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Abstract

The development of new electrochemical devices and their subsequent widespread adoption
alongside our energy grids is critical to support the incoming wave of renewable energy
generation and the transition to net zero. Hybrid redox flow batteries are a promising alternative
energy storage technology that could ultimately provide inexpensive and sustainable large scale
energy storage solutions compared to their lithium-based counterparts. Technological
improvements rely on improved understanding of the processes occurring in these devices.
This thesis focuses on three aspects essential to all electrochemical devices — the electrode,
electrocatalyst and electrolyte. First, electrochemical and tomographic imaging analyses are
combined to understand the effect of electrode microstructure properties on the performance
of a non-aqueous redox flow battery. With the help of a one dimensional model, mass-transfer
coefficients are gathered from the experimentally determined polarisation curves and affirm
the results positively linking electrode permeability to overall cell performance. Second, the
synthesis and optimisation of a multifunctional, nitrogen-doped carbon based electrocatalyst is
outlined. The active site of the electrocatalyst is examined using a suite of physical
characterisation techniques and is shown to have intriguing versatility across the pH spectrum
towards catalysing both oxygen and hydrogen fundamental reactions. This catalyst is then
tested, with a variety of success, in two fuel cell devices and, alongside the electrodes tested in
the first section, in a hydrogen-manganese hybrid redox flow battery. Finally, the aqueous
liquid electrolyte involved in this hybrid redox flow battery is scrutinised. Two in-operando
analytical techniques are developed, providing improved handles on real-time solution-phase
manganese species concentration in the electrolyte. The production of solid manganese oxides
significantly alters solution equilibria making the deconvolution of electrochemical and

adjacent, simultaneous chemical processes complex.
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Chapter 1

Introduction

“If you don’t start somewhere, you re gonna go nowhere.” — Bob Marley

Part I: Overview

1.1 Context and Motivation

The explosive growth in energy demand in recent years alongside an urgent need to reduce
greenhouse gas emissions has led to the installation of large scale renewable energy generation.
In 2020 the UK generated 134 TWh of renewable energy — an increase of 61% since 2015 and
an increase of 406 % since 2010." While this influx of renewable capacity is generally positive
as, by definition, renewable electricity generation produces no greenhouse gases, it can have
some negative side-effects. For instance, electricity grids may be destabilised as a result of the
unreliable power output profiles of these renewable energy sources — The Intermittency
Problem. Energy generation from wind turbines is particularly difficult to predict as a result of
changeable ‘weather’ (especially in the UK) and, while ‘daylight’ hours are predictable, solar

panel arrays are significantly affected by both intermittent or permanent cloud cover.>

One solution to this problem is to position large-scale energy storage systems (~10s of mega-
watts in size) between these intermittent generators and the electricity grid. Historically,
flexible baseload energy delivery for the UK was provided by coal, oil and now natural gas —
intermittent renewables plus storage can now provide a significant part of baseload, replacing
these fossil-fuel-based, highly polluting sources. Pumped hydro-storage (PHS) dominates the
installed capacity of large-scale energy storage (globally, and) in the UK.? These systems have
several drawbacks including uneconomic transmission costs — PHS sites tend to exist far from
energy demanding centres like cities — and relatively slow response times (to commands from

the grid operator). Both in the UK and globally, a more distributed large scale energy storage
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ecosystem is required to reflect the dispersed nature of renewable generation sites. To reflect

this, a more modular geographically versatile type of energy storage is required.

Electrochemical energy storage (EES) devices, in the form of batteries utilising lithium-ion
(Li-ion) chemistries, have already demonstrated broad and pervasive use in industry and,
indeed, our daily lives. Lithium iron-phosphate (LFP) and lithium nickel manganese cobalt
(NMC) technologies are widely used in everything from television remotes to smartphone
batteries to electric vehicles (EVs).*® Increasingly though, domestic and commercial
deployments of stationary EES devices are rolling out.> ' A comprehensive case outlining the
benefits of implementing storage at scale has been made,'! and the total global stationary
battery capacity is expected to increase (from 11 GWh in 2017 to) as much as 181 — 421 GWh
by 2030.2

However, while Li-ion chemistries are technologically sound and scalable (to an extent), they
should not be burdened with the entire EES requirement. Continuing to mine lithium in the
way we do today is non-sustainable and significant improvements in lithium recovery and
recycling methods is needed. Additionally, the accompanying metals in current battery
technologies, such as nickel and cobalt, can be dangerous if handled incorrectly and their origin
countries can have irresponsible child-labour attitudes. Alternative chemistries and
technologies will be needed to cater for the broad requirements globally, some applications of
which are, undoubtedly, unknown. For instance, electrochemical conversion (EC) devices such
as electrolysers and fuel cells (FCs) can be co-located with one another to produce hydrogen
and use it to continuously power energy-demanding sites such as data centres. In this instance,
FCs are a more appropriate technology for the application required, demonstrating the solution

to sustainable energy generation will come in ‘patchwork’ form.

Redox flow batteries (RFBs) are a relatively nascent EES technology. In its classical form,
energy, stored in a liquid electrolyte, is housed in external tanks and continuously flowed
through a central cell undergoing a electrochemical reaction in the process. This decoupling of
a battery’s power output and capacity makes RFBs uniquely flexible compared to their Li-ion
cousin from both an application and chemical point of view. While this technology is still
(relatively) in its infancy, its modular design provides a promising alternative for large-scale
EES deployments from both a power (n x 0.3 — 10 MW) and energy (1 — 40 MWh)

perspective.'? This is discussed in further detail in subsequent parts.
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The central motivation of this work is to contribute to the development of RFBs. While one
should remain cognisant of the economic barriers that stand between RFBs and broad
acceptance for commercial roll-out, this work will argue that, in many ways, RFBs provide a
superior and more sustainable EES offering compared to Li-ion. As will be discussed in later
sections, one of the drawbacks of pure liquid-liquid RFBs is ‘crossover’ resulting in potential
electrolyte contamination and capacity loss. Drawing on inspiration from FCs, hybrid RFB
(hRFB) technologies have been developed to overcome this problem where, following
crossover, liquid-gas phase separation can be easily handled. Ultimately, this work will come

to demonstrate this via examination of a liquid-gas hRFB system in the final results chapter.

This chapter is split into two further parts. The following part (Part IT) provides the background
required to contextualise the subsequent chapters. Recent literature is reviewed, interrogating
critical aspects of RFBs, such as electrode microstructure, electrocatalyst development,
electrolyte composition, system performance, chemical / mechanical properties and operational
geometries. In the final part (Part III), this chapter culminates in a series of research questions

this work intends to address and the overall thesis structure.

Part II: Literature review

1.2 Redox flow battery chemistry and configuration

EES devices will, and indeed are, playing a central role in the transition towards a greener
energy grid. Lithium-based chemistries have been at the centre of the broad commercial
development of light-weight, portable devices for decades and, in the 2000s, the domestic
electric vehicle market began to widely adopt lithium-based technologies for automotive
purposes.*!3 Since 2014, large-scale lithium-based energy storage systems have started to be
commissioned onto the grid,'* with plans to significantly increase the capacity over the coming
years. While these developments are very positive and will certainly help support the transition
to net-zero, as discussed earlier, lithium is a finite resource and alternative chemistries need to
be explored to continue this expansion. RFBs have several characteristics that make it them

potentially more compelling and more sustainable alternative.
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Several excellent reviews focussing on different aspects of RFBs have been produced.!>2*
Each of them describe several advantages of RFBs compared to other forms of energy storage.
Among them are scalability, stability, moderate maintenance costs, high roundtrip efficiency
and therefore long service life.!” The greatest advantage, however, is the ability to decouple
energy capacity and power output allowing for flexible modular battery design according to
application. The power output is varied either by changing the active area of the cell or by
altering the number of cells in the stack. The capacity is modified by adjusting the volume /
capacity of the ‘tank’ or by changing the composition of the electrolyte. In short, unlike
conventional batteries, the energy is stored in ‘tanks’ external to the central cell rather than in
the electrodes (in the cells) themselves. This layout and flow of liquid through this system also
ensures effective temperature management of the cell, mitigating risks such as thermal runaway
usually associated with high energy density storage systems. As with all devices though, there
are drawbacks — the energy density of RFB electrolytes is lower than solid state batteries, it is
currently expensive to manufacture the system components (membrane prices remain
disproportionally high)®® and electrolyte crossover is a common problem which, unchecked,
causes permanent capacity degradation. One of the greatest milestones researchers and
industrial developers are attempting to achieve is a cost target of $150 kWh™! for utility scale
energy storage systems.?® The figure below shows an illustration of a classical RFB — one in

which the reversible electrode processes involve soluble, solution-based species (Figure 1.1).

+/—

Peristaltic pump

Electrolyte tank A Electrolyte tank B

End-plate, current
collector, flow field and  Species-selective
electrode assemblies membrane / separator

Figure 1.1: Illlustration of a redox flow battery with schematic arrows in the membrane / separator indicating the movement
of ions in either direction depending on the system and if it is charging or discharging.
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Operationally, a RFB exploits redox active species to provide a source or sink of electrons via
an external circuit. During the charge or discharge step, using pumps, the soluble redox active
material passes through the electrodes and are oxidised or reduced as a result of the potential
difference between the electrodes and their respective redox couples. This potential difference
(polarisation) induces the transfer of electrons between redox active species and electrodes —
an electrochemical reaction — thereby satisfying the demand / supply of the external circuit.
There are several ways RFBs can be controlled including by changing the flow rate,

temperature of the electrolyte / cell components or by adjusting the charging / discharging rates.

RFBs, and hybrids thereof, are defined by the solvent, phase configuration and redox active
species used on each side of the separator. The following section focusses on the pros and cons
associated with the solvent that makes up the essential liquid electrolyte. It is essential that
researchers carefully consider the solvent in which the active species is dissolved. The
solubility, stability and safety of the active species and system as a whole relies heavily on the

solvent.

1.2.1 Solvents

In RFB research, the electrolyte refers to the solution that holds the charge carrier. This is made
up of the redox active species (see Section 1.2.3), the solvent in which it is dissolved and any
supporting salts (if needed to support the active species or make it more soluble). RFBs can be
broadly split into two types based on the solvent used — non-aqueous and aqueous. Aqueous
RFBs are those that have water-soluble redox species and, predictably, non-aqueous RFBs
utilise organic solvents to support its redox species. These chemistries both have significant

benefits and drawbacks.

Electrolytes that use water as the solvent (aqueous electrolytes) tend to be inexpensive, safer
(intrinsically non-flammable) and, depending on the active species and supporting salt used,
have higher conductivities. The main drawback, compared to non-aqueous electrolytes, is that
the potential window in which the user can operate is smaller as, at too high a potential
difference, the evolution of hydrogen and oxygen (water splitting) occurs. Electrolytes that use
organic solvents are more expensive, not only because of solvent expense, but also because of
the salts necessary to stabilise and raise the electrolyte conductivity.!® They are also more
difficult to handle (glovebox often required) and their physical properties such as moisture and

air sensitivity, flammability (due to high vapour pressure) and toxicity make them less safe.?’
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However, high energy densities due to the lack of water splitting constraints and enormous
flexibility in chemistry is attributed to non-aqueous electrolytes. The tuneable nature of the
supporting solvent-salt matrices allow these electrolytes to harbour more exotic multi-electron
transfer redox species, such as the phenazine molecule, and pair them with other redox couples
resulting in reduction potential differences of over 1.5 V.?® Acetonitrile is a commonly used
solvent for non-aqueous RFBs — a particularly attractive feature of this solvent is its low surface
tension which makes it good at permeating through porous electrode structures. Common

supporting salts include tetraethyl-ammonium tetrafluoroborate (TEABF4).

While there is less flexibility in raising the energy density in aqueous electrolytes, varying the
pH affords some level of control over species solubility and stability. Some redox species are
severely affected by the pH of the solution. hRFB systems are especially prone to changes in
pH as a result of, for instance, protons travelling across the membrane to the liquid side
(lowering the pH) or away from the liquid side (raising the pH), especially in liquid-gas hRFB
systems. Another example where pH regulation is essential is in all-iron hRFBs (liquid-solid)
where, given the high cell potential of the aqueous system (1.2 V), hydrogen evolution occurs
as a result of water splitting. This causes an increase in pH and the precipitation of Fe(OH)>

which is insoluble in water.?’

1.2.2 Phase configuration

Given RFBs of all phase configurations must have some liquid flow component, there are a
few major advantages over Li-ion batteries that these systems possess. The first is the improved
level of control over thermal management in the system and therefore augmented safety; and
the second, as alluded to earlier, is the ability to store electrolyte externally and therefore
independently control the capacity of the battery. In addition to Figure 1.1, the following figure
outlines the additional two hRFB phase configurations (Figure 1.2). The three main RFB and
hRFB phase configurations are discussed in the following sections alongside a brief mention
of gas-gas (fuel cell) systems. This work focusses on separate liquid-liquid and liquid-gas

systems.
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Figure 1.2: Two examples of hybrid RFB configurations (a) membrane-free liquid-solid and (b) liquid-gas utilising a

cylinder.

1.2.2.1 Liquid-liquid

Before tackling hybrid systems, pure RFBs must again be considered. In their classical form,
as depicted in Figure 1.1, RFBs have two external tanks containing active species in a liquid
electrolyte which remains in the liquid phase before and after any redox process. One of the
main benefits of this liquid-liquid configuration is the simplified system engineering — once
leakage issues are overcome, handling and controlling the liquid electrolyte is manageable and
straightforward with tuneable and facile cleaning procedures. Another benefit associated with
this phase arrangement is the state of the membrane — unlike in liquid-gas configurations — the

membrane is always hydrated uniformly.

However, there are considerable issues with this phase configuration. Crossover poses the
largest drawback, if active species cross the separator material, this leads to a decrease in device
capacity and potentially problematic mixing, producing unwanted side products. A higher
probability of leakage due to liquid flowing in both sides of the membrane is present — leakage,
clearly leads to a decrease in battery capacity and potentially dangerous consequences. From
an energy density perspective liquid-liquid systems have the lowest power density because of

the limited solubility of active species.

1.2.2.2 Liquid-solid

Liquid-solid configurations are hRFBs and draw half their influence from RFBs and half from
solid state batteries. They come in two forms. The first is with a membrane, where the solid
(usually metal) is pressed against a membrane material and a liquid is flowed over / through an
electrode pressed against the other side of the membrane. The second is a membrane-less

configuration, as shown in Figure 1.2 (a). In both configurations, the solid electrode undergoes
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plating (solution based species become solid) and etching / dissolution during the redox
processes depending if the cell is charging or discharging. The benefit of this type is the
considerably low maintenance the solid electrode requires and the avoidance of crossover

1ssues

The drawbacks associated with this configuration are significant. The system capacity is
limited by the amount of solid that can ‘fit’ in the system. In systems containing a membrane,
upon repeated cycling, dendrites form that can potentially penetrate the membrane and short-
circuit the system.® This is not a problem with membrane-less configurations, however these
systems can be adversely affected by the convectional flow over the solid causing additional
pressure drop over the solid electrode. These devices are not considered in this work but are an

interesting technology that has found commercial interest.>!

1.2.2.3 Gas-gas

While, technically, gas-gas systems are not RFBs, from a phase configuration perspective they
have pertinent qualities that potentially lend themselves to next-generation RFBs. Section 1.2.3
discusses the gaseous redox species that can potentially be used in hRFBs. This sub-section

focusses more generally on the gas-gas phase configuration employed largely by FCs.

The first alkaline fuel cell was invented by Francis Bacon the 1930s,?? and since the National
Aeronautics and Space Administration (NASA) started using this technology in the 1960s,
several other types of fuel cell have been developed.*® Today, a number of established fuel cell
technologies and companies exist and are the subject of intense research including solid oxide
fuel cells (SOFCs),*** molten carbonate fuel cells (MCFCs),*® direct methanol fuel cells
(DMFCs)*”* and polymer electrolyte fuel cells (PEFCs).>*** Each of these technologies have
different operational requirements but the common principle is the same: they are EC devices
that convert chemical energy (fuel, often in the form of hydrogen) into electrical energy via

oxidation (often using oxygen from the air).

Polymer electrolyte fuel cells (PEFCs) utilise a polymer electrolyte / membrane that selectively
allows ions to pass from one side of the cell to the other (Figure 1.3). Their compact design
and relatively low (compared to SOFCs) operating temperature (60 — 120 °C) make them
scalable, power dense and suitable for use in both stationary and transport applications.

Compared to combustion engines or gas peakers, PEFCs do not emit hazardous by-products
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and find ideal application in, particularly long-haul, automotive transport, potentially air

travel*® and, as previously mentioned, energy provision for data centres.

Anion exchange membrane

(a) Proton exchange membrane (b)
fuel cell -AEMFC

fuel cell - PEMFC

Excess O, Excess H,

Excess H, +H,0 +H,0

Proton conductive Anion conductive
electrolyte electrolyte

Figure 1.3: Principles of operating polymer electrolyte fuel cells (PEFCs). (a) A proton exchange membrane fuel cell
(PEMFC). (b) An alkaline anion exchange membrane fuel cell (AEMFC).

Figure 1.3 shows the processes occurring in two main types of PEFC: (a) a proton exchange
membrane fuel cell (PEMFC); and, (b) an alkaline anion exchange membrane fuel cell
(AEMFC). The devices are defined by the type of ion that can pass through the membrane. For
a PEMFC, hydrogen ions (protons) pass through the membrane and hydroxide ions (anions)
travel across the membrane in an AEMFC. The processes occurring at each electrode are
different across devices because of the different pH environment. The redox species involved

and processes these devices carry out are discussed in more detail in Section 1.2.3.3.

1.2.2.4 Liquid-gas

Liquid-gas configurations (like liquid-solid) are another form of hRFB. This arrangement
draws on two different electrochemical devices — the RFB and the FC — these hRFB systems
are sometimes referred to as ‘Regenerative Fuel Cells’. One of the main benefits of tying these
technologies together is the facile phase separation following unwanted crossover reaction —
the only minor exception to this benefit is when the species that has crossed over is damaging
or poisoning the electrocatalysts aiding the gaseous electrochemical process. However, usually
the main crossover species does not poison catalysts — separators and electrocatalysts are
discussed later, in Section 1.3.3. The gaseous energy carrier can be either safely compressed in

cylinders (as shown in Figure 1.2 (b)), produced in electrolysers, or, in the case of when an
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oxygen redox couple is required, not stored at all (‘air-breathing’). These gas storage methods

significantly influence the energy density associated with the system.

FC research helpfully informs the engineering aspects of this phase configuration. Significant
scrutiny of water / liquid management within FC electrodes and gas diffusion layers (GDLs)
has been carried out. As well as the deep understanding and reliability of hydrogen (especially)
and oxygen redox processes. The liquid-gas configuration is examined later in this thesis as it

is considered to be the most technologically interesting.

1.2.3 Redox species

There are a wide range of redox species available. In RFBs, it is advantageous for redox
processes to be efficient, with highly reversibility and fast kinetics. Redox species consist of
metals, molecules or compounds that exist in a well-defined reduced or oxidised (redox) state.
These ‘redox couples’ require an electron to convert from the oxidised to the reduced species.
The potential at which this occurs is called the standard reduction potential and is relative to
the reversible hydrogen electrode (RHE). There are several types of redox chemistry and they
fall into three main categories: inorganic ions and metal complexes, metal-free organic

molecules and gas-phase processes.*

1.2.3.1 Inorganic

Initially, researchers focussed on metal and halogen ions as they are easily soluble in water.
The halogens, especially bromine and iodine were the most intensely studied as their redox
potentials fall within the bounds of water electrolysis (vide infra).*® The iron-chromium RFB
system was the first to be explored taking advantage of Fe**/Fe?" (0.77 vs. standard hydrogen
electrode (SHE)) and Cr**/Cr*" (-0.41 V vs. SHE) redox couples resulting in a cell voltage of
1.18 V.47 Later, Skyllas-Kazacos et al. took advantage of the rich redox chemistries of
vanadium, pairing the V>*/V** and VO,"/VO?*" redox couples resulting in a cell voltage of
1.26 V.#>%% Unlike the iron-chromium system, vanadium chemistry is robust and capable of
achieving high concentrations, and therefore energy densities, at sufficient acidity. All
vanadium RFBs (VRFBs) are the most extensively studied redox chemistry. They have

demonstrated high power densities,” >3

and have given extensive insights in to how RFBs
generally operate. However, price fluctuations of vanadium ores and volatility associated with

global stainless steel demand hinder its broad commercial rollout.’* Several other inorganic
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redox chemistries have been trialled such as zinc (Zn/Zn** -0.76 V vs. SHE) , bromine (Br2/Br~
1.09 V vs. SHE) and manganese (Mn**/Mn** 1.51 V vs. SHE).

Transition metal (TM) complexes use peripheral (often) organic ligands to enhance solubility
and stability. During a redox process, these complexes undergo electron transfers that,
depending on the tuneable ligand type, are either carried out via an inner- or outer-sphere
electron transfer. There are several mono- / multi-dentate ligands that coordinate to central
metal ions in specific ways, the nature of this binding affects the kinetics of the system and has
been explored previously.”> Matsuda et al. were the first to employ organic ligands in a
ruthenium bipyridine (bpy, a bidentate, pyridinyl-derived, chelating ligand) based RFB system
— [Ru(bpy)s]*"* (where z is 1 or 2 for the redox couples either side of the separator).’® At
2.6 'V the open circuit potential (OCP) and energy density for this system is high, however the
energy efficiencies are low (40 %) as a result of the charge transfer resistances.’® High energy
efficiencies of nearly 100 % have been reached using actinide-based chemistries with ketonate-
derived ligands.”’>® These energy efficiencies are very high (much higher than analogous
vanadium systems) as a result of very small changes in cation size during charge transfer,’
however are impractical given their radioactivity and high cost.!® The open format associated
with organometallic metallocene (metal centre sandwiched between two cyclopentene rings)
redox couples make their charge transfer kinetics fast. Hwang et al. reported a discharge
voltage of 2.2 V between a bromoferrocene redox couple (BrFc, 0.219 V vs. Ag/Ag") and
bis(cyclo-pentadienyl) cobalt>* (CcPFe, -1.830 V vs. Ag/Ag").%* While the types of available
TM complex are diverse and extensive, the solubility of these compounds are often low and

require specific, expensive salts to dissolve into solution.

1.2.3.2 Organic

Without being constrained by the limits and shortage of reasonably priced metals on the
periodic table, metal-free organic molecules offer extensive, nearly unlimited, variation and
structural diversity in chemistry. Quinones,®! viologens, aza-aromatics, nitroxide radicals,
quionoxalines®® and thiophenes® all have shown promising capability in RFB systems.
However, organics, generally, do not show very high stability in solution — at least, not on the
timescale required for long term energy storage solutions (years). Until recently quinones,
arguably the most promising or these organic molecules, had capacity fade rates commonly

exceeding 0.1 % per day.®>%® This rate needs to be reduced significantly in order to reach the
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levelised cost of storage goals for an RFB and therefore understanding and improving the

chemical stability of these organic active species in aqueous conditions is critical.®*

Table 1.1: Progression of quinone-derived redox couples in alkaline conditions. Capacity fade rate progressively becomes
smaller with each developing structure. The ‘Electron conc.’ represents the number of moles of electrons each redox couple
is able to utilise per litre of electrolyte. The redox potential for each couple is shown and the value in parenthesis is the OCP

of the respective couple with K4Fe(CN)s (Which has a redox potential of 0.50 V vs. SHE). The acronyms are as follows:
DMBQ = 2,5-dimethyl-3,6-dihydroxyl-1,4-benzoquinone,®® DHBQ = dihydroxybenzoquinone,” DHAQ = 2,6-
dihydroxyanthraquinone,®® 2,6-DBEAQ = 4,4’-((9,10-anthraquinone-2,6-diyl)dioxy)dibutyrate,®® 2,6-DPPEAQ = (((9,10-
dioxo-9,10-dihydroanthracene-2,6-diyl) bis(oxy))bis(propane-3, I1-diyl))bis(phosphonic acid).**™°

Acronym & deprotonated Capacity fade rate gEjectron Redox potential
oxidised species % / cycle % /day conc./M /V vs. SHE
DMBQ 0

€]
@oji:j(o 0.11 22 0.2 -0.75 14
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DHBQ f o
. an‘j( 0.24 9 1 -0.72 14
’ (o)
o

pH

(= 1.22)
DHAQ o
. 0‘0 0.1 8 1 ~0.68 14
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2,6-DBEA o o
Q 0\/\)]\0@
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0 o (= 1.04)
2,6-DPPEAQ  © 0

O~ IN2
0 P~ o’ 1 0.0004 @ 0.014 2 047 9_13
o p 0
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o

Table 1.1 demonstrates how development of new quinone-derived organic redox couples can
significantly improve fade rates. As these redox couples have been developed, various
chemical decomposition pathways have been established. During polarisation, benzoquinone
moieties (molecules with just one ring, i.e. DMBQ and DHBQ) can suffer from gem-diol
formation followed by Michael addition or tautomerisation.®*”! The anthraquinone moieties
avoid this chemical degradation pathway by taking advantage of fusing rings (and removing
the reactive ortho-/meta- sites on the single benzene ring) and are more stable because of their
ability to distribute the negative charge around the molecule (via its resonance structures).
DHAQ has been shown to decompose via disproportionation and dimerization.®> This
dimerization is avoided by the addition of alkyl-carboxylate (2,6-DBEAQ) and alkyl-
phosphonic acid (2,6-DPPEAQ) groups, sterically hindering this decomposition pathways.

Finally, given these systems operate in strongly basic conditions, nucleophilic substitution can
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occur (as OH™ ions are aggressive nucleophiles). Phosphonic acid groups have a slightly lower
pKa compared with carboxylic acid groups meaning their stability is higher at lower pHs. A
side effect of these successive improvements is that the reduction potential of each of these
couples is made more positive thereby narrowing the charge / discharge potentials in the full
system.®* However, while this is unfavourable, increasing the reduction potentials of these
couples makes the reduced form more thermodynamically stable.®” This progression of
quinone-based aqueous organic electrolytes is a good example of methodical improvement,

demonstrating holistic assessment of redox couples at every stage.

Another organic redox couple family to note are nitroxide radicals. The first non-aqueous all
organic RFBs was demonstrated using 2,2,6,6-Tetramethyl-1-Piperidinyloxy (TEMPO) and N-
Methylphthalimide redox couples in 2011 (with a cell potential of 1.60 V).”> TEMPO radicals
possess a quasi-reversible redox couple between the radical and its oxoammonium cation and

the kinetics are faster than most metal-based redox couples.
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Figure 1.4: Modified from Yang et al. with additional standard potentials of redox couples added.” The pink shaded region
indicates the thermodynamic region in which users can operate without water splitting. From a kinetic perspective, HER and
OER occur at more negative and more positive potential, respectively.

Figure 1.4 shows a series of well known redox couples, note the inclusion of the hydrogen

redox couple (at 0.0 V vs. SHE) — this redox couple is important for researchers attempting to
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construct a liquid-gas hRFB system (introduced in Section 1.2.2.4). These additional gaseous

couples are discussed in the following section.

1.2.3.3 Gaseous

While this section largely focusses on species appropriate for use within a RFB, gaseous
couples involving hydrogen and oxygen can be used as the active species in hRFBs, as alluded
to in Sections 1.2.2.3 and 1.2.2.4. Water electrolysis has demonstrated how oxygen can be used
as an instrumental redox species while FC research and development has played a crucial role
in how the research community and industry have harnessed hydrogen as an energy vector.
These technologies can inform hRFB research and therefore a short background of FCs will be
presented here followed by a discussion of the mechanisms and limitations of the equations

associated with the fundamental reactions of oxygen and hydrogen.

In a PEMFC, hydrogen passes over the anode and is converted to protons releasing two
electrons to the external circuit in the process. Meanwhile, at the cathode, oxygen (the oxidant)
is reduced with the electrons from the external circuit and the protons arriving from the proton
exchange membrane, and water is formed as a by-product — later expelled via the cathode
exhaust. The equations for these electrochemical reactions are outlined here (Equations (1.1)

and (1.2)):

Anode reaction: H, — 2H* + 2e~ E° = 0.000 V vs.SHE (1.1)
Cathode reaction: %02 + 2H* + 2e” — H,0 E° =1.229 Vvs.SHE (1.2)

In an AEMFC, hydrogen again passes over the anode and is converted to protons via an
electrochemical oxidation reaction releasing two electrons to the external circuit. But then,
instead of passing through the membrane (as in a PEMFC), the protons combine with incoming
hydroxide ions formed at the cathode that have passed through the anion exchange membrane
to form water. The equations for these electrochemical reactions are outlined here (Equations

(1.3) and (1.4)) and the overall cell potential for both systems comes to 1.229 V:

Anode reaction: H, + 20H™ — 2H,0 + 2e~ E°=-0.828Vwvs.SHE (1.3
Cathode reaction: %oz +H,0 +2e~ — 20H- E°=0401Vvs.SHE (1.9
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The central difference between these systems is the ion that travels across their membranes and
the pH at which these electrochemical reactions take place. In a PEMFC, the low pH enables
the hydrogen oxidation reaction (HOR) to occur at the anode with fast kinetics however, when
operating the AEMFC, the HOR becomes significantly slower. A similar pH-dependant give-
and-take occurs at the cathode, when operating a PEMFC (low pH), the ORR reaction limits
the system whereas, in an AEMFC (high pH), the ORR reaction is more facile. The membrane
capability (vide infra) lies at the heart of the relative dominance of PEMFCs compared to
AEMFCs and is discussed in Section 1.3.3.

Oxygen reduction reaction (ORR)

Oxygen is reduced from its diatomic form via the oxygen reduction reaction (ORR). The ORR
is one of the two electrochemical processes that occur in two types of next generation energy
devices — FCs and metal air batteries. It has been the task of researchers to harness this reaction
and efficiently overcome oxygen’s strong bond energy (498 kJ mol™!). Platinum group metal
(PGM) (and, more recently, sophisticated carbon-based) electrocatalysts are typically used to
activate the double bond and lower the energy barrier to enable the reduction to occur. The
widely observed sluggish kinetics observed for ORR is attributed to the oxygen molecule
undergoing complex, energy intensive multistep mechanisms depending on the environment in
which the conversion is occurring and the electrocatalyst being used. Generally there are four
dominant steps in solution-based ORR: (a) O> molecules diffuse from the bulk solution and
adsorb at the surface of the electrocatalyst; (b) electron transport from the external circuit to
the adsorbed O, molecules; (c) weakening and splitting of the double bond; and, (d) removal
of the produced OH™ ions into solution.”* While the mechanism is not fully understood and
debate as to the experimental elucidation of the reaction mechanism is ongoing,’ there are two
dominant mechanistic pathways — a four electron pathway (does not involve a peroxide forming
intermediate step) or a 2+2 electron pathway (involves the formation of a peroxide

intermediate) — these contrasting mechanisms are shown in Figure 1.5:
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Figure 1.5: Visual schematic representations of the oxygen reduction reaction in alkaline via: (a) a four-electron
mechanism; or, (b) a two-electron mechanism.’®"’

These two pathways both occur to varying degrees in any electrochemical device. Platinum
based electrocatalysts largely induce ORR via the four electron pathway as interaction between
Pt and the oxygen is strong, meaning the O—O bond is broken before the second electron
transfer.”® For carbon-based electrodes, it is common for a combination of 2+2 and four
electron pathways to take place simultaneously. The peroxide formation associated with the
2+2 pathway can be problematic as a result of oxidation / degradation of the carbon support /
catalyst material and the FC’s flow field.”” The ORR reaction is highly pH dependent too — it
is found to proceed much faster in alkaline conditions (compared to acidic conditions) either
due to the presence of superoxo / peroxo ions, where the first electron transfer produces O>™ as
the rate determining step (RDS), or as a result of deprotonation at the active site.®
Electrocatalysts that aid this reaction and the metrics by which they are judged are discussed

in the following sections and chapters.

Oxygen evolution reaction (OER)

The oxygen evolution reaction (OER) proceeds via a four electron process. The OER plays a
central role in water splitting and, given its relatively sluggish kinetics, is the focus of the
significant research. To date, PGM catalysts (e.g. [rO2 and RuO2) have been shown to be the

best OER catalysts, however their expense and scarcity makes it financially and
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environmentally imperative to seek low-cost alternatives.®! Carbon-based catalysts are usually
where researchers ‘start’ when looking for alternative low-cost catalysts — the OER proceeds
at high potential and carbon materials undergo oxidative degradation at these high potentials

meaning that careful design of low-cost OER catalysts is needed.

The Sabatier principle was, for a long time, thought to best describe the overpotential
associated with the OER mechanism — it states that the best catalyst in terms of displaying the
minimum overpotential binds oxygen (or oxygenated species / intermediates) on its surface
neither too strongly or too weakly.®? This school of thought — the adsorbate evolving
mechanism — has been progressively challenged following both experimental and theoretical
observation that lattice oxygen may be involved in the mechanism.33** That is, the O* lattice
oxygen in a metal oxide catalyst is involved in the evolution of oxygen. However, following
recent quantitative studies evidencing negligible lattice oxygen evolution, it is suggested that
this is not a catalytic mechanism, but rather an unwanted side reaction associated with catalyst

degradation.®

(a) (b) /OH} " "
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Figure 1.6: OER mechanisms via (a) an adsorbate evolving mechanism or (b) a proposed lattice oxygen mechanism using a
perovskite (ABO3) catalyst structure in alkaline conditions.?>%*8¢ Green, orange, red and grey spots represent metaly,
metalg, oxygen and vacancies in a perovskite framework, respectively.

