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Abstract

Redox flow batteries represent a leading technology for large scale energy storage,
which is necessary as the use of renewable energy becomes more important. Organic
redox flow batteries are a new class of redox flow batteries that have the potential to
provide higher cell voltages and improved energy densities. Organic materials with high
redox potentials are suitable for applications as cathode materials and are readily
available. Research in our group has focused on developing anode materials, which are
much less common. Previously, the Dyker group has evaluated non-flowing cells with
bispyridinylidene as an anolyte material and TEMPO as a catholyte material separated by
an anion exchange membrane (AEM). Cyclic voltammetry (CV) studies showed that the
battery degrades due to diffusion of the neutral active materials across the AEM. This
thesis describes the preparation and evaluation of a new anolyte couple which lessened
the problem of diffusion through the anion exchange membrane owing to the permanent
positive charge in both charged and discharged states. Cells exhibited high coulombic,
voltage, and energy efficiencies, though also exhibited a drop in capacity after the first
charge, thought to perhaps be associated with the impurity present in the electrolyte or
crossover of catholyte materials. In order to determine the relative diffusion rates, cells
were assembled with active material on one side of the cell and blank electrolyte on the
other side. These cells were left to allow for possible diffusion after which CV was carried
out on the disassembled cell to determine the extent of active material diffusion. These
results led to the belief that the amount of positive charge affects the extent to which the
species cross the AEM. Therefore, as a tetracation / dication redox couple, the new anolyte

was successful in reducing the amount of active material diffusion across the AEM.
ii
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Chapter 1 - Introduction
1.1 Electrochemistry

Electrochemistry is a branch of chemistry that is used, in part, to study the factors
that influence the ability for charge to be transported across an interface between chemical
phases. These phases are an electrical conductor and an ionic conductor otherwise known
as an electrode and an electrolyte, respectively.! At least two electrodes are used to
produce the reactions necessary to generate electrochemical energy.? An electrochemical
process is made up of two half-cell reactions to form the overall reaction, one being a
reduction reaction and one being an oxidation reaction. An electrochemical cell has the
tendency to shift towards equilibrium by having the active materials react with one
another. Electrochemical cells differ from a standard chemical reactions in that standard
chemical reactions involve having your reagents directly react with one another while an
electrochemical reaction involves exchanging charged species while keeping the reagents
of each half cell separate from one another. The charged species that are exchanged
produce an electric circuit.?

The potential of a specific half-cell is measured against a reference electrode.® A
reference electrode has a constant makeup which allows for a constant potential.* All half-
cell potentials are measured with respect to the reference electrode used. The reference
electrode to which all electrodes are calibrated is the standard hydrogen electrode (SHE)
which is based on the reaction 2H"aq) + 26" = Haz(g) and has a standard potential defined
to be 0.0 V at all temperatures for the reduction and oxidation processes.? This redox

(reduction-oxidation) reaction takes place at a platinum electrode dipped in acid with



hydrogen bubbled through it. This process is difficult to apply in experiments and
therefore other reference electrodes have been developed. Common reference electrodes
are normal hydrogen electrode (NHE, E’ = 0.00 V), saturated calomel electrode (SCE, E’
=0.241 V), and silver chloride electrode (E’ = 0.197 V).

When charge is transported through an electrode by the movement of electrons, a
current is produced (1, in amperes). The potential difference between two half cells drives
charge exchange and gives the electric current a potential, that under standard conditions
is called the standard potential (E’) of the cell.! Standard potentials are expressed in joules
per coulomb (J C1), commonly referred to as a volt (V). This value can be determined a
number of ways, one being experimentally. Also, as shown in the equation below,
standard potentials can be calculated using the standard electrode potentials of each half

reaction:?

E’ = E vequction, cathode + E oxidation, anode 1.1-1)
It is important to know the value of E’, as a higher potential value results in a cell that is
capable of accomplishing more work. By choosing half-cell active materials with high
reduction potentials at the cathode and high oxidation potentials at the anode, a powerful
cell can be assembled.®
The theoretical capacity (Q) of a cell is determined by the active materials. It is
the total theoretical amount of charge involved in an electrochemical reaction to fully
charge or discharge a half-cell and can be determined using the following equation?:

xnF
Theoretical Capacity (Q) = ———¢ = X 26.80Ah (1.1-2)
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In this equation x is the moles of the limiting electroactive material, n is the number of
electrons transferred by the limiting electroactive material, and F is Faraday’s constant
(96 485 C mol™). Capacity is commonly expressed in ampere hours (Ah) instead of
coulombs (C) and therefore, a conversion factor is used (1 Ah = 3600 C). Capacity can

also be expressed in terms of the unit mass or unit volume of the half-cell as shown below:

xnF
" m (1.1-3)
Q= — 1.1-4
v v ( )

Equations 1.1-3 and 1.1-4 use mass of the electroactive species (m) or volume of the
electroactive species (v) to give the gravimetric capacity (Qm) and the volumetric capacity
(Qu), respectively in C g or C mL™.” The same conversion factor previously mentioned
can be used to convert to Ah g or Ah mL™. These two values are useful for comparing

capacities of different half-cells against one another.

1.2 Batteries

In 1800, an ltalian physicist and chemist by the name of Alessandro Volta
produced the first battery, called the voltaic pile.® This battery involved using copper and
zinc disks separated by a cloth, soaked in brine. When a wire was used to connect the
disks an electric current was produced. The voltaic pile was later used by other scientists
like Humphrey Davy for achievements such as discovering new elements and for the
electrolysis of water.® Since then, battery development has grown immensely including
the expansion to rechargeable batteries, dry cells, and highly energy dense batteries such

as lithium ion.



A Dbattery is a device with the ability to convert chemical energy of the active
materials to electrical energy through a redox reaction, with the sum of the potentials for
these processes being the voltage of the battery as previously shown in Equation 1.1-1.
The most basic form of a battery is a cell, which can be connected with other cells to form
a more complex battery. A battery consists of an anode (negative) electrode which donates
electrons to the circuit and is therefore oxidized during the reaction, a cathode (positive)
electrode which accepts electrons from the circuit and is therefore reduced during the
reaction, and an electrolyte. An electrolyte is a conductive medium that is able to provide
a transfer of charge to provide electroneutrality to the cell. When the electrodes are
connected a current flows that allows a redox process to occur via the transfer of electrons
from one material to another.!

Batteries can exist as primary or secondary batteries. A primary battery works via
a non-reversible process so that when the battery is fully discharged, it cannot be used
again. A secondary battery is rechargeable and therefore, can be used more than once.
During the discharging process, electrons are flowing from the anode to the cathode,
resulting in the anode being oxidized and the cathode being reduced. During the
recharging process of a cell the current is reversed and oxidation takes place at the former
cathode while reduction takes place at the former anode. lons being exchanged between
electrodes when a secondary cell is undergoing charging and discharging processes are

shown in Figure 1.1:!
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Figure 1.1. Left - lon movement of an electrochemical cell during charge. Right - lon movement of an
electrochemical cell during discharge.!

An anode material ideally will be an efficient reducing agent at a useful working voltage,
while cathode materials will be an efficient oxidizing agent at a useful working voltage.
Both species must have good conductivity, high capacity, as well as being stable, easy to
synthesize, and inexpensive. Electrolyte materials are commonly liquids but can also exist
as solids or gels. An electrolyte must be ionically conductive to allow a common ion to
flow without being electrically conductive as this would cause short-circuiting of the
battery. The electrolyte must also not react with the active materials. The battery itself
will ideally have high specific energy density (energy per unit mass Wh kg, Equation
1.2-1), energy density (energy per unit volume Wh L, Equation 1.2-2), and cell voltage
as well as long life cycle (many charge / discharge cycles), and efficient rate capability

(ability to charge and discharge rapidly).! Specific energy density of a battery can be



determined by taking the product of cell potential and gravimetric capacity as shown in
Equation 1.2-1, while energy density uses almost the same equation but with the

volumetric capacity instead (1.2-2):

Wh
Specific Energy Density (k_g> =E XQpn (1.2-1)
. (Wh
Energy Density (T) =E X Q, 1.2-2)

Rate capability is a description of the rate of charge and discharge of a battery in
relation to its maximum capacity. The rate is commonly expressed in terms of a C-rate.
At a rate of 1C the maximum capacity is reached in one hour of charging or discharging.
At a rate of 0.5C, half of the maximum theoretical capacity is reached in an hour and
therefore, it takes two hours to fully charge or discharge the battery.’® To determine the
current used for a rate of 1C the following equation is used:!

I'=Qm X Mgcemar. (1.2-3)
Equation 1.2-3 uses the product of the theoretical gravimetric capacity (Qm) of the limiting
electroactive species (lowest theoretical capacity) and the mass of active material
(Mactmat,) Of this limiting species in the battery.

Batteries need to undergo multiple tests before they can be deemed safe and
efficient for day-to-day use. Batteries in the development phase often behave far from
ideally and to assess these batteries, cell-cycling is one of the necessary tests. Cell-cycling
involves applying a constant current to a cell in order to fully charge and discharge the
cell repeatedly.? The voltage of the cell is monitored with respect to time or capacity
(product of cycling time and applied current). A cell is cycled between limits of maximum

and minimum potential values with the current being reversed (positive to negative
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current and vice versa) once the limits are met.! The ideal graph of potential versus time

at a rate of 1C is shown in Figure 1.2:
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Figure 1.2. Ideal cell-cycling graph of a single charge-discharge cycle, plotting potential (V) versus
time (h) at a rate of 1C.

This figure shows sharp spikes in potential at each transition from charging to discharging
and plateaus between. The plateaus represent the charging or discharging processes where
there is very little change in potential as the current is exchanged between active species
at the ideal cell voltage. The spikes in potential at the beginning and end of each charge
and discharge are a result of a build-up of potential at the electrodes. This is due to the
fact that no electrons are being transferred in the circuit despite a current still being
applied. Once this build-up occurs, the potential at the electrodes drop or increase
immediately to the predefined cut-off values.

Ideally, all electric current applied will be used to charge or discharge a battery.
This constitutes a Faradaic process in which the electrochemical reaction rate at an

electrode is proportional to the current passing through the system.'? However, in practice,



this is not the case as during cycling (charging / discharging), most cells do not reach their
theoretical capacity (Q). This is because of background events (charge associated with
movement of electrolyte ions, adsorption / desorption at electrode-electrolyte interface,
etc.) taking place that are not part of the electrochemical reaction and are therefore called
a non-faradaic processes.

Other effects cause losses that influence the extent to which an actual
electrochemical process varies from an ideal Faradaic process. These losses are due to
polarization and include activation polarization, ohmic polarization, and concentration
polarization. Activation polarization drives the electrochemical reaction at the electrode
surface through the rate determining step. Activation polarization arises when a voltage
overpotential is required to overcome activation energy to initiate the electrochemical
reaction at the electrode surface and therefore, results in voltage losses from the overall
system.

Ohmic polarization is a current dependent value that is a measure of the internal
impedance of a cell. Ohmic polarization (also called IR drop) causes a voltage drop which
is equal to the sum of all resistances present in the cell. Ohmic polarization follows Ohm’s
law as shown in the equation below:!?

V=IR (1.2 - 4)
In Equation 1.2-4 voltage (V) is proportional to the product of the current (1) and the
resistance (R). Therefore, at low currents the IR drop is low and the cell may operate close
to the open-circuit voltage (Eoc), the difference in voltage between the terminals of the

battery when no external electric current is flowing between the terminals.



Concentration polarization arises from concentration differences of the reactants
and products at the electrode surface and in the bulk of the solution as a result of mass
transfer. The effect of concentration polarization increases as charge carriers at the
electrode interfaces become depleted. In a non-ideal situation, variations from the ideal
process shown in Figure 1.2 include curving at the corners, a slight increase in slope
during charging process, and a slight decrease in slope during the discharging process.
The Nernst equation can be utilized to predict these variations from ideal due to
concentration polarization from Equation 1.2-5:12

. RT afad
E=E - —In—0p
nkF ajap

(1.2 -5)

In this equation the voltage of the cell is determined through the standard cell potential
(E’. V), gas constant (R, 8.314 J K* mol?), temperature (T, K), number of electrons
transferred (n), Faraday’s constant (F, C mol?), and the activity of each of the
electroactive species (a, the product of the activity coefficient and concentration of the
electrochemical species). The exponent values (a, b, ¢, d) of the electroactive species in
the Nernst equation are determined from the coefficients of the balanced equation
combining the two half-cell reactions (A-> C and B = D) in the redox process:*?
aA+bB 2 cC +dD (1.2 - 6)
Using the Nernst equation, concentration changes of the active materials are taken into
account and their effect on deviation from ideal potential can be determined.
Activation and concentration polarization are both rate dependent processes and

therefore, can also be diminished by using lower currents. As a result, an absence of



current is typically used to determine the open-circuit voltage (Eoc). Figure 1.3 shows the

effect of different types of polarization on the open-circuit voltage:?
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Figure 1.3. Cell polarization as a function of operating current. Discharge half-cycle of voltage versus
current showing ideal open circuit voltage (Eoc) and the effect of ohmic polarization (IR loss),
activation polarization, and concentration polarization.*?

This figure illustrates that when polarization is present, the operating voltage decreases.
The figure also exemplifies that as current is increased, the magnitude of the polarization
effects increases in turn. When connected to an external load the total cell voltage can be
represented by the following Equation 1.2-7:12

E= Eoc—[(Mc)a+ M)al = [(Me)e + ()] — IR (1.2-7)
In this equation the total operating cell voltage is the difference of the open circuit voltage
(Eoc), the charge-transfer overvoltage (activation polarization) at the anode and cathode
[(1c)e (met)c], the concentration polarization at the anode and cathode [(7¢c)« (7¢c)c], and the
product of the operating current of the cell (i) and the internal resistance of the cell (R;).*2
It is often difficult to quantify these polarization effects because the complicated structure
of the electrodes would require complex mathematical functions to estimate the

polarization components.
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1.3 Rechargeable Batteries

Batteries have an important role in portable electronics and are thought to have
the potential to play increased role in large-scale energy storage. As renewable energy
such as wind and solar power becomes more widely used, there is an increased need to
store energy that can then be used during periods of high need to balance supply and
demand.*® Currently, pumped hydro installations account for 95% of stored energy in the
United States, with the remaining 5% being a combination of thermal storage, compressed
air, flywheels, and batteries. It is expected that that world demand for batteries is going to
greatly increase in the near future as they are highly efficient, modular, and contribute less
to carbon dioxide (COz) emissions than the standard fossil fuel systems. To be an efficient
source of energy, a battery needs to be rechargeable and have high power density, high
discharge rate, flat discharge curves, and often good low-temperature performance.

One of the first successful rechargeable batteries was invented in 1859 by Gaston
Plante. This battery was composed of a pair of spiral wound lead plates separated by
rubber plates, all in a vessel of dilute sulfuric acid, which unlike other electrolytes, played
an active role in the reactions. Using previously discovered cells (Bunsen or Daniell),

Plante’s plates were charged for 24 hours.!* Discharge then took place using the following

process:

PbO; + 3H* + HSO4 + 2 — PbSO4 + 2H,0 (cathode reaction)
Pb + HSO4 — PbSO4 + H* + 2¢ (anode reaction)
PbO; + Pb + 2H2SO4 2 2PbSO4 + 2H20 (overall reaction)

The most common use of lead-acid batteries are in automotive vehicles for starting,

lighting, and ignition (SLI). In 2008, lead-acid led the market of secondary batteries, with
11



approximately 70% of the market being represented by lead-acid batteries. These batteries
are still relevant in today’s market as they have a number of advantages including high
efficiency (>70%) and low cost ($150 kWh? in 2006).° Lead-acid batteries are also
available in many sizes, have high charge-discharge rate capability, and cell voltages (>
2.0 V) while also being relatively maintenance free.!® Lead-acid batteries experience a
percentage per month rate of self-discharge of 4-8%, which is low compared to other
batteries. However, there are issues with lead-acid batteries such as low cycle life (50-500
cycles), limited energy (50-70 Wh L energy density and 20-40 Wh kg specific energy)
and limited specific power (300 W kg?), as well as problems with long term storage
leading to irreversible polarization of electrodes.!® These issues has led to devising other
possible systems.!®

Nickel-cadmium batteries were developed in the 1940’s as an alternative to lead-
acid batteries with a voltage of 1.2 V. They have found use in portable electronics or toys
as well as photography equipment and hand-held lamps. The overall reaction for the
battery is shown below with the forward reaction being the discharge of the cell and the
reverse reaction being the charging of the cell:
2NiOOH + 2H,0 + Cd 2 2Ni(OH), + Cd(OH)2 (overall reaction)
On discharge nickel oxy-hydroxide is reduced to nickel hydroxide with consumption of
water with metallic cadmium being oxidized to cadmium hydroxide. Nickel hydroxide is
mixed with graphite to increase conductivity while additives such as barium- or cobalt-
containing compounds are used to improve efficiency by increasing the percentage usage
of the active material. Cadmium hydroxide is mixed with iron containing compounds or

occasionally nickel to stabilize the cadmium, prevent crystal growth, and improve
12



conductivity. The active materials are often present in a potassium hydroxide electrolyte,
with lithium hydroxide often being added to improve life cycle and high temperature
operation. Initially nickel-cadmium batteries utilized a pocket plate type of design. This
design involves perforated flat nickel-plated steel pockets containing the nickel and
cadmium active materials. More recently, nickel powder is fused at a temperature below
its melting point to form a sintered plate nickel-cadmium battery. However, though these
batteries have a smaller size, improved internal resistance, and superior high rate and low
temperature performance, they are expensive. Therefore, they are only commonly used
for application where a battery with high power discharge service is needed, such as
starting aircraft turbine engines and diesel engines. In general nickel-cadmium batteries
have a long cycle life (>2000 cycles), good charge retention, excellent long term storage,
low maintenance, and a flat discharge profile. However, they also have low energy content
(40 Wh L energy density and 20 Wh kg specific energy), are higher cost than lead-acid
batteries, have a self-discharge rate of 10 % per month, and suffer from a memory effect. 6
The memory effect happens if a battery is regularly discharged to a point that is less than
100%. The battery will then ‘remember’ the usual discharge point and then will not
discharge the battery past the specific point and therefore, decreases the capacity of the
cell.*®

Another secondary battery based on nickel is the nickel-metal hydride (NiMH)
battery. These batteries have replaced nickel-cadmium batteries in many roles and are
commonly used for small electronics and even electric vehicles.” The overall reaction for
these batteries is shown below with the forward reaction being discharge and the reverse

reaction being the charging process:
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MH + NiOOH 2 M + Ni(OH): (overall reaction)
These cells have voltages of approximately 1.35 V. The metal alloys used are an
intermetallic compound, meaning that it is a solid-state phase involving metals with a
well-defined, fixed stoichiometry. In NiMH batteries the metal is either an ABs (LaNis,
CeNis), an A2B7 (Pr2Niz, Ce2Co7), or an AB> (Mn2Zn, TiFe,) type. The advantages of
nickel-metal hydride batteries are that they have higher energy than lead-acid and nickel-
cadmium batteries (200 Wh L energy density and 40-60 Wh kg specific energy), high
rate capability, good charge retention, long cycle life (>2500 cycles) and shelf life, rapid
recharge capability, and do not utilize toxic cadmium.!’ The disadvantages of these types
of batteries are that they are higher cost than lead-acid batteries ($500 kWh™ in 2006),
have a decreased quality of performance at low temperatures, and have a high rate of self-
discharge compared to other batteries (20% per month). Also, nickel-metal hydride
batteries have a lower specific energy and specific power (1300-500 W kg*) compared to
an alternate type of rechargeable battery, the lithium-ion battery.!’

