is exactly the same as the increase in effective area per
unit footprint area. Figure 5.1 shows the theoretical increase with variation of nanowire

height and variation of film thickness, respectively.
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FIGURE 5.1: Increase in PAni effective area per unit footprint area or capacity for (a)
Varying nanowire heights for 50-nm thick PAni; (b) Varying PAni film thickness for 20
pm nanowire height.

Evidently, there are limitations on these values. In the case of PAni thickness,
we have seen in Section 4.1.3 that beyond 120 nm, the PAni shells from all nanowires
merge, making the sample effectively a thick film. If this happens, although the areal
capacity increases, all other advantages that results from reduced dimensionality are lost.
On the other hand, if the nanowires become too long, the ohmic resistance of the electrodes
will become so high that, again, it offsets the advantages of increased areal capacity [14].
Besides, there’s a limit on the height of the nanowires that can be fabricated with template-
assisted electrodeposition, and at some point, the nanowires are so high that the battery is
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no longer a microbattery. The optimal film thickness and nanowire length will be dictated
by the balance between the intended areal capacity and power.

Conclusively, this work has indisputably evidenced the possibility of a working
symmetrical battery with interdigitated electrodes based on a 3D core-shell nanowire
network architecture. Comparison of the results to thin- and thick-film batteries” shows
superior performance, just as the exploited properties predict. In addition, it compares
favourably with recent results in the literature based on similar 3D architectures. It’s no

doubt a proof of concept for future works based on materials with higher voltages.

5.2 Recommendations

There are many avenues for improving the performance of the 3D battery presented in
this work; the existence of multiple degrees of freedom for performance optimization is
what makes 3D batteries promising to meet the energy needs of the future.

Perhaps the most notable shortcoming of using PAni is the dearth of works that
explores its use in symmetrical batteries. If the full potential of PAni as a symmetric
battery material is to be reached, there’s the need for structured mechanistic studies on ion
transport, chemistry, etc. Besides this, the electrolyte employed in the batteries seems to
limit the amount of the theoretical capacity than can be accessed; if the electrode materials
were in the bulk, this might have not been an issue, but for microbattery applications, where
the mass loading on electrodes is much smaller and involves smaller cycling currents,
there is the need to find a more suitable alternative. Solid organic electrolytes, because of
their being more stable than liquid electrolytes, and because of the ease with which they
can be integrated in batteries to form a solid-state battery, may prove to be more suitable.

Then there’s the question of the adhesion of nanowires onto the substrate. The
importance of this can’t be overemphasized, for it’s undesirable that nanowires detach
during battery operation. At best, delamination of nanowires leads to reduced battery
capacity; at worst, it can lead to short-circuiting that may destroy the battery and external
load, even. Neither is desirable.

Finally, in many applications, the cell voltage of PAni symmetric batteries is
insufficient; in such cases, alternative battery chemistries have to be explored. For instance,
Nagatomo et al. [107] have shown that by electrochemically n- and p-doping polyacetylene
(PA) films, respectively, one gets a symmetrical battery with an open circuit voltage E,.,
of 3.5 V! Whether n- and p-doping of PAni electrodes leads to a symmetrical battery with
higher F,, is not clear to the author; regardless, the author appreciates the difficulty
of electrochemically doping side-by-side interdigitated electrodes with 3D architecture,
whether with PAni or PA nanostructures as the active material. But with the tenacity that

characterizes all scientific endeavours, this hurdle will be surmounted.
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A.1 Solid-state Physics of Conducting Polymers

A.1.1 One-dimensional metals

To understand discussions that will follow in the section, a review of the properties of
one-dimensional materials is expedient; thus, we shall cursorily consider them. For a full
treatment of the theory, Refs. [68, 108, 109] are invaluable.