Figure 1.6 depicts proposed mechanisms via the (a) traditional adsorbate evolving mechanism
and (b) the proposed lattice oxygen mechanism on a perovskite (ABQO3) structure in alkaline
conditions. In this example, hydroxide ions are used to fill an oxygen vacancy but it should be

noted that the oxygen could originate from an O>" moiety already in the oxide-containing
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catalyst. Electrocatalyst exploration is discussed in further detail in later sections, however, the

main issue with the OER is the prohibitively high oxidising potentials.

Hydrogen oxidation and hydrogen evolution reaction (HOR / HER)

Hydrogen is increasingly being used as an energy vector in hRFBs.®” The hydrogen oxidation
reaction (HOR) and hydrogen evolution reaction (HER) are the electrochemical processes
occurring at the anode and cathode in FCs and electrolysers, respectively. These processes
rarely limit devices’ operating capability. Similar to the ORR and OER processes, HOR and
HER are highly pH dependant, with higher overpotentials needed in base to achieve similar
currents in acid.®® This fact, along with the availability of efficient proton exchange
membranes, has made PEMFCs and PEM water electrolysers the more developed and

advanced technologies.

The HER is more facile than the HOR due to the more complex nature of the HOR
mechanism.? In acid, the mechanism for the HER reaction is well established. However, there
is not widespread agreement on the mechanism of the HOR reaction in alkaline conditions —
different interpretations have been proposed.’®”! There are broadly two schools of thought that
influence the HOR mechanism: (1) pH dependant hydrogen binding energy (HBE), and (2)
bifunctional theory based on contributions from both hydrogen and hydroxide adsorption. The
first suggests that the HBE is the sole descriptor of HOR activity and accounts for the sluggish
performance in alkaline as a result of the greater hydrogen binding in base compared to
acid.”®” The second theory, based on voltammetry, considers a bifunctional mechanism where
both catalyst oxophilicity and optimised HBE benefit the HOR performance — this theory
accounts for the higher HOR activity on oxophilic Ru and PtRu catalysts compared to ‘plain’
Pt catalysts in alkaline solution.’>** Figure 1.7 (a) shows simplified representations of the HOR
mechanism involving mono- and bi-metallic species. An alternative metric used to evaluate
HOR performance is the apparent HBE (HBE,p). This involves both the HBE and the water
absorption energy, thereby asserting that intrinsic HBE is pH independent while accepting that
water adsorption strength is lowered with more alkaline conditions.”® Volcano plots outlining

catalysts exchange currents as a function of HBEay, and pH are displayed in Figure 1.7 (b).%
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Figure 1.7: (a) Proposed iagrammatic representations of HOR mechanisms in dilute alkaline electrolyte for mono- and bi-
metallic catalysts where M1 represents a metal capable of dissociative adsorption of molecular hydrogen, Mp represents a
precious metal capable of forming H.pa in alkaline electrolyte and Mb represents a base metal site with adsorbed hydroxide
species. IHP and OHP stand for the inner and outer Helmholtz plane, respectively. (b) 3D schematic using volcano plots
(generated using measurements based entirely on voltammetry) to display the exchange current density as a function of the
apparent hydrogen binding energy on a pH scale.”

It should be noted that, given this evidence for pH dependence on the HBE is based on
voltammetry it can not be considered a realistic representation of real systems. Chen et al. carry
out a more detailed analysis demonstrating that pH peaks on, in this case, a Pd monolayer are
due dependant on anion adsorption (not hydrogen adsorption).”® They conclude that during the
HOR mechanism, rather than it just involving the adsorption and desorption of hydrogen, other

anions, such as hydroxyl (or perchlorate if HCIOs is used) are adsorbed at the active site.”®

Given the high efficiency of PGM electrocatalysts the main challenge for the scientific
community has been to find alternative, more sustainably sourced, inexpensive catalysts that
are durable and perform sufficiently well to replace PGM-based electrocatalysts. An alternative
way of approaching this problem is to reduce the amount of PGM-based electrocatalysts used
in these electrodes. Solutions to this issue, the mechanistic processes, and the intricacies of the

electrocatalyst active site, are discussed in later sections.
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1.2.4 Redox flow battery-type systems

It is the job of researchers to find appropriate combinations of solvent, phase configuration and
active species to develop RFB systems for specific application. The following flow chart
(Figure 1.8) shows how RFB or hRFB devices might be chosen and devised. The only type of
system not included in this discussion is the ‘Liquid-solid’ phase configuration as it is not
studied in this work. Some existing technologies outlined in previous sections are discussed

and evaluated according to various figures of merit in the following section.

Solvent Phase configuration Redox species
(Pick 1) (Pick 1) (Pick 2)

Liquid-solid Organic

Non-aqueous
Route 1: TEMPO / NHPI

Route 2: All vanadium RFB

Inorganic
Route 4: Bromine / Hydrogen

Route 5: Organic / Air

Route 6: Manganese / Hydrogen

Aqueous

Liquid-gas

Figure 1.8: Flow chart displaying some examples of routes to established technologies. After choosing the solvent and phase
configuration, two redox species can be chosen.

Of the systems displayed in Figure 1.8, the non-aqueous TEMPO / NHPI RFB system is the
least explored (represented via Route 1, purple line).”” Together, TEMPO and this alternative
nitroxide-radical redox couple: N-hydroxyphthalimide (NHPI) and phthalimide N-oxyl
(PINO), have a reduction potential of 1.30 V vs. the normal hydrogen electrode (NHE), making
it the most positive reversible radical redox potential known.’® Having been paired with an
anthraquinone, this couple has also recently found use in a semi-aqueous RFB with an overall
cell voltage of 1.15 V.°” The VRFB and DBEAQ system (red and dark yellow, Route 2 and 3,
respectively) have already been discussed but neatly highlight how researchers can easily

couple any combination of inorganic and organic couple in aqueous systems.
The zinc redox couple has received considerable attention in recent years as a result of is

abundance, low cost and recyclability.” The first zinc-air battery involving flow was reported

in 1966 and, since then, the technology (involving flow or otherwise) is broadly
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commercialised and finds application in devices ranging from hearing aids to utility scale
storage.!%%1%1 Lin et al. recently tested their carbon metal fabrics in a small scale stationary
system. While the current densities used were low (0.5 mA cm™), over 800 cycles were
successfully carried out with an open-backed setup with an air-permeable Ni-foam current
collector.!’> Coupling established redox couples with the oxygen redox couple provides the
ability to significantly increase the energy density of an electrochemical device as either the
oxygen can be compressed (leading to lower volume requirement) or, one side of the battery

could be ‘air-breathing’.

The fuchsia path (Route 5) represents a series of ambitious proof of concept organic-air systems
have demonstrated the challenges that remain for hRFB systems involving the air electrode,
but primarily the shortfalls of electrocatalysts.!%> Manthiram et al. have circumvented the need
for a bifunctional catalyst by utilising a decoupled positive electrode configuration whereby
two separate catalysts are used on the same side of an electrode.!® While this configuration
cleverly avoids the need for a single electrode material and successfully proves the organic-air
concept — in order for hybrid-air RFB systems to progress, air-breathing electrodes require
effective bifunctional electrocatalysts that can reversibly perform the ORR and OER — there
are still significant shortcomings in these materials from a performance, expense and durability

perspective (discussed in later sections and chapters).

As previously discussed, much lower overpotentials are required to perform the HOR and HER
and so using this reliable redox couple is an effective way of ensuring stability on one side of
a RFB. First reported in 2013,'% a vanadium (+4/+5) redox couple has been used as a counter
couple to hydrogen in a ‘Regenerative Hydrogen-Vanadium Fuel Cell’ and shows promising
performance with high durability.?” But, as previously mentioned, vanadium ore price is
volatile and too high for broad commercial rollout. As a low cost alternative, manganese has
received increased attention recently as a result of its broad redox chemistry both from industry
and academia.'’®!%7 As the Earth’s 12" most abundant element, it is of significant interest to
researchers and those in industry with the need to reduce the cost of their active materials. The
manganese-hydrogen hRFB was first reported in 2018 and exemplifies Route 6 in Figure 1.8
(green line). This system utilises a titanium additive that enables the stabilisation of MnO; in
the charged state such that recovery of the full system capacity is possible on discharge. While
promising, there are still unknowns about the nature of this electrolyte at high SOC. This is

system is further introduced and scrutinised in Chapters 5 and 6.
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The halogen-hydrogen hRFB has recently gained interest because of its fast, reversible kinetics,
long durability and low cost reactant materials.! Of the hydrogen-halogen systems, the H»-Br»
cell has attracted the most industry attention as a result of the very high power densities, high
round-trip efficiencies, high solubility or active species and low vapour pressure.!”® This
system is represented via Route 4 (Figure 1.8, black line). Durability tests at 400 mA cm™
lasting over 130 days with this system were recently reported with only a 7 % decrease in
energy efficiency.!”” Technoeconomic analysis carried out by Elestor (a Dutch H»-Br; battery
manufacturer) has established that, from a cost perspective, capital investments into an H>-Br»
system are equivalent to Li-ion.!'” While this is a very promising technology, toxicity of the
active species is unavoidable and will require further public reassurance for broad roll-out.
Finally, an organic hydrogen system has recently been reported using an off-the-shelf

" and work is ongoing to develop further interesting and

functionalised benzoquinone,
alternative systems with higher equilibrium potentials (compared to 0.85 V). As discussed in
previous sections there is limitless opportunity in the tuning of organic molecules, however,
concerns over active species stability and crossover must be taken into account when
assembling these factors can have irreversible capacity and poisoning consequences,

respectively.'!?

Table 1.2 compares easily comparable RFB device characteristics. Energy and power densities
compared here reflect the solubility of active species encompass their electrokinetics.
(‘Durability’, for instance, is not compared because of the vastly different techniques

researchers use to test this particular aspect).
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Table 1.2: Comparison of chosen systems using system-level figures of merit.

Phase Energy density Power density

D)
System Config. Crossover? / Wh L1 /W em? Reference
All-Vanadium LL Yes 20-30 0.56 e
Zinc-Air LG No 256 0.195 14
TMAP- s
TEMPO LL Yes 100.3 0.099
DBEAQ- o
K4Fe(CN)s LL Yes 1.1 0.24
Bromine- LG No 1ot » 6117
Hydrogen
Organic-Air LG No 20.6 0.050? 118
Manganese- LG No 13.0 L4 106
Hydrogen

1.3 Materials

1.3.1 Electrodes

Typically, RFB systems use electrodes that comprise fibres (c.a. 7 — 10 pum diameter)
synthesised from polymer precursors such as polyacrylonitrile (PAN) via carbonisation.!'!”
These porous electrodes are central to the effective operation of RFBs and affect resistive
‘losses’ (ohmic — sometimes referred to as high frequency resistance — HFR), charge transfer
and mass transport) associated with the system. Advantageous attributes usually include high
surface area (providing more active sites for redox reactions to occur at), high permeability and
low contact resistance summing to the overall ability to uniformly distribute electrolyte over
the whole electrode.'?° While each of these qualities have an appreciable effect on the resistive
losses (overpotential) associated with the cell, the dependency varies, in large part, as a function
of the environment in which the electrode is placed (i.e. the redox couple used and the solvent

in which it is dissolved — the electrolyte).

The main limiting factor to the broad commercialisation of RFBs is high capital costs.!> The
majority of these costs come with the materials within the stack (e.g. high membrane and
machined flow field costs), however it is also critical to understand the transport phenomena
occurring inside the electrodes.!?! Battery performance, especially power density, relies
heavily on making the most of the entire electrode volume. The electrode porous structure

including porosity pore size and pore shape defines the hydraulic permeability and therefore

57



the mass transport of the active species significantly.'?!'?> Careful control of pore character is
necessary to optimise for maximum permeability and surface area. Zhou et al. developed a dual
scale porous carbon electrode that exhibits pores of (broadly) two different sizes and shows
enhanced performance in a VRFB.!'?* Adjacent methods used to force the best performance out
of electrodes include varying the operating conditions (e.g. cell temperature and flow velocity)
and the use of different flow through flow fields (FTFFs) and electrodes with interesting,

circular, geometries.'?*

It is worth mentioning that carbon is not the only material used when preparing electrodes for
RFBs. Nickel,'?® copper'?® and titanium'?” based electrodes are used in RFB setups too, though
their relative expense makes them a poor candidates for widespread adoption. Carbon-based
porous electrodes influence the efficiency, cost and durability of RFB systems and, in order to
make them competitive with more established technologies, it is essential to improve design

and reduce costs of these porous carbon electrodes.

1.3.1.1 Porous electrode types, flow fields and RFB cell preparation

There are three main types of porous carbon electrode — felts, papers and cloths — SEM
micrographs are shown in Figure 1.9 outlining their surface morphology. Graphite felts (Figure
1.9 (a.1)) have been the electrode type of choice for VRFBs at both commercial and research
levels for many years.?*!?%!12 Felts have a relatively open format with high permeability
allowing for electrolyte to easily pass around the porous matrix volume. Graphite felt’s
versatility and flexibility enables them to compress allowing for a well-sealed system with low
contact-resistance. The main drawback associated with graphite felts is that they require high
pumping power to achieve fast enough flow through the electrodes and the need for thicker

felts for high surface areas.

Recently though, the dominance of graphite felt has waned following reports of impressive
power densities of 557 mW cm 2 (at 60 % SOC) being reached using carbon papers (Figure 1.9
(a.ii)) with thicknesses an order of magnitude lower than that of felts.''> Amongst
manufacturers there is increasingly a trend towards using carbon papers (and cloths) as they
are thinner, reduce the repeat unit length and allow higher volumetric performance which leads
to reduced stack costs. Elestor have opted for an off the shelf carbon paper (thickness 0.2 — 0.4
mm) to act as the liquid diffusion electrode in their hydrogen-bromine hRFB.!!* These thinner

carbon papers are extensively examined in studies involving PEMFCs and often in conjunction
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with a GDL supporting electrocatalysts.!*® Equivalent performance enhancing techniques
suitable for RFB technologies are being carried out, for instance, via electrophoretic deposition
on carbon papers®’ and controlled thermal treatments.'*! Zhang et al. and others have examined
the flow properties through porous media in detail using model-based frameworks providing
valuable insight for manufacturers and experimentalists synthesising these electrodes.!?
Tomographic imaging coupled with a pore network model (PNM) has demonstrated the

potential existence of dominant electrolyte flow paths through carbon paper electrodes. !

Carbon cloths are a relatively nascent carbon electrode type. These ordered and periodic
electrode structures consist of fibres grouped into tows / bundles that are threaded together in
a variety of ways appearing with a unique weave pattern when observed in the through-plane
dimension (Figure 1.9 (a.iii)).!** Several articles have demonstrated the electrochemical
superiority of woven vs. non-woven materials citing their enhanced ability to distribute
electrolyte over the whole electrode surface,'?>!3>136 Only recently, however, has any attempt
to directly ascertain a relationship between weave pattern and electrochemical and
hydrodynamic performance.!** RFB cells utilising carbon cloths with simple weave patterns
(one-over, one-under) have, so far, been shown to demonstrate the best performance.'?*
Functionalisation of carbon cloths using nanotubes (enhancing surface area) and inserting
heteroatoms into the graphitic fibres (inducing more electropositive neighbouring carbon atoms

that serve as active sites)!*” is demonstrating the flexibility porous, fibrous carbon electrodes

have while retaining the benefits of long range order / directionality.
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Figure 1.9: (a) Scanning electron microscopy micrographs with a 1 mm scale bar inserted (a.i) Carbon graphite felt (GFAS,
SGL),"® (a.ii) Freudenberg carbon paper and (a.iii) AvCarb 7497 carbon cloth. (b) two ‘flow-by’ (b.i-ii) and two ‘flow-
through’ (b.iii-iv) flow field types (b.i) serpentine, (b.ii) parallel, (b.iii) interdigitated and (b.iv) parallel and (c) a
generalised exploded diagram modified from reference.'

Flow fields play a key role in ensuring effective electrolyte transport through electrodes. Figure
1.9 (b) illustrates examples of flow fields — those that have a clear, machined path through the
POCO graphite flow field are generally known as ‘flow-by’ flow fields, such as serpentine and
parallel (Figure 1.9 (b.i) and (b.ii)). ‘Flow-through’ flow fields are those that force electrolyte
through the electrode to some degree, such as interdigitated and ‘flow-through,’ respectively
shown in Figure 1.9 (b.iii) and (b.iv). Flow-fields have a significant effect on the performance
of the system.!3%!*? Serpentine flow fields are the most commonly used, however, depending
on the type of system / electrolyte the flow-through flow field might be advantageous. Before
cell assembly, the user needs to decide how compressed the electrodes need to be after
tightening — the ‘pinch’. Typically electrodes are compressed between to about 70 — 80% of
their original thickness (i.e. by 20 — 30%). The way this is controlled in the cell is by cutting
gasket material and layering them until the requisite thickness is reached. Cell compression is
important to ensure good contact between the electrode and both the membrane and conductive

flow field —studies have been carried out investigating this dependency.'4!-!4?
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After these preparatory steps are taken, the final step before cell assembly is to complete
electrode pre-treatment. Pre-treatment is essential to exploit the full potential of the electrodes
used in RFBs. Carbon electrode materials have, to date, largely been designed to accommodate
the needs / design requirements of FCs, providing functionalities such as water expulsion, gas
distribution and conduction of heat.!** While these functionalities are significant, they are not
centrally important for RFB electrodes — heat is thermally managed, easily controlled and
dissipated by electrolyte stored in external tanks. Uniform distribution of liquid electrolyte
providing access to high-surface area electrodes is a central functionality that needs to be
optimised for electrode use in RFBs (vide infia).!' Electrodes are therefore modified/ treated
before use in an RFB system. Skyllas-Kazacos et al. were among the first to demonstrate the

performance benefits associated with oxidative heat treatments,'**

and many have since
attributed augmented performance to this surface functionality.>*»!* Recently, an instructive,
methodical survey of heat treatments carried out by Greco et al. revealed that, for VRFBs using
SGL 29AA carbon paper electrodes, the optimal conditions for thermal pre-treatment was
475°C under air for 30 h.'*!' An excellent timeline summarising progress in electrode
treatments can be found at the following reference.”® There are many other kinds of pre-

122 golutions for a

treatment for electrodes such as immersing the electrode in acid or alkali
period before use, hydrothermal ammoniated treatment to introduce N-atoms creating more
electropositive neighbouring carbon atoms!#¢ and plasma treatment.'*” Each of these treatments
induces augmented performance and, again, attributes this to different characteristics such as
surface functionalisation, greater graphitic edge site population, higher electrode surface area
and improved wettability."*! Once this final electrode preparation is complete, the cell can be

assembled using guiding pins and is then tightened using a torque wrench.

1.3.1.2 Characterisation

Several types of characterisation and diagnostic techniques are used in RFB system /
component inspection — they are summarised comprehensively in a review published by
Gandomi et al.'** Electrochemical techniques such as (galvanostatic or potentiostatic)
polarisation, cycling and electrochemical impedance spectroscopy (EIS) are usually used to
ascertain the overall cell performance in standard cells (Figure 1.10 (a), via power curves, E/t
plots and Nyquist plots, respectively, see Chapter 2 for more detail). It is challenging to discern
between specific components of a RFB cell (i.e. electrolyte, electrode or membrane) during
cell operation, however, some specific in-situ cell setups allow operators to focus solely on the

electrode. The Brushett group have developed reliable zero-gap flow cell setups that allows
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users to deconvolute resistive losses in the contributing to the overall cell resistance at specific
states of charge (Figure 1.10 (b)) and isolate specific transport issues within electrodes (Figure

1.10 (c)).120

The configurations outlined in Figure 1.10 (b) and (c) have been used to uncover interesting

findings about the relationship between electrode type / microstructure and overall cell

performance via electrolyte viscosity,'*’ porosity,'>® permeability'>! and mass-transfer!>?
parameters.
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Figure 1.10: (a) A standard RFB setup with different redox couples either side of a selective membrane. (b) The electrolyte
flow cell is used with a stable, well-defined redox couple ensuring a single and controlled state of charge assuming rapid
reversible reactions (c) The symmetric flow cell uses the same redox couple in each of the two reservoirs separated by a
membrane. (d-f) are visual examples of physical characterisation and modelling tools — (d) is a 2D SEM micrograph, (e)
represents modelling tools and 3D reconstruction software (TauFactor ‘plug-in’ yielding tortuosity factor, t, porosity, €, and
volumetric specific surface area, VSSA, and; Avizo, respectively) and (f) is an extension of the 3D reconstruction using the
maximal-ball algorithm to estimate pore size for a pore network model (PNM).

While in-situ electrochemical techniques for understanding the processes that occur in
electrodes are available, they are time-consuming for experimentalists. Ex-situ techniques such
as scanning electron microscopy (SEM), Brunauer—-Emmett-Teller (BET) theory and X-ray
computed tomography (XCT) measure electrodes’ physical characteristics. SEM informs users
about the topographical surface features of the electrode, BET is a non-destructive method for
measuring surface area of the electrode and XCT enables operators to extract three-dimensional
(3D) information about these carbon based porous structures such as porosity, volume-specific

surface areas and tortuosity factors. These are all examples of non-destructive and non-invasive
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methods for measuring electrode characteristics. Mercury Intrusion Porosimetry (MIP) and
Fast Ion Beam-SEM (FIB-SEM) are invasive / destructive equivalents of BET and SEM,
respectively, and are used extensively in the carbonaceous porous electrode community. '3

These characterisation techniques are discussed in greater detail in Chapter 2.

XCT has gathered considerable interest in recent years with a 10-fold increase in the number
of research articles with a title including the term “X-ray computed tomography” between 1999
and 2019 (34 vs. 363). Originally used for medical imaging purposes,'>> XCT has also found
application in Earth Science and Minerals Processing where metal density can be used to track
dissolution of copper metal within rock columns.!>* More recently, XCT has found use at a
micro-level in imaging fibrous carbon materials. Post-processing, using imaging programmes
such as Fiji and Avizo yields 3D reconstructions and of these porous structures and further
computational effort can uncover interesting fluid flow findings.!>® Alongside these
informative 3D images (Figure 1.10 (e) and (f)), open-source software such as TauFactor, a
MATLAB ‘plug-in’, have been developed to extract useful information, such as volumetric
specific surface area, porosity and tortuosity, from 3D segmented images.'*® TauFactor uses an
informed machine learning (ML) approach to segment a stack of 2D images based on a users

input.

Model-based approaches are also intensely studied.'*” Multi-dimensional models use various
approaches to species and kinetic transport processes, the most relevant to this work is the
conventional Butler Volmer (BV) approach which is commonly used to describe the net rate
of charge transfer in an electrochemical device.!?!1>16! XCT images have been used as the
framework around which pore network models (PNMs) and lattice Boltzmann simulations are
developed.'*? Each of these modelling techniques have their advantages and disadvantages.
PNM models require considerably less computing power than continuum models however their
shortcomings are associated with very simplified approximation of the pore phase resulting in
potential under- / over-estimates of real surface areas.!>* Mistry et al. discuss in a recent review
the importance of ML in electrochemical scientific research and how it can contribute to
researchers being more selective with where they focus efforts by leveraging model

predictions.!6?
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1.3.1.3 State of the art

Recently, Gayon-Lombardo et al. and Kench et al. implemented statistics and parameter based,
deep convolutional generative adversarial networks (GANs) to generate 2D and 3D n-phase
microstructural data for the improved design and screening of SOFC and battery solid
electrodes (Figure 1.11 (a)).!®»!%* While interesting and exciting these ML techniques are
currently non-transferrable to fibrous carbon electrodes. This is due to the question of the
representative elementary volume (REV). The REV not only defines the statistically
representative sample to determine properties, but also the minimum size required that, within
error, results in the same response everywhere else across the volume.!®> It must be large
enough to be a meaningful volumetric average of the discrete microstructure; and small enough
to not be affected by any large-scale heterogeneity of the porous medium.!'®® The problem is
also encountered by those examining fibrous electrode images in XCT post-processing and
subsequently running models over them as assumptions about representativity of the sample
need to be made. Modellers test representativity using a three point correlation function which,

so far, has not reliably been passed by fibrous electrodes.

Similarly to the sequential development of electrolytes (Table 1.1), the aim of several
experimental publications has been to inform researchers and manufacturers about the
important aspects of microstructural design in electrodes. Following their initial finding that
bimodal pore size distributions were advantageous for electrolyte distribution around a porous
carbon electrode,'® Forner-Cuenca and Wan et al. developed a new method for fabricating
‘designer electrodes’ with either polyporous (with macrovoids, electrolyte highways),
isoporous or porosity gradient electrodes suitable for a variety of RFB applications (Figure
1.11 (b)).'7 Scalability is critical in the roll-out of any new technology — in this case, it is
important to holistically consider fabrication and manufacturing limits as well as the associated

costs.!?0

64



Training Generated R . @ . @
(a) image D Parallel 2D slices 45 angle 2D slices C

Porous fiber

G A
&
e e¥ Electron
S ° transfer
e
Versatile design space porous electrodes

(>
folding
1

stretching
— -

Macrovoids Isoporous Porosity gradient

Figure 1.11: (a) One application of SliceGAN in the generation of a new SOFC electrode.'® (b) Comparison between
traditional fibre electrodes and real (top right) and hypotetical new designer electrodes (bottom row).'% (c) A diagram
outlining the properties focussed on in the production of new electrospun electrode materials.'*

A recent review outlines the substantial progress in controlled functionalisation of electrospun
materials (Figure 1.11 (c)).'®® Similar to the designer electrodes mentioned above, this review
highlights the current focuses of electrospun materials as, (1) enhancing mass transport by
tailoring fibre diameter / orientation or by creating secondary pores and, (2) improving surface
properties via heteroatom doping and electrocatalyst decoration. The electrospinning technique
has recently merged fabrication of functionalised carbon-metal fabrics with carbon nanotubes
— another popular feature used to decorate carbon fibres significantly increasing surface areas
— finding interesting application in zinc-air batteries.'” Carbon aerogels (CAGs) are another
exciting development in the diversification of methods by which electrodes are fabricated. In
a forthcoming paper from our research group, it is shown that CAGs are highly tuneable (in
terms of N-doping) and shown to effectively increase the electrode surface area.'® These
findings contribute to promising pathways towards RFB power density increases — making
them more competitive with their lithium-based counterparts.!'” Again, similar to the
electrospun materials, one potential future use case for CAGs is to decorate / dope their
monoliths with electrocatalysts specific for the redox process occurring on that side of the
battery. This would involve careful electrocatalyst selection for co-synthesis with the aerogel

monolith.
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Electrode materials, electrode geometries and electrode fabrication methods continue to
develop with the aim of developing electrodes that are able to enable high power density, long
duration and inexpensive RFB systems. Meanwhile, adjacently, electrocatalysts are being
developed to reduce overpotentials and enable kinetically sluggish reactions to proceed — this

development is discussed in the following section.

1.3.2 Electrocatalysts

Electrocatalysts are an essential component in many electrochemical devices and, as such,
significant effort is directed at their development. Electrocatalysts are needed, primarily, to
reduce the activation energy and overpotential required for electrochemical reactions. As
briefly mentioned in Section 1.2.3.3, the hydrogen and oxygen fundamental electrochemical
reactions that occur in PEMFCs require electrocatalysts for efficient operation. With a view to
expanding the breadth of RFB hybrid technologies it is prudent to explore these intensely
studied electrocatalysts for use in the gas side of an hRFB system (introduced in Section

1.2.2.4).

In FC research, in both acid and alkali conditions, the centrally difficult problem to resolve is
the large 0.3 — 0.4 V loss in potential mostly at the cathode — i.e. during the ORR.!"! To date,
platinum continues to be the catalyst with the highest electrocatalytic activity for both the HOR
and ORR. In order to make these devices competitive with, internal combustion engines in the
case of FCs, or gas peakers in the case of RFBs, the capital costs of these electrochemical
systems needs to decrease.?® This depends, in part, on PGM prices and either a decrease in
catalyst loading on the electrode,!’” or the development of new, inexpensive electrocatalysts to
replace these precious metal catalysts. Some recent cost analysis calculated the catalyst and its
application to account for 41 % of the total capital cost of the FC stack in a light-duty vehicle
(membrane accounted for 8 %).”*!"* Briefly, up-to-date cost analyses for membrane-electrode
assemblies (MEAs) in FCs are difficult to find given commercial competitiveness and balance
of plant considerations however, membrane materials are considered to significantly contribute
to device capital costs. In the case of FCs, it is challenging to use non-PGM catalysts due to
the harshly acidic or basic conditions and the need to reach high power densities at demanding
overpotentials for transport and stationary purposes.'’* In the RFB case, as discussed in Section
1.2.2.4, introducing gaseous redox couples can improve system power densities and so it is

important to have sufficiently inexpensive catalysts to support this growth in hybrid systems.
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The pH dependence of catalysts should not go unmentioned. As discussed in Section 1.2.3.3,
electrochemical devices are operated in pH-specific environments. PEMFCs are operated in
acidic environments and AEMFCs, as the name suggests, are operated in alkaline conditions.
RFBs can be operated in conditions across the pH scale — it is up to researchers to pair redox
couples with suitable counter couples and membranes / separators with appropriate selectivity.
The catalysts used in these devices therefore need to be able to resist harsh acidic or alkaline
conditions. There are some overarching realities about the reactions themselves that must be
accepted with testing these catalysts, for instance, the hydrogen reactions are slower in base
than they are in acid while the oxygen reactions are faster in alkaline conditions than they are
in acid. The kinetics of the HOR reaction in Pt/C is two to three orders of magnitude slower on

moving from acid to alkaline solution meaning that more Pt is required.®®!7

One of the main issues facing electrocatalyst development is the lack of standardised
electrochemical protocols which prevents facile comparison of electrocatalyst performance.!’¢
In 2019, Wei et al. set out robust benchmarking techniques for the design of experimental setup,
data post-processing methodology and performance parameters selection for each of the
fundamental hydrogen and oxygen reactions in FCs and water electrolysers.!”® This work is
relatively new but will, hopefully, make comparing catalysts significantly simpler. Publications
on electrocatalysts usually focus on just one or two of the four central processes: HOR, HER,
ORR and OER, and usually in just one pH at a time. This is reasonable, as each of them have

specific requirements for their development. The following section provides a general survey

of electrocatalyst type sorted by electrochemical process.

1.3.2.1 Types

Zeolitic imidazolate frameworks

Zeolitic imidazolate frameworks (ZIFs) are a subclass of a broader family of hybrid materials
named metal organic frameworks (MOFs). MOFs are a crystalline class of materials that are
characterised by the coordination of (usually) a central metal ion surrounded by an array of
organic ligands — they known for their very high surface areas, crystallinity and visually
pleasing structures.!”” Specifically, ZIFs are characterised by a tetrahedrally co-ordinated
central transition metal ion such as iron, cobalt or zinc. The surrounding ligands are imidazolate
linkers (that is, a reduced form of imidazole-type molecule, sometimes referred to as “Im~).!”8

Any ‘ZIF’ material is followed by a number, determined by the metal ion and the exact

imidazolate linker used. For example, ZIF-8 and ZIF-67 are some of the more common ZIF
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materials that are made up of, the simplest imidazolate coordinating ligand (with no
substituents) and a central zinc or cobalt ion, respectively.!” ZIF materials have found
application in a range of sectors including carbon capture, molecular sieves and drug
discovery.!”!180 Electrocatalysts are a focus in this work and ZIF-67 was chosen as a substrate
material because of its structure and its cobalt and high nitrogen containing character. Other
ZIF materials, such as ZIF-8, have been used as catalysts in their own right, or as substrates
onto which single atoms are dispersed.!8"!®? These materials have been shown to have
extremely high activities towards especially ORR.'®? It is important to explore alternative
catalyst materials such as these in order to bring down the costs of catalysts in, for instance,

PEMFCs (PGM catalysts account for up to 60% of the overall cost of a FC stack).

Catalysts for the oxygen reduction reaction
Platinum catalysts have always been the dominant catalyst material used for the ORR in FCs.!”*

Given its expense, as discussed above, researchers have endeavoured to use increasingly low

-2) 183,184 185
b

amounts in both analytical tools (0.16 pgp: cm and at device-level (< 125 mgp; cm™).
Another method for reducing platinum loading is by alloying platinum with other, inexpensive
metals anticipating that combinations of Pt-M might both reduce expense and increase onset
and halfwave potentials (due to favourable interactions between their molecular orbitals).”
One successful instance of this, and again demonstrating effective communication between
modellers and experimentalists, was the identification, via DFT, of platinum alloyed with early
transition metals such as scandium and yttrium. Experimental testing of these catalysts on an
RDE demonstrates significantly augmented catalyst activities due to weaker active site-
intermediate binding(Pt3Y > Pt3Sc > Pt).'® It should be noted, however, that these catalysts do
not show promising activity in real systems, and, while achieving higher currents at 0.9 V is
impressive on RDE, rarely is this an indicator of high power and durability in real systems such
as PEMFCs. In fact, it is worth stating that predicating expected performance in fuel cells on
measurements made at 0.9 V is a poor approach — not least because this is not a relevant
potential for regular FCs operation. Zalitis et al. showed, for PtCo catalysts, the higher
performance at 0.9 V is short-lived and, at lower potentials (more relevant to FC operation), Pt

exceeds the performance of PtCo.'%

Besides platinum, carbon supported catalysts are a popular area for ORR research — this is
mainly because carbon in its basic powder form is inexpensive and it does not deteriorate at

ORR potentials (0.5 — 0.9 V). Phosphides,'®® sulfides'® and nitrides'** have been appended in
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various different ways to graphitised carbon supports. As a result of the differing
electronegativities of these heteroatoms compared to carbon (C = 2.55, S =2.58, N = 3.04 and
P =2.19 — Pauling scale), carbon—heteroatom bonds have diverse polarity making either carbon
or phosphorous attractive sites for reactants. Transition metal and mixed-metal oxides have
also been used extensively as ORR catalysts with interesting and promising results. Exploring
the effect of co-locating metals, alongside the introduction of dopants or vacancies in various
types of crystal structure gives rise to a rich research field, however, issues surrounding poor

conductivity and dispersibility make progress slow.'*!