Lithium-ion batteries use lithium containing compounds as positive and negative
electrode materials. Lithium is the lightest metal on the periodic table which makes its
theoretical capacity extremely large (3862 mAh g?). Lithium also has the highest
reduction potential of any metal (-3.04 V vs. SHE) which makes lithium metal based
batteries good anode materials in principle. However, lithium metal experiences the
problem of microscopic fibers of lithium called “dendrites” forming on the lithium anode.
These dendrites spread across the electrolyte until they reach the cathode, causing the
current to flow freely from anode to cathode, resulting in the battery being short circuited.

Therefore, lithium-ion batteries are a common alternative to lithium metal batteries
14



because of the associated safety risk, despite the high energy density of lithium metal
batteries.

In lithium-ion batteries, Li* exchanges between the positive and negative
electrodes and the concentration of Li* in the electrolyte never changes, earning lithium-
ion batteries the name rocking chair batteries. The positive electrode materials are
typically lithium metal oxides on an aluminum current collector while the negative
electrode materials are typically graphitic carbon on a copper current collector. The active
materials are separated with a polyethylene or polypropylene separator. During the
cycling process lithium ions are inserted or extracted from interstitial space between the
layers of the active material. These batteries were first used by Sony in 1990 and by the
end of 2015 it is expected that 8 billion units of Li-ion batteries will be sold.'® Lithium-
ion batteries are now thought to be the standard in battery technology in a broad array of
markets. Most portable electronics use lithium-ion batteries and there is increasing interest
in the use of these batteries for electric automobiles.!®

In conventional Li-ion batteries, the active materials operate by reversibly
incorporating lithium in an intercalation process. Intercalation is a process by which
lithium ions are reversibly removed or inserted into a host without causing significant
structural changes to the host. The metal oxide positive materials have a layered or
tunneled structure while the graphitic carbon negative materials have a layered structure.
The half-cell reactions and the full-cell reaction can be written as follows with the forward
reaction being written as the charging process:

LiMO2 2 Li1xMO2 + x Li* + x € (cathode reaction)

C+ylLit+ye 2 Li,C (anode reaction)
15



LiMO; + x/y C 2 x/y LiyC + Li1xMO> (overall reaction)
Coefficients x and y represent the molar amounts of lithium and electrons while M is

commonly cobalt (Co). The schematic of a Li-ion cell is shown in Figure 1.4:
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Figure 1.4. Electrochemical process in a lithium-ion battery showing intercalation of lithium ions
between metal cathode (left) and carbon anode (right).*®

Li-ion batteries are advantageous as they have long life cycles (1000-2500 cycles), low
self-discharge rate (1-5% per month), no appreciable memory effect, high energy (150-
250 Wh L energy density and 100-200 Wh kg specific energy), and high coulombic
and energy efficiencies. A single Li-ion cell operates at a voltage between 2.5 and 4.3 V
which is approximately three times that of NiMH and NiCd cells. Disadvantages of Li-
ion batteries include their high cost ($800 kwWh in 2006), the capacity loss when the
battery is overcharged, degradation at high temperatures, and the need for protective

circuitry to avoid overcharging. Overcharging can also result in thermal runaway
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(increase in temperature causing a further increase in temperature) that leads to safety

hazards such as explosions.8

1.4 Organic Rechargeable Batteries

No battery is ideal in terms of high cell voltage, capacity, energy, power, safety,
stability, cost, or availability of materials. Although development of new types of
rechargeable batteries may improve upon certain parameters, this may be at the expense
of different parameters (e.g. Lithium-ion batteries have a high theoretical capacity but at
a high cost). Balancing these parameters is necessary to decide which type of battery to
apply to different electronics. Therefore, it is important to continue research into
developing batteries based on different materials. As an alternative to rechargeable
batteries based on metallic active materials, organic materials have also been studied.
Research into organic active materials began in the 1980°s when films of polyacetylene
((CH)x) were doped with varying species to produce n-type or p-type conductive organic
polymers. These polymers were then used as anode or cathode materials for lithium
batteries.’® In doing so, high voltages, currents, and power densities were achieved.
However, energy densities were relatively low due to a low degree of doping (<10%) and
slow electrochemical kinetics during the doping / dedoping process resulting in cell
voltages which were not constant. Lastly, a flaw in these batteries that kept them from
applications was the chemical instability of the doped polyacetylene.?’ Lately, more
modern techniques of integrating organic materials into electroactive materials have been

developed.
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In 2002, Nakahara and coworkers produced stable polyradicals as cathode active
materials for energy storage systems.?! These organic materials were promising for
rechargeable batteries as they offered a high energy density electrode material. The
polyradical, 2,2,6,6-tetramethylpiperidinyloxy methacrylate (PTMA, 1.4.1), was
synthesized by polymerizing the monomer using 2’-azobisisobutyronitrile (AIBN) and

oxidizing with 3-chloroperoxybenzoic acid (MCPBA) as shown in Scheme 1.1:%

O=; ;Q/)/ ;Q/)/
0 0 0
AIBN o mCPBA o
N N N
I I !
H H 0

1.4.1
Scheme 1.1. Synthesis of PTMA 1.4.1.

A cyclic voltammogram of PTMA showed a potential of 3.58 vs. Li/Li* with a small
difference of separation between the anodic and cathodic peaks of 0.16 V at a scanning
rate of 10 mV s, which corresponded to a fast electrode reaction and the capability for
high power rates. This occurred in a supporting electrolyte of 1 M LiPFs in a mixture of
diethyl carbonate (DEC) and ethylene carbonate (EC). The cathode material was mixed
with graphite and binding powder to increase conductivity, as the polymer was an
insulator. The battery was evaluated as a metal / non-metal hybrid battery using a lithium
metal anode. The cathodic and anodic reactions occurred as shown below with the
discharging process being shown as the forward reaction:

Li2Lit+e (anode reaction)
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The PTMAV/Li battery was charged at 0.1 and 1.0 mA cm™ until a voltage of 4.0 V. Figure

1.5 shows voltage plateaus for each current density at nearly 3.5 V:
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Figure 1.5. Charge-discharge curves for PTMA/L.i battery at current density of 0.1 (solid line) and
1.0 (dotted line) mA cm2.2!

The cell voltage of 3.5 V was near the value predicted based on the difference in potential
between the redox couples. The initial discharge capacity was found to be 77 Ah kg™ at
0.1 mA cm™. The theoretical capacity for PTMA was 111 Ah kg™ and therefore the
discharge capacity was 70%. Remarkably, at a current density of 1.0 mA cm? the

discharge capacity was 91% of that found for the lower current density. A current density
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of 1.0 mA cm was much larger than that of a conventional battery, as it translated to a
rate of 12C. Long term cycling was tested with no significant deterioration shown for up
to 500 cycles. Despite the favourable performance, the cathode material accounted for
only 10 wt% active material because of the necessity for graphite to increase conductivity,
and therefore, improvement was required for practical use.?

In 2007, improvements upon this organic radical battery technology were
published by the same research group. Dissolving PTMA and poly(vinylidene fluoride)
(PVdF) in N-methyl-2-pirrolidone (NMP) and then adding vapor grown carbon fiber, a
slurry was produced that was spread on aluminum foil. Once the NMP evaporated via
heating the PTMA cathode, a thin film was formed. This cathode, with a very large surface
area, was 30 wt% PTMA compared to the previous 10 wt%. This electrode had
significantly improved power capability. At a rate of 50C (~1 min discharge) the battery

exhibited almost the same capacity as 1C as shown in Figure 1.6:??
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Figure 1.6. Rate dependence of discharge curves at differing constant discharge rates.??
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This high rate capability was attributed to the fast reaction kinetics of the redox processes
for PTMA, with an electron transfer rate constant of >102 cm s™.2 The life cycle of the
cell was also improved, showing 89% original capacity retention after 1000 cycles, which
was believed to be sufficient for practical use.??

Further work into using organic polymers as redox active materials for metal-
organic hybrid batteries was carried out by Nishide and coworkers in 2009. This
rechargeable battery once again used a polymeric cathode, this time being poly(2,2,6,6-
tetramethlpiperidinyloxy-4-yl vinylether) (PTVE, 1.4.2). This polymer displayed a one-

electron redox capability as cathode material in conjunction with a zinc metal anode as

shown below:
Zn 2 Zn*" + 2¢° (anode reaction)
A A
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142" 14.2 (cathode reaction)

The use of zinc rather than lithium as an anode allowed for an aqueous electrolyte of 0.1
M ZnCl; solution in 0.1 M NH4CI to be used. PTVE had a theoretical capacity of 135
mAh g1, which was higher than the theoretical capacity of PTMA and other TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl)-bearing radical polymers.?’ Upon cycling it was
determined that the cell had a potential of 1.73 V. This was low compared to the voltage
of the LiI/PTMA battery (3.5 V) because zinc has a higher reduction potential than that of
lithium, though zinc was better suited for aqueous electrolytes. The cycling performance

was stable for approximately 500 cycles at a capacity of 131 mAh g* at a high scan rate
21



of 60C. After 500 complete cycles, the capacity was maintained at more than 65% of the
initial capacity (approximately 85 mAh g%), establishing the long cycle life of the
battery.?*

The work by Nakahara and Nishide showed that organic radical polymers with a
low mass of the repeating unit worked successfully as cathode material for metal-organic
rechargeable batteries as smaller masses of the repeating unit resulted in larger theoretical
capacities. PTMA had a repeating unit mass of 240 g mol™ and a theoretical capacity of
111 mAh g while PTVE had a repeating unit mass of 198 g mol™? and a theoretical
capacity of 135 mAh g1.2224 Though these values were slightly lower than the theoretical
capacity of Li-ion batteries using LiCoO; as a cathode active material (140 mAh g),
polymers are being developed with increasing capacities.?°

Quinones and their derivatives represent a possible method of increasing
theoretical capacity and energy density as a result of low masses relative to the amount of
electrons donated.® In 2013, Abruna and coworkers looked into integrating organic
compounds into lithium and magnesium containing batteries. This had possible
advantages compared to the intercalation of lithium or magnesium into a metal oxide, as
metals can be costly, and their structural and chemical integrity can be compromised upon
overcharging.?® The materials used were based mainly on carbon, nitrogen, oxygen, and
sulfur, which are abundant and therefore, less expensive than metals. Since these organic
compounds would not involve intercalation, but only ion pairing, higher C-rates would be
possible. Carbonyl based organic molecules (C-bOMSs) such as quinones (Q) can be
reversibly reduced in two one-electron steps in non-agqueous solvents. In aqueous solvents

the process becomes a one-step two-electron process:
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Q+2e +2H" 2 HQ

This process was attractive to the Abruna group as it showed that C-bOMs exhibited
reversible behavior, with the reduced form showing strong interaction with cations.
Stabilization via an interaction with a cation was found via rotating disk voltammetry to
cause a positive shift in potential. The occurring shift in potential increased the cell
voltage which in turn increased the energy density of the cell (Equation 1.2-1). These
compounds were considered for cells as they could be designed to maximize their
interactions with metal cations such as Li* and Mg?* while at the same time, minimizing
molecular weight (high energy density). The Abruna group synthesized a molecule of
interest, 1,2-di-(thiophen-2-yl)ethane-1,2-dione (DTED). DTED was capable of being
reversibly reduced in two one-electron steps (Scheme 1.2) to a radical anion and dianion
in the presence of non-interacting cations and therefore, represented a potential test case

to study ionic interactions.?®
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Scheme 1.2. Electrochemical reduction mechanism for DTED.

Rotating disk voltammetry was used to investigate the ionic stabilization of the dianion
by large organic cations and small metal cations. When DTED was present with
tetrabutylammonium perchlorate (TBAP), a non-interacting cation, two one-electrons
processes were observed at -1.36 and -2.20 V. Changes in the reduction potential of the
second reduction (-1.80 V) were observed when LiClO4 was interacting with DTED,

which reflected ionic stabilization by Li*. When Mg(ClO4), was introduced to DTED, a
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two-electron process was observed instead of two one-electron processes (-1.11 V). These

shifts are shown in Figure 1.7 below:?®
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Figure 1.7. RDVs at 65 rpm for DTED in DMF with (a) TBAP, (b) LiClOs, and (c) Mg(ClO4)..2°

Shifts to more positive values would result in a battery with higher cell voltages and as a
result, higher energy densities. The higher shifts were a result of the increased binding
energy which could be calculated using computational methods (-0.9 eV for Li* and -2.0
eV for Mg?"), and have been found to cause thermodynamic stabilization. Though these
compounds have not been applied in batteries as of yet, they are an attractive choice for
organic based battery cathode materials.?

In 2013, Poizot and coworkers also worked to transition from metal electrodes for
batteries to more eco-friendly organic materials.2® While it is uncommon to find organic
cathode materials capable of being reversibly deintercalated at high potentials, Poizot
found that quinones and their derivatives were successfully able to incorporate Li*. The
compounds used as cathode redox couple were dilithium 2,5-dilithium-oxy-terephthalate

(Lia-p-DHT, 1.4.3") and Lis-p-DHT (1.4.3) as shown below in Scheme 1.3:2
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Scheme 1.3. Electrochemical oxidation of Lis-p-DHT (1.4.3", discharged) to form Lis-p-DHT (1.4.3,
charged). %

The battery, using Lis-p-DHT vs. Li metal (discharged state) reached a specific capacity
of 91% of the theoretical capacity (110 mAh g™) for 80 cycles. Compound 1.4.3" was not
only found to be electrochemically redox active, losing one electron upon charging, but
also proved to act as an oxygen scavenger. The dual electrochemical and chemical redox
activity made a cell based on 1.4.3 capable of being self-rechargeable in air which
ensured an electrical power reserve if a conventional recharge source was not possible.

The reaction with oxygen is illustrated in Scheme 1.4:

oLi O O o

OLi O, OLi .

Lio Lio * Lo,
O OLi O OLi
1.4.3 1.4.3

Scheme 1.4. Autoxidation of Lis-p-DHT (1.4.3") to form Lis-p-DHT (1.4.3) in open atmosphere.

In an open atmosphere, Lis-p-DHT powder changed from deep yellow to green, then
intense dark green. Monitoring the reaction via IR spectroscopy showed the occurrence
of carbon-oxygen stretching bands in the region of 1680-1460 cm™ over a period of 3
hours with the expected C-O™ moiety of 1.4.3 appearing at approximately 1520 cm™.

These changes are shown in Figure 1.8.
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Figure 1.8. Air-reactivity of Lis-p-DHT (1.4.3") over 3 hours.

The ability of hydroquinones to act as scavengers for oxygen atoms was a result of the
stability of the semiquinone in the radical form. Open circuit voltage studies also showed
difference in potential to prove that oxidized compound 1.4.3 was present. This work
showed a successful rechargeable Li-organic battery that had the ability for the cathode
to be readily oxidized (recharged) in air which makes the concept of an open configuration
Li-organic battery possible.?®

All-organic batteries are an attractive advancement in battery technology as they
are expected to be safer and more environmentally friendly than batteries containing
metals. Work on metal-organic radical batteries has now expanded to all-organic radical
batteries, using organic compounds as both anode and cathode materials.?’ In 2009
Nishide and coworkers developed the first totally organic radical battery utilizing an n-
type redox-active polymer as anodic material (1.4.4) and a p-type redox-active radical
polymer as cathodic material (1.4.5). The electrochemical reactions that took place at the

anode and cathode are shown below:%8
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These polymer films, poly(galvinoxylstyrene) (1.4.4) and poly(TEMPO-substituted
norborene) (PTN, 1.4.5) were used in a battery after mixing with a binding powder and
graphite to increase conductivity. In addition, 1.4.5 was photo-crosslinked with a bisazide
derivative to prevent dissolution of the polymer into the electrolyte, which was a 0.5 M
tetrabutylammonium perchlorate ((C4Hg)sNCIO4) in acetonitrile (CH3CN) solution with
0.1 M tetrabutylammonium hydroxide ((CsHg)saNOH). The charging voltage was 0.66 V
with a charge capacity of 32 mAh g (92% of theoretical capacity) at 10C. The cell
exhibited extremely high current capacity, with charging being able to occur at a rate of
360C which could be attributed to the rapid electrode reaction of the radicals. No
significant deterioration was seen for more than 250 cycles. These radical polymers, being
of no defined shape made it possible to produce paperlike, thin-film batteries, which

offered advantages in terms of flexibility.?
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In 2013, an all-organic rechargeable battery was produced by the Yang group
using polyparaphenylene ((Ce¢Ha)n or PPP), shown in Figure 1.9 (Compound 1.4.6), as

both anode and cathode materials.