Theory predicts that strictly one-dimensional systems will behave very unusually;
however (luckily?), real systems contain crystal imperfections (like kinks, impurities, etc.)
and contain chains of infinite lengths, reducing the expected "unusualness" predicted [68].
One obvious consequence of one-dimensionality is that obstacles can’t be circumvented';
to define this tendency, the term "percolation” is used [68, 110]. In general, "percolation”
refers to the macroscopic paths from one end of a sample to the other; for a 1D lattice with
interconnected” bonds, all of the bonds (or, if you prefer, sites) between the ends must be
connected for there to be connectivity between these points. We say that its percolation
threshold is 100%, meaning that below this value, connection between these two ends is
lost. (It can also be shown that the percolation threshold for a square lattice is 50 % [110],
and that the higher the dimensionality of the system in question, the lower its percolation
threshold.)

Besides the percolation threshold being 100 % for 1D systems, there’s also the
fact that their coordination number is two, i.e., each site (or bond) has only two nearest
neighbours — one on each side. Now, let’s consider a 1D material (one which contains
atoms placed side-by-side along its length); if there’s only a single bond between every
pair of atoms, and If for any reason, the single bond is broken, the 1D material separates
into two parts. If we, however, consider the case that there are double bonds between any
pair of atoms, and one of these bonds is broken, it means that the electrons (that constitute
the broken bond) have been excited from the material’s valence to conduction band. As

soon as this bond is broken, the distance between atoms increases, leading to a substantial

IThe reader is enthusiastically invited to read Edwin A. Abbott’s Flatland: A Romance of Many Dimensions
to have a glimpse at the nature of being of a 1D and 2D existence. Thank me later!
ZFor a 1D system, "interconnected" is no more than to be side-by-side.
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distortion in the 1D lattice®. Therefore, a notable consequence of one-dimensionality in
materials is strong electron-lattice coupling. Electrons moving in such a 1D material creates
a distortion that polarizes the lattice; if the effect of polarization is distinct enough, the
electrons, together with the distortion they cause, are called polarons.

Electron-lattice coupling is highly significant in 1D materials; one of its important
consequence is the Peierls distortion or transition. To elucidate why the Peierls distortion
occurs, let’s consider an isolated chain of a monoatomic 1D metal, sodium, say, with its
atoms equidistant from each other (Figure A.1). Because of the extreme delocalization
expected of such a system, we expect a close approximation to the nearly free electron
model (i.e., one considering the Bloch potential to a free electron gas). The resulting
electronic density of states and energy dispersion relation plots are also shown in Figure
A.la. When the arrangement of the atoms is altered by alternating the bond lengths
such that they are no more equidistant, the resulting energy of the system is lowered by
the creation of a bandgap (Figure A.1b). Consequently, at low temperatures, the system
will know (by fluctuations) that it gains energy upon distortion and thus it will distort:

electron-lattice coupling will drive the one-dimensional metal into an insulator.

A.1.2 Conjugated double bonds

From organic chemistry, we know there are three types of double bonds, viz., isolated,
cumulated, and conjugated; the type of interest to us are the conjugated double bonds, which
are double bonds that alternate with single bonds. Conjugated polymers are very notable
examples (or similitudes) of 1D metals: They constitute of long chains of carbon atoms,
whose sp?p, hybridization leads to one unpaired electron per carbon atom, strongly bound
along the chain, and have weak interchain bonds. Figure A.2 shows some important
examples of conjugated polymers?*; one would naturally expect a semiconducting or
metallic behaviour from them, but all of the compounds in Figure A.2 are insulating (or, at
best, semiconducting) in their chemically pure form.

A.1.3 Polyacetylene as the archetypical ID metal

Polyacetylene® (CH), lends itself as an exemplary conducting polymer upon which to
base the following discussion, because of its rather "simple" structure when compared
to the other polyenes in Figure A.2; specifically, its structure implies that the single and
double bonds can be interchanged without affecting the energy of the system, leading
to a degenerate ground state, as Figure A.3 depicts [68, 69, 111, 112]. Hence, we shall

31t should be obvious that such excitation, while would create charge carriers in 3D systems, it would
not lead to sensible distortions in a 3D lattice.