Further to the functionalisation of carbon materials using carbon nanotubes or metal oxide
nanorods, using intrinsically functionalised carbon materials, such as egg-shells,'** has become
particularly popular. Oligomerised diaminonaphthalene (ODAN) is an example of an
intrinsically functionalised (nitrogen-doped) carbon material that has been shown to have high
ORR performance as a result of its nitrogen and iron content, high surface area and augmented
poison tolerance.!'? Molecular organic frameworks (MOFs) are another example of (more
commonly used) intrinsically functionalised material. These have been used successfully as
support materials.!**!®* ZIFs, introduced earlier, are a particularly effective, carbon-based
functionalised material for electrocatalyst development due to their high nitrogen content. The
central metal ion in ZIFs vary — ZIF-8 and ZIF-67 are common zinc and cobalt-based ZIFs,
respectively. A particularly interesting and relatively nascent type of ORR catalyst family has
been progressing rapidly using these intrinsically functionalised carbon catalysts: single atom
catalysts (SACs). SACs, as the name suggests, are catalysts that have dispersed single atom
catalysts sites. Usually carbon based, SACs are attractive due to their tuneable and flexible
design, maximum utilisation of catalytic sites (and thus high mass activities) and high
electrocatalytic performances.!® Simple synthetic methods have been developed to easily
produce these catalysts (e.g. Figure 1.12 (a)).!°® Zhang et al. and Mehmood et al. have
systematically developed a number of tuneable ZIF-8-derived ORR catalysts demonstrating
impressive activities with halfwave potentials (Ei2) of 0.85V in acid'®! and 0.905V in

alkaline!®” media, respectively.

Controlled tuning and deeper understanding of these materials is key to unlocking further

performance.'”® Control over even dispersity of single atomic metal sites is improving and this

t,199

is linked to nitrogen content,'*” and site nature.?”
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Catalysts for the oxygen evolution reaction

Catalysts for the OER are more elusive. Compared to the ORR, two central problems make
OER catalyst development slower. Firstly, our understanding of the OER mechanism is less
comprehensive; and secondly, the OER is carried out at much higher potentials (typically ~1.5
— 1.8 V) therefore the catalyst requirements are significantly different. As a result of the need
for much higher potentials, both the catalytic material and its support (if it needs one) need to
be corrosion resistant. This fact rules out certain forms of carbon material such as carbon black
as, even though features such as high conductivity, low costs and acid / alkaline resistance are
attractive, above 0.9 V carbon oxidation occurs diminishing the effectiveness of the
catalysts.?’! Graphitisation of carbon produces a more electrochemically stable support,®2
however, while more layers of graphitic carbon make the catalyst more durable this comes with
a reduction in performance.?*® That said, an unpyrolysed ZIF based structure has been shown
to have higher OER performance in alkaline media compared to IrO; in not only beginning-of-
life RDE measurements, but also a water electrolyser.?** It is understood, however that iridium
oxides are only state of the art OER catalysts in acidic media — not alkaline (alkaline OER

catalysts are discussed below).

Precious metals such as iridium and ruthenium are the highest performing and most broadly
explored OER catalysts. Both RuO2 and IrO; adopt a TiO: rutile structure and display strong
performance in both acid and alkali conditions, however at high oxidative potentials over long
durations, RuO; oxidises to RuO4 and IrO; to IrO; resulting in the dissolution of these metals

into solution.?%3-206

A series of non-precious metal oxides (and layered double hydroxides, LDH) with perovskite
(ABO;s, where A = alkaline/rare earth metal, e.g. Ba or La; and B is a transition metal, e.g. Ni,
Co or Fe) and spinel (AB204, where A and B are usually made up of group 2, group 13 and
first row transition metals) structures have been thoroughly investigated (Figure 1.12 (b)).2"’
Variations and systematic doping of both of these oxide OER catalyst crystal structures have
been carried out revealing interesting patterns and trends about metal-oxide band gap that helps
researchers identify causal structure / performance relationships.?7?*® The performance of
these structures is heavily dependant on the coordination environments of the active metals in
the structure but, generally, these cobalt and nickel oxides are considered to be the state of the

art OER catalysts in alkaline conditions. Wang et al. uses this feature effectively, demonstrating
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the coordination site dependency of cobalt in either a tetrahedral or octahedral site by replacing

Co with inactive metal centres such as Zn and Al.2°
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Figure 1.12: (a) Schematic for using functionalised carbon-based ZIF starting materials for SAC synthesis.'®' (b) Crystal
structures for common metal- / mixed-metal oxide electrocatalysts: from left to right, rutile (RuQO:), perovskite (ABO3) and
spinel (AB204).?°" T4 and O stand for tetrahedral and octahetral sites, respectively. (c) Schematic of graphitic sheet
development firom Ni-coated KCI moieties.”'° (d) Examples of platinum architectures used in cathode catalysts, alongside
qualitative ‘technology readiness level’.'%
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Catalysts for the hydrogen oxidation reaction and hydrogen evolution reaction

As mentioned previously, platinum and its alloys are the most active catalysts for the
fundamental hydrogen reactions in acid. In contrast to OER and ORR, the fundamental
hydrogen reactions require very little catalyst and overpotential to reliably support high current
densities.!7®!83 Generally, HER can be performed on a wide variety of catalysts — catalysts

suitable for HOR are a subset of these (Figure 1.13).

To date, PGM catalysts are the dominant electrocatalyst type in acid. While platinum itself is
the most explored, ruthenium sulfides have recently been shown to perform very well across a

series of pHs.2!!

Relative to ORR and HER, development of non-PGM HOR electrocatalysts is still in its
infancy. Understanding why metallic surfaces are so strongly favoured as active sites for the
HOR is still an open question and so protecting metallic surfaces from severe corrosion in acid

media and oxidation under alkaline conditions remains a challenge.?'> One method for
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protecting these metallic surfaces has been to cover nickel particles with a thin protective layer

thereby protecting them from passivating layers while preserving activity.?!?

One of the central challenges that remain for hydrogen catalysts is to minimise the use of these
PGMs in their electrodes. While our understanding of the mechanisms is developing and
stimulating exploration into new materials, renewing design principles for catalyst layers and
membrane electrode assemblies is allowing for the utilisation of ever smaller amounts of

electrocatalyst, 43185

Bi- / multi-functional catalysts for fundamental reaction

While there is obvious use for single function catalysts in primary energy conversion devices
such as FCs and some primary batteries, bi- / multi-functional catalysts may help to perform
reversible electrochemical processes in, for instance, secondary batteries and potentially for
using a single catalyst on both sides of PEFC.

Several useful reviews focussing on bifunctional electrocatalysts are available,?!42!8

especially
that of Hu et al.>!” Ultimately, these reviews focus on the development of metal air batteries,
AEMFCs or hRFBs. Wu et al. catalogue c.a. 200 bifunctional oxygen catalysts, helpfully
separating them into different catalyst types.?!* Researchers must consider multiple delicate
parameters in the development of bifunctional oxygen electrocatalyst catalysts while also
endeavouring to keep costs down and scalability possible. Alloyed platinum-iridium catalysts
continue to have the highest electrocatalytic performance for the ORR and OER.??° That said,
recently it has been shown by da Silva et al. that significant and rapid degradation occurs
following multiple cycles of alloyed Pt/Ir catalysts.??° This work demonstrates (using IL-TEM)
that particle coalescence, growth and detachment are among the biggest contributors to
platinum-iridium alloy stability — however particle dissolution dominates this detraction from
catalyst longevity.??® Non-precious metal oxides (TMOs), sulfides (TMSs) and nitrides
(TMNs) are relatively inexpensive to synthesise, they have more structural diversity (allowing
for catalyst tuning) and have high electrocatalytic performances (for device level
consideration). However, the stability of these transition metal catalysts falls short of what
would be required at device level and the lower conductivity translates to poorer onset
potentials and limiting current densities.?!® Heteroatom- or single metal atom-doped carbon-
based catalysts present, arguably, the most promising hybrid electrocatalysts. Carbon materials

are tuneable, highly conductive and can act either as a support (typically for the OER reaction)
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or an active catalyst with high surface area.?!® As research progresses, carbon supports or
carbon-composite supports will be synthesised to be resistant to corrosion at high oxidative
potentials, unleashing broad adoption of inexpensive, corrosion-resistant, sustainable

electrocatalysts for use in air-breathing electrochemical devices.

OER

ORR
HOR‘

HER

Figure 1.13: Venn diagram representing multifunctionality of catalyst types.

As discussed earlier, all HOR catalysts are at least bifunctional (Figure 1.13) (as it is possible
to perform HER using these same catalysts). While performances are often greater for the
fundamental hydrogen reactions (much lower overpotentials with high current densities)
compared to the ORR and OER, the type of catalysts used are similar. Some researchers have
been more ambitious with their endeavour to synthesise multifunctional electrocatalysts. Parra-
Puerto et al. surveyed the ORR, OER and HER activity of a series of metal phosphides (Mx-Py
where M = Cr, Co, Ni, Mo and W) in both acid and alkaline conditions.?*! The synthesis method
was found to be scalable and the Co2P was shown to be the best performing of the non-PGMs
phosphides tested. A metal free catalyst with a hierarchical structure including stereoscopic
holes over its graphite surface was developed by Hu et al. and displays intriguingly high
performance in alkaline conditions for the ORR, OER and HER (Figure 1.12 (c)).

While there is no real technological advantage to developing tetra-functional electrocatalysts,
very few catalysts can perform all four of the hydrogen and oxygen reactions efficiently. For a
given redox couple, achieving high bifunctional capability, clearly, comes with the advantage
of not having to introduce decoupled electrode configurations, as demonstrated by Yu et al.!**
One recently reported exception is a partially hydrous RuO: nanocluster embedded in a carbon
matrix that has been shown to have tetra-functionality.”*> A symmetric water electrolyser
utilising this nanocluster catalyst was shown to have a lower potential gap in the HER and OER
across the pH spectrum than that of conventional asymmetric electrolysers, and the HOR
activity was shown to be level with platinum catalysts, however in addition to acknowledging
that carbon materials are unlikely to be stable under high oxidative potentials, the ORR

capability falls short of where it would need to be for device application.??> Methodical research
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and further understanding of mechanism and metal-support interactions between single
heteroatoms and their (likely carbon-based) supports will give rise to guiding principles on how
we can develop catalysts for more than just one function.!”® The following section walks
through some examples of how both physical and electrochemical characterisation techniques
can tell us more about catalysts active sites, how they interact with reactants and how, therefore,

they can be improved.

1.3.2.2 Probing the active site

A particularly challenging and interesting aspect of electrochemistry for researchers is
deciphering the form of the active site. In this work, several physical and electrochemical
characterisation techniques are used and these are discussed in more detail in Chapter 2. While
none of the techniques mentioned in here are used in the remainder of this work, the following
paragraphs showcase examples of some techniques cutting-edge technologies used to establish

the form of the active site.

Imaging techniques such as transmission electron microscopy (TEM) and focussed ion beam
scanning electron microscopy (FIB-SEM). One recent, particularly impressive, use of TEM
has been identical location TEM (IL-TEM). Using TEM microgrids as modified floating
electrode substrates, Hrnji¢ et al. showed before and after TEM images of how alloyed Pt-Co
particles supported on carbon change following short term polarisation (Figure 1.14).2232%%
FIB-SEM allows the user to view a catalyst or support surface and mill it so as to explore
subsurface morphology,?* using the finely focussed beam of (usually gallium) ions, or to
prepare samples for atom probe tomography (APT).>’® APT is one of the newest
characterisation techniques in the electrochemists armoury for understanding the active site
(Figure 1.14 (a)). This technique provides both 3D images and composition measurements at
an atomic level. Samples are fixed by a matrix and then cut to the shape of a thin needle, using
FIB-SEM in-situ,??” and a large electrostatic field is placed at its tip. Following this, atoms are
consecutively removed via field evaporation using a laser pulse and projected onto a time-of-
flight (TOF) detector.??® This has recently been carried out with freestanding Pd and carbon-
supported platinum nanoparticles providing a proof of concept to systematically visualise

catalytic active sites.??

One longstanding and important crystallographic characterisation technique is X-ray

diffraction (XRD). This technique utilises surface features of structured electrocatalysts. Zhu
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et al. review in-situ XRD techniques that have helped to inform scientists about the dynamic
structure of electrocatalysts.?*° In-situ techniques provide additional dimensions to already
useful characterisation — fluorescence and transmission-mode XRD have been used in tandem
to illuminate how cobalt phosphide-based catalysts modify their structure during battery
operation (Figure 1.14 (b)).?*! One step on from the type of elastic scattering technique utilised
in XRD is X-ray absorption scattering (XAS) — an advanced characterisation technique that
utilises inelastic scattering in order to inform the user about the coordination environment and
electronic state of the element in question. There are several other intensely useful
characterisation techniques such as Raman and M&ssbauer spectroscopy, X-ray photoelectron

and electron energy loss spectroscopy (XAS and EELS) and thermogravimetric analysis (TGA)

that are commonly used but is beyond the scope of this section.
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Figure 1.14: Diagrammatic representations of active site characterisation methods. (a) LHS: Progressive images of FIB-
SEM milling a metal surface into a needle shaped sample for atom probe tomography,**’ and, RHS: a simplified diagram of
how APT is carried out;*? (b) In-situ spatially coherent configuration for the combination of transmission-mode
synchrotron XRD and fluorescence-detected XAS,; %" (c) IL-TEM showing catalyst material ‘before’ and ‘after’ a short
corrosion step;*** and, (d) Two high mass transport systems used to assess realistic electrocatalyst capability — Top:

Floating electrode schematic;'®* and, Bottom: gas accessible membrane electrode.”™

While it is useful to probe the electrocatalyst active sites via these physical characterisation
methods, especially in-situ, examining the active site electrochemically provides an alternative,
arguably more helpful, way of understanding how an electrocatalyst works in a real device.
Recently, Jackson et al. demonstrated a controlled poison mitigation strategy for the use of
impure hydrogen in hydrogen pumps and PEMFCs.>** Using well known electrocatalyst

poisons (CO and H>S) the authors establish reliable ways of cleaning electrocatalyst surfaces
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with ozone whereby the number of active sites on an electrode needs to be identified. Two
important high mass-transport techniques have been developed in the Kucernak research group
(Figure 1.14 (d)) — the Floating Electrode (FE) and the Gas Accessible Membrane Electrode
(GAME).!83233 The FE was developed to test the full extent of a catalyst potential by reducing
the mass-transport limitations that are present when using a rotating disk electrode (RDE).
Using this setup and accompanying computational modelling, researchers have been able to
make predictions about ‘ideal’ platinum particles made of only edges / vertices (the sites that
are most active to the hydrogen reaction), make mechanistic inferences about potential site-
blocking and suggest upper limits to PEMFC performance (i.e. HOR at 1 A cm?, at 0.01 V
overpotential using 4 ug cm™ of idealised catalyst at 298 K).?**> More recently, the GAME has
been developed allowing for rapid switching between gas supplies and transient monitoring.
This electrochemical configuration can be coupled with a range of in-situ measurements such
as mass spectrometry and Fourier Transform infrared spectroscopy, gleaning insight into how
electrocatalyst behave and intricate conversion processes (such as CO> reduction and methanol
oxidation, respectively).?> While these high mass-transport techniques go further to
demonstrate electrocatalysts’ capabilities in a full system, the RDE is still the standard practice

used to test catalysts in the literature as kinetic currents are calculable.!”

As characterisation techniques improve, researchers are better able to understand the intricacies
of the catalyst site. This enables them to generate causal relationships and better understand
how to maximise catalyst performance. Figure 1.12 (d) summarises quite nicely how, for
instance, the pipeline for platinum catalysts is developing.'®® Increasingly elaborate starting
materials are being used as intrinsically functionalised carbon based starting materials and
display promising results with, for instance, a seaweed biomass precursor being used to derive
hierarchical nanoaerogels for ultimate use as a bifunctional electrocatalyst in a zinc air
battery.?*® This continued, and often serendipitous, investigation of nature-inspired chemical

engineering techniques may yield fruitful, game-changing results.?*’

While the understanding and testing of electrocatalysts is important, ultimately these catalysts
are to be used in electrochemical devices for transport and stationary applications.?*® In recent
years, we have seen not only improvements in catalyst ability but also improved translation of
catalyst materials to devices — this will be critical to the continued development and

commercial rollout of these electrochemical technologies. Relevant state of the art catalysts
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will be discussed and summarised in the relevant chapter. The following section summarises

another essential component of the RFB — the separator.

1.3.3 Separators

Separators play an essential roll in almost all electrochemical devices. The use of a suitable
separator is crucial for the proper operation of RFBs. The selectivity as well as thickness of the
separator must be considered to control crossover and electrolyte imbalance. Many barriers
remain in separator research including the development of an effective AEM and minimising
crossover while simultaneously maximising selectivity. These issues will be discussed in the

following sections.

1.3.3.1 Types

Within the term ‘Separator’ there exists a number of more specific ways to refer to the material
positioned between the anode and the cathode in an electrochemical device. In FC and RFB
research, and indeed in this work, separators are usually referred to as membranes. However

there are some notable alternatives before we focus on membranes.

Solid state electrolytes are the most widely used separator as they are commonly used in Li-
ion based technologies. Semi- / micro-porous separators are occasionally used in non-aqueous
organic RFBs where the way selectivity is achieved is associated with size and steric
requirements. The charge carrier, for instance, BF4, is ‘small’ compared to the counter ions in
the electrolyte solution (e.g. tetra-ethyl ammonium, TEA™) and is able to travel though the semi
porous separator. These materials can be derived from a variety of polypropylene, polyethylene
and phenolic resin based materials and can be obtained from vendors such as Daramic and

Celgard.**

In FCs and aqueous RFBs, however, membranes are used to selectively allow the transport of
small ions, such as protons and hydroxide, from one side of the device to the other. In a FC or
electrolyser, ions travel in one direction. For instance, in an AEMFC, following the reduction
of Oz, OH™ ions are delivered from the cathode to the anode via the AEM, where it then assists
the oxidation of hydrogen (to form water, Equation (1.3)). Different membranes are used
depending on the ion that needs to be transported. In the absence of tailored Poly-
flouropolymers are widely used in devices where proton exchange is required, while poly-

benzimidazoles (PBI) are among the leaders in the less advanced race to develop effective
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anion exchange membranes. It must be noted, however, that the requirements for liquid-liquid
systems are likely to be different to electrochemical devices with gas phase processes occurring
each side of the membrane (FCs), or indeed liquid-gas hybrid systems (hRFBs). In the absence
of tailored membranes for specific phase configurations, these types of membrane are
commonly used in RFB systems. The following section focuses on state of the art polymer

membranes.

1.3.3.2 State of the art

Before discussing the, more relevant, polymer exchange membranes used in this work, a type
of solid state membrane — NASICON (stands for a sodium (Na) Super Ionic Conductor) — is
mentioned because of its use in liquid-liquid systems to separate aqueous solutions with
different pHs in addition to its application enabling fast charging in sodium batteries.!%*24
Significant efforts have been directed at developing solid state NASICON separators because
they hold great promise as energetically dense and safe alternatives to conventional Li-ion

batteries.?*!

Different membranes are used depending on the ion that needs to be transported. Nafion® poly-
fluoropolymer, with its perfluorinated backbone and sulfonated headgroups provide channels
for protons to selectively move through easily (Figure 1.15 (a)). Nafion® was developed first
by DuPont in the 1960s and is still the leading PEM material in the industry — this is reflected
in the price and is one of the main bottlenecks in the attempt to commercialise these ECs more

widely.??
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Figure 1.15: Examples of monomer units for (a) proton exchange membranes (Nafion®) and (b) anion exchange membranes
(Aemion™, [ONOMR).

Figure 1.15 (b) shows the monomer units for an anion exchange membrane. The development
of organic cationic polymers has been stunted by the mechanical and chemical degradation
caused by aggressive hydroxide ions.?** Several types of anion transfer head group have been
tested,?*? however the high pHs and temperatures consistently induce degradation. One method
researchers in this area have begun to employ, following the increased research and industrial
interest, is to incorporate stable cationic moieties into the polymer backbone that have few
degradation pathways — reducing the number of ways nucleophilic hydroxide groups can
degrade the ionomer. Figure 1.15 (b) shows the incorporation of alkylated poly(benzimidazole)
alongside bulky, hindering and chemically inactive groups. These AEMs are available from

vendors such as Sustanion, IONOMR and Dioxide Materials.

1.4 Conclusions

The first half of this literature review summarised the chemical configuration and the
foundational components needed to decide the design of a RFB. The pros and cons associated
with aqueous and non-aqueous solvents are discussed first. While non-aqueous solvents have
the enticing ability to accommodate higher potentials, aqueous solvents are a more suitable
environment from which devices, and technologies as a whole, are likely to emerge due to their
greater conductivity, lower cost and generally greater versatility relative to the current non-

aqueous offerings. Following this, phase configurations were discussed. Opening with the
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classical liquid-liquid RFB system describing, operationally, how RFBs work and the
advantages of (specifically) liquid-based systems which are primarily associated with ease of
operation and system longevity. Gas-gas systems are briefly mentioned clearly highlighting the
advantages of FCs and demonstrating how, joint with a liquid-side couple, technological
developments of the RFB could be achieved. The solid and gaseous analogues are then
discussed settling on the likelihood that, operationally, the liquid-gas configuration is the most
technologically interesting given the known and available soluble active species alongside the
extensive (and reliable) FC couples. Some available redox species are then surveyed
demonstrating the extensive diversity of systems available to the user. Towards the end of this
section, fundamental oxygen and hydrogen reactions are briefly discussed and it is concluded
that while harnessing oxygen as an energy carrier is one of the most important objectives for
researchers, the overpotentials required to carry out the ORR and OER are too high with current
catalysts. Additionally, the use of the hydrogen redox couple in electrochemical devices
provides an interesting (reducing) couple that can be easily paired with other redox couples.
Ultimately, these foundational chemical components are discussed in a few specific examples

and some figures of merit are exemplified and compared in Figure 1.8 and Table 1.2.

Having established the framework around which the RFB or hRFB was to be developed (Figure
1.8), the second half of this literature review focussed on the materials needed for proper
operation of the device. Electrodes are broached first — the types, their adjacent flow fields and
cell preparation methods are discussed, acknowledging that some electrodes are more suitable
than others depending on the solvents or cell configuration involved. In- and ex-situ
characterisation methods are summarised and, finally, some relevant state of the art electrode
and electrode functionalities are displayed. For the liquid-gas hRFB phase configuration
introduced in the first half, hydrogen and oxygen redox couples demanded an outline of FC
and electrocatalyst research. Again, methods for characterising these electrocatalysts and their
active site are discussed. Finally, separators are discussed, and it was established that polymer

membranes are the only relevant technology for this work.

This chapter sets out the high-level context needed to move forward with this work. This
chapter began, in Part I, briefly outlining the context and motivation of this work. Part II went
on to highlight relevant literature in the fields to which this work looks to contribute. As stated
in Part I, each of the subsequent chapters will have shorter, more directly relevant Introduction

section in which a more targeted context will be provided. The final part in this chapter, Part
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II1, outlines this overall aims and research questions that emerge from this literature review —

informing the focus of this thesis.

Part I1I: Thesis outline

1.5 Aims

The ultimate aim for all researchers working to develop EES devices should be to decrease the
cost per cycle so that these technologies can become widely available. Similarly, for those
working in FC research, the goal is to simultaneously reduce capital cost and increase the power
densities that systems are able to achieve for broad technological utility. The literature review
in Part II of this chapter provides context and demonstrates that there are several ways these
goals can be approached by either improving existing technologies or developing new ones.
Improving system efficiency and durability, reducing material costs associated with the
electrode, electrocatalyst or electrolyte, as well as enhancing engineering aspects, all contribute
to this push towards lowering system cost. With this context in mind, this work methodically
evaluates different components of an RFB using conventional and (unconventional) specific
performance parameters. The central aim is to improve our understanding of these components
so that, moving forward, researchers can make more informed research decisions towards

producing low cost EES devices.

1.5.1 Questions and objectives

As all researchers are familiar, questions and objectives morph and multiply over time as more
research is carried out. It is important, however, at the outset to state the questions this work
seeks to answer and the objectives it looks to achieve. A brief contextual narrative leading to
the overall research questions are provided below and these will be revisited in the final chapter

of this work:

As outlined in Part II, researchers have designed several types of electrode, methodically
varying particular microstructural parameters such as surface area, porosity, geometry, weave
pattern and surface functionalisation. In each case, these changes have either positive or

negative performance effects when transferred into a device. Even for a given system, however,
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there is little experimental literature outlining absolute electrode parameters that lead to greater

electrode performance. With this in mind, this work seeks to answer the following question.

e How is the microstructure of porous carbon paper and cloth electrodes related to the

performance of the RFB system in which they operate?

The above question focusses on the liquid side (or sides) of a RFB. Following the assertion that
new devices need to be developed, liquid-gas hRFBs provide an interesting technological
framework on which to build and progress from an energy density perspective. As discussed,
using oxygen as a redox couple, has the potential to greatly reduce the cost of electrolyte and
increase the energy density of a given device (as the oxygen in air, of course, does not need to
be bought or stored). Electrocatalysts are needed to overcome the ORR and OER energy
barriers (in turn lowering overpotentials). New types of, for instance, single atom catalysts have
been shown to return high (ORR) performance with low metal loadings. From an expense
perspective, it would not be effective to use high-cost starting materials — demanding the

following question.

e Is it possible to develop an inexpensive, carbon-based, high-performing bifunctional

oxygen electrocatalyst?

The ultimate aim of most researchers looking to develop electrocatalysts in this field is to use
them in electrochemical devices such as FCs or hRFBs. This work is no different and, with the
context of the previous question, this work looks for suitable devices in which to use the
developed catalyst in the hope that the catalyst exceeds current state of the art technologies.
Additionally, given the nature of this work, extending the learnings of the electrode
microstructure to other electrochemical devices would further bolster them. This leads to the

‘two-pronged’ question that will ultimately be addressed simultaneously, as follows.

e Can this catalyst be used in devices at different pHs and can we validate the

‘microstructure / performance’ findings?

Continuing the theme of device-level testing and with the overarching goal of reducing capital

costs associated with RFBs and their analogues, the following question looks to address the
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high cost of soluble aqueous electrolytes and further understand a chemical system with a view
to developing an improved understanding of a low-cost, sustainable electrolyte. As mentioned
in Part I, manganese has recently been identified as an interesting, low-cost alternative to
vanadium which, historically, has suffered high price volatility. The low-cost of manganese
(ore) is attributed to its abundance and this has begun to pique commercial interest when
applied to a hydrogen-manganese hRFB system. While manganese chemistry is rich and
diverse, indeed this is a large part of its attractiveness, the Mn*" oxidation state is often deemed
a perilous one due to its fully oxidised, MnO;, form — the production of which commonly is
considered to be irreversible. With titanium additives this manganese-based electrolyte appears
to be stabilised and the production of MnO; (or, at least one of its polymorphs) is reversible.

This chemical system is not fully understood and the following questions seeks to address this.

e Is there a way of developing an enhanced understanding of manganese speciation

occurring within a manganese electrolyte during cell cycling?

The following section outlines how the chapters presented in this work are structured to answer

these questions.

1.6 Thesis structure

This work focusses on several aspects common to all RFBs. Each chapter is self-contained and
is structured in such a way that a short, directly relevant, introduction is provided in order to
focus the reader on the subject matter and the chapters’ objectives. Following this, a local
methodology is provided outlining specific methods contained within the ensuing chapter. The
results are then presented alongside the discussion with the aim to have comprehensively
answered the research objectives set out in the respective introduction. With the exception of
Chapter 5 which aims to tie together the preceding two, the chapters are not directly related to
one another, they should be thought of as adjacent pieces of a puzzle relating to the

development of improved hybrid flow batteries.

Chapter 2 outlines the foundational theory behind the characterisation and analytical processes
used to gather the results presented in the following chapters. The chapter begins with physical
characterisation processes that reveal structural information about, mostly, the electrocatalyst
developed in this work. The electrochemical characterisation methods that uncover information

about the electrochemical processes are ubiquitous and are used throughout this work.
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Chapter 3 aims to reveal definitive electrolyte- and microstructure-performance relationships
so that electrodes can be used to their full potential. This chapter presents the characterisation
of four carbon electrodes using multiple types of analysis. Sophisticated imaging analysis is
used to characterise the electrodes and each one is tested in zero-gap symmetric RFB using an

organic electrolyte with different supporting solvents.

Chapter 4 presents the synthetic development of a multifunctional electrocatalyst using ZIF-67
as a starting material. Physical and electrochemical characterisation techniques are used to
understand the structure of the catalyst. Three-electrode cells are used to test the catalyst in
different pH environments for fundamental oxygen and hydrogen reactions. Its intriguing

activity and stability aims to provide a new material for the ‘air-breathing’ catalyst armoury.

Chapter 5 attempts to tie the previous two together by taking the outputs from each and
implementing in various devices. Proof of concept tests are carried out using the
multifunctional electrocatalyst developed in Chapter 4 in both an AEMFC (alkaline
environment) and a PEMFC (acid environment). This chapter goes on to tie Chapters 3 and 4
together by, again, utilising the electrocatalyst and some of the electrodes tested in Chapter 3

in a Mn/H» hRFB.

Chapter 6 contains a targeted review of manganese and titanium chemistry followed by an
investigation into the solution-phase processes occurring during the charging and discharging
in a Mn/H> hRFB cell. Two in-operando spectroscopic techniques (UV-visible and electron
paramagnetic resonance) are used in order to gain a better handle on the elusive manganese

species produced during cell cycling.

Chapter 7 summarises the broad-stroke and chapter-specific conclusions set out in this thesis.
Additionally, further to the chapter-specific future work suggestions, starting points for

potential future projects are proposed.
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Chapter 2

Experimental methods and characterisation

This chapter provides some background and a general description of the techniques used in
this thesis. Specific information, such as sample preparation and experimental detail, are
outlined in local methodologies in each respective chapter.

’

“If I have seen further, it is by standing on the shoulders of giants.” — Isaac Newton

2.1 Physical methods

2.1.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is an imaging technique commonly used to identify
micro- (and in some cases, nano-) level surface topological features on organic and inorganic
materials. A focussed beam of electrons is directed through a series of adjustable lenses,
apertures and coils to create a magnified image of a sample (Figure 2.1).!* Images /
micrographs are produced from the conversion of secondary electrons striking the secondary

electron detector.

Electron
gun
Amplifier
Condenser @ @
lenses
Objective smmm mem,

aperture
Deflection coils “
Final lens f@ ,
c e
=

Secondary ——
electron Image builds up scan by
detector scan of the beam and line

by line on the screen

Figure 2.1: Schematic illustration of a scanning electron microscope.'
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Samples are placed onto the ‘stub’ atop some adhesive carbon tape and, depending on its
conductivity, a thin layer of conductive material (e.g. 10 nm chromium) is sputtered to cover
the sample. Samples need to be conductive to ensure image quality. Electrons continuously
striking the surface of a non-conductive material promotes ‘charging’ and presents as stripes
on the resulting micrograph. Samples are then placed in the sample holder transferred into the
vacuum chamber. Once the pressure is sufficiently low the electron gun can be turned on and
image collection can begin. Brightness, contrast and positional adjustments can be made

remotely once the sample has been loaded into scanning electron microscope chamber.

In this work, SEM images were collected using either a Hitachi High-Tech Tabletop TM3030
or a Zeiss Gemini 1525 Field Emission Scanning Electron Microscope situated at the Harvey

Flowers Electron Microscopy Suite, Materials department, Imperial College London.

2.1.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is another imaging technique used to characterise
materials. Compared to a SEM, the main advantage is that higher levels of magnification can
be reached. Again, an electron beam is focussed and, in this case, transmitted through a sample.
Like a torch directed at an object, a shadow is cast where the light cannot get through —in a
TEM, the resulting image is bright where electron beam passes easily through the locations on
the sample holder where there is no sample, and the regions where electrons do not pass so
easily cast a dark shadow. The range of greys that present over thin particles or at the edge of
sample particles reveal interesting structural and crystallographic information about the
sample. Figure 2.2 (a) shows schematic representations of the cascade of lenses in the tower
and Figure 2.2 (b) shows the types of resulting electrodes that may be produced on interaction

with the sample.
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Figure 2.2: Schematic illustration of a transmission electron microscope.'