)

1.4.6

Figure 1.9. Structure of polyparaphenylene (PPP) 1.4.6.2°

This polymer was formed through the chemical polymerization of benzene using
Kovacic’s method of mixing benzene in water in the presence of copper (I1) chloride and
aluminum chloride under mild conditions (35 °C for 15 minutes) and completion of the
reaction was confirmed via IR spectroscopy.®® Polyparaphenylene appeared to be an
attractive candidate to develop a bipolar polymer. Compound 1.4.6 had a large potential
gap at the cathode and anode and a sufficiently high capacity to create a battery with a
high energy density, due to the n- and p-doping abilities and high redox capability.?° Upon
cycling the battery, the voltage plateau appeared at 3.0 V. The reactions taking place at
each electrode are shown below:

PPP 2 PPP™ + ne” (cathode reaction)
PPP + ne” 2 PPP™ (anode reaction)
The energy density of the battery was lower than an Li-organic battery while the
theoretical capacity (141 mAh g™) was comparable to typical active materials in such

batteries.?®
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Organic batteries have been shown to be comparable to metal based batteries in
terms of voltage, capacity, and cycle life and often better than metal based batteries in
terms of rate capability. Though the technology requires more development, batteries

based on organic compounds offer an attractive alternative to traditional batteries.

15 Redox Flow Batteries

As concerns regarding global warming due to CO, emissions become more
serious, there is an increasing interest in moving from the burning of fossil fuels for energy
to renewable energy. Renewable energy comes from resources that are naturally
replenished such as sunlight, wind, and waves. The problem with these resources is that
they are intermittent and unpredictable. It is therefore necessary to provide a reliable and
constant output of power to supply energy to the grid. In addition, present electricity
supply has been described as a “Just-In-Time” supply as the electricity generated at power
plants is instantly used. There is little technology available to assist in storing energy on
a large scale and therefore, there is a constant need to balance the energy needs of the
consumers with the electricity produced.®! The typical load with visible weekday peaks is

shown in Figure 1.10:
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Figure 1.10. Typical load profile for an aggregate of customers showing peaks reaching generation
capacity.’!
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If an energy storage system was in place, electricity on demand during peak periods (load-
levelling) could be offered, as shown in Figure 1.11. This could supply enough electricity

to meet the extended needs during the weekdays.
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Figure 1.11. Energy storage response to storage application demands.3!
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Redox flow batteries (RFBs), an electrical energy storage technology, are an ideal
choice to partner with renewable energy sources to supply and store clean electricity and
to apply to the grid for load-levelling.!® The work on developing flow batteries began in
1968 with a zinc / chlorine hydrate battery. A redox flow battery works similar to
commonly known batteries in that it is an electrochemical device that converts chemical
energy to electrical energy.3233 In contrast to batteries described in earlier sections, where
active materials were in the solid state, for RFBs, cathode and anode material are
dissolved in an electrolyte to produce liquid catholyte and anolyte material,

respectively.3**® The general set-up of a redox flow battery is shown in Figure 1.12:
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Figure 1.12. General set-up of a redox flow battery.

A redox flow battery is made up of three main parts; (1) the electrolyte tanks which store
the catholye and anolyte (2) electric pumps are used to circulate the electrolyte to (3) the
cell, the site of reduction-oxidation reactions for the battery. The redox reactions that take
place work to either charge or discharge the cell in order to store or generate electricity,
respectively.®® The anolyte and catholyte sides of the cell are separated by an ion exchange
membrane (IEM) which allows a common ion to flow to maintain electroneutrality in the
cell while preventing cross-contamination of active species.®® lon exchange membranes
can exist as either cation exchange membranes (CEM) or anion exchange membranes
(AEM). Both exist as polymers featuring fixed (covalently linked) charged species
(Figure 1.13). Cation exchange membranes contain fixed negatively charged fragments
which allow cations to pass through to maintain an electrical balance, but prevent anions
from crossing through the membrane via electrostatic repulsion (Figure 1.13, left).%’

Anion exchange membranes are also polymeric but consist of fixed positively charged
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fragments, which allows anions to pass through but repel cations during cycling (Figure

1.13, right).®
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Figure 1.13. Examples of ion exchange membranes. Left - Cation exchange membrane, allowing
cations to pass through but repelling anions. Right - Anion exchange membrane, allowing anions to
pass through but repelling cations.¥’

Ideal membranes should have high ionic conductivity in order to allow for the
transport of charge carriers. This is necessary to maintain cell voltages near ideal values
upon charging and discharging as well as maintaining electroneutrality. The membrane
also must have high ion selectivity in order to prevent the migration of active species
across the membrane as this would lead to the self-discharge of the cell. Chemical stability
over many cycles is necessary to ensure that degradation of the membrane does not occur
over long-term battery use. Lastly, an ideal membrane must be mechanically stable as it
must keep its integrity.*°

There are a number of advantages to the use of redox flow batteries. Since the
active materials in redox flow batteries are stored in tanks external to the cell, the energy
storage capacity is separate from power, unlike batteries based on solid-state active
materials. This capacity is defined by the size of the tanks, electrolyte concentration, cell
potential, and number of electrons transferred per mole of active material.®? Power

however, is determined by the size of the current collectors, number and arrangement of
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the cells (cells can be stacked or connected in series or parallel). Keeping power and
capacity capabilities separate is a major advantage for large-scale energy storage. Also,
the size of the tanks are limited only by the size of the area in which they are installed.
While RFBs do have a lower energy density (energy per volume) than Li-ion batteries,
this can be improved if it is possible to increase the concentration of the active materials
in solution.*

A well-established redox flow battery can reach cycle number upward of 10 000
cycles. Solid-state batteries undergo losses as a result of solid-solid phase transitions and
loss of active material to the electrolyte which shortens the cycle life. For example, the
lifetime of a lithium-ion battery is approximately 1000 cycles. Though the heightened
cycle life of RFBs is a definite advantage, this also means that systems are required that
regulate the temperature of the battery. RFBs are relatively low cost and have low
environmental impact as they are assembled using reusable components. Redox flow
batteries have the advantage of having modular components which allows flexibility in
the design of the system. Redox flow batteries are also capable of rapid charging /
discharging and in the case of most metal based RFBs, undergoing 100% discharge is not
damaging to the life of battery, and in most cases causes improvements in cell life.3

Performance of RFBs are commonly described in terms of three different types of
efficiencies; (1) voltage efficiency (VE), the ratio of the average discharge voltage (Vais)
to the average charge voltage (Vcn) (Equation 1.5-1), (2) coulombic efficiency (CE), the
ratio of average discharge capacity (Quis) to charge capacity (Qcn) (Equation 1.5-2), and
(3) energy efficiency (EE), the ratio of average discharge energy (Edis) to average charge

energy (Ecn) (Equation 1.5-3).%8
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Redox flow batteries can be separated into two categories: aqueous and non-

aqueous, referring to the solvent used for the catholyte and anolyte electroactive materials.
Aqueous redox flow batteries are the most common class of RFBs. The technology for
these batteries was pioneered in the 1970’s by NASA in the United States®? and the
company Mitsui in Japan with the introduction of an iron / chromium flow battery.** The
anodic and cathodic reactions upon discharge appear as follows:
Crrz2Cri+e (anode reaction)
Fe¥* + e 2 Fe?* (cathode reaction)
To maintain neutrality H* ions were exchanged between the half cells through a separator.
The battery had a voltage of 1.18 V which resulted in a low energy density. It was reported
that coulombic efficiencies can reach as high as 95%. A major problem of iron / chromium
batteries was cross contamination of active materials across the ion selective membrane
as well as slow redox kinetics. For these reasons iron / chromium RFBs are not
commercially available.*?

Perhaps the most commonly known redox flow battery is the Vanadium RFB. This
system employs vanadium in four different oxidation states for each reaction upon
discharge as shown below:

V¥ 2V +e (anode reaction)
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VO,;" + 2H" + & 2 VO?" + H.0 (cathode reaction)
Similar to the iron / chromium battery, H* ions that are produced at the positive electrode
during charging cross the ion exchange membrane to maintain neutrality.® The electrolyte
used is sulfuric acid. As a result of the battery being completely made up of vanadium, if
cross-contamination is present through the cation exchange membrane, the impact on
capacity of the battery is not permanent and can be reversed upon charging. While this
would lead to a slight decrease in the energy efficiency of the battery due to the effect that
a lowered capacity during discharge has on coulombic efficiency, it does not lead to long-
term performance degradation. There are issues with the common Nafion CEM used with
vanadium RFBs as they are costly and have high area resistivity. This causes a significant
IR drop, decreasing the voltage efficiency of the cell. Work has been done to produce new
membranes that lower the resistivity for use in vanadium based RFBs.*® The potential of
these batteries is 1.26 V, the energy density is 15-25 Wh L™, and the energy efficiency of
the batteries is approximately 80%. The fast kinetics of the redox couples allows for high
coulombic and voltage efficiencies. Vanadium RFBs can be overcharged and
overdischarged and can be cycled from any state of charge or discharge without causing
permanent damage to the cell. Vanadium RFBs are a commercially available system with
multiple stations installed worldwide.*?

As water has a relatively narrow electrochemical window of 1.23 V, aqueous
batteries have to operate within (or close to) this potential range and at a temperature of
<100 °C. By operating redox flow batteries with non-aqueous electrolytes instead of
aqueous electrolytes, there is an opportunity for batteries with higher cell voltages, higher

energy densities, and wider operation temperatures. RFBs based on metal complexes in
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organic solvents offer these improved conditions. An RFB based on vanadium
acetylacetonate (acac) complexes ([V(acac)s]), which exist in three stable oxidation states,
Is similar to the aqueous vanadium RFB and therefore, diffusion of active material across
the ion exchange membrane would lead to a reversible decrease in capacity upon
discharge, without leading to performance degradation.** Thompson and coworkers
produced vanadium complex redox flow batteries using [V(acac)z] in an electrolyte of
tetraethylammonium tetrafluoroborate (TEABF) in acetonitrile. The anode and cathode
reaction of the battery are shown below:*

[V(acac)s] 2 [V(acac)s] + e (anode reaction)
[V(acac)s]* + e 2 [V(acac)s] (cathode reaction)
This battery assembly utilized a Neosepta AHA anion exchange membrane, responsible
for separating the anolyte and catholyte material while still allowing BF4™ to flow through
to maintain electroneutrality. The potential of the cell was determined to be 2.2 V, higher
than the voltage of 1.26 V for the aqueous vanadium RFB. Coulombic efficiencies were
near 50% at 50% maximum state of charge (SOC). Crossover of the active species across
the membrane led to the lowered efficiency. Side reactions may have also been a reason
behind the decreased efficiency of the battery. It was suspected that these side reactions
were the result of the interaction between the active materials and environmental water
and oxygen. CV studies showed that oxygen was responsible for drastic degradation of

the active materials as shown in Figure 1.14:%
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Figure 1.14. Cyclic voltammogram of [V(acac)s] when deoxygenated (dotted line) and oxygenated
(solid line).*8

Aside from the large redox peaks present representing dissolved molecular oxygen (-1.25
V and 0-0.5 V), the oxidation peak representing the [V (acac)s]/[V(acac)s]” couple was
drastically suppressed (-1.7 V), and the reduction peak was also smaller. When in contact
with water, the vanadium centre was shown to be sensitive to oxidation, forming a VO
double bond. The free H" produced would then protonate the acetylacetonate ion removed
by the formation of the VO bond. This reaction with water is shown in the equation below:
V(acac)s + H20 2 VO(acac), + Hacac + H + e
By ensuring the elimination of water and oxygen from the system, recent reports have
shown a coulombic efficiency of approximately 70% at 50% SOC.4®

Thompson and coworkers also developed metal complex batteries using different
transition metal acetylacetonate complexes. A [Cr(acac)s] battery was developed in 2010
with a supporting electrolyte of TEABF4 in acetonitrile, the same electrolyte as the
[V (acac)s] battery. The redox couple at the anode was attributed to Cr(111)/Cr(11) while

the couple of Cr(111)/Cr(IV) occured at the cathode, resulting in a cell voltage of 3.4 V.
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An anion exchange membrane was used to separate the catholyte and anolyte species.
When charging from 0% to 50% maximum SOC, the coulombic efficiency of the cell
ranged from 53-58% when utilizing 0.05 M [Cr(acac)s] in 0.5 M TEABF4in CH3CN. The
main issue with this battery was the solubility of the metal complex. In acetonitrile,
chromium acetylacetonate had a limited solubility of approximately 0.4 M at room
temperature. This greatly limited the energy density of the system.*

Thompson and coworkers were able to functionalize the acac ligand of the V and
Cr metal complexes to include substitutions in the 2,4- or 3- positions.*® These were done
in an attempt to increase solubility of 0.65 M and 0.40 M for the parent V(acac)s and
Cr(acac)s complexes, respectively. Numerous attempts were carried out with various
groups (Br, NO2, CH2CN, and CH2NMey) in the 3- positions or with several different
combinations of phenyl substitutions (tris-2,4-, bis-2,4-, and mono-2,4-phenyl
substituted). Most of these products either had a detrimental effect on solubility (Br, NO,
phenyl) or caused a slight increase in solubility (-CH2CN). However, with Cr as the metal
and CH2NMe: as the substitution in the 3- positions, a large increase in solubility to 1.92
M occurred, though this compound suffered from redox instability. Complexes bearing
ester substituted ligands, as shown in Figure 1.15, showed significant enhancements in

solubility relative to the parent compounds while maintaining redox stability.
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M=Cr, R = Et, R' = H (1.5.1)
M= Cr, R = Et, R' = Me (1.5.2)

M = Cr, R = 2-CH,(thf), R' = H (1.5.3)

M = Cr, R = CH,CH,0OMe, R' = H (1.5.4)
M = Cr, R = (CH,CH,0),Me, R' = H (1.5.5)
M=V, R = CH,CH,OMe, R' = H (1.5.6)

Figure 1.15. Ester functionalized chromium (111) and vanadium (111) acetylacetonate complexes.*

The increased solubility of these compounds could be attributed to the reduction of
crystallinity as they existed as tars, as well as the incorporation of polar ester and ether
groups, which were more miscible in polar solvents. Complexes 1.5.4 and 1.5.6 showed
solubilities of 1.80 M and 1.32 M in acetonitrile, respectively. This was approximately 3
times greater than that of the parent compound. The added ester group however, did
decrease the diffusion coefficient, though it remained on the same order of magnitude as
the parent compounds. Applying compound 1.5.6 to a redox flow battery resulted in a cell
potential of 2.10 V. For the first 12 cycles the coulombic efficiency was found to be 92%
and the energy efficiency was 87%. Losses in coulombic efficiency were attributed to loss
of active species via side reactions and crossover of vanadium species through the TEA-
Nafion cation exchange membrane. This battery however, was merely a laboratory scale
prototype, with optimization of reversibility, potential limits, membranes and electrode
materials needed for the battery to reach the theoretical energy density of 37.3 Wh L™ for

compound 1.5.6.%8
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As mentioned, most previously reported metal complexes for non-aqueous redox
flow batteries have limited solubility.*® This is in contrast to aqueous RFBs where the
solubility of metals in aqueous electrolytes is approximately five times higher than that of
metal complexes in non-aqueous electrolytes. Organic active species dissolved in organic
electrolytes are expected to have higher solubility, leading to increased energy density.
Organic compounds also can be synthesized from low-cost and lightweight starting
materials and have easily tunable electrochemical properties.®® Also, as with metal
complex RFBs, there is a possibility for increased cell potentials compared to aqueous
systems. 32

The first all-organic redox flow battery was developed in 2011 by Peng and
coworkers. This battery utilized N-methylphthalimide (1.5.7) as the anolyte material and

TEMPO (1.5.8, Figure 1.16) as the catholyte material.

)
0

1.5.8
Figure 1.16. Structure of TEMPO (1.5.8).
TEMPO is a stable radical due to the steric protection surrounding the radical centre as
well as resonance stabilization involving the nitrogen atom.>! Both TEMPO and N-
methylphthalimide have had applications in lithium-ion cells and therefore they were
considered to be good candidates for an all-organic redox flow battery.?1°152 Both active
species were present as 0.1 M in a supporting electrolyte of 1 M sodium perchlorate

(NaClOg4) in CH3CN.
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As the battery charged, N-methylphthalimide reduced to a radical anion (1.5.7°) at the
negative electrode while at the positive electrode upon charging, TEMPO was oxidized
from a radical to a cation (1.5.8%).%

Using CV, the potential of the cell was found to be 1.60 V from the formal
potentials of each half reaction. The experimental operating voltage was 1.51 V, in good
agreement with the CV calculated results. This all-organic redox flow battery was
evaluated using a current density of 0.35 mA cm and a cation exchange membrane. The

performance of the battery is shown in Figure 1.17.
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Figure 1.17. Left — Charge-discharge performance of all-organic redox flow battery. Right —
Coulombic efficiency (%) of the all-organic redox flow battery with cycling.>

Figure 1.17 (Right) shows that the coulombic efficiency for the first 20 cycles of the
battery stayed fairly constant at approximately 90% which illustrates the promising

research of all-organic redox flow batteries.>®

1.6 Variations on Standard Flow Batteries

A battery based on an organic catholyte and metal anode, capable of increased
energy densities compared to nonaqueous RFBs of metal complexes was developed by
Wang and coworkers.>* A catholyte solution containing TEMPO (1.5.8) dissolved in a
mixture of ethylene carbonate (EC) / propylene carbonate (PC) / ethyl methyl carbonate
(EMC) at a weight ratio of 4:1:5 along with lithium hexafluorophosphate (LiPFs) was
used in conjunction with a lithium metal anode to produce this hybrid battery.>* This was
considered a variation on a redox flow battery as it involved a flowing catholyte but also
had a solid state anode and without having both a flowing catholyte and anolyte, the cell
was not a true redox flow battery.