#Polyaniline shown here is in its fully reduced form, leucoemeraldine (see Section 2.4.1).

Note that the discussion refers to polyactetylene in the cis-state.
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FIGURE A.1: Crystal lattice, electronic density of states, and electron dispersion relation
of an isolated chain of equidistant monoatomic metal atoms (a) without distortion (b)
with distortion [68].

initially consider the source of its conductivity, then extend the result to the nondegenerate
ground-state polyenes, one of which is polyaniline, the material of interest.

Now to the matter at hand. To see why polyacetylene (or any other conducting
polymer at that) is not conducting in its chemically pure form, as we would expect, recall
the Peierls distortion described in Section A.1.1. The state of being conjugated implies
alternating bond lengths ® which is similar to the case of Figure A.1b; therefore, at low
temperatures, a bandgap emerges, since it’s energetically more favourable for the system.
The Peierls transition occurs at a temperature 7, in the same order of magnitude as the
gap energy E, —above that temperature many electrons are thermally excited across the
gap and the solid does not “notice” the gap anymore [68]. Just as with superconductivity
(which is, in fact, a peculiar type of Peierls transition, as it, too, is a consequence of electron-
lattice coupling, £, ~ 4k,T},, which implies that a bandgap opening of 1 eV occurs at ~
3000 K, way above room temperature; hence, conjugated polymers are always insulating
(or semiconducting) at room temperature.

®Single bonds are longer than double bonds, albeit not twice as long.
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FIGURE A.2: Chemical structure of some important conjugated polymers [68].

Notwithstanding (luckily?), as in every material, strict alternation of the bonds
is not always conserved throughout the chain length: defects exist, leading to "lattice"
misfits, which separate the polymer in question into domains, especially when there’s an
odd number of carbon atoms [112]. Some possible nature of misfits are shown in Figure
A 4; the energy states of these misfits are within the bandgap — near its center [109] - of the
material, which are easily observable in optical absorption spectra of conjugated polymers
as "midgap states" [68].

These misfits are called solitons’; they have been experimentally observed through
electron spin resonance (ESR) studies [68, 109], and, contrary to how they are depicted in
Figure A .4, they are delocalized over a distance of about about 14a, where a is the lattice
parameter (length of a single domain), causing them to have a small effective mass, one
closer to the electronic mass rather than ionic mass [109] (specifically, it’s six free electron
masses [111] for polyacetylene). Very noteworthy is that, as has been proven by Pople
and Walmsley (1962) [112], these solitons are mobile and can carry charge, giving rise to
conductivity. In addition, solitons always exist in pairs and the other party is called - yes,

’Some other names it has borne throughout its history are conformational or configurational defect,
misfit, domain wall, Pople-Walmsley defect, phase slip center, etc.
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FIGURE A.3: The degenerate ground states of polyacetylene (Adapted from [69]).
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FIGURE A.4: Misfits or domain boundaries in a conjugated chain: (a) two adjacent
single bonds plus a dangling bond; (b) two adjacent double bonds, leading formally to a
pentavalent carbon atom; and (c) three dangling bonds on a misfit [68].

you guessed right! — antisolitons. There’s no standard nomenclature for naming the initially
observed soliton — but once that one is named, you have to call the subsequent one the
opposite [68]. Figure A.5 shows how solitons and antisolitons are created and migrate,
leading to electrical conductivity, in polyacetylene.

The solitons discussed so far (Figure A.5) are neutral solitons (radicals) - i.e.,
they have no charges associated with them; in addition to neutral solitons, however,
positively and negatively charged solitons also exist. By now, it should be obvious that
they will always be solitons due to syntheses, but in a pristine polymer, they are of very
low concentration — about 400 radicals per 10° carbon atoms for polyacetylene [68] — not
enough to confer substantial conductivity. Fortuitously, the concentration of solitons can
be increased by various methods, viz. (i) chemical doping, (ii) photogeneration, and (iii)
charge injection [66, 68, 108, 109]. Therefore, effectively, the function of these methods is
the depression of the Peierls transition, so that the metallic state is conserved due to the
high soliton concentration.