Sample preparation is important in TEM for proper image collection. Small particles or thin
films (< 100 nm thick, ideally) of sample return the most insightful images as electrons can
most easily pass through them and interact with its atoms. Samples are prepared using thin
TEM microgrids (‘Holey Carbon Film’, 17-20 nm thick, TAAB) Figure 2.2 (¢)), generally, in
one of two ways. Either a very dilute sample suspension is prepared and the TEM microgrid is
dipped into it, or this sample matrix is dropped onto the TEM grid. It should be noted that
microgrids are usually made using either carbon, copper or gold substrates — this should be
considered before preparing the sample, especially when in scanning TEM (STEM) mode (see
next Section on energy dispersive X-ray spectroscopy). There are some additional advanced
modes in which TEM can be used such as ‘high-resolution TEM’ (HRTEM) which uses
multiple beams often for phase-contrast imaging and ‘high-angle-annular dark-field” STEM
(HAADF-STEM) which collects electrons scattered through very high angles (i.e. elements

with high atomic masses).
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In this work, TEM micrographs were gathered with the help of Dr. Mahmoud Ardakani using
a JEOL 2100Plus Electron Microscope situated in the Harvey Flowers Electron Microscopy

Suite, Materials department, Imperial College London.

2.1.3 Energy dispersive X-ray spectroscopy (EDX)

Energy dispersive X-ray spectroscopy (EDX) is a form of X-ray microanalytical technique that
is used in tandem with a SEM and scanning TEM (STEM) (a specific mode used for TEM
elemental analysis). There are crucial differences about how they are used alongside these
techniques due to the geometry and layout of the microscopes and the electron beam
accelerating voltages. For instance, samples need to be angled in-situ (c.a. 15°) to allow for the

use of a different detector.

Together with inducing secondary electron generation (SEM) or transmitting through the
sample (TEM), the beam of electrons penetrates the sample and interact with its atoms — this
interaction generates two types of X-ray: Continuum / background X-rays and characteristic
X-rays. Characteristic X-rays are generated by electrons from higher orbital filling an inner
orbital vacancies (vacancies are generated by ionisation from electron-beam electrons) and give

characteristic elemental information.

Typically, there are three types of output possibilities based on these X-rays — two qualitative
and one quantitative.! Firstly, ‘Spectrum’ where an area is chosen and intensity of X-rays are
plotted against their energy — from a spectrum, the user can observe which elements are present
in the area selected. Secondly, ‘Map’ where a micrograph (image) is overlayed with colour
representations of elements, the intensity of which is qualitatively reflective of concentration.
Thirdly, ‘Quantitative’ where, based on the number and energy of the X-rays that hit the
detector, the sample. Definitive quantitative outputs must treated with caution as sample

preparation will affect the readings intensely.
The same instruments as for the SEM and TEM measurements were used for collecting SEM-

EDX or STEM. Sample preparation is also identical, however, it should be noted that the
conductive material used to coat an SEM sample will have high intensity during SEM-EDX.
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2.1.4 X-ray diffraction (XRD)

X-ray diffraction is a non-destructive characterisation technique that uses X-rays to determine
and quantify the crystallographic nature of material. This technique is sensitive to both the type
and relative positioning of atoms and so can be used for many things including measuring the

extent of crystalline content and the spacing between lattice planes.

X-ray source Detector

"
“M2
@ @ @

Figure 2.3: Simplified graphical representation of X-ray constructive and destructive interference alongside parameters
required for Bragg's Law calculations. The present example illustrated here displays destructive interference.

When the X-rays strike the material in question, the surface atoms’ electron cloud are scattered.
Figure 2.3 shows how the X-rays that are scattered off consecutive lattice planes interfere with
one another constructively or destructively. This X-ray interaction is characterised by the
distances between the crystal structures’ lattice (which are specific to the material) and the
angle with which the X-rays are directed at the material. Bragg’s Law is derived by simple
geometry and allows the user to calculate the spacing between planes in the atomic lattice —
Equation (2.1), where 7 is an integer, 4 is the wavelength of the X-rays (m), d is the distance

between crystal planes (m) and 6 is the angle of the incident X-rays.

nAd = 2dsinf (2.1)

One important aspect of XRD sample preparation is that a sufficient amount of sample must
be used (enough to cover the circular sample area — usually 1 — 2 cm in diameter). Since only
crystal planes parallel to the diffracting plane will be detected, a large number of sample (and
therefore crystal) sites in all orientations need to be present during the measurement. XRD can
be performed on a number of different types of sample including solid crystalline surfaces. In
this work, powder XRD was used and the sample was ground in a pestle and mortar before
loading onto the sample holder after which the sample was flattened by a glass slide (to ensure

proper XRD measurement). In order to collect the XRD spectra, a Bruker D2 desktop
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instrument (Materials department, Imperial College London) was operated at 30 kV, 10 mA

and used a Cu Ka radiation source (anode).

2.1.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a non-destructive surface sensitive spectroscopic
technique used to investigate the chemical composition of a material surface. The sample is
irradiated with X-rays of known energy, /#v, and measuring the number and kinetic energy of
the ejected photoelectrons yields a spectrum that gives the user information about the species
on the surface of the material. Electronic structures of materials can clearly be seen from XPS
spectra however, on closer inspection of peaks, additional bonding character / information can

be extracted.

One of the main limitations of this system is the depth the X-rays can penetrate. While this
should not be a problem for solid, ordered and continuous samples, for porous materials (such
as the functionalised carbon powders discussed in this work), this must be kept in mind when
evaluating spectra signals — there could be embedded species that have not been reached by the
X-rays but that might be available to active species during catalyst utilisation. Additionally,
there may be segregation at the surface inferring that, during the XPS measurement, the bulk
and the surface composition are not the same,* though this is not commonly observed in for
carbon based species. In this work, the presumed escape depth of the elastically scattered

electrons is 0.5 — 2.0 nm.*

XPS measurements were carried out with the help of Dr. Gwilherm Kerherve using a K-Alpha
X-ray Photoelectron Spectrometer System (ThermoFisher Scientific), Materials department,

Imperial College London.

2.1.6 X-ray absorption spectroscopy (XAS)

Where the function of XRD is to reveal the crystal structures of / within materials, X-ray
absorption spectroscopy (XAS) sheds light on the electronic state and coordination
environment of a particular atom / element. XAS is an element-selective technique meaning
that every element can be individually examined without interference from other species. High
energy X-rays are directed at sample materials and they are absorbed by certain atoms in the
sample. Core electrons are excited by this absorption. A limited amount of this electromagnetic

radiation is transmitted through the sample according to the following equation, where /; is the
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intensity of the transmitted X-rays, /o is the energy of the incident X-rays and ¢ and x are the

absorption coefficient (m™') and sample thickness (m), respectively, Equation (2.2).

I, = Iye 2.2)

Once excited, the core electrons either move to higher unoccupied orbitals, or are ionised (i.e.
move to an unbound region) (Figure 2.4 (a)) resulting in a range of potential measurements.
Atoms may fluoresce following electrons from higher occupied orbitals filling the ‘hole’ left
by the excited core electron — this florescence can be measured. X-ray absorption spectra are
quantified, usually, by comparing the intensity of the incident beam with that of the transmitted

however, in some applications / modes, the incident radiation energy is compared to the

fluorescence.

As the incident X-ray energy increases, the absorption decreases until the binding energy of a
core electron is reached. Once the core electron is excited, there is a sharp increase in
absorption. This is known as the absorption ‘edge’, and it characterises the first of the two main

XAS regions: X-ray absorption near-edge structure (XANES) (Figure 2.4 (b)).
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== occupied molecular = |1
B orbitals 2 ' |
E 1 |
= ]!
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z |
J / XANES
\/
—'H,—— core orbitals (e.g. 1s) 11200 11400 11600 11800 12000
Energy / eV
(C) Propagating oscillations from central atom

> Scattered oscillations from neighbouring atoms

Constructive Destructive
interference interference
Figure 2.4: Diagram illustrating basic XAS theory. (a) Simplified orbitals with excitations to (bound) unfilled orbitals or
(unbound) ionisation (XANES);> and, (b) Normalised X-ray absorption spectrum indicating the X-ray absorption near edge
structure and the extended X-ray absorption fine structure on a iridium nanoparticle-containing electrocatalyst sample; and,
(c) a simplified oscillation interaction during EXAFS signal production.®
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The resulting energy of the excited photoelectron following excitation is shown by Equation

(2.3):

Ex = hv — Eyinding 2.3)

Where Ex is the energy of the excited (K-shell) core electron (kg m? s2), h is Planck’s constant
(m? kg s 1), v is the photoelectron frequency (s ') and Ebinding is the binding energy of the atom.
The labelling of the absorption edge depends on the origin of the photoelectron. Electrons
excited from a 1s orbital (n = 1) correspond to a K-edges, 2s / 2p12 / 2p3,2 orbitals (n = 2)
correspond to Li, Ly and L edges. As stated before, following the first ‘edge’ (ionisation)
signal on an XAS spectrum, the absorption decreases — the absorption decrease is accompanied
by oscillations in the signal — these oscillations make up the second of the two main XAS
regions: extended X-ray absorption edge fine structure (EXAFS). The oscillations in the
EXAFS region are characterised by the absorption coefficient (1) and the nature by which
neighbouring atoms scatter and interact (constructively or destructively) with waves

propagating out from the original atom centre (Figure 2.4 (b)).

Samples are prepared by thoroughly grinding the solid into a fine powder and producing a thin,
smooth, window-like film (roughly 15 %X 20 mm) — only a few milligrams are required for this.
The nature of the sample enables the experiment to be carried out in either transmission mode
(where the X-ray beam penetrates the full sample) or fluorescence mode (for thicker samples
where there 1s weak transmission). In this work, XAS samples were prepared and experiments
were carried out in transmission mode by Mr Basit Ali and collated by Dr. Ghulam Ali.
Measurements at the Ir Li—edge (11215 eV) were carried out on the 1D KIST-PAL and BL7D
beamlines at the Pohang Light Source II (PLS II) in South Korea.

2.1.6.1 XAS data processing

Data processing in this work was carried out with the extremely helpful workshop series by
Bruce Ravel in 2011.7® The spectra recorded were processed using the program ‘Athena’ in
the ‘Demeter’ software package (version 0.9.26).% In this work, spectra were normalised for
pre- and post- edge, corrected and subsequently plotted in the ‘R-space’ for EXAFS. Linear
combinations of ‘standard samples’ are also explored. These steps are outlined in the following

paragraphs.
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Measurements of a reference iridium foil were taken and a correction was made according

literature values (Hephaestus) of the Ir Ly edge — 11215 eV (dashed line, Figure 2.5).

Normalised intensity / a.u.

| Tridium L,;; edge

11200 11220 11240 11260 11280
Energy / eV
Figure 2.5: Normalised XAS spectrum showing correction for the rest of the dataset.

Once all the data are corrected, the backgrounds can be removed via pre- and post-edge
normalisation. The background is due to the interaction between photons and matter, as energy
is increased the probability of absorption of photons decreased. The background is corrected
by extrapolating a line in the pre-edge region and the post-edge region as shown in Figure 2.6
(a) with the normalised spectrum shown in Figure 2.6 (b). For the iridium Ly edge in this work,
the pre-edge fitting is linear and modelled to the data between 195 — 50 eV before the Ir edge
(Eo) and the post edge is a quadratic function fitted to pass through the middle of the EXAFS
oscillations using data from 150 eV after Eo to 5 eV from the end of the spectrum. The
background is generated using a combination of the pre-edge, the post-edge and a polynomial

spline function.

EXAFS data are represented in ‘k space’, referring to the conversion of energy scale to
wavelength (A") by Equation (2.4). Depending on the element, (k) is plotted as a function of
k, k? or k®. Light elements are plotted in lower ‘k space’ since this is where their impact is
appreciated, while heavy elements are more impactful at higher ‘k’. In this work, k weightings

of 2 were used as this is an appropriate value for the size of iridium.

Kk = /Z’QSE (2.4)
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Where m. is the mass of an electron, h = h/2n and h is Planck’s constant. EXAFS data is

ordinarily represented in ‘R space’ and this process is, again, performed in Artemis software.

A Fourier transform is performed on the EXAFS region to convert ‘k space’ into ‘R space’.
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2.1.7 X-ray computed tomography (XCT)
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Figure 2.6: XAS background removal and normalisation of a iridium foil sample measured in transmission mode. (a) Pre-
processed spectrum showing the pre- and post-edge fittings alongside the background fitting; and, (b) the resulting
normalised XAS spectrum. EXAFS region processing using iridium containing sample (Ir_NC 900 _900, vide infra) (c) ‘k
space’ plots converting the EXAF'S region to wavelength energy scale using a k weighting of 2, and, (d) conversion of ‘k
space’ into ‘R space’ using a Fourier transform. All processing was carried out in Athena.

X-ray computed tomography (XCT) is a non-destructive imaging technique that uses the

attenuation (loss of flux density) of X-rays through a sample to determine positional densities

within that sample. There are three essential components (as shown in Figure 2.7): the X-ray

source, the sample / sample holder and the detector. The X-ray source (spot size, tube voltage

and filament current) is carefully and adjusted according to the sample material. This is because

very dense materials will attenuate the X-rays too much and will fail to reveal insightful 3D

information. A sample is very slowly rotated while X-ray projections are gathered (c.a. 500 —

3000 projections). Following volume reconstruction, voxels (3D pixels) of 1.5° um® were
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produced. Volume reconstruction of tomographic data is performed using datos|x,” which uses
an optimised version of the Feldkamp-Davis-Kress (FDK) cone-beam algorithm.!® This
reconstruction results in a series of 2D greyscale slices that can be segmented and further

processed (discussed in further detail in Chapter 3).

Detector Sample holder

X-ray
source

X-ray EmPtY/E ¢/ Sample rotor
cone beam sample §
window

Figure 2.7: Image illustrating XCT setup.

XCT measurements were carried out using a laboratory XCT system (GE Phoenix Nanotom S,
Figure 2.7) fitted with a molybdenum target based in the Earth Science and Engineering

department, Imperial College London.

2.1.8 Ultraviolet-visible spectroscopy (UV-vis)

Ultraviolet-visible spectroscopy (UV-vis) is an analytical technique that uses light across the
UV and visible regions (c.a. 200 — 900 nm). This light is directed at the sample in question and
the species in the sample absorb the light at specific wavelengths. A detector is used to measure
the level of absorbance of the light at particular wavelengths that have been able to be

transmitted through the sample.

The level of absorbance at a given wavelength is proportional to the concentration of the
absorbing species in question and is described by the Beer-Lambert law, shown below, where
A is the absorbance (dimensionless), a is the absorption coefficient (m? mol™!) (or molar

attenuation coefficient), ¢ is concentration (mol dm™) and / is the length (m).

A= acl (2.5)
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Usually, samples are simply placed into standalone (quartz or plastic disposable) cuvettes and
then positioned in the line between the source / monochromator-detector path. In this work, an
unconventional operando setup was developed using a thin cell (48/Q/0.1 and a CH/2049
holder, Starna) that permits a continuous flow of absorbing species. This operando setup is
described in detail in the relevant chapter (vide infra). A lab-scale Evolution™ 220 UV-visible
Spectrophotometer (ThermoFisher Scientific) was used for the UV-vis experiments carried out

in this work.

2.1.9 Electron paramagnetic resonance (EPR)

Electron paramagnetic resonance (EPR) provides information about unpaired electrons in a
molecule or material. With a spin quantum number (or state) of S = 2 and a resulting magnetic
moment (u), the electron interacts with a magnetic field, Bo, created by a magnet in the
laboratory — this is called the Zeeman effect. The projection of the electron spin can interact
with the magnetic field in a parallel (ms = +)%) or anti-parallel state (ms = -2) (Figure 2.8 (a))

the energy difference, AE, between these two states is calculated by the following equation.'!

AE = gugB, 2.0

Where g is the g-factor (2.0023 for a free electron), up is the Bohr magneton (natural unit of

the electron’s magnetic moment) and By is the strength of the magnetic field (in Tesla, T).
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Figure 2.8: (a) Magnetic field dependant Zeeman splitting of energy levels for single unpaired electron represented in
absorption (solid) or first derivative (dotted) mode; and, (b) LHS: classic dipolar interaction between electron and nuclear
magnetic moments, and RHS: high-field approximation (i.e. Zeeman splitting much larger than degeneracy) for observed
transitions in an Mn®* species (assumes positive hyperfine constant and hyperfine term is larger than Zeeman splitting).'"'?

The interaction between the local magnetic moment created by the electron and the nuclei gives
rise to hyperfine splitting and provides a wealth of information about the identity and number
of atoms that make up a molecule or complex.!! The nucleus creates a magnetic field at the

electron, By, and this field either opposes or augments the laboratory magnetic field. This means
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that, for an electron interacting with a hydrogen atom (spin nucleus, I = '2), two signals that
are each Br away from the original signal will be observable. If there are other nuclei nearby,
these nuclear spins also contribute to this hyperfine splitting, resulting in the general rule that
the number of hyperfine lines is equal to 2nl + 1 where n is the number of symmetry equivalent
nuclei and I is the nuclear spin. Nuclei with high nuclear spins, such as transition metal centres,

therefore reveal hyperfine interactions.

Most transition metal ions have S > 2 — these are called high-spin systems (not to be confused
with high- / low-spin systems in coordination chemistry). In addition to the Zeeman splitting,
zero field splitting — degeneracy — must be considered.!® The nuclear spin in TM nuclei is
greater than 2 (e.g. [ =1, 3/2, or 5/2). In commonly used microwave frequencies, the energy
of the hyperfine interaction is much smaller than the energy of the electron Zeeman interaction
— this is known as the high field approximation.'> The EPR transitions are therefore
characterised by similar energy gaps and the probabilities are similar, leading to equal intensity
hyperfine lines (Figure 2.8 (b)). Integer spin species, such as Ni*" (d®, S = 4), are difficult to
detect and require dual mode resonators where magnetic fields can be orientated in orthogonal

directions.

EPR is generally carried out two modes: (1) Continuous wave (CW) or (2) Pulse. CW EPR is
usually the entry point in any EPR study.!* The experiments carried out in this work were
performed using CW EPR measurements whereby a sample (in a synthetically synthesised
quartz tube) is continuously irradiated with low-intensity, monochromatic, standing,
microwave radiation inside the microwave cavity while a varied strength magnetic field is
scanned. Additionally, the samples were all in solution phase — as with other techniques
ensuring that magnetic interactions are averaged and that only isotropic components are
measured.'* A comprehensive, and extremely helpful, tutorial review on the principles and

applications of EPR spectroscopy can be found at the following reference.!*

As described, usually a sample is fixed in the microwave cavity in the resonator however in
this work, an unconventional operando setup was developed using a capillary tube that permits
a continuous flow of paramagnetic sample species (described in further detail in Chapter 6). A
Bruker EMX equipped with an ER4122SHQE resonator was used and operated by Dr. Alberto
Collauto in the Chemistry department at Imperial College London. Raw data post-processing

was also carried out by Dr. Collauto.
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2.1.10 Inductively coupled plasma mass spectrometry (ICP-MS)

Inductively coupled mass spectrometry (ICP-MS) is an elemental analysis technique used to
quantify the concentration of solution phase metal ions — this sensitive technique is able to
measure not only low concentrations on the parts per million (ppm) scale, but also ultra-low
concentrations on the parts per billion (ppb) scale. Samples are transferred to the (nebuliser
within the) ICP-MS device where it is mixed with argon to make an aerosol. From there, the
sample containing aerosol comes into contact with the high temperature inductively coupled
plasma where it is dried, atomised and ionised. Essentially, the solvent and unwanted ions are
then filtered using a sophisticated combination of helium gas, an octupole and a hyperbolic

quadrupole where they are separated by their mass to charge ratio resulting in a mass spectrum.

Results are collected in two steps: first, a calibration curve is produced by carrying out careful
volumetric measurements and creating a variety of ‘standards’ (200 ppb to using commercially
purchased ICP standards (c.a. 1 ppm in concentration). Second, samples are prepared. Proper
sample preparation is essential as, especially when ultra-low concentrations are being
measured, drastically misleading results can be produced. For instance, when measuring the
concentration of iridium-based samples, oxidised Ir*" — IrO, — is often present (as a side-
product) which is very insoluble. Samples measured in this work were powder based and
prepared by leaching all the metal content using aqua regia. Aqua regia provides a harshly
acidic and oxidising environment to dissolve all the metal. This is followed by filtration (to
remove any solids) and dilution steps typically ending with c.a. 7 — 10 mL of a dilute single or

multi-metal matrix.

As an analytical tool, ICP-MS has many advantages compared to related techniques (such as
ICP-OES or AAS), including its ability to measure isotope compositions of elements however
in this work it was only used to measure concentrations of metals in powder materials. ICP-
MS measurements were carried out using an Agilent ICP-MS 7900 spectrometer based in the

Chemical Engineering department at Imperial College London.

2.1.11 Nitrogen physisorption — Brunauer—Emmett—Teller (BET)

Nitrogen physisorption using the Brunauer—Emmett—Teller (BET) model is a non-destructive
method carried out by measuring the amount of nitrogen absorbed onto the material surface as
a function of the imposed pressure, under isothermal conditions. Nitrogen physisorption is used

to determine the specific surface area (SSA) and porosity of the catalyst materials. This is often
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in order to calculate the surface specific activity of a catalyst. This analyser can measure a wide
range of specific surface areas (e.g. 0.01 to greater than 1000 m? g!) higher surface areas can
be measured by controlling the amount of sample material. The porous carbon materials

measured in this work had surface areas of below 1000 m? g!.15:16

Figure 2.9: Photograph of a TriStar Il Plus nitrogen physisorption analyser, Micromimeritics.

Samples can come in different forms, catalyst powders are were the only sample types tested
in this work. Catalysts were transferred to BET tubes and dried under a stream of nitrogen at
130 °C overnight before nitrogen physisorption analysis. BET analysis was carried out using a

TriStar II Plus Analyser (Micromeritics) (Figure 2.9).

2.1.12 Thermal treatments and activation methods

Carbon-based materials were activated by either thermal or plasma treatment using a furnace
or plasma chamber, respectively (Figure 2.10). Thermal treatments are typically carried out
under controlled atmospheres — for inert conditions nitrogen and argon are typically used, and
for activating conditions, oxygen, ammonia (NH3) or 5% H> in N2 are commonly used.
Thermal treatments are either used in synthesis steps or in order to activate carbon-based
electrodes. Both box and tube furnaces are commonly used and high temperatures of up to
1300 °C are possible (depending on the furnace type) with varied ramp rates (1 — 10 °C min™).
Samples subjected to thermal treatments are typically placed in an alumina holder (e.g. boat)
inside a quartz tube. Plasma chambers are typically used to ‘clean’ non-conductive impurities
from the surface of carbon electrodes and, depending on the programme used, functionalise the
surface increasing the concentration of surface active sites. Samples subjected to plasma

treatment are placed directly adjacent to the plasma-producing source, atop a glass slide.
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In this work, thermal treatments were largely used during synthesis steps and were carried out
using a Carbolite tube furnace (MTF 12/38/400). Plasma treatments were carried out on carbon
electrodes (immediately prior to assembling a RFB cell) using a plasma chamber (NANO

plasma polymerisation system, Diener Electronic GmbH).

2.2 Electrochemical methods

All electrochemical techniques were carried out on either, an AUTOLAB Potentiostat
controlled using ‘Nova’ software, Potentiostats from Gamry Instruments (600 or 3000) or a
Scribner Associates 857 Redox Flow Cell Test System. A good summary of methods by which

to test and diagnose electrochemical devices is provided by Gandomi et al.!”

2.2.1 Theory — kinetics and electrokinetics

For an elementary chemical reaction to occur, an activation barrier needs to be overcome.

A =B 2.7)



Where A and B are the reactants and products, respectively. The rates, kr and kv are the rates
for the forward and backward reactions. These rates are correlated with that activation barrier

and can be described by the Arrhenius equation:

k = Aexp~AG*/RT 2.8)

Where A4 is a pre-exponential factor that accounts for the statistical probability of collisions
leading to reactions, AG* is the Gibbs free energy of activation needed to reach the transition
state (kg m? s> mol '), R is the ideal gas constant (kg m? s > K"! mol™), T is the temperature

(K). When kr and £y are equal, the reaction is said to be in equilibrium and & = ko.
Similarly, an electrochemical reaction can be defined generally as:

ke
O+ne- =& R (2.9)
ky,

Were O and R are the oxidised and reduced species and # is the number of electrons needed
for the reduction. At equilibrium, the reaction will have a reversible potential, £ (V), according

to the Nernst equation:

RT c

E:E°+—ln( OX) (2.10)
nkF Cred

Where E° and F represent the standard reduction potential (V) and Faraday’s constant

(A s mol™), respectively. cox and cred are the concentrations of the oxidised and reduced species

(mol m™) (both assumed to have an activity of one).

The rates, k, of the electrochemical processes occurring in this work are of significant interest.
Considering the heterogeneous electron transfers — i.e. electron transfers between a solid state
electrode and another chemical species — many other processes such as solvent rearrangement
and diffusion away from the electrode must occur. While the Gibbs energy (A:G) between the
reduced and oxidised species (Equation (2.9)) is related to the electrochemical potential

AG = -nFE , there is an initial increase in energy, AG¥, to reach a transition state. The reaction
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rate constant can be defined by the Eyring-Polanyi equation (Equation (2.11)) (the derivation
of which can be found in the following references) where kg is the Boltzmann constant, x refers
to the transmission coefficient (i.e. the rate at which the transition state converts to the reduced

species), 4 is Planck’s constant (and B has units of s7!):!'®

k = BeeCA6Y/4) where, B, = (*¥8T/, ) .11

Since this electrode reaction is microscopically reversible in the forward (kr = k. where ‘c’
indicates ‘cathodic’) and backward (k, = ka where ‘a’ indicates ‘anodic’) direction with
activation barriers of, AredG* and AoxG¥, respectively the following anodic and cathodic

reaction rates are true.

k. = B.e(~AreaG*/RT) (2.12)

k, = B,e(~20xG*/RT) (2.13)

When a system is perturbed from its reversible potential (£"”) by a potential, the deviation in
system potential (£) can be described as the overpotential (7 = £ — E™"). This change in
overpotential affects the activation energies (AredG* and AoxG*¥) which are increased and
decreased in magnitude with respect to the overall energy of activation A*G® by a fraction (a)

of the change in driving force for the reaction (Equations (2.14) and (2.15)):

AreqG* = A*GS + anFn (2.14)
Ao, G* = A*G — (1 — a)nFn (2.15)

The transfer coefficient, sometimes referred to as the symmetry factor (for single elementary
step reaction), relates either to the symmetry of the shape of the potential wells that describe
the oxidised and reduced form or to how far a species has to cross the double layer to reach the

transition state energy.'® Combining Equations (2.12) — (2.15) reveals:

A*GS + anFn
k. = B.exp T (2.16)
A*G; — (1 — a)nF
k, = B,exp l— 2 (RT ) nl (2.17)
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These standard cathodic and anodic rate constants are now shown to be exponentially
dependant on the change in electrode potential and therefore the net observed current density
(j) is also dependant on the applied overpotential.'®* Combining the current densities in each
direction (to and from the electrode) and replacing k. and k. yields the Butler-Volmer

formulation (Equation (2.19)).'®

J =Jja—Jjc = nFky[R] — nFk.[O] (2.18)

j = nF[R]B,e(-20xG*/RT) _ nF[0]B e(~AreaG*/RT) (2.19)
1—a)nF anF

j=Jo <exp I( ) nl [ : ) (2.20)

Various steps substituting Equations (2.16) and (2.17) and a taking the overpotential to equal
zero in a limiting case reveals the Butler-Volmer equation (Equation (2.20)). Plotting of the
natural logarithm of the absolute magnitude of the current density |j| (on the y-axis), against the

overpotential, 7, (on the x-axis) is called a Tafel plot.

n =a+ bln(jy) (2.21)

The Tafel approximation is assumed in the case where |5| >> R7/F (26 mV at 298 K). In this
region, the natural log of the current density has a linear relationship with the overpotential
(Equation (2.21)). The gradients, b, of the linear regions either side of £ (the cathodic or
anodic processes) relate to the symmetry of the process or, in other words, the degree to which
the transition state is similar to the reactant or product. The intersection of extrapolations from
these linear regions with the y axis (where # = 0) are the exchange current densities for that

process.

In an full electrochemical device the overpotential, #, is made up of three components that
contribute to different degrees, as a function of the applied current. These are outlined below —

Equation (2.22):

1 = Nohmic T Mkinetic T Mmass—transport (2.22)

The overpotential is the sum of all the contributions from the sources of resistance losses
(Equation (2.22)). The resistive ohmic contribution to the overpotential, sometimes referred to

as the iR drop, is (usually) attributed in large part to the membrane, but bulk electrolyte and
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electrode resistances also contribute. Minimising #ohmic can be achieved by improving design
or material aspects of the cell. The mass-transport resistance is the resistance associated with
the active species concentration difference between the bulk and the surface as a result of the
transport phenomena in the system. These phenomena include both diffusive and convective
types of transport. Convective transport includes transport of active species through the
electrode as whole — i.e. pore to pore (inter-pore). Diffusive transport includes transport of
active species from the bulk electrolyte to the surface of the electrode / active site — i.e. from
bulk electrolyte within pore to pore surface (intra-pore). Mass transport resistance is defined as

follows where jiim is the limiting current density:

RT i
] (Jhm ]> (2.23)

Nmass—transport — oy Jrim
Finally, the kinetic resistance (sometimes referred to charge-transfer, CT, or activation loss)
represents the energy required to overcome the activation barrier for electron transfer in an
electrochemical reaction. This overpotential, again is a function of the current and is described
by the Butler — Volmer equation that was discussed previously (Equation (2.20)). Where j is
the current density, jo is the exchange current density (A m?), ncr is the charge transfer

overpotential and ac and a. are the transfer coefficients for the anodic and cathodic processes.

Thermodynamic potential

----------------- Nernst potential

kinetic losses dominate

ohmic losses dominate

Potential, E/V

MT losses dominate

Current density, j / A m~

Figure 2.11: Generalised polarisation curve overlayed with sources of overpotential.\7

Each of the resistive overpotentials mentioned here contribute to the system potential at various
current densities. Figure 2.11 shows a generalised galvanostatic (fixed current) polarisation

curve. Each part of the curve represents a current density at which that overpotential dominates.
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2.2.2 Voltammetry — cyclic / linear sweep (CV / LSV)

Cyclic voltammetry (CV) is used to evaluate the current (A) response to a linear voltage sweep
(V) at a certain scan rate, v (V/s) (Figure 2.12). In a three electrode cell, the current is recorded
at the working electrode with respect to a reference, and in a full system the current is measured
with respect to the other electrode. In a three electrode cell, a counter electrode is also used to

provide an equal and opposite current to the working electrode, maintaining system balance.
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Figure 2.12: (a) Cyclic potential sweep and (b) resulting cycling votammogram.

Cyclic voltammetry is a popular, typically ex-situ electrochemical technique used for initial
studies of new systems and redox couples. Researchers use CVs to establish the potential limits
for the experiments they want to carry out. The shape of the forward scan of the CV can be
explained as follows: as the potential increases, the surface concentration of the oxidised
species is depleted, inducing an increased flux of oxidant to the surface of the electrode, this
increased flux increases the current. As the potential continues to increase the amount of
oxidant will deplete resulting in the reduction of current at the working electrode.! This is then
mirrored for the backward scan. Linear sweep voltammetry (LSV) is the same as halfa CV —

i.e. just one of the red / blue (forward / backward) lines in Figure 2.12 (b) is carried out.

In this work, voltammetry experiments were carried out solely in three electrode cells. CVs
were carried out during cleaning steps and LSVs were (largely) carried out when assessing
ORR capability. Hydrodynamic conditions as outlined in the RDE / RRDE section (Section
2.2.5) were used. This method of operation induces augmented mass transport conditions and
allows kinetic information to be gathered. Methods to enhance the mass transport further have

been developed and have enabled researchers to assess catalyst capability more closely.?
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2.2.3 Electrochemical impedance spectroscopy (EIS)

Electrical resistance is well understood as the ability of a circuit element to resist a current
flow. This is defined by Ohm’s law, where the resistance is defined by the ratio of voltage to
current — however, this only applies to idealised resistors. In reality, circuit elements do not act
ideally. Electrochemical impedance spectroscopy (EIS) can be described as the complex

resistance encountered when current flows through any resistor, capacitor and inductor.

(@) (b)

Vv A 'ZIm
V£ ©
1/f t |
Cycle time |Z -Z
| : Tm
4 ® = o0 ¢ o=0
t N\ v Z
¢ () <o ZRe> ZRe

Figure 2.13: (a) Incident AC voltage and current response; and, (b) a simple Nyquist plot.?!

EIS is usually measured by subjecting an electrochemical circuit with a low-amplitude AC
voltage signal, VA, at frequency, f(s ') yielding a current response (Figure 2.13 (a)). Equation
(2.24) displays voltage signal as a function of time, V(t) and the subsequent time dependant
current response with a shifted phase (Equation (2.25)). This shift in phase, ¢, is determined by

the ratio of capacitive and resistive components.