The solubility of TEMPO in the EC/PC/EMC mixture was 5.2 M. Using Li-metal
as the anode material the RFB exceeded others in terms of concentration of active material
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(2.0 M) and voltage (3.5 V). This resulted in a high theoretical volumetric energy density,
calculated to be 188 Wh L. The experimental energy density was 126 Wh L™, which
was approximately 5 times greater than that of an all vanadium redox flow battery. The
energy efficiency was found to be 70%. This work also reinforced that the catholyte
material, TEMPO is an excellent candidate as a cathode species in terms of offering high
energy density.>*

All-organic RFBs based on n- and p-dopable polymers are now being investigated.
Polythiophene (Figure 1.18) is an organic compound, with a high specific capacity (319
mA h g?) and a very low reduction potential and therefore it has high energy and power

densities associated with it. It is also conductive through both n- and p-doping.>®
S

1.6.1

n

Figure 1.18. Structure of polythiophene 1.6.1.%

Yang and coworkers developed an all-organic redox flow battery based on polythiophene
as both cathode and anode. By using conductive polythiophene particles based on an
organic electrolyte it was a possibility that this could overcome the issues of low electrical
conductivity of organic compounds in organic RFBs. The electrolyte contained
polythiophene existing as microparticles small enough to be used in a flowing battery.
Since polythiophene existed in solution as microparticles instead of being dissolved, the
system was not a true redox flow battery. Charging and discharging capabilities were

tested using a non-flowing cell in a supporting electrolyte of 1 M TEABF4 in propylene
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carbonate (PC). The amount of active material used was 8.41 g L (0.1 M). The cell
operated at a potential of 2.5 V, which was the highest potential in terms of all-organic
flowing batteries. The charge-discharge performance had an efficiency of 61 % at a
current density of 0.5 mA cm™. It is also worth noting that polythiophene was found to
reduce electrical resistance inside the cell. Lastly, as the active material polythiophene
flowed in the cell as microparticles suspended in solution, crossover of active materials
would not be an issue as the microparticles were too large to cross the pores of the

membrane.>®

1.7  Improving Upon Redox Flow Batteries

Redox flow batteries face many challenges including low solubility of active
materials as well as self-discharge / cross-over of active materials. Through ionic
modification of active species, the solubility of active materials can be increased. Wang
and coworkers were capable of functionalizing ferrocene with a tetraalkylammonium

pendant arm as shown in Scheme 1.4.%
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Scheme 1.5. Synthesis of ionic-derived ferrocene (FcIN112-TFSI).5

Ferrocene and ferrocene-containing compounds are known for undergoing a stable redox
reaction with high reversibility. However, the solubility of ferrocene in organic solvents
(0.04 M in 1.2 M LiTFSI in EC/PC/EMC, LiTFSI = bis(trifluoromethane)sulfonamide

lithium salt) is too low to meet commercial needs for redox flow batteries. Functionalizing
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ferrocene with the tetraalkylammonium pendant arm resulted in a 20-fold increase in
solubility (0.85 M in 1.2 M LiTFSI in EC/PC/EMC). Evaluation of the active species with
Li-metal in a hybrid redox flow battery displayed improved energy density as a result of
the increased solubility.>®

Another method used to improve the solubility of an active material, and as a
result, the energy density of the battery, is to utilize a liquid active material. Zhang and
coworkers were able to alter a common catholyte material, 2,5-di-tert-butyl-1,4-bis(2-
methoxyethoxy)benzene (DBBB) to incorporate differing polyethylene oxide (PEO)
chains (as shown in Figure 1.19), leading to improved solubility of the redox active DBBB

derivatives.®’

—0 —0 0—\_0
— — —

(0] 0) (0} o) 0 0

DBBB, 1.7.1 1.7.2 1.7.3
Figure 1.19. Structures of DBBB and the associated derivatives.>’

While compound 1.7.1 existed as a solid, compounds 1.7.2 and 1.7.3 were liquids at room
temperature due to the intramolecular dipole moments added by breaking the symmetry
with differing lengths of PEO chains. The liquid nature of 1.7.2 and 1.7.3, which could
theoretical be used as catholyte materials, would have a significant impact on RFBs. As
previously mentioned, a common catholyte or anolyte consists of active material,
electrolyte, and solvent. However, the only role of the solvent is to provide solvation, but

has no contribution to energy density, therefore, as little solvent as possible is desired. By
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having the redox active material as a liquid itself, the energy density is as high as possible.
It was found that the longer the PEO chain, the greater the viscosity and also the less
energy per mass unit. As 1.7.2 had only one PEO chain, it had the lowest viscosity. This
is a result of 1.7.2 having the highest dipole moment of the compounds studied. The
derivative compounds (1.7.2 and 1.7.3) both had voltages of 4.0 V vs. Li/Li*. Because of
the favorable diffusion coefficient (1.83 x 10 for 1.7.1, 2.17 x 10 for 1.7.2, and 1.90 x
10 for 1.7.3in 0.2 M LiBF4 in propylene carbonate) and viscosity (23.38 cP for 1.7.2 vs.
28.64 cP for 1.7.3 at 40 °C), 1.7.2 is considered to be an attractive candidate for a liquid
catholyte material.>’

Many researchers have attempted to solve the problem of self-discharge of the
battery due to cross contamination of the active species across the membrane. As
previously mentioned, most often an ion exchange membrane (IEM) is used to allow a
common ion to pass to maintain electroneutrality while keeping the active species
separate. However, Rodriguez-Lopez and coworkers looked at size exclusion as an
alternative to ionic exclusion. Instead of using IEMs, porous membranes were used to
transport charge carrying molecules based on size. Porous separators are relatively
inexpensive compared to IEMs and therefore, could decrease the overall cost of the
battery. Redox-active polymers (RAPs) were easy to vary in size by controlling the
molecular weight and could act as both anolyte and catholyte materials. The RAPs used
in this work were poly(vinylbenzyl ethyl viologen) polymers (1.7.4) as shown in Figure

1.20.%8
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Figure 1.20. Redox-active polymer (RAP, n = 1-5) 1.7.4.

To evaluate active material crossover, a Celgard 2325 separator with a pore radius of 14
nm was used with a PermeGear side-bi-side cell, with UV absorbance at the receiver cell
(containing acetonitrile) being determined after 24 hours to elucidate the extent of
polymer crossover from the donor cell. Results showed that permeability of LiBFs was 9
times greater than that of the monomer and 70 times greater than that of the high molecular
weight RAPs. The polymer crossover was as low as 7% (93% rejection) with the RAPs
studied. The permeability and percent polymer rejection were calculated using Equations

1.7-1and 1.7-2.

2C
Percent Rejection Across Membrane (%) = [1 — Cf] x100 (1.7-1)

l

o
VbXL X W

A x(C,— Cs()

Permeability = 1.7-2)

As seen in Equation 1.7-1, Csis the concentration in the receiver compartment after 24
hours while C; is the initial concentration in the donor compartment. In Equation 1.7-2,
Vg is the solution volume in the receiver compartment, L is the thickness of the Celgard

2325 separator, dCg/dt is the slope from a concentration vs. time plot, A is the area of the
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orifice, Ca is the initial concentration in the donor compartment, and Cg(t) is the time
dependent polymer concentration in the receiver compartment.®®

This research was also recently been applied to aqueous vanadium redox flow
batteries by separating proton transport from that of larger vanadium cations. Vanadium
flow batteries showed only 15 times higher selectivity for proton permeation compared to
vanadium, though through membrane modification with silica this amount increased to
50 times higher selectivity. >°

Research done by Yan and coworkers concerned the use of a multiple ion-
exchange membranes to avoid the crossover of active species when redox pairs with
mixed charges were being used. Double ion exchange membranes, consisting of a CEM
and an AEM with a middle electrolyte between, have already successfully been applied
to traditional rechargeable batteries (Pb-acid and NiMH).%%%2 Therefore, Yan and
coworkers applied this configuration to a RFB in an attempt to keep ions separate as

shown in Figure 1.21.
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Figure 1.21. Combination of anion-anion redox pair and cation-cation redox pair separated by a
CEM, middle electrolyte, and AEM.®?

Tests were done using a 0.5 M Na[Zn(OH)4] in 3 M NaOH negative electrolyte, a 0.5 M
Ce(Cl04)3in 2.5 M HCIO4 positive electrolyte, and a 4 M NaClO4 middle electrolyte. This
battery had a 3.08 V standard cell voltage, significantly higher than most aqueous redox
flow batteries. During charging, it was expected that while active species were undergoing
redox processes, M* cations would cross the CEM from the middle electrolyte to the
negative electrolyte and X anions would cross the AEM from the middle electrolyte to
the positive electrolyte (Figure 1.21). It was found that this method of cycling was stable,
with an overall energy efficiency of approximately 90% for 50 hours of cycling. Results
illustrated that the crossover rate compared to batteries that have active species of mixed
charges simply using one type of IEM was 7.5-71 times slower for the batteries using a

double IEM.52
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1.8  Research Objective

As previously mentioned, in redox flow batteries cross contamination of active
species across the ion exchange membrane is a significant problem as it causes the self-
discharge of the battery. Many solutions have been offered that involved adjusting the
membrane in some way. These include using a separator based on pore size rather than
electrostatic repulsion,®® adjusting the chemical structure of an existing IEM,®® and using
a cation exchange membrane in conjunction with an anion exchange membrane.®?
However, little work has been done on altering the active materials to solve the problem
of cross contamination.?

lon exchange membranes operate through the principal of electrorepulsion. An
anion exchange membrane made up of positively charged fragments will repel cations
and prevent them from crossing through the membrane and vice versa for anions and a
cation exchange membrane. The research objective of this thesis is the development of
organic active materials that have a permanent positive charge present in both the oxidized
and reduced form, with the thought that these active materials would not be able to cross
the anion exchange membrane, and will therefore keep the experimental capacity closer

to the theoretical capacity and increase cell longevity.
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Chapter 2 - Bispyridinylidene Based Non Aqueous Redox Flow
Batteries

2.1 Background

A large portion of research into all-organic batteries has been concerned with
developing new active materials with high capacities and large potential gaps between the
cathode-anode materials. There has been extensive research into developing new
catholyte materials. As previously mentioned, conductive polymers are a common choice
for an active cathode material, such as polythiophene or polyacetylene.'®>® The limited
doping level of polymers give them a limited resulting capacity and therefore, work has
gone beyond these compounds to nitroxyl containing polymers such as PTMA and PTVE
(1.4.1 and 1.4.2).222* These compounds experienced higher capacities than previously
reported for organic compounds while still being stable for up to 1000 cycles. Beyond
polymers, quinone derivatives such as Lis-p-DHT (1.4.3") have been utilized as cathode
materials that displayed high capacities, though they had low cycle lives.?

In terms of cathode materials suitable for use in redox flow batteries, a number of
catholyte species are also well established. Though it was initially used as an additive for
Li-ion batteries to prevent cathode damage caused by overcharging,®* TEMPO is a
common catholyte material (Figure 1.17) because of its high redox potential of 3.52 vs
Li/Li", stability in the reduced and oxidized states, and previous use in redox flow batteries
(See chapter 1.5).53% Another organic cathode material initially used as an overcharge-
protection additive is 2,5-di-tert-butyl-1,4-bis(2-methoxyethoxy)benzene (DBBB, 1.7.1)
which has a potential of 3.90 V vs. Li/Li*. As previously mentioned (See chapter 1.7),

derivatives of DBBB also exist that are suitable candidates for cathode materials.5”:
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Derivatives of TEMPO exist such as 4-methoxy-TEMPO (2.1.1) and 4-cyano-
TEMPO (2.1.2) that have all shown promise to be candidates for cathode materials for
redox flow batteries as well as relatives such as 3-cyano-2,2,5,5-tetramethyl-1-

pyrrolidinyloxy (3-cyano-PROXYL) (2.1.3) as shown in Figure 2.1.%

o~ CN
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Figure 2.1. Left - Structure of 4-methoxy-TEMPO (2.1.1). Centre - Structure of 4-cyano-TEMPO
(2.1.2). Right - Structure of 3-cyano-PROXYL (2.1.3).

The list of possible catholyte materials are ever expanding as more compounds
and their derivatives are developed including quinone derivatives such as 1,5-bis{2-[2-
(2-methoxyethoxy)ethoxy]ethoxy}anthracene-9,10-dione (15D3GAQ), arylamines such
as polytriphenylamine, and a vast number of polymers such as polyaniline.®”-"° However,
the available pool of possible anodic materials is much smaller.”* As previously
mentioned, N-methylphthalimide (1.5.7) is a compound that has already had applications
as an anolyte material in a redox flow battery.>® Various derivatives of quinoxaline have
also been used as anolyte materials in conjunction with a DBBB catholyte.%® Recently,
Sanford produced, in a single step reaction, a pyridine-based anolyte material (N-methyl
4-acetylpyridinium tetrafluoroborate) that was soluble in nonaqueous solvents and
reversibly undergoes two one-electron reductions.’® Though its use in cells has not yet

been evaluated, it has potential as an anolyte species. In order to improve the performance
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of all-organic redox flow batteries, there must be an increased number of possible anolyte
materials with increasingly low redox potentials.

John Murphy developed several organic compounds which act as powerful
electron donors and alternatives to metal based compounds in reduction reactions. In
particular, dimethylamino-substituted bispyridinylidene 2.1.4 (Scheme 2.1) has been
intensively studied as an organic reducant.”>’* The strongly n-donating lone pairs on the
nitrogen atoms in conjugation with the m-System cause increased electron density,
resulting in easy oxidation and low redox potentials. The pyridine based compounds also
experience stability as a result of aromaticity and resonance stabilization involving the

exocyclic amino groups upon oxidation (Scheme 2.1).7>7®
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Scheme 2.1. Top — Electrochemical oxidation of N,N,N',N'-Tetramethyl-7,8-dihydro-6H-dipyrido
[1,2-a;2",1'-c][1,4]diazepine-2,12-diamine (bispyridinylidene 2.1.4). Bottom — Resonance stabilization
of bispyridinium 2.1.4%*.7577

Compound 2.1.4 was found via cyclic voltammetry to undergo a single reversible two-
electron redox process at a low redox potential of -1.13 V versus Ag/AgCI/KCl in 1 M

NaBF4 in dimethyl formamide (DMF). Also, as each bispyridinylidene (BPY) molecule
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donates two electrons, a high theoretical capacity of 188 mAh g? is realized. A high
theoretical capacity paired with a high overall cell potential leads to a highly energy dense
battery (Equation 1.2-1).7

Previously, Fahad Alkhayri (MSc. 2013) conducted research on all-organic redox
flow batteries using TEMPO 1.5.8, acommon catholyte material as previously mentioned,
and the bispyridinium compound, 2.1.42*[2TFSI-] as an anolyte material in a supporting
electrolyte of 1 M NaBF4 in DMF. The supporting electrolyte was chosen as such as its
use in conjunction with the active materials resulted in a high cell voltage (1.89 V) with
reversible peaks via CV seen for both TEMPO 1.5.8 and bispyridinylidene 2.1.42*[2TFSI-
]. Post-cycling, the voltage efficiency of this cell was 90%, the coulombic efficiency was
94%, and the energy efficiency was found to be 85%. During charging the TEMPO radical
(1.5.8) oxidized to form a TEMPO cation (1.5.8*) at the positive electrode while the BPY
cation (2.1.4%*) accepted two electrons to form a neutral species (bispyridinylidene 2.1.4)
at the negative electrode. The opposite occurred during the discharging process. During
charging and discharging, BF4™ anions flowed through the anion exchange membrane to
maintain electroneutrality. An AHA Tokuyama Neosepta AEM was utilized to prevent
crossover of positively charged active materials. Battery testing was done and the charge-

discharge curves are shown in Figure 2.2,
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Figure 2.2. Charge-Discharge curves of all-organic redox flow battery using 0.08 M TEMPO (1.5.8)
and 0.04 M BPY (2.1.4%") in a 1.0 M NaBF4 in DMF electrolyte.”

Figure 2.2 shows that the first 4 cycles (charge and discharge) behaved as expected, with
approximately an hour being taken for each charge and discharge at a rate of 1C. However,
after the fourth discharge the cell experienced a rapid loss in capacity and secondary redox
events had occurred, evidenced at the extreme points of charging and discharging (circled
on Figure 2.2). To determine the cause of this degradation, the cell was disassembled and
cyclic voltammetry was carried out on the catholyte containing side and the anolyte
containing side of the cell. The voltammograms are shown in Figure 2.3. These
voltammograms show that there was contamination present on both sides of the cell. The
presence of a peak at approximately 0.2 V (top, circled) on the anolyte voltammogram
indicated that TEMPO 1.5.8 was present while a peak present at approximately -1.6 V
(bottom, circled) on the catholyte voltammogram indicated that bispyridinylidene 2.1.4

was present. This evidenced reactant crossover through the anion exchange membrane.””
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Figure 2.3. Top - Cyclic voltammogram of anolyte (BPY, 2.1.42*) side of cell. Bottom - Cyclic
voltammogram of catholyte (TEMPO, 1.5.8) side of cell.”

Tests done by deliberately mixing differing percentages of catholyte solution into
the anolyte solution and vice versa and then cycling the cell were carried out and it was
determined that just 15% contamination was enough to completely damage the battery to
an extent that there were zero usable cycles.”’

Crossover was thought to have occurred because of the presence of neutral species
in the battery. In the discharged state BPY was a dication (2.1.4?*) and in the charged state
TEMPO was a monocation (1.5.8*). However, in the charged state BPY was neutral and
in the discharged state TEMPO was neutral. It was thought that these neutral forms of the

active materials were able to cross the AEM and cause self-discharge of the cell.
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Therefore, active materials modified to contain a permanent positive charge may
experience enough electrostatic repulsion to the AEM that active material crossover will

not occur.

2.2 Anolyte Design and Synthesis

The active material chosen to modify was the anolyte material. As previously
mentioned, anolyte material for RFBs are less common than catholyte materials and
therefore, it is beneficial to improve upon the current library of available materials. The
proposed compound was a bispyridinylidene based compound with two propyl chains
instead of the propyl bridge of bispyridinylidene 2.1.4 and a quaternary amine affixed to

the propyl chains as shown in Scheme 2.2.
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Scheme 2.2. Proposed bispyridinium based couple (2.2.12* / 2.2.1*) with a permanent positive charge
affixed via a quaternary amine.