Chemical doping of conjugated polymers is a reversible redox process; hence,
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FIGURE A.5: Generation and migration of solitons and antisolitons in polyacetylene [68].

the doping of conjugated polymers implies (i) charge transfer (by oxidation, p type,
or reduction, n type), (ii) the associated insertion of a counter ion (for overall charge
neutrality), and (iii) the simultaneous control of the Fermi level or chemical potential.
Through doping, the electronic and optical properties of conjugate polymers can be
controlled over the full range from insulator to metal [109]. Furthermore, it’s important to
note that, even though electronic and ionic charges can equally compensate at the defect
and unperturbed part of the chain, the defects are more sensitive to redox reactions than
the rest of the chain [68]. The following are some examples of redox reactions used to dope
polyacetylene and Figure A.6 depicts this doping mechanism:
p-type doping:

(CH), +3I, — (CH), ™" + 215 (A.1)

n-type doping:
(CH), + K — (CH), + K™ (A.2)

In the first step, a double bond is broken followed by the transfer of an electron
from the polymer chain to the dopant. Thus, two solitons are created: one neutral and
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FIGURE A.6: Creation of solitons by chemical doping of a polyacetylene chain [68].

the other positively charged. For p-doping, the next dopant will react with the neutral
soliton, because in most p-doping reactions, stoichiometry requires the transfer of two
electrons [68]. For n-doping, however, only one electron is transferred; in both cases, very
few neutral solitons will survive, because they will diffuse along the chain and annihilate
with antisolitons from other doping events.

A.1.4 The case of polyaniline

Recall it was shown that polyacetylene is a case of degenerate polyenes, as interchanging
the positions of the single and double bonds is inconsequential to the system. However,
every other polymer in Figure A.2 is nondegenerate, in that interchanging the positions of
the bonds results in different energy states of the system.

In PAni, this difference leads to two different structures — aromatic and quinoid

structures — whose general chemical structure and relative energies are shown in Figure
A.7. We can see that that the quinoid state has a higher energy than the aromatic state.
In order to stabilize conjugational defects in PAni (or any other nondegenerate ground-
state polymer at that), bound double, not single, defects have to be formed [68, 108, 113-115].
Such double defects are called polarons. Again, as-prepared polyaniline, in the emeraldine
base form, (Figure A.8 a) is semiconducting; but by p-doping with acid, the concentration
of polarons increases (Figure A.8 b-d), leading to a semiconductor-to-metal transition to a
conductivity value of 5 S/cm, an increase by a factor of 10'°. [114, 115].

Polarons are solitons bound to either a negative or positive charge. As Figure A.8
shows, a bipolaron (two positive charges®)is formed, which is unstable, then morphs into
a polaron and separates into a polaron lattice along the polymer chain. Finally, as we have
seen in the case of solitons, its optical signature is the presence of a single midgap state; a

8The same name applies if it were two negative charges.
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FIGURE A.7: (a) General polyaniline structures, n+m = 1, x = half degree of polymer-
ization (Adapted from Ref. [67]); (b) the nondegenerate ground states of polyaniline.
(Adapted from Ref. [68].)

polaron, however, because it consists of two defects, is characterized by two states in the
gap [68]. Optical absorption spectra studies and band structure calculations [114] have
shown that, unlike all other doped nondegenerate conducting polymers that exhibit two
midgap states, PAni exhibits only one broad midgap band with a very narrow band nearly
degenerate with the conducting band edge. Because this narrow gap is almost degenerate
with the conduction band, it’s not observed in doped PAni’s optical absorption spectrum.
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FIGURE A.8: Creation of polarons by chemical doping of a polyaniline chain: (a) before
protonation; (b) formation of bipolarons; (c) formation of polarons; (d) separation of of

polarons, resulting in a polaron lattice [114].
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