V(t) = Vpsin(2rft) = V, sin(wt) (2.24)
I(t) = I sin(wt + ¢) (2.25)
%4
R = T (2.26)
V@) Wy sin(wt) sin(wt)

TI® " Thsin(@t+g) | Asin(at + @) =7

An expression analogous to Ohm’s law (Equation (2.26)) can then be derived for the impedance
(Equation (2.27)). Euler’s relationship can be used to express the impedance as a complex
function resulting in the impedance having complex (‘Imaginary’, ‘Im’”) and real (‘Re’) parts.
Figure 2.13 (b) shows a Nyquist plot which is a commonly used graph to depict impedance
data, where the magnitude of the impedance, |Z|, and its real, Zre, and imaginary, Zm, parts are
depicted — these relationships are given in the following Equations (2.28) and (2.29). The phase
angle, 6, which is sometimes used in other forms of impedance analysis is (such as Bode plots)

is also defined (Equation (2.30)).
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Z =Zge t i Ziy (2.28)

|Z| = ’Z}%e + Z2, (2.29)

YA
0= arctan( Im
Re

) (2.30)

Practically, real impedance responses are non-ideal and are collected at a variety of frequencies,
f (Hz) (and therefore radial frequencies, ®) ranging from 10 mHz to 100 kHz. From an
interpretation perspective, Figure 2.14 shows how, qualitatively, the resistive contributions
(also referred to in Section 2.2.1) can be evaluated: the x-intercept represents the ohmic
contribution to overpotential (sometimes referred to as high frequency resistance, HFR), nohmic,
the smaller purple semi-circle represents the charge transfer / kinetic overpotential, nct and the

larger green semi-circle is the overpotential contribution as a result of mass transport, .

T T T T T
B — CPE % .
Ro W,
Rep

O Experimental data
= —— ECM fit -
Low frequency
measurements =

= —Im(Z)/Qm?

L « High frequency measurements |

0 Re(Z) / © m?
Figure 2.14: Representative Nyquist plot with regions of interest qualitatively highlighted and an inserted equivalent circuit
model. This Nyquist plot was collected with a zero-gap symmetric RFB cell utilising a porous carbon cloth electrode with a
quasi-reversible active species (TEMPO'/TEMPO") dissolved in a MeCN-based electrolyte.

These Nyquist plots can be evaluated quantitatively using equivalent circuit models (ECMs)
and fitted (insert, Figure 2.14). However, impedance data analysed using equivalent circuit
elements induces ambiguity. When evaluating impedance data using ECMs, researchers should
ensure that knowledge of physical processes taking place in the system is always at the
forefront of model design so as to use the simplest possible ECM with the fewest equivalent
circuit elements. The ECM used in this work is discussed in the relevant chapter, but in-depth

comparison and evaluation of ECMs is beyond the scope of this work.

116



2.2.4 Assembly of electrochemical devices

2.2.4.1 Three electrode cell

Measurements, especially when measuring PGM-containing catalysts, must be carried out in
extremely clean environments. The use of glass electrochemical cells is favourable for acidic
and neutral systems (as during cell setup and operation the user can see what’s going on in the
cell). However, for alkaline systems, polytetrafluoroethylene (PTFE) (or some other non-silica
containing polymer) must be used to avoid contamination by from the corrosion / leaching of
silica into the alkaline electrolyte. Further, alkaline electrolytes should not come in contact with

any glass material during electrolyte preparation.

Having chosen the electrochemical cell material and therefore the electrolyte, the (WE) can be
prepared — in this case, three electrode cells were solely RDE measurements and therefore a
glassy carbon (GC) electrode was used. The GC electrode is polished using polishing paper
with incrementally smaller grains (5 um, 1 pm) ending with a polycrystalline alumina (Al2O3)
slurry (0.05 um). This is followed by extensive rinsing in DI water and sonication in a DI water
bath. The reference electrode (RE) is chosen according to the system in which the tests are
being carried out. The REs used in this work are the RHE, the standard calomel electrode (SCE)
and a mercury — mercury oxide electrode (Hg/HgO). In acidic media, the RHE is commonly
used and Hg/HgO is commonly used in alkaline media. The counter electrode is also subject
to change depending on the media in which the tests are carried out — in this work, Pt mesh was

used in acid electrolyte and a graphitic carbon electrode was used at all other pHs.

The PTFE electrochemical cell and the various accessories (PTFE Luggin and counter holder)
was machined and prepared in-house (by Lee Tooley, Imperial College London). Both the SCE
and the Hg/HgO REs were purchased from Pine Instruments.

2.2.4.2 Redox flow batteries

Both RFBs and hRFBs were tested in this work. RFBs were tested in a symmetric configuration
and the hRFBs tested in this work utilised hydrogen on the gas side. Liquid-side electrodes
required plasma activation before inserting into the cell. The gasket materials were either Viton
or Tygaflor® and the latter was cut in a laser cutter. Both AEMs (IONOMR) and PEMs (Nafion)
were used and, following cutting using a ceramic knife, were subjected to activation from dry
form. Preparation steps for the AEM were simply to remove backing layers, immerse in 6M

KOH overnight and exchange wash-electrolyte once before inserting in the cell (depending on

117



the system / catalysts used, there was also a DI water wash just before inserting in the cell).
Preparation of a Nafion membrane is as follows: (1) The backing layer to the membrane is then
pulled away and the membrane is carefully immersed in a 5 wt% solution of hydrogen peroxide
to clean the surface (2) The solution containing the membranes are then placed into an
appropriate ventilated oven at 80 degrees for one hour (3) following this, the peroxide is
disposed of in appropriate waste, membranes rinsed with DI water and immersed in DI water
and placed in the oven for a further hour (4) this process this then repeated with H>SO4 and (5)

DI again followed by storing the membranes DI water in a sealed jar ready of cell assembly.

Once all the preparatory steps are complete, the cell components are assembled one-by-one
using Teflon guiding pins to make sure pieces to not move on final tightening. The cell
framework was either provided by Scribner Associates or developed in house (by the Brushett
group, MIT). First, the POCO graphite plate is secured by the inlet / outlet tubes as it is placed
on top of the backing plate and gold-plated current collector. Gasket materials are fixed into
position using guiding pins inserted on the edge of the face of the flow plate. A freshly activated
/ treated electrode is then inserted into the central gasket gap ensuring unincumbered contact
with the POCO graphite end plate. The membrane is then placed on top covering the electrode
fully. Then, the same process again — gaskets fixed, electrode placed in the centre and the
second POCO plate ensuring there is no room for the electrode-membrane assembly to shift
around. Finally, the second backing plate (along with the tightening screws) are placed atop
the POCO plate ensuring secure flow of (liquid or gaseous) electrolyte, and screws
incrementally and evenly tightened using a torque wrench with a final force of 4.0 N m. This

process is clearly shown in a video on the Scribner website.*?

Other than the use of a different electrode on the gas side in a hybrid system (commercially
purchased GDL — 0.4 mgp; cm™, Fuel Cell Store, USA). The cell assembly is identical to
‘normal” RFB assembly. The only remaining difference is the handling of external (liquid or
gas) electrolyte. For liquid electrolytes, the liquid is continuously stirred using a magnetic
stirrer bar. Electrolyte is pumped through chemically (and mechanically) resistant tubing
(Versilon, formerly Tygon Chemical) from the external ‘tank’ (jar) through the system using a
peristaltic pump (Masterflex L/S). A standard pumping rate of 50 mL min! was used. For gas
electrolytes, a cylinder or electrolyser is used to supply the relevant gas to the system. Gas is
flowed through Nylon tubing and flow rates are controlled by a mass-flow controller

(‘FlowView’, Bronkhorst UK Ltd.). The mass-flow controller was set to supply 100 mL min™!
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Hb, continuously, during cell operation. The outlet of the cell was connected to a Nederman
extraction arm. And, at times of idling, when no experiment was being carried out, N> was

flowed over the Pt GDL.

2.2.5 Rotating (ring) disk electrode (RDE and RRDE)

2.2.5.1 Theory

RDE and RRDE are commonly used tools in the screening and evaluation of performance of
electrocatalysts. Kinetic parameters such as rate constant and electron transfer number can be
elucidated using this technique. RDE is used in a conventional three electrode setup with a
central (usually) glassy carbon disk embedded in a non-conductive (e.g. PTFE) holder. The
only difference for RRDE is the addition of a ring (gold or platinum) around the central WE
disk that is usually held at a certain potential (therefore, RRDE is technically a four-electrode
setup).

During RDE and RRDE experiments, a Luggin-Haber capillary is positioned close to the WE
to minimise the uncompensated solution resistance — but not so close as to disturb the
movement of active species (typically, this distance must be smaller than the diameter of the
Luggin capillary). Depending on the electrochemical process, the desired gas is purged into
solution for 30 minutes before the experiment takes place (i.e. when testing, for instance, ORR
performance O» will be bubbled to return a current response). Once the catalyst is deposited
onto the surface of the electrode the RDE / RRDE tip is immersed into to the solvent
environment of a specific pH. In this work, during synthesis, tests were carried out in an

alkaline environment (0.1 M KOH, pH 13) and later tested in a range of pH environments.
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Figure 2.15: Idealised direction of flow of electrolyte when using a rotating (ving) disk electrode.

One of the drawbacks in using a stagnant electrolyte is the fact that the dominant mechanism
of mass transport is diffusion, this fact prevents kinetic data being recovered. RDE is a
hydrodynamic technique where, as illustrated in Figure 2.15, the RDE acts as a pump, pulling
the solution vertically upwards towards the disk and then throwing it outwards. This is a way
of enhancing the convective mass transport contribution (forced convection). The thickness of
the diffusion layer depends on rotation speed and therefore the current is controlled by
convection leading to a maximum (limiting) current (i1im). Following full convective-diffusive
analysis at steady state, the Levich Equation (2.31) and the Koutecky-Levich Equation (2.32)
allow experimentalists to extract transport and kinetic parameters such as diffusion coefficient,
viscosity and kinetic current. The difference between these equations lies simply in defining
the boundary condition — the Koutecky-Levich is used when assuming a simple first order

reaction or a multistep reaction in which the slow step remains the same.'*

iLc = 0.620nFADZ 3v=1/6Cpw /2 231)

Where n is the number of electrons involved in the electrochemical process, F is Faraday’s
constant (C mol ™), A is the electrode area (m?), D is the diffusion coefficient (m? s™'), n is the
kinematic viscosity of the solution (m?s™), Cr is the concentration of bulk reactant form
(mol m ) and, finally, o is the angular rotation rate (rad s™'). The Levich equation applies to a

totally mass-transfer-limited system.'’

120



11,1 1, 1
T =TT =" (2.32)
i b i Ik 0.620nFADEPv-1/6Cy

Using the Koutecky-Levich equation additional parameters such as ix can be deduced. ik

represents the current in the absence of an mass-transfer effects.'

The catalysts tested in this work were tested in a PTFE cell as glass (usually used to analyse
acidic systems) is an inappropriate material that can etch / dissolve and interfere with the
electrochemical processes when testing in alkaline conditions. RDE and RRDE disks used in

this work had a 5 mm diameter and were purchased from PINE instruments.

2.2.5.2 Application (performance parameters)

In light of the benchmarking issues outlined by Wei et al.,>* it is worth mentioning the
performance parameters associated with the polarisation curves generated from RDE tests.
Voltammetry and chrono-methods are outlined later (vide infra). The main performance
parameters associated with the ORR are typically the halfwave potentials (Ei2 / V), the onset
potential (Eonset / V) and the Tafel slope (mV dec!) (Figure 2.16). The RDE technique is limited
by mass transport and therefore has a limiting current density (jiim). The E1/2 is the potential at
which half the limiting current density is reached. Background corrections are essential for
proper extraction of kinetic parameters. For the ORR, a background correction is performed by
collecting a cyclic or linear sweep voltammogram from a solution that has been purged with
inert gas such as argon, Ar, or nitrogen, N2, and subtracting its response from an identical
voltammogram (same scan rate, mV s ') collected in a fully oxygenated solution. For the OER,
the background is corrected by taking the average of the iR-corrected forward and backward
CV. The Eonset should be measured following a suitable background correction. The way this
is collected varies across the field — some report potentials at which a certain current density
(such as 0.5 mA cm™) has been reached and others report current densities at certain
overpotentials (such as, for OER, 1.55 V vs RHE). The final commonly reported parameter for
the OER reaction, is the potential at which a current density of 10 mA cm is reached, E1o. For
bifunctional oxygen catalysts, AE is also reported which is the potential difference between the
Eio and Ei (Figure 2.16 (a)). The common goal for researchers working on bifunctional

oxygen catalysts is to minimise AE.
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Figure 2.16: Summary of ORR / OER metrics. (a) Representative RDE polarisation curves for the ORR (blue) and OER
(red); and, (b) a Tafel plot with Equation (2.21) inserted.'**

It should be mentioned, however, that these metrics do not account for the catalyst loading
(mgeat cm™) and it is therefore possible to achieve unrepresentative / misleadingly high
performances by simply increasing the amount of catalyst on the RDE tip — hence the result is
only weakly or moderately dependant on the intrinsic activity of the catalyst. Alternative
techniques to RDE for examining electrocatalyst performance have been developed (such as
the floating electrode which tests catalysts at low loading under high mass transport
conditions). Performance data should be properly scrutinised before being taken as wrote.
These shortcoming are discussed in further detail in Chapter 4 and an alternative

'Bifunctionality’ score is proposed for the catalysts synthesised.

Tafel plots are useful for collecting kinetic parameters — the Tafel equation (Equation (2.21))
has been inserted in Figure 2.16 (b) — both linear segments of the anodic and cathodic branches
can be extrapolated to find the exchange current (io) (or exchange current density, jo).!° Finally,
when using rotating rind disk electrode (RRDE) for the ORR, the electron transfer number and
peroxide percentage offer insight into the extent to which the mechanism is two- or four-

electron.

2.2.6 Chrono- and polarisation methods

Chrono- and polarisation methods were carried out using both RDE and an RFB system:s.

2.2.6.1 Theory
Chronoamperometry and chronopotentiometry are methods that control the potential and the
current, respectively. The resulting current and potential responses, respectively, are measured

as a function of time. In this work, chronopotentiometry is commonly used in the hRFB cycling
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studies carried out with full systems. This method demands a current from the system and
measures the potential as that set current is drawn. In a RDE setup, chrono-methods are
commonly used to assess the durability of an electrocatalyst, where an initial (for instance,
during chronoamperometry) current is tracked over time and diminishes in magnitude.
Whereas, depending on the volume of electrolyte used, chrono-methods in a RFB cell setup

characterise either the durability or capacity of a system.

Polarisation is a powerful tool used by researchers to understand the relationship between cell
voltage and charge / discharge currents. Polarisation curves were introduced in Section 2.2.1
and can be carried out to test the capability of a given catalyst. In this work, potentiostatic
polarisation tests are carried out in two different modes. One mode is used in a three electrode
cell in preparatory catalyst surface cleaning step — at high scan rate, the catalyst is polarised
across the window in which it will be tested (essentially a fast CV) (ensuring surface cleaning
and wetting the catalyst surface). The other mode of polarisation was used when evaluating
RFB or hRFB performance. When testing the RFB, the volume of electrolyte was small
(roughly 10 mL for each side of the cell) and the state of charge (SOC) needed to remain
constant, therefore a positive current was held for 10 s followed by a negative current for the
same time period — these currents increased in magnitude until the potential ‘cut-off’ was
reached. When testing the hRFB, a larger volume of electrolyte (400 mL) (assumed no
variation in SOC during experiment) was used and a similar method however without the

intermediate negative current ‘holds’.

The capacity of a RFB refers to the amount of energy available and is measured in amp hours
(Ah). For RFBs, this depends on the volume and concentration of active species. The capacity
passed for a galvanostatic process can be calculated using Equation (2.33) where Q(t) is the
capacity passed at a given time, /(t) is the current for the given time period and fmax is the time

period duration:

tmax

Q) = f I(t)dt (2.33)
0
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2.2.6.2 Application (performance parameters)
In a RFB, each charge / discharge cycle is defined by its efficiencies (usually referred in
percentages).?® The coulombic efficiency (CE) can be measured in two ways either via

Equation (2.34) or, if cycling is performed galvanostatically, Equation (2.35):

Qdis
CE = (2.34)
Qch
CE = M = @ (2.35)

I consttch tch

Where Quis and Qcn is the discharge and charge capacity of the cell, respectively, lconst 1s the
galvanostatic current used and #4is and #ch are the time it takes to fully discharge or charge the
cell, respectively. The voltage efficiency (VE) is the ratio of the average discharge cell voltage

(Vais) to the average charge cell voltage (Veh) (Equation (2.36)):

_ Vais

VE
Vch

(2.36)

The energy efficiency (EE) is measured by the product of the CE and the VE (Equation (2.37)):

EE = CE X VE (2.37)
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Chapter 3

Investigating the effect of solvent properties and
electrode microstructure on the performance of a
symmetric organic redox flow battery

This chapter contains material from an article that has been published in Applied Energy,
Elsevier." My work comprised all the experimental results and, as the first author, I retain the

right to include the contents in this thesis.

“If I had more time I would have written you a shorter letter.” — Winston Churchill

3.1 Introduction

Improving our understanding of the relationship between microstructure and RFB cell
performance is essential to progress the development of electrode architectures. The same is
true of the interaction between electrodes and the electrolytes in which the active species are
contained. Significant efforts have directed towards both of these improvements. Electrode
design optimisation has been heavily informed by in- and ex-situ imaging techniques.'? 3D
imaging based on XCT has enabled researchers to gather information about porous electrodes
at high resolution.>* The extracted microstructural parameters such as porosity, tortuosity and
volume-specific surface area (VSSA) are considered defining features of the electrodes. The
porosity describes the volume fraction of void space in the material, the tortuosity is the
reduction in diffusive transport caused by an obstruction of flow path in the geometry of
heterogeneous media® and the VSSA is considered to be the active surface area where
electrochemical reactions take place. Measurements of VSSA using experimental in-situ
techniques has been shown to vary by two orders of magnitude,® indicating that a uniform,

benchmark ex-situ technique, such as XCT, might be an appropriate alternative.
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Experimentally, EIS and polarisation (both introduced in Chapter 2) provide informative
handles on the resistive bottlenecks in the cell and the overall cell performance. EIS has been
used to quantify the resistive contributions to the overall overpotential in a cell. Until recently,
there has been a lack of differentiation between the impedances associated with the intra- and
inter-pore transport (Figure 3.1) — EIS is instrumental in isolating these unique transport effects
and analysing the effect of electrode microstructures on RFBs. EIS can use ECMs to identify
and quantify rate limiting processes in a cell and confirm fast reaction kinetics associated with
redox couples.’ Polarisation is another essential method for full RFB performance assessment
that adjusts the current or the potential and measures the response (at a given SOC).” The
Brushett group have developed robust symmetric cell geometries to test specific aspects of
RFBs whereby, using a carefully selected electrolyte, researchers can isolate / discern between
isolated properties of, for instance, electrode microstructure.® Used alongside one another, EIS
and polarisation methods have provided the backbone of multiple experimental studies
investigating the effect of viscosity on active species transport to / from the electrode surface,’
the effect of flow rates and flow field combinations'® and the quantification of mass-transfer

coefficients.!!

/ “ ’ \ intra-pore
- ~ inter-pore
AL Loa Ll | |

Figure 3.1: A cartoon representation of the terms intra-pore and inter-pore mass transport processes. The left hand cartoon
represents a 2D cross section of a porous electrode material. The large arrows indicate inter-pore bulk flow of electrolyte
through the porous matrix. The magnified region shows intra-pore transport from the bulk (with active species i,
concentration, ¢;) to the active electrode surface (where the concentration of the species i is, ci’).!

Mass-transfer coefficients offer helpful descriptors for the processes occurring at the intra-pore
level and are often presented alongside electrolyte characteristics.!>!* They can be calculated
either experimentally, by measuring the limiting current densities in the cell (reached when the
concentration of the reactants at the surface of the electrode approaches zero),%!* or using

computational models.” Zero-dimensional models are generally used for monitoring or
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controlling processes and, therefore, need to be fast — these models use ‘lumped’ physical
parameters that do not provide enough information for system design. Higher dimension
models (1D, 2D or 3D), while increasingly computationally expensive, reveal more distributed
information about the spatial variation of field variables and are generally used for system
design and optimisation. Conventional continuum models utilise a modified BV kinetics
equation to account for the mass-transfer between the bulk and the electrolyte surface. In these
models the mass transfer coefficient characterises the steady state movement of species across
the boundary layer (Nernst diffusion layer). Milshtein et al. used a Fe**/Fe’*" RFB system to
demonstrate the power of a simplified (BV kinetics) continuum model in the non-limiting
region utilising only the electrolyte ionic potential.!! Mass-transfer coefficients have also been
determined using dimensionless group correlations including Sherwood and Reynolds or Péclet
numbers with varying flow field and electrode type.”!> While continuum models serve an
important purpose by digesting and solving for a large number of parameters and processes,
this means the ability to decipher specific components and contributions to cell performance
(e.g. resistance or permeability), is lost. Alternative model types, such as PNMs, can be used
to isolate electrode or transport characteristics. Recently, Sadeghi et al. used a PNM to decipher
improved electrode structures concluding that electrode permeability was a key performance

factor.! This specific a conclusion would not be possible using a continuum model.

While these strides towards improved analytical techniques have been important, full
understanding of the interactions between electrolytes and the electrodes through which they
permeate, is still unclear. Ultimately, though, researchers that synthesise new electrodes and
electrolytes are informed by these analytical studies. While not directly linked to porous carbon
media, Kench et al. and Gayon Lombardo et al. have used ML to inform the development of
computationally optimised SOFC electrode materials based on experimental structure-
performance metrics.!”!® This technique is likely to be extended to fibrous carbon electrodes
in the near future (after overcoming the REV conundrum, introduced in Chapter 1, which
questions what size or volume of a porous carbon fibre matrix is representative of a full
electrode). From a more synthetic angle, following analytical reports of improved
performances in RFB systems utilising electrodes with multi-modal pore size distributions,'’
Wan et al. developed an easily adjustable synthesis method for producing these types of
electrodes.?” This demonstrates the importance of collaboration leading to tangible progression

in technological outputs. This chapter looks to combine electrochemical, imaging and
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modelling analyses to understand the microstructure / performance relationship in order to

support the next generation of porous carbon electrodes.

In line with the questions and objectives set out in Chapter 1, this chapter looks to investigate
the effect of electrode microstructure and electrolyte character on overall RFB performance. In
order to do this, the microstructural properties of the electrodes will be characterised in- and
ex-situ and the findings pinned alongside the selected performance metrics. A holistic analysis
of cell testing, imaging and modelling results will be collated, and a comprehensive recognition

of the unique intra- and inter-pore transport effects on the cell performance will be presented. !

In order to achieve this, four commercially available carbon electrode materials were tested
using a TEMPO'/TEMPO" redox couple, dissolved in two non-aqueous solvents, propylene
carbonate (PC) and MeCN. With fast kinetics, this quasi-reversible redox couple engenders
isolated mass transport effects associated with electrode microstructures.!®2!? The electrolyte
was fully characterised ex-situ. The electrode materials were imaged (using an in-house
machined compression rig) while compressed to mimic their form during electrochemical tests,
and electrode parameters gathered accordingly using Avizo, MATLAB and TauFactor.?
Alongside the electrode permeability, calculated using a PNM, these parameters were
incorporated into a 1D continuum model to obtain the mass-transfer coefficients. The model
describes the potential, concentration and overpotential distributions across the electrode

thickness.!

3.2 Methodology

The electrochemical experiments in this work were carried out in Prof. Fikile Brushett’s
laboratory (Chemical Engineering department, MIT, Cambridge, USA). The XCT experiments
and post-processing were carried out in the Department of Earth Sciences and Engineering
(Imperial College London). Supplementary electrolyte characterisation measurements were
performed by Dr Kevin Tenny. PNM and 1D model development were carried out by Dr

Andrea Gayon Lombardo and Dr Catalina Pino Muioz.

3.2.1 Electrolyte preparation

Electrolyte preparation was carried out in an argon filled glove box (MBraun, 4GB 2500, O; <
5 ppm, H20 < 1 ppm). 2,2,6,6-Tetramethyl-1-piperidinyl-oxyl — TEMPO radical (TEMPO’,
98 %, Sigma-Aldrich) was used as received. Oxidised TEMPO, 2,2,6,6-Tetramethyl-1-

129



piperidinyloxy-oxo tetrafluoroborate — TEMPO-BF4 (TEMPO™) was prepared in-house via a
chemical oxidation.?* Tetraethyl-ammonium tetrafluoroborate (TEABFa, 99.99 %, BASF) was
used as received. To a clean 20 mL volumetric flask, 0.156 g of TEMPO", 0.243 g of TEMPO"
and 2.17 g TEABF4 were added. The supporting solvent — either propylene carbonate (PC,
99.9 %, BASF), or acetonitrile (MeCN, 99.98 %, BASF) — was then added up to the 20 mL
mark. The resulting concentrations of the active species and supporting salt were: TEMPO",

50 mol m>; TEMPO", 50 mol m~ and TEABF4, 500 mol m>.

3.2.2 Electrolyte characterisation

The electrolyte characterisation methods were carried out by Dr. Kevin Tenny (MIT,
Cambridge, USA). The electrolyte density (pe, kg m™) was calculated by measuring the mass
of 1 mL aliquots of the PC- and MeCN-based electrolytes with the concentrations previously
described into tared glass scintillation vials. The conductivity (ge, S m™) was computed by
submerging a calibrated probe (914 pH / Conductometer, Metrohm) into a glass scintillation
vial containing c.a. 15 mL of the electrolytes with concentrations as previously described.
Similarly, the viscosity (e, Pa s) was calculated by submerging a vibrational viscometer (V-
700 Viscolite, Hydramotion) into a glass scintillation vial containing c.a. 15 mL of the

electrolytes with concentrations identical to the conductivity experiment.

The diffusivity (D, m* s') of TEMPO® and TEMPO" were calculated with the current measured
via cyclic voltammograms (CVs) of an ultramicroelectrode (UME) measurement as shown in

Equation (3.1):%

g

? = ape(drD) "

Where the diffusion limited current (g, A) is measured at a plateau on the cyclic
voltammogram (Figure A3.14). F is Faraday’s constant (C mol™), c is the concentration of the
active species (mol m™) and d is the diameter of the ultramicroelectrode (UME, m). To achieve
the limiting current, the TEMPO" and TEMPO" concentrations were reduced to 5 mol m=,
while retaining the 500 mol m of TEABF4. CV was performed with a 10 pm Pt UME (BASi)
as the working electrode, an in-house Pt mesh as the counter electrode and a non-aqueous
Ag/AgCl reference used as the reference electrode. For this study, two separate Ag/AgCl

reference electrodes were used: one with the reference stored in PC and the other stored in
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MeCN - each were used with the electrolyte with the respective solvent. For both the PC- and
MeCN-based electrolytes, the CVs were conducted in an argon glovebox (MBraun Labmaster,
0, < 5 ppm, H>O < 1 ppm) using a CH 600 Series potentiostat with a scan rate of 10 mV s,
For each trial, two complete scan rates were completed spanning -0.40 —0.10 V (vs. Ag/AgCl)
and -0.05 —0.55 V (vs. Ag/AgCl) for the PC- and MeCN-based electrolytes. The results of the
electrolyte characterisation are summarised in Table 3.1. The density and viscosity of the
electrolyte changed as expected on addition of the supporting salt and accompanying active
species. For example, the density of MeCN-electrolyte was greater than the pure MeCN as
stated by a manufacturer — 786 kg m=.2® Similarly, the viscosity of PC-electrolyte was greater

than the pure PC as stated by a data table — 2.5 x 10° Pas.?’

Table 3.1: Relevant electrolyte properties measured (N=3): ionic conductivity, oe, density, pe,; viscosity, ue, and species
diffusivity, D (3dp).

Parameter PC MeCN
e’ /S m’! 0.953 £ 0.020 4.16 £ 0.002
pe / kgm3 1210 £2 826 +3
ue <103/ Pas 3.92 +£0.06 0.440 £ 0.040
TEMPO* 0.411+0.003 1.940 + 0.005

D™ x10° / m? s!

TEMPO" 0.265 £ 0.003 1.490 + 0.006
* TEMPO", 50 mol m3; TEMPO" 50 mol m~ and TEABF4, 500 mol m™.
** TEMPO', 5 mol m; TEMPO", 5 mol m and TEABF4, 500 mol m-.

3.2.3 Electrode and separator preparation

Commercially available carbon materials used for testing were: AvCarb 1071, AvCarb 7497,
Freudenberg H23, AvCarb MGL370. These were cut to size (1.5 cm x 1.7 cm, 2.55 cm?) as
shown in Figure 3.2 (a). The thickness of the electrode material was measured using a
micrometer (Mitutoyo Caliper No. 2804S-10). Daramic 175 (Daramic LLC, Charlotte, NC)
microporous separators were also cut to size (2.2cm x 2.2 cm, 4.84 cm?). Table 3.2
summarises the commercially stated thickness and porosity alongside the measured thickness
of the carbon materials and Daramic separator. Variation between commercially stated and
measured thickness is attributed to measurement error and the small force the calliper places

on the material during measurement.
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Table 3.2: Carbon electrode and separator specifications.?83!

AvCarb AvCarb Freud. AvCarb Daramic

Parameter 1071 7497 H23  MGL370 175
Type ‘ Cloth Cloth Paper Paper Separator
Thickness* / pm 355 655 210 370 175
r;as“red IS TG 344+ 16  613+£20 184+9  419+26 191
Target compressed

electrode thickness / 267 490 147 335 -
pm

Porosity* (%) ‘ 79 78 &0 78 57

* As reported by manufacturer

3.2.4 Flow cell preparation

As stated in Chapter 2, this symmetric zero-gap flow cell design was developed by the Brushett
group at MIT.!13233 A separator-electrode-assembly containing two (identical) carbon
electrodes separated by a Daramic separator was used. Flow-through flow fields (FTFFs, Tokai
G347B graphite, MWI, Inc.), with no engrained flow pattern, double as current collectors and
were used on both sides of the separator-electrode-assembly during cell tests. Figure 3.2 (b)
displays images of the front and back endplates with liquid flow direction overlayed in red and
an open symmetric cell with a carbon cloth inside. The nominal thickness of the carbon
electrodes provided the basis for the number and thickness of poly-tetrafluoro ethane (PTFE)
gaskets (W. L. Gore & Associates, Inc. Newark, DE) and gore sealing tape layers used during
experiments. These leak-proof gaskets compress to 0.2 mm and helped to achieve a c.a. 20 %
electrode compression on assembly and tightening (Table 3.2). The cell was subsequently dried
for >30 mins under vacuum while being cycled into the argon-filled glovebox (Inert
Technologies, Oz <5 ppm, H20 < 1 ppm) alongside 10 mL Savillex per-fluoroalkoxy alkane
(PFA) jars and PFA tubing (1.6 mm ID, Swagelok). Figure 3.2 (c) displays a schematic

representation of the symmetric cell.
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Figure 3.2: Images of (a) electrode materials; (b) symmetric cell casing showing flow-through flow plate, an end plate with
overlayed flow direction inserted and some electrodes in-situ during disassembly. (c) Schematic showing the chemical
composition of the symmetric cell setup during operation.!

3.2.5 Flow cell experiments

The electrolyte, held in two 10 mL PFA jars, was pumped through PFA tubing using a
peristaltic pump (Masterflex L/S Series). Utilising the same electrolyte at 50 % SOC and the
same carbon electrode type on either side of the separator allows for effective electrode
scrutiny. Fresh electrolyte was made for testing each electrode in each solvent environment. A
FTFF was used to ensure all the electrolyte was forced through the electrode rather than a flow-
by flow field, this choice simplifies assumptions when describing transport through porous
media discussed below.!*!! Another advantage of using a FTFF is to ensure an essentially even
compression of the porous electrode during cell testing.>** This compression was later easily
reproduced during electrode characterisation to obtain the in-operando microstructure

parameters (Section 3.2.6).
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The electrolyte characteristic (superficial) velocities used to normalise for electrode thickness
were: 0.5, 1.0, 2.5, 5.0 cm s (N.B., this unit is only used when referring to characteristic flow
velocities in this chapter. “m s™” is used elsewhere — for instance when stating mass-transfer
coefficients, km — and certainly in calculations). For the experiments, these velocities were

converted to the relevant volumetric flow rates using the following equation:'>

Q

ledwed

V= (3.2)

Where v is the electrolyte characteristic velocity (m s™), Q is the flow rate (m? s™'), lq is the
compressed electrode thickness (m) and weq is the width of the FTFF channel (m). Before each
experiment commenced, the electrolyte was first pumped through the cell at 5.0 cm s for
30 min to promote electrode wetting and expel bubbles trapped in the porous media. A
BioLogic potentiostat (VMP3, BioLogic, Knoxville, TN, USA) was used to measure the
impedance response at open circuit potential (frequency range: 200 kHz — 0.01 Hz, amplitude:
10 mV, points per decade: 6). EIS measurements were subsequently fitted with BioLogic EC-
Lab® software using the Levenberg-Marquardt algorithm. Polarisation measurements were
then collected by applying positive and negative galvanostatic current density holds for 30 s
using 5 mA cm™ increments between 0 — 100 mA cm™, with current and potential recorded
every second. Polarisation measurements were halted when either the 100 mA cm2 limit was
reached or the working electrode potential reached a cell cut-off potential of 0.5 V, as potentials
in this range indicated the limiting current had been reached and prevented unwanted side

reactions / corrosion. This method is commonly used for long term polarisation tests at a fixed

socC.’