As shown in Scheme 2.2, the proposed compound in the charged state (bispyridinium
2.2.1%%) is a dication while the proposed compound in the discharged state (bispyridinium
2.2.1%") is a tetracation, meaning that the constant positive charge present during cycling

should prevent the anolyte material from crossing the AEM.
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The proposed battery used TEMPO as the catholyte species as it had already
proven to be successful in RFBs, though ferrocene (FeCpz, Cp = CsHs) was also
considered in the event of any issues encountered with TEMPO. The proposed electrolyte
was 1.0 M NaBF4 in DMF as it had already been proven to be successful in cells with
2.1.4.%577 Also, DMF was known to have physical properties that make the solvent
suitable to a variety of climates such as it being a liquid in the temperature range between
-61 °C and 153 °C."® The operation of the cell is illustrated in Scheme 2.3. This scheme
shows how the cell would theoretically function beginning in the discharged state with
bispyidinium 2.2.1* and two equivalents of TEMPO 1.5.8. Upon charging, 2.2.1%*
accepts two electrons from TEMPO and bispyridinylidene 2.2.12* and TEMPO 1.5.8* is
formed. During this redox process, BF4 travels across the AEM to the catholyte side to
maintain electroneutrality. As soon as the charging process is finished, discharging
begins, with 2.2.1%* donating two electrons to once again form 2.2.14* and 1.5.8* accepting
an electron for each equivalent of TEMPO to form 1.5.8. During this process, BF4 flows

back to the anolyte side of the battery to maintain electroneutrality.

58



_Charge Discharge

e —» N £
Cathode (+) AEM ® @ Anode (-)
R3N R3N
+
+
+
N N@ N@
AN o’
, + | |
N + 7N
) -€
0 N ;
S + 2BFy N NG
+
<L +
+ /
+
+ N N
: —
2 7(% + | = A |
1 +
0] + /N\ /N\
// + \
2e| + N Jer
..... -.>a|\ é i S N R3N® R3N® /: .
2BFy| * 7\ k !
\\ + ,/
N #
2 ﬂ . N? /N®
y : | |
(0] = N
: +
+ /N\ /N\

Scheme 2.3. TEMPO (1.5.8) and bispyridinylidene (2.2.1) based RFB including cell components and
electrochemical reactions. Solid arrows represent charging while the dashed arrows represent the
discharging process.

The anolyte material itself was produced by adapting John Murphy’s procedure.”
The full synthesis is shown in Scheme 2.4. Synthesis began by mixing 4-
dimethylaminopyridine (2.2.2) and 1,3-diiodopropane to form pyridinium iodide 2.2.3.

This compound was synthesized in an 88% yield. Characterisation was done using melting
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point, electrospray ionization mass spectrometry (ESI MS), *H NMR, and *C NMR.
There was a number of characteristic 'H NMR peaks present that aided in characterization
of the compound. Doublets appeared at 6.95 and 8.54 ppm. Both of these doublets
integrated to 2H, which provided proof of the presence of an aromatic pyridine ring. The
presence of two triplets and a quintet at 3.21, 4.54, and 2.48 ppm respectively, indicated
the presence of a propyl chain.

Subsequent substitution of the covalently bonded iodide by pyrrolidine led to
compound 2.2.4. This iodide salt was converted to a hexafluorophosphate salt 2.2.5 by
adding lithium hexafluorophosphate in water. This was done because as an iodide salt the
product 2.2.4 was a very viscous liquid but precipitated as a powder as a
hexafluorophosphate salt. Characterisation was done using melting point, mass
spectrometry, *H, 3C, 1°F, and 3P NMR. This product was isolated in a 75% overall yield
with two new sets of multiplets via *H NMR at 1.78 and 2.45 ppm, each having integrated
to 4H. These multiplets indicated a successful substitution of an iodide for a pyrrolidinyl
functionality. The presence of the hexafluorophosphate anion was confirmed via °F and
3P NMR with a doublet and a septet at -72.9 and -144.0 ppm, respectively.

Bispyridinylidene 2.2.6 was subsequently synthesized in a 54% yield following
deprotonation of 2.2.5 using the base, potassium bis(trimethylsilyl)amide (KHMDS).
Characterisation was done using *H and *3C NMR. *H NMR was mainly used to confirm
the presence of this compound. During this reaction the aromatic pyridinium of 2.2.5 lost
aromaticity. This changed the two *H NMR peaks in the aromatic region to three peaks in

the alkene region (4.5-6.5 ppm).”® The presence of a doublet of doublets at 5.20 and
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doublets at 5.45 ppm and 6.18 ppm for the protons on the pyridyl rings indicated that the
desired bispyridinylidene (2.2.6) was synthesized.

After isolating 2.2.6, this compound was oxidized by the addition of
hexachloroethane in hexanes to afford bispyridinium 2.2.62*[2CI-]. This compound was

characterized via melting point, mass spectrometry, *H NMR, and 1*C NMR. The yield of
the reaction was 84%. Analysis via *H NMR showed that upon oxidation the pyridyl rings
regained aromaticity which moved the three pyridyl signals back to the aromatic region
(6.50 to 8.50 ppm).” The presence of a doublet of doublets at 7.22 and two separate sets
of doublets at 7.37 and 8.39 ppm, respectively proved that the product was successfully
oxidized.

The quaternary amine was formed by alkylating the pyrrolidine functionality with
iodomethane, thus introducing the permanent positive charge to the compound. Lastly, a
tetrahexafluorophosphate salt (2.2.74*[4PFs]) was formed by adding an excess of LiPFe.
This was necessary as both chloride and iodide ions were electrochemically active and
therefore, to avoid interference on a voltammogram, the halides were converted to
hexafluorophosphates molecules. Characterization of the final product was done via
melting point, mass spectrometry, *H, 3C, 1°F, and 3P NMR. The yield of the reaction
was 45%. A new singlet was observed via *H NMR at 3.07 ppm that integrated to 6H,
which indicated the addition of a methyl group on each pyrrolidine functionality. There
was also a new peak in the *C spectrum at 64.8 ppm. Heteronuclear singular quantum
coherence (HSQC) spectroscopy proved the H-13C correlation of these new peaks, which
confirmed the presence of a new methyl group. The complete metathesis was confirmed

by the lack of redox peaks seen on a cyclic voltammogram in the 0.0-0.2 V region, as
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peaks in this region would have represented the presence of iodide or chloride. Also, by
carrying out analysis via *®F NMR on a known concentration of product with a known
amount of NaBF4 present complete metathesis was confirmed. Integrations were

compared to ensure that 24 fluorine atoms (4 x PFe) were present.
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Scheme 2.4. Complete synthesis of anolyte active species 2.2.74[4PFs].



The redox couple, showing the electrochemical reduction of the final product is shown

in Scheme 2.5, which represents the redox couple used in the coin cell.
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Scheme 2.5. Electrochemical reduction of 2.2.74 to form 2.2.72*,

\

/N\ /N\

2.2.7%*

A cyclic voltammogram of the bispyridinium 2.2.74* / 2.2.7?* couple is shown in

Figure 2.4. By averaging the reduction and oxidation peaks the redox potential was

calculated to be -1.59 V vs. Ag/Ag".
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Figure 2.4. Cyclic voltammogram of bispyridinium 2.2.74*[4PF¢] in 1.0 M NaBF4 in DMF.
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The redox potential of the John Murphy’s propyl bridged bispyridinylidine 2.1.4 in the
same electrolyte was -1.65 V vs Ag/Ag*. This meant that the adjustment of adding the
quaternary amine to the compound had only a slight damaging effect to the potential of

the compound as ideal anodic materials should have as low potentials as possible.

2.3 Bispyridinium vs. TEMPO Cell

2.3.1 Charge-Discharge Performance
Cycling was initially carried out using the same parameters previously employed

by Fahad Alkhayri using bispyridinium 2.1.4%* and TEMPO 1.5.8, with the upper and
lower bounds kept at 3.0 V and 0.5 V, respectively. However, these limits caused
secondary charging and discharging peaks to occur near the upper and lower extremes of
the charging and discharging and therefore, optimization was done and the limits were
changed to approximately 2.1 V and 1.2 V. The concentrations of the anolyte and
catholyte solutions were kept at 0.04 M and 0.08 M, respectively in 1 M solutions of
NaBFs in DMF. A rate of 1C was maintained, meaning that the battery would be fully
charged in one hour. Ideally, both charging and discharging would have occurred at a
voltage of 1.88 V, which was the Ecen found via cyclic voltammetry from the redox
potentials of the two couples in the battery electrolyte. As expected, charging and
discharging did not occur exactly at the expected Ecen. This was because internal
resistance was present and therefore, for the battery to satisfy Ohm’s law (See Equation
1.2-5) during charging or discharging, the voltage had to increase or decrease,
respectively, to keep a constant current. Nevertheless, the average of the midpoint of the
charging and discharging voltage for the first cycle gave a good measure of the actual Ecei

and this value of 1.88 V agreed with the expected value.
65



Cycling of the non-flowing cell based on bispyridinium 2.2.74*[4PFs] and
TEMPO 1.5.8 is shown in Figure 2.4. Although not all cycles are shown, approximately
20 cycles were observed before the charge / discharge capacity was so low that the
experiment was stopped. As previously mentioned, at a rate of 1C, charging and
discharging should have taken one hour for a well behaved system. However, as shown
in Figure 2.5 although the first charge took approximately one hour as expected,
immediately afterwards the time to complete the first discharge dropped to 21 minutes.
This drop in capacity may have been the effect of some sort of impurity present in the
cell. The time taken for each remaining charge and discharge to be completed slowly
decreased for each cycle afterwards. This is better represented as a plot of percent
theoretical capacity vs. cycle number. Figure 2.6 shows such a plot.

It should be noted that reusing the anion exchange membrane caused a slight
increase in percentage of theoretical capacity attained for each charge and discharge (ie.
38 % vs. 35% for the first discharge). This could possibly indicate that an impurity was
introduced during the initial use of the membrane and as the membrane became more
saturated with BF4 ions and DMF instead of CI™ ions and H>O (both present in the as-
purchased form), the effect of the materials within the membrane on the active materials
became less pronounced. However, it was noticed that the improved effect of repeated
use of the membrane reached a plateau and therefore, reusing the AEM several times

would not have caused the cell to eventually reach 100% capacity.
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Figure 2.5. Charge-discharge curve of 0.04 M bispyridinium 2.2.74 vs, 0.08 M TEMPO 1.5.8 in 1.0
M NaBFs in DMF.
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Figure 2.6. Charging (blue) and discharging (red) capacity vs. cycle number plot of bispyridinium
2.2.7% vs. TEMPO 1.5.8 cell.

Figure 2.6 shows cycles split into charging and discharging capacity with capacity
expressed as the percentage of the theoretical maximum capacity. After the first cycle it
can be seen that the coulombic efficiency was very good as the charging and discharging
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capacities were quite close to one another. For the first 8 cycles the average coulombic
efficiency was 80% (87% excluding the first cycle), while the voltage efficiency was 92%,
and the energy efficiency was 74%. By disassembling the cell and analyzing the catholyte
solution and the anolyte solution post-cycling via cyclic voltammetry, it was found that
the active materials had completely decomposed, known by the lack of peaks seen on the
voltammogram. Therefore, it was impossible to find out whether or not the positively
charged anolyte had crossed the AEM.

Therefore, subsequent cells were only cycled for 5-6 charges and discharges. This
was known to be enough time spent cycling that the active materials would have an
opportunity to pass through the AEM but short enough that the active materials did not
completely decompose. Cycling showed the same results in terms of issues with a rapid
decrease in capacity but the post-cycling voltammograms of the anolyte side and catholyte

side of the cell, shown in Figure 2.7 and Figure 2.8, respectively, were more informative.
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Figure 2.7. Cyclic voltammogram of anolyte (bispyridinium 2.2.7%*) side of cell.
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Figure 2.8. Cyclic voltammogram of catholyte (TEMPO 1.5.8) side of cell.

Figure 2.7 shows that the anolyte side of the cell looks as expected. Bispyridinium 2.2.74*
was still present at -1.59 V vs Ag/Ag™ as well as TEMPO (0.29 V), which was expected
to cross the AEM as found in our group’s earlier work.”” There was also a new redox
process around 0.15 V which was tentatively assigned to an unknown decomposition
product of TEMPO (circled). The redox process of 2.2.74* was shown to not be perfectly
reversible which could possibly be attributed to interference from the cathodic materials.
Later voltammograms in this work all showed evidence of signal suppression to some
extent. Figure 2.8 shows that TEMPO was still present at approximately 0.29 V in the
catholyte side of the cell after 6 cycles. A slight impurity was present at -1.86 V which
was known to be present in the initial TEMPO catholyte. A peak at -1.59 V to represent
the 2.2.74* | 2.2.7%* couple was not observed (expected in Figure 2.8 in circled region).
Therefore, judging by this voltammogram it seemed as if the anolyte material did not cross

the AEM.
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2.4 Bispyridinium vs. Ferrocene Cell

It was thought that perhaps changing the catholyte may give a better result in terms
of increasing the discharge capacity after the first charge. It was possible that minor
impurities present were causing the decomposition of the radical TEMPO and therefore,
there was an interest in utilizing a more stable catholyte couple to see if this caused
improvements in the cell. Ferrocene is a known well-behaved internal standard material
in electrochemistry that is relatively stable.®%8! Also, Fahad Alkhayri found during cell
cycling that using ferrocene instead of TEMPO vs. 2.1.4 resulted in more well-behaved
charge / discharge cycles.”” Cyclic voltammetry of a solution of ferrocene and
bispyridinium 2.2.74*[4PFe] is shown in Figure 2.9, illustrating excellent electrochemical

behaviour of the anolyte and catholyte materials, even when mixed together.
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Figure 2.9. Cyclic voltammogram of ferrocene and bispyridinium 2.2.74[4PFs] in 1 M NaBF4 in
DMF.

Therefore, a catholyte couple of ferrocene (Fc) / ferrocenium (Fc*) was employed.

Though using ferrocene instead of TEMPO no longer categorized the battery as an all-
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organic redox flow battery, it was thought that if the anolyte material was successful in
not crossing the membrane, then the anolyte could be paired with a suitable organic
catholyte species. In the discharged state of a bispyridinium vs. ferrocene (Fc) cell,
ferrocene was present while in the charged state, ferrocenium was present as shown in

Scheme 2.6.

<

I charge | @

—_— W Fe + e'

241 2.4.1*
Scheme 2.6. Electrochemical oxidation of ferrocene (2.4.1) to ferrocenium (2.4.1%).
Cell cycling continued using 0.08 M ferrocene instead of 0.08 M TEMPO, though all other
parameters were kept the same.

2.4.1 Charge-Discharge Performance
Cycling was carried out using the same parameters as the bispyridinium 2.2.74

vs. TEMPO cell though most of the time cycling was stopped after 5-6 cycles (Figure

2.10) so that post-cycling analysis could be completed as with the cells featuring TEMPO.
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Figure 2.10. Charge-discharge curve of 0.4 M bispyridinium 2.2.74 vs. 0.8 M ferrocene 2.4.1in 1.0 M
NaBFs in DMF.

Unfortunately, cell cycling showed the same results as with TEMPO in that the
first charge reached expected capacity (charging time of close to 1 hour) with the
following discharge dropping to about 35% capacity. The capacity stayed around 30% for
several subsequent charges and discharges (30% for cycle 2, 29% for cycle 3, 27% for
cycle 4). Over 5 cycles the voltage efficiency of this cell was 91%, the coulombic
efficiency was 77%, and the energy efficiency was 70%. It should be noted that charging
and discharging the cell for a full 50 cycles caused a change in these efficiencies (90%
voltage efficiency, 89% coulombic efficiency, and 80% energy efficiency). The drastic
increase in coulombic efficiency over more cycles highlights the excellent coulombic
efficiency of these cells from cycle two onward as the large difference in capacity between
charging and discharging of cycle one (e.g. 94% charging vs. 33% discharging) plays less
of arole in these calculations over more cycles. This would imply that by fixing the issues

with the immediate drop in capacity during cycle one, a successful and efficient cell could
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be produced. Diffusion testing via CV also showed the same results in that on the anolyte
side of the cell (Figure 2.11), bispyridinium 2.2.74* was still present at -1.59 V and
ferrocene 2.4.1 was confirmed to cross the AEM at 0.08 V. The redox peaks for 2.2.74*
did not show perfect reversibility and as previously mentioned, this was thought to
perhaps be due to interference from impurities either from the electrolyte, active materials,
or the membrane. On the catholyte side of the cell (Figure 2.12), ferrocene 2.4.1 was
observed at 0.08 V and an impurity at -1.35 V that was present in the electrolyte was also
seen. A peak for bispyridinylidene 2.2.74* was not seen on the catholyte side of the cell,

indicating that it did not cross the ion exchange membrane.
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Figure 2.11. Cyclic voltammogram of anolyte (bispyridinium 2.2.74*) side of cell.
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Figure 2.12. Cyclic voltammogram of catholyte (ferrocene 2.4.1) side of cell.

For the sake of comparison, another similar battery was tested using ferrocene as
the catholyte material but a different bispyridinylidene based anolyte. This compound was
previously made in the Dyker group as an analogue of bispyridinylidene 2.1.4 for the
purpose of improving solubility.®? It was used as a point of comparison rather than 2.1.4
as the butyl chains made the compound more structurally similar to 2.2.74* than the propyl

bridge of 2.2.12*. The redox pair is shown in Scheme 2.7.

\\ \\

/ ~N / ~N /N\ PN
2.4.2 2.4.22*

Scheme 2.7. Electrochemical oxidation of 2.4.2 to 2.4.2%*, used as a comparison anolyte material.

74



As this compound was neutral in the charged state (2.4.2), it was expected to cross the
AEM and therefore, keeping the parameters the same, the diffusion results could be
compared to 2.2.74* to prove that 2.4.2 crosses the AEM while neither 2.2.74* nor 2.2.7%*

do. The cycling results are shown in Figure 2.13.

19

18

1.7

16

Voltage (V)

15

14

13

1.2
0 0.5 1 15 2 2.5 3 3.5

Time (h)

Figure 2.13. Charge-discharge curves of a cell composed of 0.4 M bispyridinium 2.4.2%* as anolyte and
0.8 M ferrocene 2.4.1 as catholyte in 1 M NaBF4 in DMF.