3.2.6 X-ray computed tomography measurements

The basics of XCT measurements have been discussed in Section 2.6. Samples were prepared
using a handheld rotary punch with a 3 mm diameter. An in-house manufactured polyether
ketone compression rig was designed to hold and compress the electrode sample to mimic the
experimental compression (XCT section, Chapter 2). The sample window has a wall thickness
of approximately 1 mm. Incompressible Kapton film (75 um) discs 3 mm in diameter were

placed above and below the sample to act as a fiducial marker. This was followed by alternating
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manual tightening and radiograph recording steps, which were performed to reach the required

‘Target thickness’ for each electrode (Table 3.2).
o
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Figure 3.3: Compression rig and radiographs showing an example of a carbon electrode being iteratively compressed in a
compression rig, to mimic experimental conditions, ahead of 360° XCT scanning.!

Tomographic data was then captured during a 360° sample rotation using the same settings for
all four carbon electrodes. Tube voltage and filament current were 60 kV and 170 pA,
respectively, while the number of acquired projections and voxel sizes were 2400 and 1.5 pm®,

respectively.

3.2.7 Segmentation technique

The super- / sub-sampling steps carried out during the segmentation of the carbon electrode
XCT images ensured an accurate diameter for the carbon fibers in each of the electrode
materials (step (x), Figure 3.4). This technique allows researchers to have a greater control over
the fibre thickness before calculating the electrode properties (e.g. porosity, VSSA and
tortuosity).

The process was performed as follows (Figure 3.4): (i) Grayscale (2284 voxel x 2284 voxel)
images of carbon electrodes were captured using X-ray computed tomography system — GE
Phoenix Nanotom S. The number of image slices varied according to sample thickness
(AvCarb 1071 — 144 slices; AvCarb 7497 — 277 slices; Freudenberg H23 — 84 slices, and;
AvCarb MGL370 — 193 slices) and was subsequently and cropped (1400 voxel x 1400 voxel)

leaving a TIFF stack of purely compressed volume (though only two dimensions are stated
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throughout the following methodology, the third thickness / number of slice dimension is
implied when referring to ‘volume’); (i1) Choose an image with representative features (void
space and fibre material) from the TIFF stack; (iii) Choose a small training volume (370 voxel

x 370 voxel);

(i
®
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Figure 3.4: A step-by-step graphic representation of the image processing technique carried out for all carbon electrodes in
Fiji / ImageJ.’%37 The example used here shows representative steps during Freudenberg H23 image processing.'

(iv) Transfer the training volume into ‘Trainable Weka 3D Segmentation’ tool.>® Five regions
on three different images were assigned a ‘class’ (either carbon fibre — red, or free space —

green). Here ‘skeletal training’ was carried out, whereby regions that were assigned carbon
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fibre were undoubtedly as such, i.e., only the inner part of the fibre was highlighted and
classified as fibre. Once these regions were chosen, the classifier was trained; (v) The resultant
classifier was then applied to the full 1400 x 1400 voxel image stack to create a feature stack,
classifying all the fibres and void space; (vi) The feature stack was then converted from an
RGB colour image to a grayscale image and the contrast was adjusted accordingly to create a

segmented black and white image (essentially changing green/red to white/black respectively).

Having completed the segmentation, the following steps are for accurate fibre thickness
adjustment — the following steps focus on just one region but, during analysis, several regions
were checked to ensure a good representation of fibre thickness. ‘The image’ refers to all the

images in the TIFF image stack.

For step (vii) the voxel size was (1.5 pm)?>. A representative image was chosen for this figure;
(viii) The image was ‘smoothed’ thereby re-introducing grayscale voxels to the fibre edges;
(ix) The image was then ‘super-sampled’ in each dimension — the number of microns voxel™!
was reduced from (1.5 pm)? voxel™! to (0.5 um)* voxel . This increases the number of voxels
in the image significantly. Graphically, this makes the image look ‘sharper’ and less
‘pixelated’; (x) The contrast and min/max levels were adjusted to vary the fibre diameter size
until (based on SEM, a metrological technique) the user was satisfied with the fibre thickness;
(x1) Once the user was satisfied with the fibre thickness the file was saved and moved to the
next step; (xii) The image was then ‘sub-sampled’ in each dimension — the number of microns
voxel! was reduced from (0.5 um)? voxel™! to (1.0 um)* voxel!. This re-introduces grayscale
voxels; (xii1) As before in (x), the contrast and min / max levels were adjusted for fibre

thickness; (xiv) Finally the image was transferred to TauFactor (a MATLAB application).

The MATLAB version used was MATLAB® R2018a. The TauFactor version used was
Version: 1.208. Full RV analyses in both the y and z directions were carried out using the ‘A
= constant’ method. This method was used as it most realistically reflects the movement of
electrolyte through the electrode. The time taken for these tortuosity analyses to take place
varied in accordance with electrode thickness and ranged between 10 — 69 hours on an Intel
Xeon CPS E5-2660 v3, 10 Cores, 20 Logical Processors — 64-bit workstation with 256 GB
RAM.
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While this segmentation technique was not formally compared to alternative methods, it is
believed to provide more control over fibre thickness and therefore, with the help of SEM — a

metrological technique — supply accurate (and realistic) microstructural information.

3.2.8 Pore network model

Using previously reported works, the methodology for the PNM was developed and executed
by Dr. Andrea Gayon Lombardo (formerly Imperial College London). While the author
appreciates qualitative outcomes, understanding of model implementation is outside the scope
of this thesis. Please refer to the following references to understanding for full

methodologies. 34

A PNM is a simplified topological representation of a porous volume consisting of a network
of ‘pores’ connected by ‘throats’. These pores and throats are generated by implementing a
‘maximal ball’ algorithm (from Avizo software) over an XCT image of a compressed carbon
electrode. The PNM was used to calculate the pressure drops and, subsequently, the

permeability across the electrode.

This PNM assumes a single pressure value per pore and the flow through each throat
connecting two pores is calculated using the steady state Navier-Stokes equation for flow
through a pipe. The pressure and velocity through the network are obtained by enforcing a mass

balance at each pore (Equation (3.3)):

qu} 8,uel} (P P) G-9

Li;

Where ¢, is the flow rate between pores i and j (m® s™), r;; and L;; represent the radius and
length of the throat connecting pores i and j (m), ue is the viscosity of the electrolyte (Pa s), P;

is the pressure at pore i (Pa) and N is the number of pores and throats connected to pore i.

It is assumed that the flow velocity of electrolyte through the electrode is constant.!® The
experimental flow rate, Qexp, as calculated in Equation (3.2), for each of the electrodes, is
equivalent to the sum of the flow rates through each of the boundary throats (i.e. the throats at

the edge of the XCT reconstructions, in the in-plane outlet direction). This can be expressed
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in the following Equation (3.5) where ¢g; corresponds to the flow rate at the outlet throat j

(m?s™h.

NG
Qcalc = 2 q; (34
j=1
= k4 AP (3.5
Qcalc - /’LeLed 5)

Following conversion and the assumption that the flow will follow Darcy’s law (Re < 1, vide
infra),*' the permeability of the porous electrode can be back calculated from the gradient of
the estimated pressure drop as a function of the flow rate at the boundary throats (Equation
(3.5)), where K is the permeability (m?) and 4 is the cross sectional area of the boundary throats

(m?).

3.2.9 One-dimensional continuum model

The methodology for the 1D continuum model was developed by Dr. Catalina Pino-Muifioz
(Imperial College London). While the author appreciates qualitative outcomes, understanding
model implementation and fitting is outside the scope of this thesis. Please refer to the

following references for full methodology understanding.!%11:4243

The operational conditions of the experimental part of this work (Figure 3.2) allows the use of
a simplified mathematical representation of the electrochemical system. Characteristic flow
rates were chosen to be high allowing for the assumption of a dominant convective flow in the
y-axis across the range of flow rates. At high flow rates, a very small amount of species
conversion takes place, whereas at lower flow rates, higher conversion is expected.
Additionally, the symmetric geometry of this system and fast charge-transfer (quasi-reversible)
kinetics either side of the membrane allows for only half of the separator-electrode setup to be
modelled. Figure 3.5 illustrates this model setup and includes key dimensions and boundary

conditions.
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Figure 3.5: Schematic of the 1D model considering half of the separator-electrode-assembly with key dimensions and
pertinent boundary conditions.

The assumptions associated with this model were as follows:

1. The system was isothermal.

2. The electrolyte was incompressible with constant density, viscosity and volume.

3. Physical properties were isotropic and homogeneous.

4. Possible self-discharge and / or side reactions were neglected, as well as any additional
chemical reactions.

5. Individual electrolytes in tanks were uniformly mixed and did not deviate significantly
from 50 % SOC (50 mol m™ for both TEMPO" and TEMPO") at any stage during the
experiments.

6. A dilute solution approximation was adopted for species transport in the electrode.

Continuity equations were used to keep track of quantities such as charge and species to satisfy
conservation laws. Charge was tracked using continuity equations constraining the ionic and
electronic currents. Conservation of species and an electroneutrality condition were imposed
in order to obtain the spatial distribution of the four species involved and to track mass

movement through either the membrane or the porous electrode domains.

The charge-transfer reaction rate is controlled by an overpotential which is defined as the
difference between interfacial potential and its equilibrium value. This interfacial potential is
needed to deduce the area-specific Faradic current density (j*r, mA cm?) —the current per unit
surface area of pore wall. This can be expressed using the exchange current density, jo, which
itself is calculated using Equation (3.6), where C'?EMPO' refers to the concentration of TEMPO*
with respect to the cathodic transfer coefficient, ac, and C;‘EMPOJ, refers to the analogous

TEMPO™" concentration at the anodic transfer coefficient.
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Jo= FkC%S:MPO'C'IOfEMPO*' (3.6)
S
A _ C’?‘EMPO') (“aF) (CTEMPO"') <_acF )l
= — |exp n|—|————]exp n (3.7)
JE = Jo KCTEMPO- RT CTEMPO+ RT

In order to estimate the surface concentrations in Equation (3.7), where superscript ‘s’ refers

to the concentration of TEMPO™ or TEMPO' species at the surface, the rate at which TEMPO

species is oxidized or reduced according to BV kinetics is matched to the rate at which TEMPO
species arrive or leave the electrode surface.''** This mass-transfer rate is considered
proportional to a linear concentration gradient within a Nernst diffusion layer, subject to a
mass-transfer coefficient (km, m s™'). For simplicity, both mass-transfer coefficients were
assumed to be equal for the reduced and oxidised species, as shown in Equations (3.8) and

(3.9), respectively.

S —
—km(cTeEmpPO* — CTEMPO*) =T (3.8)

S —
_km(CTEMPO+ - CTEMP0+) =-r (3.9)

This 1D model was selected (rather than higher order models) for its simplicity and fast
implementation and evaluation time, additionally, 1D models have been shown to
comprehensively describe phenomena in RFB cells using FTFFs. This model should be used
for comparative analysis with respect to general cell performance trends and not for

quantitative performance predictions.

3.3 Results and discussion

This section describes and discusses the main observations gathered from experimental and
modelling characterisation techniques. The ex-situ characterisation of each of the electrodes’
microstructural properties are evaluated using imaging analyses introduced in Chapter 2
alongside PNM simulations. In-situ electrochemical characterisation techniques are then used,
taking advantage of the symmetric geometry of the system, to understand the dominant
transport processes and associated resistances. Following this, correlations are made between
permeability and an in-house developed performance metric. Finally, mass transfer coefficients

are established using the developed 1D model.
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3.3.1 Microstructural analysis
Microstructural and morphological data (Figure 3.6) was captured using SEM and XCT
imaging techniques, as introduced in Chapter 2. The carbon cloths consist of a simple plain
weave pattern and differ in bundle size: small (AvCarb 1071) and large (AvCarb 7497), this
difference in electrode thickness is directly related to the bundle size — with larger bundle size
leading to a thicker cloth.

AvCarb 1071 AvCarb 7497 Freudenberg H23  AvCarb MGL370

200 pm |

200 pm

In-piane

Figure 3.6: Images showing microstructural properties and morphological information over the carbon electrodes.
Scanning electron microscopy images (top two rows) and representative 3D renderings (with a through plane area of
1.96 mm?) of the electrodes used in this chapter.'

Freudenberg H23 achieves its structure from a hydroentangling process resulting in randomly
organised, mechanically bound fibres.** AvCarb MGL370 is a moulded graphite laminate,
which is a highly graphitic material manufactured under high temperature and pressure®® — its
individual fibres, unlike Freudenberg H23, are straighter and appear taut. While it might appear
that AvCarb MGL370 has binder, EDX confirmed this is not the case (see Figure A3.15),
instead this material is randomly dispersed carbonaceous matrix that remains in the electrode
following the lamination step and all solid species is considered equivalently able to act as an

active site for electrochemical processes.

Following sample mounting, inside the in-house constructed compression rig (Section 2.1.7,
Chapter 2) and appropriate tightening (Figure 3.3), XCT images were gathered. After
appropriate segmentation, as outlined in the Methodology, a pore network was extracted for

each of the electrodes and a pore size distribution (PSD) established (Figure 3.7).
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Figure 3.7: Pore size distribution alongside extracted of pore network for each of the tested electrodes. The colour bar on
the right hand side pertains to the extracted spherical pores in the pore network insert.
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While the maximal ball algorithm used is an imperfect method by which to detect and measure
pore sizes (assuming they are perfectly spherical), it gives the user a sense of the void space
available to the electrolyte travelling through the electrode. With a mean pore radius of 22.6 pm
for both the Freudenberg H23 and AvCarb MGL370 carbon papers, their PSDs are similar is
character. Separately, the PSDs for the two carbon cloths have a similar broader character with
a longer tail — because of the woven nature of the fibre bundles, the cloths possess large
interstitial weave gaps. The mean pore radius is 32.9 and 30.0 um for AvCarb 7497 and AvCarb
1071, respectively.

The segmented images were further processed using TauFactor (version: 1.208), a MATLAB
application, to extract the VSSA, tortuosity and porosity of the compressed electrodes (Table
3.3). The calculated porosity was similar for each of the electrodes, save for the carbon paper
values, which were slightly lower. It is widely understood that microstructural parameters
change on compression, as demonstrated by Jervis et al.,’> and this difference in porosity is
attributed to increased fibre-fibre contact on compression. The calculation of VSSA using
TauFactor returned marginally higher values for VSSA compared to elsewhere.*® While this is

not surprising or concerning, as values can vary drastically depending on the segmentations
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method used, it should be kept in mind as misinterpretation of VSSA measurements can lead
to drastically inflated or understated electrode performance. Surface area identified by XCT
may not represent the exact electrochemically active surface area (as the XCT will identify
surface area that is inaccessible to the electrolyte) however, this segmentation method offers a
robust representation of the fibre diameter, and so, when measuring mass-transfer coefficients

and dimensionless parameters, will yield more accurate values.

Table 3.3: Microstructural parameters from SEM, XCT and TauFactor.

AvCarb AvCarb Freud. AvCarb

Parameter 1071 7497 H23 MGL370
Target compressed electrode 267 490 147 335
thickness / pm
Measured compressed thickness
271 489 150 336

during XCT / pm
Average fibre diameter* / pm ‘ 8.78 8.78 9.88 6.19
Integer fibre diameter (for 9 9 10 6
segmentation) / pm
Porosity (%) 796 78.3 74.8 70.5
Volume-specific surface area /
m? m P 154000 143000 168000 143000
e S ISR 363000 357000 303000 456000
surface area / m> m?

X 1.44 1.55 1.46 2.37
Tortuosity oy 120 1.28 1.25 139

z 1.19 1.25 1.20 1.43

* indicates measurement carried out by SEM.

An approximate estimate for the volume specific surface area for the materials based upon a
simple model considering all fibres being composed of cylinders can be estimated and
compared to the values calculated. This is based on a hypothetical 1 m x 1 m x I m cube of the
materials composted of a fibre of diameter, d; length, L; and which has a total porosity of &

(this model ignores the “ends” of fibres). Hence:

A=mdL (3.10)
d 2
V= (_> L (3.11)
"\2
E = V/VtOt (312)
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Where Vi is the volume we are performing the calculation over. Hence:

VtOt == V/E (3.13)

The volume specific surface area is then:

(3.14)

This “simple” measure of surface area, which is commonly, used overestimates the
computationally averaged surface area by a factor of 1.8 — 3.2 suggesting that such simple
measures may lead to an overestimate of interfacial surface area. This overestimation likely
comes from the assumption that all fibers are non-intersecting cylinders which is not the case
for real fibres for which there is significant fibre-fibre intersection which leads to loss of surface
area. This is especially true in the case of AvCarb MGL370 which has the highest divergence

due to the extensive amalgamation of its fibres, Figure 3.6.

In all but the AvCarb MGL370 electrode, the ratio between the through-plane and in-plane (see
Figure 3.6 for clarification) tortuosity is 1:0.83 (indeed the values are similar, too). Given their
different morphology, the similarity in this ratio is non-trivial. The tortuosity measured at the
interstitial holes (characteristic of this ‘one-over one-under’ plain weave pattern) will have a
much lower value as diffusion more facile than the tortuosity in, for instance, the centre of the
tight unidirectional fibres in a weave bundle. The geometry of the fibres throughout
Freudenberg H23 is largely isotropic — it is tentatively asserted that the difficulty with which a
given active species travels through this carbon paper is roughly half way between the two
paths through the cloth as described above. It is asserted therefore, that this effect is averaged
out across the through-plane and results in similar ratios between in-plane and through-plane
paths. An interesting study to test this might involve measuring the tortuosity through a sub-
sample at the interstitial hole vs. through the centre of a bundle. For the AvCarb MGL370, it
is assumed that the sheet-like carbon matrix material observed in Figure 3.6 continues

throughout the x-axis and so it is unsurprising there is a 68 % increase in tortuosity when
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comparing the average of the y and z in-plane directions (1.41) and with the x through-plane
direction (2.37). This ratio is unlikely to have a significant bearing on the electrochemical
performance as a FTFF is used. The in-plane average is expected to provide the best indicator
of RFB performance where the lower in-plane average tortuosity, the more facile the mass
transport (i.e. AvCarb 1071 (1.20) > Freudenberg H23 (1.23) > AvCarb 7497 (1.27) > AvCarb
MGL370 (1.41)).

3.3.2 Pressure drop and permeability
The pressure drop, AP, was calculated using the PNM described in the Methodology. Figure
3.8 shows a graph illustrating the pressure drop as a function of the characteristic velocity —

the gradient can be used to calculate the permeability.
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Figure 3.8: Calculated pressure drops as a function of characteristic velocity using (a) PC and (b) MeCN as solvents. The
values for each electrolyte are averaged for the two directions of in-plane flow (i.e. y and z).

The fact that the Reynolds numbers calculated later in this chapter are greater than unity (1)
allows the use of Darcy’s Law to calculate the permeabilities (Equation (3.5)). These values
are reported in Table 3.4. Contextualising these values and comparing them to equivalent
experimentally sourced and computationally calculated permeabilities is essential. On the
surface, these results are in line with El-kharouf et al. for uncompressed electrodes using
mercury intrusion porosimetry — higher permeabilities observed in cloths relative to papers.*’
As has already been mentioned, compression can have a significant effect on the

microstructural properties,>*

although a direct compression-permeability relationship has not
been established. Table 3.4 shows that the permeabilities measured are of the same order of
magnitude compared to previous literature: 1.32 x 107! m? (this work) vs. 2.0 x 10" m? for

Freudenberg H23, and 8.61 x 10™!! m? (this work) vs. (6.8 £ 0.4) x 107! m? for AvCarb 1071."
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The variation between these values can be attributed to the simplified approximation of the
microstructure using a PNM, discrepancies in the microstructure samples and differences in
compression (15 % = 7 %' vs. 20 % in this work). The measured permeabilities by Tenny et
al. for AvCarb 1071 and AvCarb 7497 were (1.05 = 0.03) x 10"'' m? and (1.04 + 0.02) x 10!
m?, respectively.® This value is c.a. eight to ten times smaller than the values obtained with
smaller compressions (20 % in this work and 15 % elsewhere) inferring that an increased

compression has an adverse effect on permeability. !

Table 3.4: Calculated permeabilities using pressure drop calculations from PNM simulation.

Permeability, K x 10'" / m?

Sol Plane AvCarb AvCarb Freudenberg AvCarb
olvent 1071 7497 H23 MGL370
zx 8.30 11.0 1.27 1.51
1.45
PC 1 y;c 8.92 10.2 1.38
n-ptane 8.61 10.6 1.32 1.48
avemge
2% 8.29 11.0 1.26 1.65
1.4
MeCN : y;c 8.93 10.2 1.38 8
fimpiane 8.61 10.6 1.32 1.57
average

It 1s worth mentioning that the permeabilities reported here do not follow intuitively from the
tortuosity trend stated at the end of the Section 3.3.1. It might seem reasonable to expect that
the lower the tortuosity, the higher the permeability. It is proposed that this discrepancy is due
to the different transport processes being measured. Tortuosity is controlled by the diffusive
flow through porous media and this permeability measurements essentially characterises the
resistance to convective transport — i.e. higher permeability infers lower resistance.
Qualitatively, these permeability values are in line with the PSDs and extracted pore networks

outlined in Figure 3.7.

3.3.3 Zero-gap RFB performance as a function of electrode and solvent

The ex-situ characterisation data reported so far is helpful. However, to contextualise the
findings, electrochemical measurements are needed to establish microstructure-performance
and electrolyte-performance relationships. Figure 3.9 illustrates how polarisation curves will
be presented throughout this work. The iR-corrected potential is extracted by removing the
ohmic potential contribution from the measured potential of the cell. This is a standard and

necessary correction that leaves the potential associated with the kinetic and mass transport
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contributions of the system. The choice of the TEMPO/TEMPO" quasi-reversible organic
redox couple was to minimise the kinetic resistance and so the remaining resistance pertains,
in large part, to the mass transport. This is useful, as here, specific, causal resistance /
performance variations are identified and can, in large part, be attributed to the mass transport
as a result of the wvariables: electrolyte flow rate, electrolyte solvent and electrode
microstructure. It should be noted, however, that the best measurement of the mass transport
resistance is achieved by extracting Warburg character from impedance measurements — this
is discussed later. The following data interpretation uses purely electrochemical measurements
and the aforementioned assumption that quasi-reversible redox couple represents a negligible

contribution to the iR-corrected potential.
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Figure 3.9: Current-potential curves as a function of flow rate. Measured potentials are displayed alongside their respective
iR (ohmic / HFR) corrections and resulting ‘iR-corrected’ polarisation curves. These measurements were gathered using an
AvCarb 1071 electrode with MeCN-type electrolyte (Figure A3.16).!

At low flow rates (e.g., ve = 0.5 cm s™1), the cell is dominated by the mass transport resistance
contribution as a result of sluggish transport effects — this is accompanied by a relatively steep
increase in potential at low current density. As the flow rate increases (to 5.0 cm s!), the mass
transport resistance reduces until it becomes much less significant relative to the constant
ohmic resistive contribution (associated with aspects such as solvent and separator resistances).
At low flow rates, the cell cut-off potential is reached prematurely meaning, in this case, that

at 30 mA cm the cell potential reaches 0.5 V and thus no point is recorded. This low flow rate
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operating regime leads to poor system performance with very unstable potentials. It is difficult
to reach further conclusions about what processes are occurring and limiting the system at a
microstructural level using this analysis. Previous authors have asserted that there is an uneven
distribution of electrolyte across the electrode due to the existence of preferred flow paths and
that this is attributed to the diverse PSD and differing inter-pore connectivity in the porous
matrix.>>* At lower flow velocities, this flow path selectivity prevents effective electrolyte
replenishment in depleted regions, leading to heightened local overpotentials and uneven

electrode usage.*°

In a similar way to corrections for HFR in polarization curves, ECMs are commonly
implemented to analyse Nyquist plots since they tentatively offer quantification and separation
of the resistances (as outlined in Chapter 2). Figure 3.10 presents a set of EIS and polarisation
responses from a symmetric zero-gap RFB cell using AvCarb 7497 on both sides of a separator.
A range of characteristic flow velocities are displayed where the RHS and LHS present
measurements using PC- and MeCN-based electrolytes, respectively. The insert in Figure 3.10
(b) shows the ECM used to extract the resistances from the Nyquist curves (labelled ‘Model
fit’ in the key) and the solid and dotted lines in the polarisation curves represent the fitting

carried out by the 1D model described previously.
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Figure 3.10: (a) - (b) Nyquist and (c) - (d) polarisation curves for electrochemical tests using AvCarb 7497 electrodes in
PC-based ((a) & (c)) and MeCN-based ((b) & (d)) electrolytes. The colour shading represents chosen characteristic flow
velocities.

The ECM includes standard ‘resistor’ elements, Rq and Rcrt, to describe the classical ohmic
(HFR) and charge transfer contributions to the cell resistance, respectively, with the addition
of a non-classical bounded Warburg element (W5) representing the mass transport resistive
contribution. The Warburg element, used alongside the Rct resistor, helps to describe the semi-
circular nature of the impedance responses at the low frequency end of the Nyquist plot.>® This
ECM has previously been used to represent the EIS response of TEMPO-based RFBs.!%*? In
either solvent, the consistent and low values for the charge-transfer resistance at multiple flow
rates allow the mass-transport to vary largely independently. The iR-corrected EIS
measurements show, in both solvents, that with increasing flow rate there is a decrease in the
combination of mass-transport resistance to the total ASR of the system — this is explicitly

illustrated in Figure 3.11. This figure also compares the solvents used to make up the
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electrolytes clearly showing that there is a lower overall mass transport resistance using MeCN
compared to PC. While the organic TEMPO redox couple was chosen because of its fast
kinetics, the charge transfer resistance is observed to be greater in PC compared to MeCN —
this is tentatively attributed to the slower rearrangement of electrolyte species in PC, following
the outer sphere electron transfer, as compared to MeCN.>! A complete set of the Nyquist plots
for all the electrodes can be found in the appendix alongside the parameters extracted using a
Randles circuit model and the additional ohmic (HFR) and charge transfer resistance

information (Figure A3.17 and Table A3.7).
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Figure 3.11: Comparison of mass-transport resistances recorded during electrochemical impedance spectroscopy
experiments, calculated using an equivalent circuit model. Experiments were carried out using either PC (top) or MeCN
(bottom) as the solvent during electrolyte preparation.
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The general decrease in ASR, observed across all electrodes with increasing electrolyte
velocity, can be attributed to both an enhanced convective transport enabling a faster
replenishment of active species and, a reduced BL thickness at the active surface area, both of
which result in a reduction of mass transport resistance.>? The former corresponds to the extent
of interconnectivity in the porous phase, given by the electrode microstructure, while the latter
is directly related to the mass-transfer coefficient which characterises the speed with which
active species can be transported from the bulk to the electrode’s active surface. Figure 3.11
not only provides a comparison of the solvents (comparing the upper and lower sets of graphs)
but also a comparison the overall mass transport resistance as a function of microstructure
(comparing different coloured graphs on the same row). AvCarb 7497 clearly has the lowest

mass transport resistance followed by AvCarb 1071, AvCarb MGL370 and Freudenberg H23.
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This resistance information falls in line with our PSD observations (Figure 3.7), geometric
ordered fibre alignment in the ‘in-plane’ direction (Figure 3.6) and intuitive deductions from

permeability (Table 3.4).

As discussed in Chapter 2 and introduced in the Methodology, polarisation experiments use
the relationship between overpotential and current density to evaluate the RFB performance.
Figure 3.10 shows that, common to both electrolytes, at low flow rates, the system tends
towards a limiting current density and the overpotentials quickly become too high to allow the
experiment to continue. The apparent premature cut-off in experiments involving PC-based
electrolyte is attributed to severe cell potential instability during the final step in current density
(i.e., 20 mA cm? at all flow rates, for this electrode) and the especially slow reactant
replenishment at active sites within the electrode. In this case, using a FTFF system, high
overpotentials correspond to a mass transport limited region where the concentration
overpotential dominates, and there is not enough convective flow to sustain higher applied
current densities. Figure 3.10 demonstrates that the supporting solvent significantly influences
the cell polarisation since even at high flow rates, while using the more viscous PC-based
electrolyte, the cell is unable to reach a higher current density than 15 mA cm™. This effect is
partially attributed to the limiting inter-pore diffusive transport due to the low diffusivity of
TEMPO species in PC (Table 3.1). Additionally, an intra-pore diffusive process is present
which limits the movement of species to and from the active surface. In PC, the active reactant
species diffuse slowly, with difficulty, from the bulk of the electrolyte to the surface of the
electrode; once they reach the electrode surface, they are rapidly consumed due to their fast
kinetics and the high current density applied. This implies that the rate of mass-transfer towards
the electrode surface is much lower than the reaction rate, resulting in an increased boundary
layer thickness causing a rise in overpotential. When using MeCN-based electrolyte (Figure
3.10 (b) and (d)), high current densities can be reached as the lower viscosity (0.440 x 107
Pa s), and accompanying surface tension, allows the electrolyte to move more easily to empty
regions in the porous matrix, preventing the presence of starved regions through the electrode.
TEMPO species have higher diffusivities in MeCN than in PC electrolyte, so the resulting
boundary layer is smaller, inducing a lower overpotential over the electrode during operation.

The polarisation curves for the other electrodes are displayed in the appendix (Figure A3.18).

Performance metrics can be used to more easily digest the large amount of data extracted from

these experiments. In this work, the iR-corrected ASR calculated using galvanostatic
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polarisation data, i.e. the fitted iR-corrected potential (V) divided by the current density
(mA cm™), was used at the performance metric. The iR-corrected ASR for each electrode in
the highest and lowest flow regime, at a current density of 25 mA cm? (“ASR»s”), was
calculated during polarisation and presented in Table 3.5. This metric is reasonable because it

is calculated at a non-negligible current density and not simply resistance parameters.

Table 3.5: The area specific resistance calculated using the iR-corrected 1D model values at 25 mA cm™ (3sf). The area
specific resistance has been calculated for each electrode, in each supporting solvent at the highest (5.0 cm s7') and lowest
(0.5 cm s7) characteristic flow velocities. (Parentheses indicate that 250 A m~ was not reached before the cell cut-off
potential was reached, the highest current density modelled is indicated next to the associated ASR.)

Area specific resistance, ASR25 iR-corrected X 103 / Q m?

Flectrode Solvent High flow rate Low flow rate
AvCarb 1071 Mle)egN | 09612()512 82;(7)
AvCarb 7497 Ml; EN | ggggé 3:41132

2
Freudenberg HZ3 Ml:((:?N ‘ 0?561541 ((12.'14592?175. .13Tniccriln'2))
AvCarb MGL370 MZEN | 0(?'0154182 g:ggg

The following discussion attempts to intimately tie microstructural properties and performance
together. To clarify, a good ‘performance’ attributed to a system refers to a lower potential
associated with a given current density (in this case 25 mA cm™, i.e. the lower the ASR»s the
higher the performance). ASR2s demonstrates, again, that carbon cloths outperform the other
tested electrodes in equivalent environments, in line with observation in previous literature. >4
Some authors have rationalised these findings by showing that electrodes with low inter-pore
connectivity present uneven flow distributions due to the electrolyte flowing only through

preferred paths.!%3%%3

To recap, overarching observations, deduced from electrochemical polarisation data (Figure
3.10 and Table 3.5), are two-fold: firstly, overall performance of flow cells using MeCN is
superior compared with PC in almost every operating condition (with the exception of AvCarb
MGL370 with a characteristic flow rate of 0.5 cm s in PC at some current densities — see
Figure A3.18). This is attributed to the lower electrolyte viscosity resulting in higher species
diffusivity associated with using MeCN instead of PC. Secondly, with increased flow velocity

there is an increase in performance. This characteristic has been carefully separated into distinct
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transport phenomena: ‘intra-pore’ transport — associated with a reduction in the size of the BL
and the ease with which active species are brought to / leave the surface, and ‘inter-pore’
transport — associated with the formation of reactant starved regions in the electrode and
replenishment to these regions via a convective flow. Together, these high-level observations

start to account for mass-transport shortcomings in the cell.