As shown in the figure, the battery experienced the same problems in that after the first
charge the capacity dropped to approximately 35%. After cycling and disassembling the
cell, the voltammograms of the catholyte side and the anolyte side of the cell were

recorded, as shown in Figure 2.14 and Figure 2.15, respectively.
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Figure 2.14. Cyclic voltammogram of anolyte (bispyridinium 2.4.22*) side of cell.
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Figure 2.15. Cyclic voltammogram of catholyte (ferrocene 2.4.1) side of cell.
As shown (Figure 2.14), bispyridinium 2.4.2%* was present on the anolyte side of the cell
(-1.60 V) as well as ferrocene that had crossed the AEM (0.08 V) as expected. Ferrocene

2.4.1 did not show perfect reversibility, once again thought to be due to interference from
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bispyridinium 2.2.74*. The catholyte side of the cell (Figure 2.15) shows ferrocene 2.4.1
at 0.08 V and impurity at -1.35 V but does not show anolyte material crossing the
membrane (expected at approximately -1.60 V) despite it being expected owing to its
neutrality in the charged state. This could have been a result of possible degradation of
the active materials so that any material that did diffuse may have decomposed to an extent
that the concentration of 2.4.2 was too low to be observed in the experiment. As diffusion
was not seen from a neutral compound that was expected to diffuse, this called into
question the results of the previous diffusion testing using 2.2.74* which indicated that the
permanent positive charge made the compound resistant to diffusion. Further diffusion
testing was later done with 2.4.2 as a point of comparison to validate the hypothesis that
positive charge prevented diffusion across the AEM (See chapter 3.2).

2.4.2 Changing Current Rates
As previously mentioned, cell cycling was done at 1C. However, cycling had

exhibited problems with immediate loss of capacity after the initial charge and therefore,
testing was done with changing current to determine if possibly changing the speed of the
flow of charge would give some clues as to the nature of the problems. First a rate of 2C
was chosen which would ideally result in the cell taking 30 minutes to charge and 30
minutes to discharge. Charging and discharging performance of bispyridinium 2.2.74*

versus ferrocene 2.4.1 is shown in Figure 2.16.
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Figure 2.16. Charge-discharge curve of bispyridinium 2.2.74* vs. ferrocene 2.4.1 at a rate of 2C.

Figure 2.16 shows that the same problem exists at 2C. The cell took approximately 30
minutes to charge (97% capacity) but after the first charge, remaining charges and
discharges took approximately 10 minutes. The capacity of the first discharge was 34%
while the average capacity of the second cycle was 31% and 29% for the third cycle. The
same issue was also shown to exist when cycling the cell at a slower rate of C/2 as shown

in Figure 2.17.
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Figure 2.17. Charge-discharge curve of bispyridinium 2.2.74 vs. ferrocene 2.4.1 at a rate of C/2.

While ideally each charge and discharge should have taken 2 hours, the first charge took
almost 2 hours to be completed (97% capacity) yet the first discharge took less than 40
minutes (22% capacity). Also, instead of holding steady at a capacity of approximately
30% for 8-10 cycles, the capacity appeared to drop for each charge and discharge (19%
average for cycle two and 15% average for cycle three). A comparison of the capacities

upon charging of each of the three different currents is shown in Figure 2.18.
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Figure 2.18. Plot of percent theoretical capacity vs. cycle number of bispyridinium 2.2.74* vs.
ferrocene 2.4.1 battery during charging at rates of 1C, 2C, and C/2.

As shown in the figure, at a rate of C/2 when the current was lowest and charging /
discharging occurred more slowly, there was a negative impact on the capacity of the cell.
At a slower current there was more time available during each charge and discharge for
impurities or unwanted interactions to negatively impact the cell. This could have possibly
been due to the diffusion of the cathode material or impurities from the electrolyte or
membrane that interacted with the less stable reduced form of the anolyte material
(2.2.7%*[2PF¢7]), which resulted in a lower capacity. This may account for the slightly
increased capacities per cycle at a rate of 2C.

2.4.3 Examining Different Points During Cycling
An in-depth look at the cell was done to try to determine the cause of the rapid

decrease in capacity. This was done by stopping the battery at certain points of cycling
and then analyzing each side of the cell via CV to determine if significant degradation had

taken place. It was found from optimization of cycling time for diffusion testing that 6
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hours of cycling did not cause the battery to fail completely and therefore, after stopping
the cycling at the specific charge or discharge voltage, the battery was left to sit so that it
had been assembled for 6 hours total. After this time, the battery was disassembled and
CV analysis was performed on both sides of the cell. First the cell (2.2.7%* and 2.4.1) was
merely assembled in the discharged state and left to sit for 6 hours without any cycling.

The voltammograms are shown in Figure 2.19 and Figure 2.20.
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Figure 2.19. Cyclic voltammogram of catholyte (ferrocene 2.4.1) side of cell after assembling cell and
letting it sit for 6 hours without cycling.
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Figure 2.20. Cyclic voltammogram of anolyte (bispyridinium 2.2.7%*) side of cell after assembling cell
and letting it sit for 6 hours without cycling.

Figure 2.19 shows no change to ferrocene and no diffusion of bispyridinium 2.2.74* after
6 hours while Figure 2.20 shows that ferrocene was found to cross the AEM though
cycling had not occurred. The peaks representing bispyridinium 2.2.74* in the analysis of
the anolyte side of the cell, shown in Figure 2.20, are quite sharp at -1.59 V, indicating no
change occurring to 2.2.74*. It is noteworthy that there was evidence of signal suppression
in Figure 2.20. This led to the belief that the membrane was playing a role in signal
suppression since Figure 2.9 shows that the signals of the active materials bispyridinium
2.2.7% and ferrocene 2.4.1 were not suppressed when a membrane was not present.
After letting the battery sit for 6 hours without any charging or discharging, a
similar cell was assembled. However, this cell was charged once and then left to sit until
the battery had been assembled for 6 hours total with the voltammograms after this time

being shown in Figures 2.21 and 2.22.
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Figure 2.21. Cyclic voltammogram of catholyte (ferrocene 2.4.1) side of cell after charging battery
once and letting it sit for 6 hours total.
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Figure 2.22. Cyclic voltammogram of anolyte (bispyridinium 2.2.74*) side of cell after charging
battery once and letting it sit for 6 hours total.

Figure 2.21 shows very similar results to the cell assembled without cycling in that there
was no change to ferrocene after one charge. There was evidence of impurity at -1.35 V

and once again tetracationic 2.2.74* had not apparently crossed the membrane. The results
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of the anolyte side (Figure 2.22) after charging the battery once again showed that
ferrocene had crossed the AEM. CV analysis also suggests that the anolyte material was
less stable in the reduced form (2.2.72*). This was known because the CV peaks of 2.2.72*
were smaller and broader after one charge than during the previous test when the cell was
not subject to any cycling though the size of the Fc/Fc* redox couple remained essentially
the same as during the previous test.

The next test was to subject the cell to one charge and one discharge and then let
the cell sit until 6 hours total was reached. The results upon disassembling the cell are

shown in Figure 2.23 and Figure 2.24.
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Figure 2.23. Cyclic voltammogram of catholyte (ferrocene 2.4.1) side of cell after one charge and one
discharge and letting the cell sit for 6 hours total.

84



0.015

=
£
g 15 - 0.5
=
(W]
-0.005
-0.01
-0.015
Voltage (V)

Figure 2.24. Cyclic voltammogram of anolyte (2.2.74*) side of cell after one charge and one discharge
and letting the cell sit for 6 hours total.

Figure 2.23 shows that once again, 2.2.74* did not cross the membrane. Ferrocene
remained unchanged and an impurity from the electrolyte was present at -1.35 V. As
expected from the anolyte side of the cell (Figure 2.24), ferrocene was shown to cross the
AEM. The peaks of bispyridinium 2.2.74*, shown in Figure 2.24, were quite sharp which
supports the theory that the reduced form of this compound (bispyridinylidene 2.2.7%*)
was less stable than the oxidized form and may provide reasoning behind why the battery
began to fail after the first charge.

Through cycling experiments using this new tetracationic anolyte material, it was
determined that no matter what catholyte was used in conjunction with the anolyte, the
cell still experienced significant losses in capacity after the first charge. This also was
determined to not be significantly affected by changing the rate of current. Despite these
losses, the cells did maintain high coulombic and voltage efficiencies. The cell made up

of bispyridinium 2.2.74[4PFs] and ferrocene 2.4.1 was able to maintain at least 75% of
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the time spent on each charging or discharging curve in the plateau stage (time dedicated
to charging or discharging) for 39 cycles. This equated to approximately 9.5 hours of
battery life with a coulombic efficiency of 92%. Fahad Alkhayri’s cell, with four high
capacity cycles, reached a total time of 7.5 hours before at least 75% of the charge or
discharge curve was not being spent on the plateau portion. These four cycles had a
coulombic efficiency of 91%. As time spent cycling is proportional to capacity it was
known that the cell based on 2.2.74*[4PF¢] and 2.4.1 had a higher capacity. The large
difference in hours of battery life offset the higher voltage of a bispyridinium 2.1.42* vs
TEMPO 1.5.8 cell meaning that in the long term, despite the drastic drop in capacity, the

cells using 2.2.74* attained a larger overall energy density.
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Chapter 3 - Diffusion Testing

To definitively prove that the anolyte material (bispyridinium 2.2.74*) did not
cross the AEM and the extent to which other active materials diffused through the
membrane, a diffusion study of specific compounds was done in which so-called ‘blank
batteries’ were assembled. This involved assembling coin cells with anolyte or catholyte
material in the charged or discharged state on one graphite felt and electrolyte on the other
felt (1 M NaBF4 in DMF), with the felts being separated by the AEM. These blank-
batteries were assembled in the usual manner but left to sit for 6 hours. This allowed for
possible diffusion of active materials to take place without interference from the opposing
active materials as this may have been the cause in the reduction of signal intensity seen
in previous tests (e.g. Figure 2.6, Figure 2.9, Figure 2.12). After 6 hours, typical testing
for diffusion was done by disassembling the cell and carrying out CV analysis on both of
the graphite felts by soaking them in electrolyte. This method is similar to that of
Rodriguez-Lopez and coworkers (See chapter 1.7) in which 24 hours after cell assembly
using poly(vinylbenzyl ethyl viologen) polymers, the UV absorbance at a receiver cell
that initially just contained electrolyte was tested to look for possible diffusion of active
materials (1.7.4).58

The compounds that were planned on being tested were redox couples 2.2.74+ /
2.2.7°*,2.41 1/ 2.4.1%, and 2.4.2 | 2.4.2%*, By testing each of the active materials in the
charged and discharged states it was possible to know which state of cell cycling allowed
for the greatest amount of diffusion. These experiments were done at double concentration

of active materials (0.08 M for anolytes and 0.16 M for catholytes) relative to the amounts

87



used in cell cycling experiments to get a better sense of which materials were crossing the
AEM as diffusion should have happened more quickly and in higher amounts because of
the higher initial concentration gradient. The compounds expected to cross the AEM were
2.4.1 and 2.4.2 as they were the only neutral compounds. Compounds 2.2.74*, 2.2.7%*,
2.4.1%, and 2.4.2%* were all expected not to be able to cross the membrane due to the

positive charges present.

3.1  Catholyte Species

The first blank-battery was assembled using 0.2 mL of 0.16 M ferrocene in 1 M
NaBF4 in DMF on one graphite felt and 0.2 mL of 1.0 M NaBF4 in DMF on the other
graphite felt. The voltammograms of the active material side and the blank side of the
cell, after the 6 hour induction period, are shown in Figure 3.1 and Figure 3.2,
respectively. Figure 3.1 shows that ferrocene remained intact after the 6 hours at 0.10 V
and as shown in Figure 3.2, ferrocene clearly crossed the AEM as evidenced by the signal
at 0.08 V. This was no surprise as ferrocene is a relatively small, uncharged compound,

and was observed to cross the membrane in earlier cell cycling experiments.
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Figure 3.1. Cyclic voltammogram of ferrocene (2.4.1) injected side of blank-battery.
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Figure 3.2. Cyclic voltammogram of blank electrolyte injected side of blank-battery.
The second catholyte based blank-battery was assembled using 0.16 M
ferrocenium, which was prepared according to a literature procedure.® As ferrocenium

was a monocation, it was expected that it would not cross the AEM. As shown in Figure
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3.3, after 6 hours there was no visible change to ferrocenium at 0.09 V. There did appear

to be impurities present in the region from -1.0 to -1.5 V.
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Figure 3.3. Cyclic voltammogram of ferrocenium (2.4.1*) injected side of blank-battery.
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Figure 3.4. Cyclic voltammogram of blank electrolyte injected side of blank-battery.
Figure 3.4 did not show the expected results. The figure shows that despite being

positively charged, ferrrocenium had crossed the ion exchange membrane as evidenced
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by the peaks centered at 0.06 V. It was initially thought that the impurity present in the -
1.0to -1.5 V region might have been a sign of decomposition and thus provided a pathway
for ferrocenium to cross the AEM. However, impurities in this area were present in almost
every cyclic voltammogram and were also present when carrying out CV analysis on
blank 1 M NaBF4 in DMF. Therefore, without any evidence of decomposition, it was
believed that it was ferrocenium that had crossed the AEM.

The results of the voltammograms of the blank electrolyte sides of the cells are
compared in one plot (Figure 3.5) and the difference in peak intensities shows that,
although both compounds were able to cross the ion exchange membrane, ferrocene (blue)
did so to a greater extent than that of ferrocenium (red). This led to the belief that whether
or not a compound crossed the membrane may not have simply been a matter of neutral
or charge carrying but it may have depended on the amount of positive charge present.
Therefore, since ferrocenium was only a monocation, it still crossed the AEM, though less

so than a neutral compound.
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Figure 3.5. Overlapped voltammograms of blank electrolyte injected sides of catholyte containing
blank-batteries.

3.2 Anolyte Species

The theory that the amount of positive charges present on a compound affected
the amount of diffusion was further assessed by carrying out diffusion tests on the anolyte
species. It was desired to test anolyte couple 2.2.7%* and 2.2.7%* and the similar couple,
butyl-substituted 2.4.2?* and 2.4.2 for comparison. Compound 2.4.2 was neutral and
therefore was expected to diffuse the most, while 2.4.22* and 2.2.7%* were expected to
diffuse less than 2.4.2 but in similar amounts as they were both dications. Lastly, 2.2.74*
was expected to diffuse the least because as a tetracation the four positive charges were
expected to provide this compound with the highest degree of electrostatic repulsion from
the anion exchange membrane. However, bispyridinium 2.2.7%* was synthesized but
unable to be isolated and therefore, the diffusion test could not be carried out (see below).

The blank-battery with 2.4.2 as the active compound injected onto one graphite

felt of the cell, was left for 6 hours to allow for diffusion. Cyclic voltammograms of the
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anolyte and electrolyte sides of the cell after disassembly are shown in Figure 3.6 and
Figure 3.7, respectively. Figure 3.6 confirms that 2.4.2 (-1.65 V) had not decomposed
during the waiting period while Figure 3.7, the initially blank side of the cell, shows
diffusion of 2.4.2 across the AEM, as expected. There was also a slight impurity from the
electrolyte at 1.41 V as well as impurity suspected to be from chloride from the AEM
ranging from 0.0 to 0.2 V. The membranes were initially stored in a NaCl in H>O solution,
though were kept in 1 M NaBF4 in DMF at least 48 hours before use. However, often
chloride was left behind and could be seen during these CV experiments of anolyte
materials. Chloride had not been previously seen as it appeared in the same range as
ferrocene and TEMPO. As shown in Figure 3.7, the peak at the top of the redox couple
representing the cathodic current (Ipc) was drastically suppressed compared to the anodic
current (lpa) peak (-1.70 V) at the bottom of the redox couple. For this reason, only the

anodic current was used to compare between anolyte materials.
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Figure 3.6. Cyclic voltammogram of bispyridinylidene (2.4.2) injected side of blank-battery.
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Figure 3.7. Cyclic voltammogram of blank electrolyte injected side of blank-battery.

Compound 2.4.22*, the oxidized version of the previously tested butyl-substitute
alkene, was next tested with the results shown in Figures 3.8 and 3.9. Again, the side of
the cell in which 2.4.22* was initially injected (Figure 3.8) merely shows that degradation
of the active material did not occur (-1.65 V) and shows impurity present in the electrolyte
at-1.43 V. Figure 3.9, illustrating the initially blank side of the cell shows impurity present
at -1.43 V as well as impurity at 0.14 V that was believed to be from chloride present in
the AEM. The figure also shows that there was a small amount of diffusion of 2.4.22*
across the AEM (lpa at -1.70 V). It should be noted that this amount of diffusion, by
observing the level of the current on the y-axis, was less than that of the neutral 2.4.2

which was to be expected as 2.4.2%* was a dication.
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Figure 3.8.

Cyclic voltammogram of 2.4.2%* injected side of blank-battery.
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Figure 3.9. Cyclic voltammogram of blank electrolyte injected side of blank-battery.

Compound 2.2.74, being a tetracation was expected to cross the ion exchange
membrane less that any of the other compounds. The diffusion test was performed as
described above and the subsequent results of CV analysis are shown in Figure 3.10 and

Figure 3.11. These results show that after 6 hours, 2.2.74* was still present at -1.59 V
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without any signs of decomposition (Figure 3.10) on the side of the cell in which 2.2.74*
was initially injected as well as evidence of chloride at 0.06 V. Figure 3.11 shows
suspected chloride from the AEM at 0.08 V, impurity at -1.40 V, and a very slight amount

of diffusion of active material across the AEM at -1.71 V.
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Figure 3.10. Cyclic voltammogram of bispyridinium 2.2.74* injected side of blank-battery.
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Figure 3.11. Cyclic voltammogram of blank electrolyte injected side of blank-battery.
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Testing compound 2.2.7%* involved developing a new synthetic route as this
compound was not produced during the synthetic route to 2.2.74*. The synthesis began
with previously prepared compound 2.2.5 (Scheme 2.4) and the remainder of the
attempted synthesis is shown in Scheme 3.1. Beginning with 2.2.5 dissolved in CH3CN,
an excess of iodomethane was added. After stirring at room temperature overnight the
product (2.2.8) was precipitated using diethyl ether. Confirmation of the product and full
characterization was done using 'H, *C, °F, and *'P NMR, as well as melting point. A
characteristic 'H NMR peak occurred at 2.98 ppm, which integrated to 3H and confirmed
the addition of a methyl peak.