Looking to other microstructural properties, such as VSSA, tortuosity and porosity (Table 3.3),
a notable lack in correlation to performance can be found (see Figure A3.19). Firstly, in
comparing the calculated VSSA with cell performance, it is reasonable to assume that a higher
VSSA would lead to higher performance, since the electrode would contain more available
reaction sites for the electrochemical reaction to take place. However, the results show an
inverse correlation between the VSSA and cell performance (ASR2s) for the AvCarb 7497 and
Freudenberg H23. This does not necessarily imply that a higher VSSA causes a lower
performance, rather, the VSSA is either not involved in a limiting process, or that the VSSA
calculated from XCT images may not provide a good indication of the actual active surface
area reached by the active species.®*” While the VSSA obtained from XCT images provides a
fair estimation of the total active surface area available, the inter-pore connectivity and the ease
with which an active species can reach those reaction sites is more important. Additionally,
given the precision (and magnitude) of these values, these VSSAs may be within error of one
another. Secondly, when analysing the tortuosity factor, no conclusive correlation between any
of the three, spatial directions and the ASR»s is observed. For example, AvCarb MGL370
shows a significantly higher value compared to the other electrodes, but its performance is only
marginally better than Freudenberg H23, whilst Freudenberg H23 and AvCarb 7497 present a
very similar tortuosity factor but differ greatly in terms of performance. This can be rationalised
by first considering inter-pore mass transport processes as a joint contribution from a diffusive
and a convective flow. The discrepancy between tortuosity factor and performance could be
attributed to the way tortuosity is calculated, considering only steady-state diffusive flux
between fixed concentration boundaries.”® It is asserted that for RFBs, in particular those using
FTFFs, the most influential factor for species transport through porous electrodes is the
convective flow, which is why no correlation between tortuosity and performance is observed.
Tortuosity correlations might be expected at the lower flow rates tested in this work (where
diffusive flux makes up a greater share of the overall transport character); however, for all flow
rates tested in this work, the ASR follows the same trend: AvCarb 7497 displays the best
performance, followed by AvCarb 1071, AvCarb MGL370, and lastly Freudenberg H23. This
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shows that, even at relatively low flow velocities, a convective flow is dominant over a
diffusive one in the direction of the flow (‘in-plane’ direction). With this in mind, it is expected
that repeating these experiments, using a flow-by flow field, would allow us to observe some
correlations between tortuosity in the ‘through-plane’ direction of the electrode thickness and
performance, since the predominant transport process could be diffusion especially at low flow
rates and with more viscous solvents. That said, it has been shown in VRFB systems that the
dominant transport process may be convection driven by the pressure difference between
neighbouring channels when using a flow-by flow field.>*3 Finally, there seems to be no strict
correlation between porosities of the electrodes and their electrochemical performance
(ASR25). Although, in broad terms, the cloths present higher porosities than the papers, the
cloth with highest porosity is not the best performing electrode. Instead, a correlation is
observed between PSD and ASR»s: AvCarb 7497 presents the largest pores, shown as a longer
tail in the PSD (Figure 3.7), followed by AvCarb 1071, AvCarb MGL370 and Freudenberg
H23. These results align with analysis from previous authors, which state that a combination
of larger pore size and fibre alignment, along with a high permeability, leads to a better

performance in carbon electrodes.!®!”

So far, no quantitative microstructural property has correlated with performance, only PSD has
qualitatively correlated with ASR»s. However, taken together, the permeabilities reported in
Table 3.4 and the calculated ASR»s values in Table 3.5 provide the clearest relationship
between microstructure and performance in this work. The two carbon cloths have the lowest
values for ASR»s and significantly higher permeabilities than the other carbon electrodes,
which falls in line with the work by El-kharouf et al.*’ The trend is followed at the low
performance end, too — Freudenberg H23 presents the worst performance (high ASR»s) and the
lowest permeability, where, at low flow rate, a current density of 25 mA c¢cm™ is not reached.
Figure 3.12 shows the iR-corrected ASR calculated at a current density of 25 mA cm™ plotted
against permeability and is used as a metric for standardising the comparison between cell
performance in each environment, namely four carbon electrodes, four flow rates and two

solvents.
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Figure 3.12: Graph showing correlation between the ability for the electrode to reach high current density and with low
overpotential (ASR2s) as a function of the calculated permeability at the highest and lowest flow rates in: (a) PC- of (b)
MeCN-based electrolyte. ASR:s indicated the area specific resistance calculated at a current density of 25 mA cm using the
1D fitted model simulations. At low flow rate, Freudenberg H23 did not reach 25 mA cm? in either solvent because the cell
cut-off voltage was reached first, these points are therefore omitted.

This inverse correlation between the ASR»s and the electrode permeability shows that the inter-
pore connectivity, quantised via the permeability, directly affects this cell’s performance
metric. As previously stated, the higher level of connectivity and permeability in the woven
cloths is given by their ordered weave structure and thus promotes a more uniform distribution
of electrolyte across the whole -electrode.!”*#*%57 Visual detail of microstructural
configuration with respect to the alignment of fibres in the electrodes is shown in Figure 3.6.
Since the electrode permeability is a measure of the ease offered to a convective flow by the
porous material, it is fair to conclude, as in previous literature,'® that a material with high
permeability enables an enhanced convective flow and, therefore, a better performance. This

is indeed what we observe, as shown in Figure 3.12.

Finally, when considering flow battery operation, pumping rates, power assessments and
efficiencies must be taken into account. This analysis is carried out in the appendix (Figure
A3.20).

3.3.4 Mass-transfer coefficients

To compare the pore-level mass-transfer effects displayed by the four carbon electrodes at
different operating conditions, the corresponding mass-transfer coefficients (k,,) were
calculated and compared as a function of the mean linear (interstitial) velocities, (v =
Olleqwedeed)), defined as the ratio of the flow rate to the cross-sectional area for flow in the in-
plane direction.!*!>® The XCT imaging analyses of the compressed electrodes (Figure 3.6)

were used to obtain the electrode porosity values (e.q) for computing the velocity of the
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electrolyte in the pore-phase.’®* Development of the 1D model and fitting the experimental
data was carried out by Dr. Catalina Pino-Mufioz using the 1D model in order to extract the
mass-transfer coefficients for each cell polarisation step in each variation of experimental
operating conditions—i.e., (two) supporting solvents, (four) carbon electrodes and (four) flow

rates.!

The electrode microstructural features obtained from the XCT image analysis—porosity,
tortuosity and VSSA—were used as model parameters (Table 3.3). Reaction rate constants (k)
for each of the solvent environments, using the four different electrodes, were obtained by
taking into account Rct (see Table A3.7 in appendix for these resistance values) and the
electrolyte tank concentration.'” The range of calculated values for reaction rate constants were
between 1.5 x 10 — 1.3 x 10 m s™! using MeCN and between 3.8 x 10° — 9.4 x 10° m s™!
using PC, which were slightly larger than the ones reported by Forner-Cuenca et al.'” The rate
constants serve as coarse estimations that were based on the fitted values of charge-transfer

resistances from the selected ECM and calculated using Equation (3.15)."

Jo RT

k = =
nkC (nF)ZCRCT

(3.15)

Diffusivity values for TEMPO species dissolved in PC and MeCN were measured and used as
model parameters (Table 3.1). Diffusivity of BFs~ and TEA" were estimated from literature as
0.464 x 10 and 0.261 x 10° m?s' when using PC,% respectively; and 11.5 x 10® and
6.20 x 10 m? s”! when using MeCN,*! respectively. The conductivity of the carbon electrodes
is expected to be considerably higher than the conductivity of electrolytes and separator and is
assumed to be high enough so that resistance to electron transport across the porous electrode
is negligible.!!3%44-56:62-64 Additionally, the HFR previously obtained was used to estimate a
reference value of separator conductivity (om), which was in the range of 0.73 —0.95 S m™! and
0.070 — 0.27 Sm! for experiments using MeCN and PC, respectively. The measured HFR
includes the resistance contribution of many components including contact resistances between
the different cell components and electrolyte resistance; however, the contribution of the
separator is expected to dominate, therefore providing a good approximation of the separator
conductivity. All the values referred to here are used in the model and are summarised in Table
A3.8 in the appendix. A reasonably good fitting of the model to the polarisation data was
observed (RMSE ranging from 1.7 — 5.5 mV) and all the model fits alongside the experimental
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data can be found in the appendix (Figure A3.18). To demonstrate the capability of the
developed 1D model, visualisations of the concentration distribution of species, the
overpotential and the ionic current density is exemplified for AvCarb 7497 in the appendix

(Figure A3.21).

Following extraction of mass-transfer coefficients (Table A3.9), an electrode performance
factor (AVrkm, s!), given by the product of the electrode VSSA and the mass-transfer
coefficient, as a function of the mean linear flow velocity (v, m s™') was used to compare the
mass transport characteristic of each carbon electrode / solvent couple (all tabulated in Table
A3.9). An empirical power law, 4Vrkm = bv™, is commonly used to characterise the carbon
electrodes where b and m are empirical (dimensionless) constants.!>>% This correlation can
be expressed in terms of relevant dimensionless numbers, such as the Reynolds (Re) and

Sherwood (Sh), which are defined in Equations (3.16) and (3.17).

d
Re = PeVat (3.16)
Ue
kmdf
Sh=-271 (3.17)
D

Where dr is the mean fibre diameter (m). These dimensionless numbers can also be related one
to another by a power law, Sh = aRe™, where a is another empirical (dimensionless)
constant.”!3>%66 Sh represents the ratio of convective to diffusive mass transport, while Re
represents the ratio of inertial to viscous forces within the electrolyte moving throughout the
porous matrix.*! A correlation between Re and Sh is established here to analyse the interplay
between the transport processes occurring within the pores. The mean fibre diameter (df, Table
3.3) was selected as the characteristic length scale for the carbon electrodes to evaluate the Re
numbers. The mean diffusivities for TEMPO*/TEMPO" in each solvent (Table 3.1) were
calculated to be 3.38 x 1071%in PC and 1.71 x 10® m? s™! (in MeCN) and were used to evaluate
the Sh numbers. Figure 3.13 (a) and (b) present the correlation between the electrode
performance factor (4"rkm) and the mean linear velocity (v) for the two solvent environments
tested, and Figure 3.13 (c) shows the dimensionless mass-transfer correlations (Sh — Re). Table
3.6 summarises the relevant value ranges for parameters and dimensionless numbers. Power
law values were found to be in the range of 0.90 — 1.64 and 0.69 — 1.76 when using PC and
MeCN, respectively (Figure 3.13). Tenny et al. obtained power laws (Sh — Pe) using some of
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the same cloths tested in this work, namely AvCarb 1071 and AvCarb 7497, and reported power
law values of 0.91 and 0.66, respectively;® however, the authors obtained their mass-transfer
coefficients experimentally and at higher electrode compressions (c.a. 30 %) — as compared to
the numerical approaches in this study and lower cell compressions—while power laws were
computed based on characteristic velocities and averaged effective diffusivities. This work has
alternatively implemented the mean linear velocity and averaged diffusivities for obtaining the
power laws (Sh — Re), since it was judged that these parameters better represent convective
mass-transfer at the pore-level, aligning with works reported by other authors and the general
BL theory for mass-transfer.'***667 Importantly, using equations from previous works,*>% the
size of the BL is calculated to be between 0.198 — 0.54 um and between 0.621 — 1.72 um for
PC and MeCN, respectively — i.e., significantly smaller than the mean fibre diameter and pore
diameter in all cases. Mass-transfer coefficients, and consequently Sh numbers, experience
more sensitivity with respect to velocity for cloths at the experimental conditions tested (Figure
3.13), increasing more quickly with the flow rate as compared to the papers. The most sensitive
electrode to the change in velocity is AvCarb 7497, which also displays the higher values for
the performance factor (Ayk,,), followed by AvCarb 1071, and then both carbon papers,
Freudenberg H23 and AvCarb MGL370. Previous reported power law values for carbon papers
and felts are within 0.61 — 1.18,!""% showing less sensitivity to velocity that the one obtained

here for AvCarb 7497.
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Figure 3.13: Correlation between electrode performance factor and mean linear velocity for electrodes using (a) PC-; or (b)
MeCN-based electrolytes. (c) Dimensionless parameter correlations for each electrode in each electrolyte on a logarithmic
graph with the Sherwood number plotted as a function of the Reynolds number. Gradients are displayed along their line
respective best fit lines.

Table 3.6: Ranges of characteristic dimensionless numbers for electrodes and performance values (3sf).

Parameter PC MeCN
vx10°/ms’! 6.28 —70.9

AV¥ km / 87! 0.170 — 84.5 0.374 - 85.4
Re 0.0135-0.204 0.0825-1.24
Pe 130 — 1950 25.6 — 385
Sc 9590 311

Sh 0.0295—-15.4 | 0.00945 —3.06

The convective mass-transfer coefficients are commonly considered to be an indicator of the

intra-pore mass transport within the electrode pore-phase given by the diffusive transport of

species from the bulk of the pores to the electrode active surface. This diffusive flow can be

enhanced by an augmented flow velocity: higher flow rates reduce the BL thickness between

the bulk electrolyte and surface of the electrode.>? This concept is consistent with the results

obtained for the four electrodes at different flow rates: the value of kn increases with increasing

flow rate, as shown in Figure 3.13 (a) and (b). The maximum performance factors, A"rkm,
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achieved are obtained by the carbon cloths in both solvents and the gradient of cloth fits show
the higher sensitivity to the change in velocity. Dimensionless correlations between the Sh and
Re numbers (Figure 11 (¢)), clearly illustrate the effect of solvent viscosity on the Re number.
In comparing the Sh number for the two solvents, it is observed that PC achieves comparable
values of Sh number as MeCN. Given the Sh is calculated as the ratio between kn and the
electrolyte diffusivity, D — they contribute to Sh in equal part (Equation (3.17)). Barton et al.
reported dimensionless correlation (Sh — Sc — Pe) for a Fe?"/Fe*" RFB using an SGL 29AA
carbon paper and varying viscosity for different flow field configurations.’ In that work, the
authors display considerable impact on flow characteristics (Pe) due to different flow fields,
however, no appreciable difference in mass-transfer features (Sh) due to viscosity were

observed.

3.4 Conclusions

In this chapter, the electrolyte and electrode microstructure-performance relationship was
investigated in a non-aqueous RFB using a combination matrix of different carbon electrodes
and solvents to decipher and elucidate the mass transport processes that occur, and the losses
associated with them. A TEMPO/TEMPO" redox couple and TEABF4 supporting salt were
dissolved in two solvents (PC and MeCN) resulting in two electrolytes with unique
conductivity, density and viscosity properties. The performance of four different commercially
available electrodes were tested at a selection of electrolyte flow rates. High-level observations
associated with the electrolyte choice include: the use of electrolyte with low viscosity and
surface tension (MeCN) results in higher performance; and, within the range of flow velocities

used, the expected correlation between flow rate and performance is evident.

With many parameters and variables relevant to this analysis, it is difficult to confidently assert
causal relationships between electrode microstructure and performance. It is more probable
that a combination of microstructural features and transport properties lead to the variations in
electrochemical performance we observe in the results. Microstructural properties of porous
media are closely related to the mass transport processes that take place within the cell and we
observe mass transport rates to be a useful indicator for electrode performance. Under the
forced convective conditions imposed on the cells in this work, it is asserted that the electrode
permeability is indicative of performance. In all cases analysed, the system was predominantly
dictated by convective flow and so with this assertion it is reasonable to have observed an

improved performance for those electrodes with higher permeabilities. Other microstructural

161



parameters, such as porosity, bear no observable correlation to the performance. VSSA may
well provide an accurate representation of the electrodes’ volumetric surface area; however,
during operation, if only a small proportion of this electrochemically active area is effectively
accessed and utilised, the VSSA obtained from image analysis does not serve as a useful

indicator of performance.

A 1D model of the separator-electrode-assembly accounting for the properties of the electrode
and electrolyte was implemented and fitted to experimental results yielding mass-transfer
coefficients, km, for each distinct operating condition. These mass-transfer coefficients serve
as a useful measure with which to analyse the intra-pore mass-transport limitations associated
with active species moving from the bulk to the electrode active surface. It is established that
the best performing electrodes also displayed the highest km and are therefore believed to have

the thinnest boundary layers.

Having analysed many different parameters in the electrode, this chapter identifies key
properties in a flow-through configuration that may inform specific electrode design/ choice
for a given system. Notwithstanding the alternative route taken, we arrive at a similar
conclusion as previous authors investigating electrode morphologies: the best system
performances are those observed utilising the cloths demonstrated both by their higher
permeability and mass-transfer coefficients. In this particular case, we conclude that AvCarb
7497 shows the most favourable microstructural properties leading to its superior performance,
both at higher and lower flow rates due to high inter-pore connectivity and permeability. These
properties are a result of the relatively large pore size and the periodic fibre alignment unique
to woven materials which promote a more uniform distribution of electrolyte across the
electrode. However, we also acknowledge the changes in electrode compression and accessible

surface area can influence electrochemical and fluid dynamic outcomes in unknown ways.

With respect to the questions presented in Chapter 1, this chapter investigated how the
microstructure of the electrodes tested affects the performance of a zero-gap symmetric RFB.
Further, this work confirms and discusses intuitive deductions about advantageous electrolyte
properties associated with convective flow through porous media. Permeability is found to be
the most strongly correlating parameter with the RFB performance metric chosen. Some

questions arise from this work such as:
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e How robust is this correlation and could the performance of porous electrode materials

be deduced just from imaging and pressure drop calculations?

o With what accuracy?

o Can these be simulated by stitching together REVs of a given electrode?

e How far reaching are these findings — will they hold for different compressions /

geometry / solvents / microstructures / temperatures?

e What does an ‘ideal’ electrode look like?

e At what point does permeability improvement have diminishing returns from a

performance perspective?

e Can we assume that compression is bad for permeability and therefore performance?

3.5 Appendix

3.5.1 Species diffusivity calculation

Figure A3.14 shows the current responses with varied voltage on a UME. These experiments

were completed to measure the diffusivity of the electrolyte using each supporting solvent,

where positive currents represent reduction. The diffusivity of each TEMPO species was

calculated using Equation (3.1).
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Figure A3.14: The UME CVs for trials 1-3 for the (a-c) PC- and (d-f) MeCN-based electrolytes. For all CVs, a 10 mV s
was used under quiescent conditions with a 10 um diameter Pt UME, a Pt mesh counter electrode, and a Ag/AgCl reference



3.5.2 SEM-EDX fluorine absence confirmation

This figure shows there is no perfluorinated binder in AvCarb MGL370. This is important
because, during image capture using XCT, perflourinated binders, such as PTFE, are
indistinguishable from the ‘active’ carbon fibres. There is not any perfluorinated binder in
AvCarb MGL370, and, therefore, all the surface captured by the XCT image is active and

available for electrochemical reaction.
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Figure A3.15: Scanning electron microscopy coupled with energy dispersive X-Ray spectroscopy, showing no fluorinated
croups in AvCarb MGL370 matrix.
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3.5.3 Resistance contributions to polarisation measurements
This figure shows how the individual iR-corrected and ohmic potentials contribute to the

overall cell potential at various flow rates when using acetonitrile (MeCN) as the solvent.
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Figure A3.16: Separation of ohmic potential contribution from the cell potential leaving the iR-corrected potential
illustrating the effect of flow rate on relative ohmic / HFR vs. charge / mass-transfer resistances in MeCN for each electrode

(a-d).

3.5.4 Complete EIS data and ECM fitting
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3.5.5 ECM fittings and EIS results

Table A3.7: Experimental high frequency resistances and all electrochemical impedance spectroscopy equivalent circuit model parameters for four electrodes, at four flow rates in two different
electrolytes (* = dimensionless).

Characteristic Lx 109/ Ohmic resistance x 10%/ CT MT 2 % 107
Electrode Solvent velocity / H Q m? Q/Fs®D a/* resistance X  resistance x T/s X [
cm s Exp.  Model 1°/Qm’>  10°/Qm’
5.0 1.928 1.75 1.75 0.500 0.418 0.0957 0.0213 0.185 0.853
PC 2.5 1.937 1.76 1.76 0.344 0.481 0.0846 0.0749 0.399 1.44
1.0 1.919 1.78 1.77 0.375 0.461 0.931 0.207 0.850 5.71
AvCarb 0.5 1.925 1.78 1.78 0.228 0.562 0.912 0.360 2.54 6.16
1071 5.0 1.662 0.180 0.177 0.552 0.567 0.0148 0.0308 0.187 0.170
MeCN 2.5 1.649 0.185 0.182 0.465 0.614 0.0152 0.0599 0.388 0.140
1.0 1.665 0.186 0.184 0.277 0.692 0.0128 0.142 1.27 0.823
0.5 1.666 0.187 0.185 0.167 0.713 0.00576 0.274 3.12 2.00
5.0 1.77 2.51 2.50 0.274 0.472 0.0821 0.0215 0.160 0.664
PC 2.5 1.77 2.48 2.48 0.226 0.514 0.0297 0.0594 0.346 0.541
1.0 1.78 2.50 2.49 0.262 0.499 0.0989 0.147 0.783 6.67
AvCarb 0.5 1.799 2.50 2.49 0.241 0.524 0.0993 0.274 1.78 8.03
7497 5.0 1.858 0.209 0.207 1.15 0.522 0.0223 0.0150 0.0436 0.176
MeCN 2.5 1.870 0.208 0.205 0.854 0.526 0.0146 0.0450 0.124 0.444
1.0 1.852 0.209 0.207 0.646 0.636 0.0298 0.0830 0.454 1.15
0.5 1.861 0.210 0.209 0.507 0.714 0.0376 0.145 1.43 1.72
5.0 1.815 1.79 1.79 0.138 0.580 0.0515 0.137 0.834 3.34
PC 2.5 1.808 1.79 1.79 0.0471 0.714 0.0388 0.277 2.10 15.3
1.0 1.839 1.79 1.79 0.0652 0.657 0.0313 0.650 5.75 59.2
Freud. H23 0.5 1.819 1.80 1.80 0.242 0.759 0.0181 1.30 10.4 289
5.0 2.095 0.196 0.193 0.261 0.594 0.00605 0.0647 0.399 0.504
MeCN 2.5 2.086 0.198 0.196 0.253 0.670 0.00371 0.125 0.879 2.46
1.0 2.072 0.200 0.201 0.500 0.817 0.00324 0.303 1.80 11.6
0.5 2.079 0.201 0.203 0.672 0.853 0.00457 0.597 3.00 17.7
5.0 1.961 0.650 0.642 0.195 0.507 0.113 0.0560 0.103 0.538
PC 2.5 1.962 0.651 0.642 0.207 0.503 0.136 0.0899 0.221 1.16
1.0 1.916 0.665 0.658 0.198 0.522 0.156 0.184 0.659 7.13
AvCarb 0.5 1.940 0.661 0.654 0.197 0.531 0.169 0.323 1.54 7.09
MGL370 5.0 1.717 0.237 0.234 0.443 0.560 0.0305 0.0455 0.200 0.361
MeCN 2.5 1.736 0.237 0.233 0.467 0.564 0.0379 0.0828 0.582 0.951
1.0 1.726 0.240 0.237 0.389 0.621 0.0408 0.181 1.93 4.44
0.5 1.707 0.242 0.239 0.326 0.641 0.0351 0.334 4.63 437
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3.5.6 1D model parameters

The following tables outlines (“include other tables omitted from main text?” and) the

numerical values used for the 1D model.

Table A3.8: 1D continuum model parameters.

Freudenberg AvCarb

Parameter Solvent AvCarb 1071 AvCarb 7497 123 MGL370
kx104/ PC 0.632+0.090 0.613+£0.100 0.940=+0.030 0.379+0.050
m s MeCN 5.19+2.00 2.71£1.00 13.0+ 3.0 1.51+0.20
0.0989 + 0.0701 + 0.0975 +
0.266 = 0.003

om/S m! PC 0.0008 0.0003 0.0001

MeCN | 0.949+0.020 0.837+0.003  0.881 +0.010 0.732+0.007
Dremro’ PC 0.411 +0.003
x10°/m?s! MeCN 1.940 £+ 0.005
Dremro* PC 0.265 + 0.003
x10°/m?s! MeCN 1.490 +0.006
Electrode
thickness / = 267 490 147 335
pm
VSSA/ - 154000 143000 168000 143000
m? m-
Porosity = 79.6 78.3 74.8 70.5
Tortuosity - 1.195 1.265 1.225 1.410

3.5.7 Polarisation results — experimental and model fit

This figure shows a complete set of all the expeimental polarisation and corresponding 1D

model fits tested at each flow velocity in each solvent — ‘colour sorted’ by electrode.
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Figure A3.18: Complete set of polarisation curves with accompanying model fits.
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3.5.8 Polarisation results and 1D model fitting
The following table displays some of the calculated parameters used to fit the 1D model to the

experimental polarisation curves.

Table A3.9: Summary of results of 1D continuum model after fitting to galvanostatic polarisation data (3sf).
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3.5.9 Correlating microstructural properties with performance metrics
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Figure A3.19: Plots showing a lack of correlation between several commonly used microstructural properties: (a) volume-
specific surface area, (b) porosity and, (c) tortuosity. (d) shows the positive correlation between permeability and ASR2s
relealing its importance relative to the other microstructural properties. The performance metric used here was recorded in
a high-flow (5.0 cm s7) zero-gap flow-through RFB using MeCN as the supportiong solvent.

Figure A3.19 is shown here for completeness. It demonstrates that no other, standard,
microstructural parameter correlates well with the performance metric chosen in this work.
Clearly, the ASR»s was measured under a specific operational environment (using MeCN as
the supporting solvent and flowing electrolyte though the cell at the highest flow rate tested —
5.0 cm s7'). The scale bars for each of the sub-plots in this figure also highlight that, the absolute
values do not change very much for the non-permeability microstructural properties.

Permeability is shown to correlate best with the chosen metric.

3.5.10 Electrical and pumping power assessment

On inspection of the ratio between pumping power (input) and electrical power (output) at a
potential of 25 mV, as a function of characteristic velocity, it is observed that as the flow rate
increases there are diminishing returns in performance. Figure A3.20 illustrates the proportion
of power spent on moving the electrolyte through the electrodes in each solvent as a function

of the characteristic flow velocity. These data were gathered using the fitted polarisation dataset
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and AP was taken from the PNM calculations. The electrical power was calculated at 25 mV

and the pumping power calculated via the following Equation (A3.18):

Q

€pump

P,

bump = AP X

(43.18)

Where Ppump 1s the pumping power (W), AP is the pressure drop (Pa), Q is the volumetric flow
rate (m® s!) and epump is the pump efficiency (dimensionless). The pump efficiency varies

widely in literature, for the purposes of this analysis, epump is assumed to be 75 %.71"7
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Figure A3.20: The ratio of input pumping power to output electrical power at a calculated 0.025 V iR-corrected potential

(during polarisation), as a function of characteristic flow rate in (a) PC and (b) MeCN (assumes a pump efficiency of 75%,).
The parity (dotted) line indicates the ratio below which there is no net generated power.’

As expected, the position on the vertical axis is strongly influenced by electrolyte viscosity; it
is more difficult to move the electrolyte through the electrode and therefore a more significant
proportion of power is spent on this demanding process. The relative positions of the electrodes
are in line with the trends in other forms of analysis throughout the paper (generally, cloths
performing better than the papers). The parity (dotted) line indicates the point at which the
input pumping power is equal to the output electrical power. Operation below a ratio of 1 leads
to no net generated power and must be avoided. This is the case for Freudenberg H23 and
AvCarb MGL 370 (at the higher two flow rates) using epump = 75 % (Figure A3.20 (a)). The
curve’s gradient indicates how changing the flow velocity influences the proportion of input
power converted to the ‘useful’ output power. For instance, in MeCN (Figure A3.20 (b)),
comparing AvCarb 1071 and AvCarb 7497, increasing the flow velocity from 2.5 to 5.0 cm s!
improves the electrical output to a greater degree in AvCarb 7497 than for AvCarb 1071. This
indicates that there may be meaningful improvements in performance with an increased flow

for AvCarb 7497 compared to AvCarb 1071. This proportional power / velocity relationship
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helpfully compares these systems and would be relevant and scalable to larger systems. This
power analysis interestingly highlights both how the electrolyte viscosity affects this power
ratio (electrical power / pumping power) with flow rate progression, and how the cloths’
advantageous microstructural orientation caters for a greater system efficiency, compared to
the carbon papers examined in this work. Forner Cuenca et al. observed a similar trend using a

single electrolyte in a previous contribution.'

3.5.11 Distribution of concentration, overpotential, and ionic current density

Figure A3.21 presents the calculated concentrations of active species, overpotentials and ionic
current densities along the cathode thickness (through-plane, x-coordinate) corresponding to
an applied discharge current density of 25 mA c¢m, for the four characteristic velocities tested
on AvCarb 7497 cloth using PC and MeCN. During discharge, the reduction reaction occurs at
the positive electrode while the oxidation takes place at the negative electrode, and, therefore,
a higher concentration for TEMPO" is expected with respect to the concentration of TEMPO,
as shown in Figure A3.21 (a) and (b), respectively. In both plots, the consumption / production
of species is localised mostly close to the separator (particularly when PC is used), and, as the
flow rate of electrolyte increases, both concentrations tend towards the concentration of
TEMPO species in the tank (50 mol m™) due to the faster replenishment of active species. The
concentration profiles are also affected by the diffusive and electrophoretic transport, which
are expected to be slower when using PC as supporting solvent due to the lower diffusivity
values (Table 3.1) and, therefore, steeper concentration gradients are expected in this case.
When comparing the effect of supporting solvent on overpotential profiles, we observe higher
values of overpotential with increasingly steep gradients towards the cathode / separator
interface (x =/leq) when using PC, as opposed to the lower (essentially constant) values of
overpotential across the electrode when using MeCN (Figure A3.21 (c)). This demonstrates
that when the cell is operating with MeCN, a more even distribution of the reaction rate for the
charge-transfer process between TEMPO® and TEMPO" is expected to appear across the carbon
electrode. This even reaction rate is also exemplified by the rate of change of the ionic current
density, which changes from zero at the current collector / electrode interface (x = 0) to
25 mA cm at the cathode / separator interface (x = lea), as shown in Figure A3.21 (d). Similar

42,64

figures have been obtained by previous authors,”"* and equivalent profiles for the other carbon

electrodes examined in this work are shown in Figure A3.21.
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Figure A3.21: Distribution of concentration of (a) TEMPO", and (b) TEMPO", (c) overpotential, and (d) ionic current
density, along the cathode thickness when a discharge current density of 25 mA m™ is applied to AvCarb 7497 carbon cloth
in PC- (dashed line) and MeCN-based (solid line) electrolytes and under the four flow velocities tested.
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Chapter 4

Synthesis and characterisation of a low iridium, ZIF-67-
based multifunctional electrocatalyst

1

“The more you know, the more you know you don’t know.” — Aristotle (paraphrased)

4.1 Introduction

Energy storage and energy conversion devices such as fuel cells, electrolysers, sensors and
redox flow batteries (RFBs) regularly use electrocatalysts to facilitate fundamental small
molecule reactions and will help to change the way electricity is used. In fuel cell research,
substantial effort has been channelled towards simultaneously reducing the cost of
electrocatalyst materials (i.e. reducing the proportion of PGMs in electrocatalysts) and
achieving impressive performance targets (e.g. 600 mA cm™? at 0.7 V with less than 30 %
degradation over 1000 h)."? Projects are funded by governmental and international funding
bodies such as the US Department of Energy (DoE) and the Fuel Cells and Hydrogen Joint
Undertaking (FCH-JU) and these projects are carried out with the ultimate goal of encouraging
the adoption of electrochemical technologies broadly.** The ORR is most efficiently catalysed
using platinum-based catalysts, accelerating the kinetics of an otherwise slow reaction.’ As
discussed in Chapter 1, advances in the development of non-precious metal catalysts with new
synthesis techniques enabling the introduction of metal or heteroatom centres enhancing carbon
surfaces towards the ORR (and other fundamental small molecule processes) is continuing to
inform community understanding of these electrochemical process. While there is no agreed
definitive mechanism, the higher concentration of electrons on the nitrogen atom (occasionally
simplified to ‘lone pair’) in nitrogen doped carbon (NC) materials is thought to play an
important, stabilising role in oxygen-carbon centres’ interaction involved in the transition state
during ORR.%’ Further understanding of this stabilisation is critical and may eventually lead to
the production of electrocatalysts precluding the use of precious metal catalysts completely.®
On the other hand, the oxygen evolution reaction (OER) poses a serious threat to carbon-based

catalysts as sluggish kinetics, and thus requirement for high overpotentials, lead to high positive
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potentials on carbon-based materials. This high potential causes oxidation on surface of the
catalyst and the formation of undesirable, non-conductive, oxygen functional groups,

ultimately causing degradation.’

The pH environments must also be considered when performing these reactions. Entirely
different fundamental reaction mechanisms can occur depending on the pH of the system.”!'”
For instance, in acidic conditions NC materials are much less effective, compared to metal
centres — again, the reasons for this are not widely agreed but it is thought to be as a result of
the protic environment oxidising the NC surface (potentially protonating the all-important N
centres) — whereas, in this acidic environment, metal centres have extensive d-orbital (/ d-band)
vacancy enabling the incorporation of nucleophilic oxygen adsorption.!! Once oxygen is bound
for the ORR reaction, two reaction pathways can occur — the two- or four-electron pathways —
again, discussed in Chapter 1. The nature of active site across the catalyst induces different
mechanisms which leads to various degrees of peroxide formation during the ORR reaction.
Generally, the two-electron process dominates when active centres are predominantly carbon-
based — this mechanistic pathway leads to the production peroxide and this is important because
prolonged exposure of carbon to peroxide damages the carbon surface.'®!> While these
chemical phenomena must be considered for the ORR, a similar set of considerations exist for
the OER that are not always compatible with high performing ORR activity.® ZIF-based
materials were introduced in Chapter 1. These carbon, nitrogen and metal-containing materials
serve as a good substrate (or starting point) on which to produce an electrocatalyst given their
relative cost (compared to PGM materials) and advantageous chemical make-up. Zinc-
containing ZIF-8, as stated before, has been shown to provide the basis for an extremely highly
performing single atom catalyst.'* This chapter focuses on its cobalt-based analogue — ZIF-67.
ZIF-67 was chosen, in part, because of the high performance of cobalt containing catalysts

towards OER in alkaline conditions. '

Most catalysts are used to perform a single function, however, for devices whose proper
functioning relies on a forward and backward (redox) reaction to occur at one electrode,
bifunctional electrocatalysts are potentially very useful. Devices utilising bifunctional oxygen
electrocatalysts (performing both the ORR and OER), such as metal-air secondary batteries, '°
have higher gravimetric energy densities compared to other conventional electrochemical
devices, as oxygen can be drawn from the air and does not need to be stored within the device.