The deprotonation step was done in a similar manner to the production of
bispyridinylidene 2.2.6. In a glovebox, 2.2.8 was mixed with KHMDS in THF. The usual
reaction workup involved filtering the reaction mixture and removing the solvent in
vacuo. This was followed by adding hexanes, filtering the solution, and removing the
hexanes in vacuo to afford the final product. However this did not work for the synthesis
of 2.2.7%*, as this compound was not soluble in hexanes. The solvent of the reaction
mixture was simply removed in vacuo. However, although *H NMR of the reaction
mixture showed the presence of alkene peaks at 4.66, 4.77, and 5.85 ppm, and a cyclic
voltammogram showed a reversible process at the expected point of -1.58 V, isolating
2.2.7% proved to be unsuccessful. Because the pure product was not able to be isolated,

diffusion testing could not be completed.
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Scheme 3.1. Synthesis of compound 2.2.72*[2PFsT].
Figure 3.12 shows the electrolyte injected side of the three previous diffusion tests
for anolyte materials on one graph. This figure illustrates that as the charge of the

compounds increased the extent of diffusion across the membrane decreased.
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Figure 3.12. Overlapped voltammograms of blank electrolyte injected sides of anolyte containing
blank-batteries.

The results of the diffusion test led to the conclusion that the initial hypothesis that
a positively charged compound would not cross the AEM was not correct. Instead it was

concluded that the more positively charged a compound was, the less the compound
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crossed the AEM. Based on the peak currents from the electrolyte injected sides of the
blank-battery cells, the ranking of highest degree of diffusion to lowest was ferrocene
2.4.1 > bispyridinylidene 2.4.2 > ferrocenium 2.4.1* > bispyridinium 2.4.2* >
bispyridinium 2.2.74*. This was in excellent agreement with the theory that amount of
charge affected the extent to which the active material crossed the membrane. Size also
appeared to play a role as ferrocene and bispyridinylidene 2.4.2 were both neutral
compounds though ferrocene was significantly smaller and therefore, crossed the AEM
to a greater extent.

It should be noted that as evidenced with the lpa peak of the catholyte materials
and the Iy peak of the anolyte materials, there was significant signal suppression when
observing the redox peaks of the active materials after crossing the anion exchange
membrane. This caused issues with quantification as the possibility of signal suppression
on the meaningful peaks used for comparison brought into question the validity of the
conclusions. However, at least three trials were completed for each compound, with the
results being similar for each trial. Therefore, there was confidence in the data and the

associated conclusions drawn from this data.
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Chapter 4 - Conclusions and Future Work
4.1  Conclusions

In this work, a novel, cationic, bispyridinylidene based anolyte material was
synthesized and isolated for the first time. This anolyte material (2.2.74*) was produced
with a permanent positive charge in the form of a quaternary amine covalently linked to
the pyridyl rings via an alkyl chain. The quaternary amine was introduced by substituting
an iodide with pyrrolidine and alkylating the amine with methyl iodide. Complete
metathesis of the iodide anions with hexafluorophosphate was confirmed via cyclic
voltammetry, which showed no signals for the redox active halide. Full characterization
was completed using *H, 3C, 1°F, 3P, and HSQC NMR, as well as melting point.

From the isolated bispyridinium compound, 0.04 M solutions were made in 1 M
NaBFs; in DMF and were used as an anolyte in coin type cells against 0.08 M TEMPO
(1.5.8) or 0.08 M ferrocene (2.4.1) in 1 M NaBF4 in DMF as catholyte. An AHA type
anion exchange membrane was used to separate the active materials. After the first charge
which experienced a capacity near 100% of theoretical value, a drop in capacity occurred
to approximately 35%. The remaining charges and discharges for these cells maintained
a capacity near 30% for the remaining cycles. In spite of the drop in capacity for these
cells the efficiencies remained quite favourable (80% coulombic efficiency, 92% voltage
efficiency, and 74% energy efficiency for 2.2.74* vs. 1.5.8 cell). Comparing these
efficiencies to the cell of Fahad Alkhayri proved that this cell had a higher overall capacity
and could undergo charging and discharging for a longer period of time.

Ferrocene (2.4.1) was used as catholyte material instead of TEMPO (1.5.8) to try

to remedy the loss in capacity after the first charge. Changing the catholyte to ferrocene
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was thought to potentially solve this issue because ferrocene is a known stable, internal
standard for electrochemistry. However, this change did not appear to make any
significant difference.

It was thought that possibly by carrying out charging and discharging at different
rates (2C and C/2) may have given insight into why there was a drastic loss in capacity.
While there did not seem to be any significant difference between 2C and 1C, a rate of
C/2 did seem to cause significantly poorer results in terms of a decreased percentage of
theoretical capacity attained compared to 1C. A lower percentage of theoretical capacity
led to the belief that charging and discharging the cell at a slower rate allowed more time
for the diffusion of catholyte material across the AEM and interactions with the less stable,
reduced form of the anolyte material.

By stopping cycling after different points during the first cycle (before any
cycling, after first charge, after one charge and discharge) it was possible to see the state
of the active materials by analyzing each side of the cell via CV during these points. While
the voltammograms of each side of the cell before cycling and after the first full cycle
looked as expected, the CV peaks of the anolyte injected side of the cell after the first
charge looked significantly smaller and broader than expected, with significant
suppression seen with the I peak. This led to the belief that the primary cause of failure
was with the reduced form of the anolyte material, bispyridinylidene 2.2.7%*. As
previously mentioned, it was known that these alkenes were more sensitive and unstable
than their oxidized counterparts and it was possible that interaction between
bispyridinium 2.2.7?* and any traces of impurity or catholyte crossing the membrane may

have caused the failure of the cell. The same results were seen when assessing a cell
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featuring butyl-substituted bispyridinium 2.4.22*, supporting the theory that the relatively
unstable reduced form of the anolyte (bispyridinylidene 2.4.2) may be adversely impacted
by impurity. This impurity was thought to be within the electrolyte, NaBF4 as CV analysis
of blank DMF did not show any impurity, yet CV analysis of 1 M NaBF4 in DMF did
show traces of impurity. The possibility of traces of dissolved oxygen or water present
from the membrane could also have been a source of impurity that would cause the failure
of the cell as in the reduced form, bispyridinylidenes 2.2.72* and 2.4.2 were very air and
water sensitive. This was consistent with the observation that reusing the membrane
improved the performance of the cell as Cl-and H2O were present in lower concentrations
and therefore, there were fewer sources of impurity to affect the active materials.

During all charge-discharge tests, the cells were disassembled after cycling with
each graphite felt being soaked in electrolyte to attain a cyclic voltammogram of each side
of the cell. The results were encouraging as no anolyte material (2.2.74* / 2.2.7%*) was
seen to diffuse across the AEM. However, evidence of decomposition and suppression of
redox peaks meant that the results could not conclusively prove that the new anolyte
couple did not cross the anion exchange membrane.

For more conclusive evidence as to whether or not an anolyte based on 2.2.74* /
2.2.7%* crossed the AEM, specific diffusion tests were carried out. These tests involved
assembling a cell with blank electrolyte on one graphite felt and a solution of active
material on the other side of the cell in either the reduced or oxidized form. Catholyte tests
with ferrocene and ferrocenium showed that ferrocene crossed the AEM as expected,
though ferrocenium, a monocation did cross the AEM as well, but to a lesser extent. Tests

were also done on 2.2.74*, 2.4.22*, and 2.4.2. As expected, 2.4.2 crossed the membrane in
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the greatest amount as it was a small, neutral compound while 2.4.2%* had a lower rate of
diffusion and 2.2.7%*, being a tetracation had the lowest rate of diffusion. The ranking of
compounds in terms of greatest amount of diffusion to least was ferrocene (2.4.1) > butyl-
substiuted bispyridinylidene (2.4.2) > ferrocenium (2.4.1*) > butyl-substituted
bispyridinium (2.4.2%*) > tetracationic bispyidinum (2.2.74*). This gave conclusive proof
that adding a permanent positive charge to an anolyte material caused far less diffusion
of active materials across the ion exchange membrane, though it could not completely

stop diffusion with the AHA membrane tested.

4.2 Future Work

To achieve a flow battery with the highest possible energy density, it is necessary
to have the highest possible concentration of active materials. Work by Julien Martin in
the Dyker group was focused on creating anolyte materials that were similar to 2.2.74*,
but simply had alkyl chains affixed to the nitrogen atoms of the pyridine rings.®? These
compounds (including 2.4.2%*) proved to be effective in increasing the solubility of these
bispyridinylidene based compounds, some by 2300% relative to bispyridinylidene 2.1.4.
Therefore, by producing a similar compound to bispyridinium 2.2.74* but with a longer
alkyl chain affixing pyridine to pyrrolidine or affixing a longer alkyl chain than a methyl
group to quaternize the amine, solubility could possibly be increased.

Also in future work, the same technique of incorporating a permanent positive
charge via a quaternary amine could be applied to catholyte materials. 4-hydroxy-TEMPO

is purchasable from Sigma Aldrich. The hydroxyl group can be alkylated via a Williamson
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ether synthesis and theoretically the same technique could be applied to add a quaternary

amine to the alkyl chain as shown in Scheme 4.1.84
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Scheme 4.1. Proposed synthesis of monocationic TEMPO derivative 4.2.4* and the electrochemical
oxidation to dication 4.2.4%*.

This would change TEMPO from a monocation / neutral redox couple to a dication /
monocation redox couple and therefore, would significantly decrease the extent to which
TEMPO diffuses across the AEM. This in conjunction with 2.2.74*, should lead to a highly

efficient cell and may even solve the problem of the rapid loss of capacity if as suspected
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to be a possibility, the loss of capacity was due to crossover of catholyte materials reacting
with the anolyte.

As previously mentioned, there was an impurity present in the electrolyte causing
a CV peak at approximately -1.4 V. It was thought that possibly interaction of this
impurity with the anolyte contributed to the failure of the cell. Therefore, by testing
different electrolytes this could be determined. An electrolyte such as 1.0 M LiPFe in DMF
may offer more successful results. Also, CV analysis using 1.0 M LiTFSI in DMF by
Fahad Alkhayri resulted in redox peaks with near identical peaks in terms of width and
reversibility compared to using 1.0 M NaBFs in DMF.”" Therefore, LiTFSI could be
another usable electrolyte substitute.

Lastly, by testing other anion exchange membranes it may be possible to
completely keep a tetracationic compound from crossing the membrane. Membranes exist
with a higher positive charge content than the AHA membrane used and with more
crosslinking. The high positive charge content could provide enough of a higher degree
of electrostatic repulsion that bispyridinium 2.2.74* could be completely repelled. Also, a
higher degree of crosslinking causes smaller pores in the membrane for diffusion to occur.
Neosepta® AM-2 and AM-3 membranes are feasible alternatives as they have a higher
positive charge content and are both highly crosslinked. This would help repel all active
materials and would especially help with smaller compounds such as the TEMPO and

ferrocene redox couples.
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Chapter 5 - Materials, Preparation, and Characterization

51 Reagents, Materials, and Solvents Used in Synthesis and Electrochemical
Analysis

Bromobutane (98%-+) and hexachloroethane (99%) were purchased from Alfa
Aesar and used as received. 1,3-diiodopropane (99% stabilized with copper), 4-
dimethylaminopyridine, pyrrolidine, potassium bis(trimethylsilyl)amide (95%), iron(l11)
chloride (98%), methyl iodide (99% stabilized with copper), and 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPQ) were purchased from Sigma Aldrich and used as
received. Lithium hexafluorophosphate was purchased from Novolyte Technologies and
used as received. Ferrocene was purchased from Alfa Aesar and was recrystallized from
hot hexanes and dried under vacuum prior to use. Ferrocenium was produced according
to a literature procedure,® using lithium hexafluorophosphate instead of ammonium
hexafluorophosphate. (2)-1,1'-dibutyl-N* N* N* N*-tetramethyl-1H,1'H-[2,2'-
bipyridinylidene]-4,4'-diamine and 1,1'-dibutyl-4,4'-bis(dimethylamino)-[2,2'-
bipyridine]-1,1'-diium dihexafluorophosphate were synthesized according to a literature
procedure,®? with the adjustment in the latter case of using lithium hexafluorophosphate
instead of potassium hexafluorophosphate. Sodium tetrafluoroborate (98%) was
purchased from Sigma Aldrich and dried under vacuum at 100 °C prior to use. Membranes
used were AHA Tokuyama Neosepta® Anion Exchange Membranes purchased from
Electrolytica, Inc.

Anhydrous tetrahydrofuran, diethyl ether, and dimethyl formamide were obtained
from a Glass Contour Solvent Purification System supplied by Pure Process Technology.

Solvents were degassed using freeze-pump-thaw and stored in a glovebox under argon
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atmosphere over molecular sieves. N-hexanes and benzene-ds (99.6% Deuterium) were
purchased from Sigma Aldrich, dried via distillation over calcium hydride, and stored in
a glovebox under argon over molecular sieves prior to use. Acetonitrile-dz (99.8%
Deuterium) was purchased from Cambridge Isotope Laboratories, Inc., dried via
distillation over calcium hydride, and stored in a glovebox under argon over molecular
sieves prior to use. Molecular sieves (4 A pore 1-2 mm pellet) were purchased from Alfa
Aesar and dried under vacuum while heating before use. Calcium hydride (92%) was
purchased from Alfa Aesar and used as received.

Non-anhydrous solvents such as tetrahydrofuran, diethyl ether, isopropanol,
acetonitrile, dichloromethane, chloroform, CDClz, and CDsCN were purchased from
Sigma Aldrich and used as received. Purified H.O was obtained from a Thermo Scientific

Barnstead Reverse Osmosis System.

5.2 Instrumentation

Proton (*H) NMR spectra were recorded at 25 °C on a 300 MHz Varian UNITY
INOVA spectrometer or 400 MHz Varian UNITY spectrometer and referenced to residual
protons of deuterated solvents (CsDe: H & = 7.16, CDCl3: *H § = 7.26, CD30D: 'H & =
3.31, CD3CN: H & = 1.94, DMSO-ds: tH & = 2.50 ppm). 1*C NMR spectra were recorded
at 100 MHz on a 400 MHz Varian UNITY spectrometer and signals were referenced to
the 1°C resonances of the deuterated solvents (CsDs: *3C & = 128.06; CDCls: 3C, § = 77.0;
CD:OD: BC § = 49.2, CDsCN: 3C § = 1.4, 118.7, DMSO-ds: 13C & = 39.5 ppm).
Phosphorus NMR (3'P) spectra were recorded on a Varian UNITY INOVA 300 MHz

spectrometer at 121 MHz and referenced to phosphoric acid HsPO4 (85%) as an external
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standard (at & 0 ppm). Fluorine NMR (*°F) spectra were recorded at on a Varian UNITY
INOVA 300 MHz spectrometer at 282 MHz. The chemical shifts are quoted in parts per
million (ppm). Signal multiplicities are abbreviated as: s (singlet), d (doublet), t (triplet),
g (quartet), m (multiplet), quin (quintet), and sept (septet), while coupling constants are
given in Hertz (Hz).

The glovebox was a Pure Lab PL-HE-4GB 2400 system from Innovative
Technology. The melting point apparatus used was a DigiMelt MPA160 made by Stanford
Research Systems, Inc. The Potentiostat / Galvanostat used was a BioLogic SP-150
Research Grade Potiostat / Galvanostat used in conjunction with EC-lab software.
Electrospray ionization (ESI) mass spectra were acquired at Dalhousie University’s
Maritime Mass Spectrometry Laboratory by Xiao Feng using a Bruker microTOF Focus

Mass Spectrometer for high resolution spectra.

5.3 Electrochemical Procedures

5.3.1 Cyclic Voltammetry Analysis
All reagents and electrolytes were stored inside a glovebox and experiments

specified were performed inside the glovebox under an argon atmosphere. Cyclic
voltammetry was carried out using a potentiostat. The electrochemical cell consisted of a
three-electrode system made up of a PTE platinum working electrode (3 mm platinum
disk surface diameter), platinum wire counter electrode (5.7 cm), and a Ag/AgCl reference
electrode (0.01 M AgNOs in 0.1 M TBAPFs/CH3CN). When not being used, the reference
electrode was stored in a freezer in the glovebox at -35 °C with the tip submerged in 0.1
M TBAPFe/CH3CN electrolyte. Before each experiment the CV vial and the electrodes

were rinsed with 1 M sodium tetrafluoroborate (NaBF4) in DMF electrolyte, which was
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the electrolyte used in the cyclic voltammetry experiments. Cyclic voltammetry was
carried out using 0.005 M anolyte material (bispyridinium 2.2.74*[4PF¢]) in 1 M NaBF4
/ DMF and 0.01 M catholyte material (TEMPO 1.5.8 or ferrocene 2.4.1) in 1 M NaBF4/
DMF. Cyclic voltammetry carried out after battery testing was done by letting a graphite
felt soak in approximately 3 mL of electrolyte for 2 minutes and then squeezing out any
excess from the felt using tweezers. All CV experiments were carried out using a scan
rate of 50 mV s

5.3.2 Cell Assembly
Catholyte (1.5.8 or 2.4.1) and anolyte (2.2.74*[4PFs]) solutions for testing in cells

were made by weighing out the proper mass in 5 mL volumetric flasks for 0.08 M and
0.04 M solutions, respectively. The masses used were 0.0625 g for TEMPO 1.5.8, 0.0744
g for ferrocene 2.4.1, and 0.2153 g for bispyridinium 2.2.74*[4PFs’]. The flasks were filled
with 1 M NaBFs in DMF, shaken, and poured into separate 20 mL vials. The same
procedure was used for electrolyte solutions for blank batteries used in diffusion testing,
except using a 0.16 M solution for the catholyte and a 0.08 M solution for the anolyte.
The coin cell (CR2032, MTI) was made by placing a stainless steel spacer (15.5
mm diameter, 0.2 mm thickness, MT]I) inside two anodic cases, acting as an anodic and
cathodic case. An electrically conductive graphite felt (15.5 mm diameter, SGL Group,
G334-01) was placed on each of the spacers after being previously dried under vacuum at
100 °C. The graphite felts were injected with 0.2 mL of catholyte and anolyte,
respectively. The cathodic and anodic cases were then sandwiched with the AHA anion

exchange membrane between, and clamped vertically in place using a plastic coated pinch

109



clamp with copper foil attached, to form the coin-type cell. The components and the final

set up of the cell are shown in Figure 5.1.

Figure 5.1. Left - Components of coin cell battery (Stainless steel cases, stainless steel spacers, graphite
felts, and AHA anion exchange membrane). Right - Assembled battery with pinch clamps attached
to copper foil touching the steel casing.

5.3.3 Cell Cycling Procedures and Analysis
The theoretical capacity (Q, in mAh g*) was calculated using the following

Equation 5.3-1:

mA
, , FXx1000—3= xn 7 x 26801 mAh
Theoretical Capacity (Q) = S = (5.3-1)
3600  x MM MM

In this equation F is Faraday’s constant (96485 C mol™?), n is the moles of electrons
transferred per unit of active material, and MM is the molar mass of the active material.
The mass of the catholyte or anolyte material used to make 5 mL solutions of 0.08 M or
0.04 M, respectively, was used to determine the mass of active material in the 0.2 mL of
electrolyte injected into the coin cell using Equation 5.3-2:

mass in 5 mLvol. flask X 0.2 mL
Mact. mat. = 5mL

(5.3 —2)
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For battery testing, the applied current was calculated so that ideally, the battery would
take one hour to charge and one hour to discharge for each cycle. This value was
calculated using the product of the mass of active material and the theoretical capacity as
shown in the equation below:

I'=mgct mar. X Q (5.3-3)
The current, as well as the upper and lower voltage boundaries of the battery were entered
into the EC-lab software prior to charging and discharging the battery.

Post cycling, the voltage, coulombic, and energy efficiencies were determined.
Coulombic efficiency was determined by using the EC-lab software to obtain a plot of the
capacity of the experiment for each cycle at charging and discharging. After copying this
data to Microsoft Excel, each capacity was divided by the theoretical capacity for the cell

and multiplied by 100 to put into a percentage as shown in Equation 5.3-4.

Actual Capacity (m?Ah>

% Theoretical Capacity = x100% (5.3 —4)

Theoretical Capacity (mT)

Finally, to obtain the coulombic efficiency for one cycle as shown in Equation 1.5-2, the
percentage of theoretical capacity for the discharge of a cycle was divided by the
percentage of theoretical capacity for the charge of the same cycle and multiplied by 100.
Averaging these values over the entirety of the cycles for a cell or a certain section of
cycles gave the overall coulombic efficiency of a system.

To determine the voltage efficiency, the voltage at the midpoint of each charge
and discharge was determined. The midpoint was found by averaging the starting and

ending time of each charge or discharge. The voltage was then found at these midpoints
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and according to Equation 1.5-1, dividing the discharging voltage at midpoint by the
charging voltage at midpoint and multiplying by 100 resulted in the voltage efficiency.
Averaging these values over the entirety of the cycles for a cell or a certain section of
cycles gave the overall voltage efficiency of a system.

Finally, according to Equation 1.5-3, energy efficiency was determined by
multiplying the overall coulombic efficiency by the overall voltage efficiency and
dividing by 100.

5.3.4 Cyclic Voltammetry Analysis for Diffusion Testing
So-called ‘blank batteries’ used for diffusion testing were assembled using the

same procedure as the both anolyte and catholyte containing batteries except only anolyte
or catholyte (in double concentrations) were applied to one graphite felt of the battery
while the other graphite felt was only injected with 1 M NaBF4 in DMF electrolyte. The
battery was assembled as usual with the two sides sandwiched on either side of a
membrane and the battery was left to sit for 6 hours. After 6 hours, the battery was
disassembled and CV analysis was carried out on the blank electrolyte graphite felt and
the graphite felt initially loaded with active material (catholyte or anolyte) according to

the procedure described above.

5.4  Preparation and Characterization of Compounds

5.4.1 Synthesis of 4-(dimethylamino)-1-(3-iodopropyl)pyridin-1-ium iodide (2.2.3)
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A colourless solution of 4-dimethylaminopyridine (2.2.2, 6.39 g, 52.3 mmol) in
50 mL of CH3CN was added in small portions to a solution of 1,3-diiodopropane (60.00
mL, 523.2 mmol) in CH3CN (100 mL) to yield a colourless solution. The reaction mixture
was kept under reflux at 85 °C for 2.5 hours in which time a colourless precipitate
developed. The flask was left to cool to room temperature and 100 mL of diethyl ether
was added to further precipitate the product. The colourless crude product was collected
via vacuum filtration, washed 3x with diethyl ether, and dried under vacuum. The solid
was recrystallized in a minimal amount of boiling isopropanol, set aside to cool to room
temperature, then placed in a freezer overnight. Colourless crystals were collected via
vacuum filtration, washed 3 times with diethyl ether, and dried under vacuum.
Yield: 19.24 g (46.0 mmol, 88%); mp: 146-148 °C; [Found: (ESI*) (M-1)" 291.0347.
C1oH16N2l requires (M-1)+, 291.0358]; *H NMR (400 MHz, CDCls3) § 2.48 (2H, quin, J =
6.8 Hz, CHy), 3.21 (2H, t, J = 6.8 Hz, CHal), 3.29 (6H, s, N(CHz)2), 4.54 (2H, t, J = 6.8
Hz, NCHy), 6.95 (2H, d, J = 7.6 Hz, PyrH), 8.54 (2H, d, J = 7.6 Hz, PyrH); 13C NMR (100
MHz, CDCls) & 1.0 (CHal), 34.1 (CHy), 40.8 (NCHs3), 57.9 (NCH,), 108.5 (CH), 142.6
(CH), 156.3 (C).

5.4.2 Synthesis of 4-(dimethylamino)-1-(3-(pyrrolidin-1-yl)propyl)pyridine-1-ium
hexafluorophosphate (2.2.5)
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In small portions 2.2.3 (12.00 g, 28.70 mmol) was added to a solution of
pyrrolidine (7.10 mL, 86.2 mmol) in 150 mL of CHCI3 to yield a yellow solution. The
resulting mixture was kept under reflux at 66 °C for 24 hours. The resulting dark yellow
reaction mixture was left to cool to room temperature after which the product was
extracted into distilled water in approximately twelve 10 mL portions to yield a yellow
solution of 2.2.4. A colourless solution of lithium hexafluorophosphate (4.44 g, 28.7
mmol) in a minimal amount of water was then added to yield a yellow mixture which
upon stirring yielded a yellow solution with a brown oil precipitate. The oil was extracted
into dichloromethane in eight 10 mL portions. The final product, a colourless solid was
precipitated using diethyl ether, collected via vacuum filtration, washed 3 times with
diethyl ether, and dried under vacuum.

Yield: 8.18 g (21.5 mmol, 75%); mp: 82-83 °C; [Found: (ESI*) (M-PF¢)" 234.1973.
C14H24Ns3 requires (M-PFe)*, 234.1970]; 'H NMR (400 MHz, CDCls) & 1.78 (4H, mult,
(CHa)2), 2.01 (2H, quin, J = 7.6 Hz CHy), 2.41 (2H, t, J = 7.6 Hz, CH.N), 2.45 (4H, mult,
N(CHy>)2), 3.24 (6H, s, N(CHs)2), 4.23 (2H, t, J = 7.2 Hz, NCH_), 6.83 (2H, d, J = 8.0 Hz,
PyrH), 7.99 (2H, d, J = 8.0 Hz, PyrH); 13C (100 MHz, CDCls) § 22.5 (CHy), 26.9 ((CH2)2),

38.9 (NCHs), 51.2 (N(CH2)2), 54.0 (CH2N), 56.9 (NCHy), 107.9 (CH), 141.4 (CH), 156.7
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(C); *F NMR (282 MHz, CDCls) 5 -72.9 (d, J(FP) = 710.6 Hz, PFe); *'P NMR (121 MHz,
CDCls) 6 -144.0 (sept, J(PF) = 710.3 Hz, PFs).

5.4.3 Synthesis of N4, N4, N*', N*'-tetramethyl-1,1'-bis(3-(pyrrolidin-1-yl)propyl)-
1H,1'H-[2,2"-bipyridinylidene]-4,4'-diamine (2.2.6)

N N
]
N N

2.2.6

In a glovebox 20 mL of anhydrous THF was added to a mixture of 2.2.5 (0.9159
g, 2.416 mmol) was mixed with KHMDS (0.6028 g, 3.022 mmol) in a vial, resulting in a
deep red mixture. The mixture was left to stir for 3 hours with solid by-products being
removed via vacuum filtration through a sintered glass funnel into a Schlenk flask and
further washed with 3 x 5 mL portions of anhydrous THF. The combined filtrates were
then concentrated in vacuo on a vacuum line outside of the glovebox resulting in a viscous
brown-red liquid. Once back inside the glovebox hexanes was added to the flask, resulting
in a red mixture. Solid by-products were removed via vacuum filtration through a sintered
glass funnel into a Schlenk flask, and the solids were further washed with 3 x 5 mL
portions of anhydrous hexanes. The filtrate was concentrated in vacuo on a vacuum line
resulting in the final product, a brown-red viscous liquid. The NCHz protons did not
appear in a *H NMR spectrum. This was due to the protons of NCH: being broadened into

the baseline as a result of experiencing atropisomerism. This is caused by hindered
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rotation of N-C bonds due to the spatial proximity of the two NCHa groups. Previous
studies determined that the signal is present only at an elevated temperature 828

Yield: 0.611 g (1.31 mmol, 54%); *H NMR (400 MHz, CeDs) & 1.61 (8H, mult, (CHy)2),
1.92 (4H, quin, J = 7.2 Hz, CH,), 2.36 (8H, mult, N(CH2)2), 2.49 (12H, s, N(CHs)z), 2.52
(4H, t, J = 6.4 Hz, CH2N), 5.20 (2H, dd, J = 7.6, 2.4 Hz, CH), 5.40 (2H, d, J = 2.4 Hz,
CH), 6.18 (2H, d, J = 7.6 Hz, CH); *C NMR (100 MHz, CsDg) 5 23.6 (CHz), 28.1
((CH2)2), 40.2 (NCHs), 46.9 (N(CH2)2), 53.4 (CH2N), 53.7 (NCH2), 94.6 (CH), 99.5 (CH),
115.8 (C), 139.1 (CH), 142.7 (C).

5.4.4 Synthesis of 4,4'-bis(dimethylamino)-1,1'-bis(3-(pyrrolidin-1-yl)propyl)-
[2,2'-bipyridine]-1,1'-diium dichloride (2.2.6>*[2CI])

GG
AU,

/N\ /N\

2.2.6%*[2CI]

In a glovebox (2.2.6) (0.2780 g, 0.5956 mmol) was dissolved in hexanes.
Colourless solid C2Cls (0.1269 g, 0.5361 mmol) was dissolved in hexanes and added
dropwise, which afforded a thick brown mixture. The mixture was left to stir for 2 hours
and the solid was collected via vacuum filtration using a sintered glass funnel and washed
with 3 x 5 mL of hexanes and 3 x 5 mL of anhydrous diethyl ether. The solid was dried
in vacuo to afford a brown powder.

Yield: 0.2630 g (0.4892 mmol, 82%); mp: >260 °C; [Found: (ESI*) (M-CI)* 501.34609.

CasHasNs requires (M-CI)*, 501.3472]; *H NMR (400 MHz, CDs0OD) & 1.77 (8H, mult,
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(CH2)2), 1.97 (4H, quin, J = 6.8 Hz, CHy), 2.46 (8H, mult, N(CH2)2), 2.52 (4H, t, J = 6.8
Hz, CHaN), 3.34 (12H, d, J = 4.8 Hz, N(CH3)2), 3.75 (2H, mult, NCHH), 4.20 (2H, mult,
NCHH), 7.22 (2H, dd, J = 7.8, 3.2 Hz, PyrH), 7.37 (2H, d, J = 3.2 Hz, PyrH), 8.39 (2H,
d, J = 7.8 Hz, PyrH); 13C NMR (100 MHz, CD30D) & 22.8 (CHz), 29.1 ((CH2)2), 39.4
(NCHs), 51.7 (NCH?), 53.0 (N(CH2)2), 53.4 (CH:N), 108.7 (CH), 111.4 (CH), 142.6 (C),
143.6 (CH), 156.5 (C).

5.4.5 Synthesis of 4,4'-bis(dimethylamino)-1,1'-bis(3-(1-methylpyrrolidin-1-ium-
1-yl)propyl)-[2,2'-bipyridine]-1,1'-diium tetrahexafluorophosphate (2.2.74*[4PF¢])

5%

e
aPF,  ON N
~N N
I ~ I ~
/N\ /N\
2.2.7%*[4PF4]

In a glovebox (2.2.62*[2CI7]) (1.131 g, 2.103 mmol) was dissolved in anhydrous
THF to form a brown solution. An excess of iodomethane (0.35 mL, 0.798 g, 5.622 mmol)
was added resulting in a light brown precipitate. The reaction mixture was left to stir for
2 days after which the solid (2.2.74*[2CI][21]]) was collected via vacuum filtration. The
light brown solid was washed with 3 x 5 mL of anhydrous THF and 3 x 5 mL of anhydrous
diethyl ether and then dried in vacuo to afford a brown-pink powder of the dichloride
diiodide salt (0.867 g, 1.055 mmol, 50% yield). The powder was then dissolved in water
to produce a red-brown solution. An excess of LiPFg (1.603 g, 10.55 mmol) was dissolved

in water and then added to the flask which resulted in a red solution with a brown
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precipitate. The mixture was left to stir for 2 days and the solid was isolated via vacuum
filtration. The light brown solid product was dried under vacuum at 100 °C.

Yield: 1.022 g (0.9491 mmol, 45%); mp: 236-239 °C; 'H NMR (300 MHz, CDsCN) §
2.17 (8H, mult, (CH2)2), 2.32 (4H, quin, J = 6.9 Hz, CH>), 3.07 (6H, s, CH3), 3.33 (12H,
s, N(CHz)2), 3.53 (8H, mult, N(CH).), 3.67 (4H, t, J = 6.9 Hz, CH2N), 3.99 (2H, mult,
NCHH), 4.34 (2H, mult, NCHH), 7.11 (2H, dd, J = 8.1, 3.3 Hz, PyrH), 7.48 (2H, d, J =
3.3 Hz, PyrH), 8.58 (2H, d, J = 8.1 Hz, PyrH); 13C NMR (100 MHz, CDsCN) & 21.3
(CHa), 24.9 ((CH2)2), 40.2 (N(CH3)2), 48.3 (NCH>), 51.0 (N(CH>)2), 59.9 (CH2N), 64.8
(NCHs3), 109.3 (CH), 111.5 (CH), 141.9 (C), 143.0 (CH), 156.5 (C); 1°F NMR (282 MHz,
CD3CN) 6 -72.7 (d, J(FP) = 707.8 Hz, PFs); 3P NMR (121 MHz, CD3CN) & -143.6 (sept,
J(PF) = 710.3 Hz, PFs).

5.4.6 Synthesis of 4-(dimethylamino)-1-(3-(1-methylpyrrolidin-1-ium-1-yl)propyl)
pyridin-1-ium monoiodide monohexafluorophosphate (2.2.8)

PF6 N
S
° |
' =
NG
2.2.8

A colourless solution of 2.2.5 in CH3CN (0.967 g, 2.55 mmol) was produced.
lodomethane (0.72 g, 0.32 mL, 5.10 mmol) was added dropwise, and after stirring
overnight the product was precipitated with diethyl ether to afford a colourless solid. The

powder was collected via vacuum filtration and further dried under vacuum.
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Yield: 0.623 g (1.20 mmol, 47%); mp: 121-122 °C; 'H NMR (400 MHz, CD:CN) § 2.18
(4H, mult, N(CH2)2), 2.32 (2H, quin, J = 7.2 Hz, CHy), 2.98 (3H, s, CH3), 3.19 (6H, s,
N(CHs)2), 3.37 (2H, mult, CH2N), 3.47 (4H, mult, (CH2)2), 4.17 (2H, t, J = 7.6 Hz, NCHy),
6.88 (2H, d, J = 7.6 Hz, PyrH), 8.05 (2H, d, J = 7.6 Hz, PyrH); 3C NMR (100 MHz,
CD3CN) § 21.4 (CHz), 25.2 ((CH2)2), 39.7 (N(CHs)2), 48.5 (NCHy), 53.9 (N(CH2)2), 60.2
(CH2N), 64.8 (NCH3), 107.9 (CH), 141.7 (CH), 156.5 (C); °F NMR (282 MHz, CDsCN)
6 -72.0 (d, J(FP) = 705.0 Hz, PFs); 3P NMR (121 MHz, CDsCN) & -143.2 (sept, J(PF) =
704.2 Hz, PFe).

5.4.7 Synthesis of 1,1'-((4,4'-bis(dimethylamino)-*H,H-[2,2"-bipyridinylidene]-
1,1'-diyl)bis(propane-3,1-diyl))bis(1-methylpyrrolidin-1-ium) (2.2.72*[2PF¢1])

Q@G\l@
2%
| |

7

2PFg

/N\ /N\

2.2.7%*[2PFg7]
In a glovebox 20 mL of anhydrous THF was added to a mixture of 2.2.8 (0.5557
g, 1.066 mmol) was mixed with KHMDS (0.2340 g, 1.173 mmol), resulting in a bright
red mixture. The mixture was left to stir for 3 hours with *H NMR being carried out on
the reaction mixture to confirm the presence of the product. The flask was removed from
the glovebox and the THF was removed under vacuum on a Schlenk line to yield a red

viscous liquid. *H NMR of the final product showed traces of the expected product with

119



many impurities present. Attempts to purify and isolate the compound proved to be
unsuccessful.
Yield: Unknown; *H NMR (400 MHz, THF) § 5.20 (2H, s, CH), 5.33(2H, d, J = 7.2 Hz,

CH), 6.39 (2H, d, J = 7.2 Hz, CH).
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