Compared with the theoretical specific energy density of zinc bromine device technologies
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(572 W h kg1),!” the theoretical specific energy densities for zinc-air batteries is 1350 W h kg
which is around three times higher than Li-ion batteries (410 W h kg™).'®!* Development of
bifunctional oxygen catalysts must carefully balance the strengths and weaknesses of
alternative electrocatalytic materials for OER and ORR. For example, while mixed transition
metal alloys may perform extremely well in certain environments for either ORR or OER, very
rarely are both processes equally impressive for a given alloy in a given environment.?
Similarly, underexplored carbon-based catalysts are increasingly being shown to have
remarkable ORR capability, especially those with integrated metallic single atom centres,’
however, only very few carbon-based catalysts show stable catalysts that are as durable for the
OER.® Some single-atom iridium and cobalt containing catalysts have been shown to display
fantastically high multifunctional performances towards the ORR and OER achieving

overpotentials of under 420 and 350 mV, respectively, in both acid and alkaline.?*!

Having discussed the danger of high oxidising potentials for NC catalysts, it is worth briefly
discussing the PGMs that are commonly used (indeed, used in this work) to develop
fundamental oxygen catalysts in acid or alkaline conditions. Platinum, ruthenium and iridium
are commonly considered when producing catalysts with a view to performing either the OER
and ORR in acid or alkaline conditions. In acid, platinum is known to be the best metal catalyst
available for catalysing the ORR reaction, however it is a poor OER catalyst due to oxidation
at its surface at high oxidising potentials.??> Ruthenium and iridium are also effecting ORR
catalysts in acid but, it has been shown that iridium is more stable in acid and is also more
effective at catalysing the OER reaction.”* Under basic conditions, again, these three PGMs are
among the most active but ruthenium is shown to be more active than iridium in catalysing the
OER reaction.?»** Given the goal in this work is to develop a multifunctional catalyst across a
range of pHs, iridium was chosen to catalyse the OER this multifunctional catalyst at different

pHs as it, holistically had the greater capability.

The HOR reaction is the subject of significant interest as a result of its central use in PEMFCs.
While it is six orders of magnitude faster than the ORR reaction due to the absence of the varied
adsorption / desorption and strong bond cleavage involving O-containing intermediates,’ it still
requires effective platinum catalysts.>>*¢ The challenge for researchers now is to either an
electrode engineering one (by reducing the platinum loading of HOR catalysts to vanishingly
small quantities) or developing new non-PGM catalysts that can work as effectively. In terms

of extending this bi-functionality to the hydrogen fundamental processes, hRFBs have recently
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employed a hydrogen gas electrode that undergoes the HOR and HER reaction.?’? Catalysts
that are active towards catalysing the HOR are, as mentioned to in Chapter 1, able to catalyse
the HER and therefore are considered bifunctional towards these fundamental hydrogen

reactions.

In line with the question set out in Chapter 1: ‘Is it possible to develop an inexpensive, carbon-
based, high-performing bifunctional oxygen electrocatalyst?’ this chapter looks to explore a
low-cost, versatile and high-performing bifunctional electrocatalyst with starting materials free
of precious metals. As this work is carried out, further questions will be confronted and

addressed, such as:

e What are the optimum pyrolysis temperatures?

e How can metal content be minimised?

e What are the active sites’ characteristics — does the iridium in the catalyst have single
atom character or an alternative morphology?

e Is the catalyst active across a range of pHs?

e Does the catalyst catalyse hydrogen reactions?

e Can we reliably measure the metal content to return meaningful mass activities?

In-house synthesised ZIF-67 is used as a starting material, providing a cobalt-containing NC
soft-templating scaffold where small amounts of iridium (1 — 8 wt%) are introduced after
pyrolysis steps. Initially the catalyst capability will be investigated in alkaline conditions as
NC materials are known to be stable towards the ORR in this environment, but, ultimately, will
be tested across the pH range. Several state of the art physical and electrochemical
characterisation techniques are used to inspect the active site(s) of the catalyst. The catalyst
will then be tested for its activity towards ORR / OER and HOR / HER processes and the mass
activities will be critically discussed. The best performing OER and ORR catalyst is shown to
degrade slowest in basic medium. At the end of this study, chronoamperometry is tested over
the catalyst on a RDE and the mass activities are examined. It is found that mass-activities,
especially of iridium-containing species, have the potential to be misleading if not stated with

sufficient qualification.
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4.2 Methodology

4.2.1 Catalyst preparation

4.2.1.1 Carbon catalysts

A modified version of a previously reported facile hydrothermal synthesis of ZIF-67
nanocrystals was performed using CoNO3-6H20 and 2-methylimidazole.*® 2-methylimidazole
was dissolved in a minimum amount of water and vigorously stirred until almost all the solid
was dissolved. An aqueous solution of the cobalt salt was then added (immediately producing
a deep purple colour). The details for this synthesis procedure are discussed at the beginning
of the Results section as additional modifications to the literature synthesis technique were
carried out. The resulting purple powder was then pyrolysed at T; (800 / 900 / 1000 °C) to
produce NC_Ti —ablack powder. This powder was then immersed in 2 M H2SO4 (acid in large
excess) and left to stir overnight to remove any unbound cobalt in the pyrolysed structure. The
powder was then filtered and washed in triplicate (3 x 300 mL DI) and dried in a vacuum oven
overnight at 70 °C. Following this, a methanol solution of NC T; was made (c.a.
0.75 mg mL!), to which 150 wt% (with respect to mass of NC_T) IrCl3-6H,O was added and,
while stirring, was set to reflux for 24 hours. After cooling, the solution was filtered to remove
excess iridium in solution and washed with water before being immersed in 0.5 M H>SO4 to
remove the physisorbed Ir-ions, followed by a further three thorough water washes to remove
any sulfate residue. The powder was, again, dried overnight in the vacuum oven at 70 °C. The
resulting material, Ir NC T, was pyrolysed again at T> (850 / 900 / 950 °C) to produce
Ir NC_Ti_T». Pyrolysis conditions during catalyst synthesis were universally under a flow of

argon and at a ramp rate of 3 °C min’'.

Synthesis of an equivalent catalyst without any iridium, Blank NC T; T> was carried out in
an identical fashion to Ir NC T T» except without adding the IrCl3-6H>O during the reflux

step.

It is important to clarify here, and this will become clear later too, that the term NC is actually
a misnomer. NC in this particular catalyst contains a certain amount of cobalt (determined
later). Iridium is included in the way this catalyst is named because it was subsequently added
to a carbon-based material that had just been through an acid leaching step (but that still

contained some cobalt). Therefore, in this chapter, NC implies the use of cobalt.
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4.2.1.2 Commercial iridium-based catalysts

20 wt% Ir on carbon was bought from Premetek. To ensure minimal presence of IrO; on the
surface (after possible oxidation following exposure to air) the material was pyrolysed for one
hour under a flow of argon at 900 °C (following a ramp rate of 5 °C min!). IrO> was purchased

(Alfa Aesar) and used as received.

4.2.2 Ink preparation

Catalyst inks were prepared for electrochemical characterisation techniques. All Ir NC T T
type inks were made up in ethanol, set as 1 wt% and consisted of a catalyst to Nafion ionomer
ratio of 2:1. The following procedure was used: to a clean glass vial containing 5 mg of catalyst
powder, 564 uL of ethanol was added and sonicated (Ultrasonic 8800, Branson®) for
30 minutes. To this ethanol / catalyst suspension, 54.1 pL of Nafion (5 wt%) was added and

the mixture was sonicated for a further 1.5 hours.

The Blank NC T; T> catalyst ink was made in an identical way as above. Ir Premetek and

IrO> inks were also made using ethanol and the same catalyst to Nafion ratio.

Loadings for the Ir NC_T; T, catalyst inks were either 0.2 or 0.4 mgecm ™ and this is
outlined where catalyst performance results are displayed. Loading for the Ir Premetek and the
IrO; inks were 0.1 mgc cm 2. Whenever inks were made on previous days they were always

stored at 4.0 °C and sonicated for at least 30 minutes before subsequent use.

4.2.3 Physical characterisation
Information set out here is specific to the samples and analytical techniques carried out in this
chapter. A large portion of the theory is set out in Chapter 2 and provides the basis for this

section.

4.2.3.1 Nitrogen physisorption (Brunauer—-Emmett—Teller — BET)

As outlined in Chapter 2, catalysts were transferred to BET tubes and dried under a stream of
nitrogen at 130 °C overnight before nitrogen physisorption analysis. This analysis was carried
out to determine the porosities and specific surface areas (SSAs) of the catalysts synthesised.
Pore volumes are calculated using the (Barrett-Joyner-Halenda) BJH method and micropores

are calculated using the t-plot method.
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4.2.3.2 Electron microscopy

When preparing samples for SEM in this chapter, around 2 mg of catalyst powder were ground
thoroughly in a pestle and mortar and subsequently deposited onto carbon tape that was affixed
to an SEM sample holder. A thin 5 pm layer of chromium was sputter coated on the carbon-
based samples’ surface to ensure sufficient conductivity and the ability to collect high quality

images.

TEM samples were prepared by, again, grinding the catalyst powder in a pestle and mortar and
suspending 1 mg into 1 mL of ethanol. For the same reason ethanol was used to prepare the
catalyst inks, ethanol was the chosen as the solution in which the best suspension could be
formed, following 30 minutes of sonication. TEM microgrids (carbon-coated copper) were then

placed on a petri dish and a few drops of the suspension were cast on it.

Once the TEM samples were loaded into the electron microscope (JEOL 2100Plus), STEM
mode was engaged (after tilting the sample 15°) in order to identify the chemical composition

of the particles.

4.2.3.3 X-ray diffraction (XRD)
After grinding the catalyst powder in a pestle and mortar around 10 mg was deposited and
flattened in the circular, flat-based XRD holder using a clean glass slide. The analysis was

carried out to identify the crystalline features on the surface of the catalyst.

4.2.3.4 X-ray photoelectron spectroscopy (XPS)

Around 1 mg of the ground catalyst powder was dropped and flattened on c.a. 2 mm x 2 mm
pieces of carbon tape and mounted on the XPS plate. This analysis was carried out to explore
the nature of elemental sites at the catalyst surface (~ 2 nm penetration). The coverage and
thickness of the sample in question is considered to be sufficient to shield any contamination
that might come with the carbon-based sample tape. Post-processing was carried out using the

Avantage Data System with the help of Dr Gwilherm Kerherve.

4.2.3.5 X-ray absorption spectroscopy (XAS)

The XAS measurements were used to probe the Ir Lir—edge (11215 eV) X-ray absorption near
edge structure (XANES) and the Fourier transform of the extended X-ray absorption fine
structure (EXAFS). Samples were prepared by Mr B. Ali from Dongukk University and the
technicians at South Korea’s Pohang Light Source-II (PLS-II) (1D KIST-PAL and BL7D). The
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datasets for these XAS measurements were collected in two batches. The measurements for
these batches were gathered using different beamlines and modes (transmission mode for the
first set in 2019 and fluorescence mode for the second set in 2020). Ir foil, commercial Ir
nanoparticles (20 %) supported on carbon (Premetek) and IrO> standards were used as the
reference materials. This analysis was carried out to determine the local environment

surrounding the Ir in sample.

4.2.3.6 Inductively coupled plasma — mass spectrometry (ICP-MS)

Sample solutions with a density of 1 mg mL™' were prepared in small glass vials and left to
sonicate for 30 minutes. Small portions of these solutions (I — 4 pL) were transferred to
polypropylene centrifuge tubes and a 155 pL of Aqua Regia (strongly acidic and corrosive)
was added to digest the sample and extract the metal content from the catalyst solid into
solution. The centrifuge tubes containing the samples were subjected to one of three heating

regimes (Table 4.1).

Table 4.1: ICP-MS sample preparation heating regimes.

Sample prep.

method Description

1 No heat: Simply immersed in Aqua Regia

2 Heated: Immersed in Aqua Regia at 80 °C in an oil bath overnight

3 Heated: Immersed in Aqua Regia at 80 °C in an oil bath for one week

Once these regimes were carried out, the samples were diluted in a less concentrated acid
matrix (1 % HCl and 2 % H>SO4) suitable for the machine and subsequently filtered to ensure
no undissolved solid carbon entered the machine. This ICP-MS analysis was used to determine
the metal content of the catalyst. The dissolution of iridium has been carried out more
successfully using concentration hydrochloric acid and sodium chlorate at elevated

temperatures (between 125 and 150 °C).’!

4.2.4 Electrochemical characterisation

Inks were dropcast onto thoroughly cleaned glassy carbon (GC) electrodes which, before each
use, were polished to a mirror using 0.3 and 0.1 um (fabrication paper) and 0.05 pm AlO3
polish. Following this, during drying, the RRDE was rotated at a rate of 300 rpm to give a thin,

even coverage of the GC.
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Sulfuric acid (0.5 M H2SO4, VWR), a buffered acetic acid solution (0.5 M MeCOOH, VWR)
and potassium hydroxide (0.1 M KOH Alfa Aesar) were used as electrolytes in acid, neutral
and basic environments, respectively. They were made to their respective concentrations using
deionised water (DI) (18.2 MQ cm, Milli Q IQ 7005, Merck Millipore). For reference
electrodes: a standard calomel electrode (SCE, Pine Research) was used in acid and neutral
media and a mercury / mercury oxide (Hg/HgO, Pine Research) electrode was used in basic
media. The standard potentials for the SCE and mercury electrodes used in this work were
0.240 and 0.162 V vs. NHE, respectively. All potentials using reference electrode readings
have been converted and are reported in this chapter versus RHE, for consistency. A graphite
rod was used as the counter electrode in the three-electrode systems and the container in which
these RDE experiments took place was made from PTFE as glass is not compatible with basic

media due to aggressive hydroxide ions etching the glass and effectively leaching silicates.*

Before RRDE experiments commenced, the solution was purged with oxygen for 30 minutes.
The sparger used for these experiments could not be the typical glass sparger fitted with a frit
as these materials are incompatible with the alkaline environments necessary when testing
these catalysts. An in-house designed sparger (made from PTFE) was used instead for these
purging steps. The RRDE tip was immersed ~0.5 cm into the oxygen-saturated electrolyte and
rotated at 1,600 rpm for the duration of the catalyst testing. The following ‘break-in’ procedure
was carried out to clean the catalyst surface and wet the carbon layer sufficiently: cyclic
voltammograms (CVs) were recorded by cycling between 0.1 — 1.1 V at 100 mV s’ (x25),
10 mV s! (x5) and 5 mV s! (x1).

ORR performance measurements then commenced with five cathodic linear sweep
voltammograms (LSVs) recorded at a scan rate of either 5 mV s or 2 mV s°!. Interestingly, in
acid, the anodic LSV returned a more positive E12 and therefore five anodic LSVs were taken
when measuring in acid. Following initial ORR measurements, the solution was purged with
nitrogen or argon 30 minutes respectively and, at 5 mV s™!, CVs (x2) and LSVs (x3) in the
ORR region (0 — 1.1 V) were recorded to correct for background capacitance. Initial OER
performance was then measured by recording CVs with a scan rate of 5 mV s!, between 1 —
1.7 V. After measuring OER performance, the solution was purged with oxygen and ORR
performance was measured again in an identical way as described above. Re-measurement of
ORR background and OER performance was then performed under the inert gas. Following

this, both the ORR and OER performance measurements were repeated once more.
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Equivalent experiments for the fundamental hydrogen reactions were carried out too. These
experiments were carried out with the lower of the two loadings (0.2 mgca cm™) and scan rate
(2 mV s). Finally, chronoamperometry was carried out for each of these configurations in

each both acidic and basic pH for two hours in order to explore the catalyst durability in RDE.

Impedance measurements, used to make an iR correction, were recorded before and after each

ORR / OER / HER and HOR requisition (1 V, 100,000 — 0.1 Hz with 10 points per decade).

4.3 Results and discussion

4.3.1 Synthesis and initial characterisation

Initially, commercially available ZIF-67 was used to synthesise the desired catalyst. The
morphology of this ZIF-67 was inspected by SEM and was shown to be amorphous with
aggregated particles of irregular shape — varying in size but agglomerates are c.a. 500 nm in
diameter (Figure 4.1, left-hand side — LHS). Homemade ZIF-67 starting material was then used
as the standard carbon starting material. On synthesis of the catalyst, using a method set out by

Qian et al.,*°

particle size is shown to be controllable by varying the concentration of the
reaction mixture during the first step. Improved morphologies of homemade starting materials
are shown below — initially by large particle ZIF-67 (mostly individual particles with usually
only one fused face) and extended to small particle ZIF-67 which employs a more concentrated
reaction mixture during the self-assembly mechanistic step. Approximate sizes of in-house
synthesised large and small ZIF-67 particles were 300 — 400 nm and 100 — 150 nm,
respectively. Internal discussions with commercial catalyst manufacturers indicate that
optimum particle and aggregate size is in the range 100 — 600 nm. Catalyst particles smaller
than this result in the catalyst layers produced in devices being too dense and preventing the

easy distribution of gaseous electrolyte (oxygen) into the layer; whereas particles larger than

this, result in the layer being non uniform and diffusion into the catalyst layer becomes slow.

Commercial Large Particle Small Particle

y

200 nm

+ 200 nm 200 nm
Figure 4.1: Scanning electron microscopy images of ZIF-67 with varied morphology demonstrating controlled MOF

synthesis.
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Having carried out the procedure outlined in the methodology, the synthesised catalysts’
performance was tested by drop-casting the formulated inks onto a rotating ring disk electrode
(RRDE). Given this study aims to develop NC-based catalysts (containing the coordinated
cobalt in ZIF-67), alkaline conditions were used to routinely test their electrochemical
capability towards catalysing the ORR and OER reactions in 0.1 M KOH (Figure 4.2). The
catalyst synthesised using large particle (LP) ZIF-67 (Ir. NC 900 900 LP) was compared to
the catalyst synthesised using commercially available ZIF-67 as a starting material
(Ir NC 900 900 Com), the improved morphology is shown to induce a significant
improvement in ORR performance (62 mV improvement in E12, Figure 4.2 (a)). Interestingly,
there was no significant increase in OER activity comparing their E1o, however, an improved
onset potential was observed for the homemade LP ZIF. Reducing the ZIF-67 starting material
particle size further (by c.a. 200 nm) achieved by increasing the concentration of the reaction
mixture (as outlined by Qian et al.,*® SP) and subsequent catalyst preparation (forming,
Ir NC 900 900 SP) led to improved OER performance (40 mV improvement in Eo) with no
further boost in ORR performance in comparison to Ir NC 900 900 LP. This iterative
improvement implies firstly, that a defined, consistent starting material morphology improves
the half-wave potential for ORR in basic media, and secondly, that OER performance is
improved by smaller ZIF-67 starting materials. These findings are consistent with those of Wu
et al., who observed that the best ORR activity of similar ZIF-based catalysts (ZIF-8) were
those with a starting material particle diameter of 50 nm.* One puzzling aspect of the ORR
responses was the variation of limiting current. All limiting currents should be the same unless,
either there are differing amounts of H>O vs. H2O2 produce (the number of electrons transferred
varies between two and four electrons), or there is incomplete catalyst coverage over the glassy
carbon electrode. In this case it is assumed, given their similar characteristics and therefore
mechanism, that there is some difference in the catalyst coverage between LSV scans with
these catalysts. An additional complicating factor may be that in some of these ORR tests, the
amount of oxygen present in the background was much higher than what is usually acceptable

(see Figure A4.15 in the appendix).

In order to inspect the effect of iridium on the ORR and OER reactions, the synthesis procedure
was carried out omitting the iridium salt from the reflux step (Blank NC 900 900). As
expected, the OER performance suffered significantly without the presence of iridium on the

catalyst, indeed it is well known that iridium plays an important role in OER catalysis.** The
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ORR performance was not significantly affected, inferring the ORR reaction unlikely to
involve iridium atoms. Figure 4.2 shows the RRDE iR-corrected polarisation responses for
these catalysts, set against standard Pt (Pt/C, JM) and Ir (Ir/C, Premetek) benchmarks for the
ORR and OER reactions, respectively.

T T T T T 14 T T T T T T
(a) or (b) Blank_NC_900 900
12 F Ir_NC_900_900_Com 4
-1 b Ir_NC_900_900_LP
o 10 | Ir_NC_900_900_SP 4
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EiR-corrected /'V vs. RHE EiR-corrected /'V vs. RHE

Figure 4.2: Progressive ORR and OER perforamcne improvement of catalyst synthesis on a RRDE in 0.1M KOH at a
rotation speed of 1600 rpm, scan rate of 5 mV s and a catalyst loading of 0.4 mgea: cm™.

Having established that using small particle ZIF-67 and iridium deposition produced the
highest performing bifunctional catalyst, these conditions were used to produce the starting
material for all further synthesis optimisation. The temperatures, T1 = T2 = 900°C were the
(arbitrary) starting point for each of the pyrolysis steps. In order to optimise the synthesis
procedure, Ti and T, were varied to show how temperature has an effect on the catalyst
performance. Three temperatures for each pyrolysis step were tested resulting in a set of five
catalysts:  {Ir NC 900 900, Ir NC 800 900, Ir NC 1000 900, Ir NC 900 850,
Ir NC 900 950}. The reason T was varied by 900 + 100°C and T2 only by 900 + 50°C was
because the function of the first pyrolysis was to vary the nitrogen content — changing pyrolysis
temperature by 100 °C was considered to have an appreciable effect on this nitrogen
concentrations. Variation in T, was carried out to inspect how, if at all, this iridium ‘activation

pyrolysis’ temperature might affect the catalysts’ performance.

Performance benchmarking and their associated experiments were discussed in the Chapter 1
and, in agreement with Wei et al., it was concluded that they are essential for setting a ‘level
playing field” and for electrocatalyst progression and development.* It is widely known that
for the ORR and the OER the commonly used metrics are Ei» and Eio, respectively.
Bifunctional oxygen catalysts perform both the ORR and OER and use the metric, ‘delta E’,
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AE — the difference between Eio and Ei» (Eio — Ei12). This definition can misrepresent the
relative importance of ORR and OER reactions in electrocatalysts used in a bifunctional way
(more often in ‘air-breathing’ devices). These commonly used metrics can vary to a high degree
as a function of catalyst loading thereby substantially changing AE for a given bifunctional
catalyst. In this work, we provide an alternative metric to rank the electrocatalyst performance
in a less-biased way. A figure of merit ‘score’, dubbed ‘Bifunctionality’, is presented where
overpotentials associated with the usual metrics of the fundamental oxygen reactions are input

into the following equation (Equation (4.1)) and subsequently normalised:

1
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Bifunctionality ,yygen = ( 1
The coefficient preceding #ore is to correct for the discrepancy in current density reached during
ORR and OER on the RRDE. This value is then normalised according to the dataset of catalysts
that are being compared (the details of this normalisation are outlined in the appendix, Table
A4.4). The overpotentials are measured from the equilibrium potential (1.229 V) to E1» (for
ORR) and to Eio (for OER). The limiting current, jiim, observed when using rotating disk
techniques, is a mass-transport feature associated with the relative rates of reactant arrival /
product departure to / from the active surface during the electrochemical experiment. The
bifunctionality score normalises for this mass-transport effect as the relative speed of diffusion
of OH™ ions away from the catalyst layer, produced during ORR, compared to gaseous O2
molecules, produced during OER must be accounted for. While the catalyst loading has some

impact on this bifunctionality score, its effect on this metric is supressed.
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Figure 4.3: Heat map representing overall performance of catalyst according to the ‘Bifunctionality’ score towards
fundamental oxygen reactivity, as a function of T1 and T».

Figure 4.3 shows that, by this bifunctionality metric, the best performing catalyst is synthesised
using a max heating temperature of 900 °C in both pyrolysis steps i.e. Ir NC 900 900. For
this dataset, comparison of Ir NC 1000 900 and Ir NC 900 900 highlights the utility of the
bifunctionality score. AE for Ir NC 1000 900 and Ir NC 900 900 is 720 mV and 725 mV
respectively, implying that Ir NC 1000 900 is the better catalyst. The bifunctionality score
normalises by placing more ‘weight’ on the 5 mV performance improvement in the ORR
compared with the 10 mV performance loss in the OER. While we believe that this metric helps
to rank the similar electrocatalysts synthesised in this work and confirm the optimised pyrolysis
temperatures used herein, it is not necessarily advised that it should be used to compare across
a wide range of catalysts. This is because jim Wwill vary according to the mechanism (i.e.
differing amounts of hydrogen peroxide production) and pH environment (solubility and
diffusivity of oxygen) — it is asserted, rather, that this metric should be used for catalyst studies
looking to optimise a synthesis, or to compare catalyst performances in similar environments.
Full polarisation curves (LSVs and CVs) and calculations of the bifunctionality score are
displayed in the appendix (Figure A4.16 and Table A4.4) and summarised in the heat map
displayed in Figure 4.3.

The primary role of the initial pyrolysis step is to make the carbon conductive by carbonising

the starting material. A simultaneous effect of this initial (T1) step is to alter the form and
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number of N sites in nitrogen containing carbon materials. Pyrolysis has been shown to
diminish the number of N sites with an increased pyrolysis temperature.>®> Given this synthesis
involves two pyrolysis steps, and no XPS measurements were carried out on the catalysts after
a single heat treatment, it is difficult to observe such causal relationships between N content
and pyrolysis temperature. The second pyrolysis (T2) is included in order to activate the catalyst
after the iridium component was added — this is commonly carried out to ensure good
conductivity between active sites and the supporting carbon.>® In developing a new catalyst, it
is extremely important to understand the form of the active site. The next section explores the

physical characterisation techniques used in this work to examine the active site of this catalyst.

4.3.2 Physical characterisation

On pyrolysis of carbon materials, under a stream of argon, high-level macroscopic structural
intricacies are lost and amorphous carbon with some graphitic component is formed. Other,
harder, ZIF template materials are able to retain their structure, such as ZIF-8.%” The
characteristics of the resulting amorphous carbon material (surface area, porosity, metal
content) is strongly dependant on the starting structure and the additives (if any) in the furnace

with the carbon material.?>38

Ir includéd
i b3
in reflux

— Iridium [§
== Carbon

Figure 4.4: (a) Transmission electron microscope images showing agglomerated cobalt particles and (circled in red)
iridium nanoparticles and, (b) line-scan energy dispersive X-ray spectroscopy images over a catalyst with and without
iridium included in the reflux step.

Figure 4.4 (a) shows images from TEM and HAADF STEM analysis and is accompanied, in
(b), by EDS responses of the electrocatalyst. The top rows of TEM images show metallic
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agglomerates (dark spots) that range dramatically in size (5 — 50 nm in diameter). These
metallic cobalt agglomerates are formed after the first pyrolysis step and the second pyrolysis
has little effect on their size or character. The function of the leaching step in the synthesis
protocol was, originally, to remove all the cobalt (making way for the iridium ions in the
following step) however, while the melting temperature of cobalt (the characteristic metal in
ZIF-67) is well above the maximum temperatures used in this work, at high temperatures it is
shown to form agglomerates — this has recently been observed by Hammud et al.** On closer
inspection (lower TEM image at higher magnification) it is clear that these cobalt agglomerates
are wrapped and / or lodged amongst layers of graphitic carbon. This cobalt agglomerate was
observed to be very insoluble (very resistant to strong acid leaching) and this is tentatively
attributed to the stable, acid resistant graphitic-shell-like feature that is formed around the
metallic cobalt, protecting it — this has been observed for smaller cobalt nanoparticles
previously.*® The red dotted circles indicate smaller particles by their different (more closely
spaced and differently orientated) diffractive line-spacing patterns amongst the graphitic
carbon. This provides the first indication of a different crystal structure that is considered to be
as a result of iridium nanoparticle formation on / in the cobalt agglomerate. EDS line scans
were carried out while the electron microscope was in STEM mode and are displayed in Figure
4.4 (b). These confirm that iridium is co-located with the cobalt. While this was not the intended
morphology expected of the catalysts — iridium was thought to be dispersed evenly over the
catalyst in the place of leached cobalt (iridium single atom catalysts have shown extremely
high activities)*® — this was shown to have interesting activities (Figure 4.2). XRD was carried
out (Figure A4.17) and further demonstrates the interaction of iridium with cobalt whereby the
catalyst synthesised without any iridium in its the reflux step (Blank NC 900 900) displays
highly crystalline features (shown by the long-range signals at c.a. 76 and 92 degrees). In the
Ir NC 900 900 sample the long-range features are lost and the characteristic features at lower
angled reflections are observed broader indicating some interference in the cobalt crystal
structures visible to the XRD pattern. This XRD signals were not deemed high enough quality
for the main text in this chapter and so are displayed in the appendix — Figure A4.17. These
pieces of data suggest that the large cobalt particles act as anchoring sites for iridium
nanoparticle growth whereby the iridium nanoparticles are either inserted into or cover the

cobalt agglomerates.

The physiochemical properties of the catalysts were inspected by nitrogen physisorption

analysis including the pore size distribution and the volume specific surface area. The BET

193



surface areas extracted from physisorption analysis show the catalysts have a similar surface
area to oligomerised diaminonaphthalene (ODAN)* — i.e. not particularly high compared to
some other NC or aerogel materials.>>** Table 4.2 shows a collection of surface area

measurements collected during nitrogen absorption measurements.

Table 4.2: Collection of nitrogen physisorption surface area and BJH desorption cumulative volume measurements.

BJH desorption BJH desorption
BET surface . .
Catalyst 2 1 cumulative surface cumulative volume /
area/ m*g 2 1 3 -1
area/ m*g cm’ g
Ir_ NC_800_900 4089 337.9 1.212
Ir_NC_900_900 560.3 473.9 1.868
Ir NC_1000 900 4145 352.7 1.305
Ir_NC_900_850 574.3 508.3 1.758
Ir_NC_900_950 4881 4322 1.757
Ir_NC_500_300 668.8 688.5 1.675
commercial
ODAN Fe-N-C2 463 - -
Pyrolised ZIF-8
based catalyst'* ~1000 i )

The catalysts show hysteresis in their respective nitrogen absorption-desorption isotherms — as
expected for mesoporous materials (Figure 4.5 (a)). The isotherms display a higher gas uptake
with increased T pyrolysis temperature — this shows the pyrolysis temperature has a significant
effect on gas uptake — this is tentatively attributed to a reduction in coordinating N centres
leading to a greater loss in cobalt during acid leaching, leaving larger holes in which N is
absorbed during absorption measurements. While this trend is contrary to similar recently
reported materials,> the tentatively suggested mechanism holds and is supported, in Figure 4.5
(b), where more successful leaching after high (T1) temperature synthesis steps can be seen by

the presence of greater numbers of mesopores with pore widths in the 2.5 — 7 nm range.
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Figure 4.5: For each of the catalysts: (a) N2 absorption—desorption isotherms; and, (b) pore size distribution measurements.

As stated previously, SEM images show that these catalysts, post pyrolysis steps appear (at a
macroscopic level) as amorphous carbon materials, however, these BET images demonstrate
that, at a microporous level, there is a structure with a reliable synthesis technique. Nitrogen
sorption methods cannot provide information about ultra small pores — carbon dioxide sorption
methods should be used for determination of pores smaller than 1 nm. However, it appears that,
with a greater initial pyrolysis temperature, the volume of micropores decreases. Cumulative
pore volumes are displayed in the appendix (Figure A4.18). It should be noted that while this
measurement technique is helpful in identifying catalyst surface areas, it uses the adsorption
and desorption of gas to take measurements. Therefore, this technique is most informative for

catalysts that catalyse gaseous species.

XPS analysis was carried out to reveal information about the surface properties of the catalyst.
An exemplary, ‘peak search’ XPS spectrum is presented in the appendix highlighting each of
the features of interest (Figure A4.19 (a)). Firstly, given the severe heating regime the catalyst
has been subjected to, the carbon is assumed to be almost completely sp? in character and
therefore the binding energy of the 1s orbital is set to 284.5 eV — this is the reference that was
considered to be a sufficient assumption and was used when processing XPS responses.*® It is
understood that Raman spectroscopy would be needed to confirm the extent of the hybrid
nature of the carbon material. Starting from the lowest significant binding energy, the iridium
4172 and 4fs/> orbitals are found to fall at the same position as the cobalt 3p which leads to a

complex doublet peak shape (Figure 4.6 (a)).
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Figure 4.6: Comparison of an XPS response for an Ir NC 900 900 electrocatalyst sample with simulated signal
components and resulting fitting envelope for the (a) Ir 4f; (b) N Is, and, (c) Co 2p characteristic binding energies.

The sum of the counts as a result of the Co 3p orbitals are indicated by the pink envelope that
appears at the same binding energy as the Ir 4f signals. These were established from the XPS
spectra of the Blank NC 900 900 and are shown, separated, in the appendix Figure A4.19
(b)). Co 3p signals at identical shifts, FWHM and proportional concentrations were applied
when processing XPS spectra of subsequent iridium-containing samples. It is important to
mention here that, given our findings from XRD analysis that iridium interferes with the cobalt
surface or is inserted into the cobalt particle structure, this superimposition is not entirely
accurate as the Co 3p shape would change slightly on iridium interference. Similar co-location
of titanium 3s XPS signals with iridium characteristic 4f signals has been observed recently

and the same parameters are used in this analysis.** Two doublets have been assigned to the Ir
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4f orbital. The first, at lower binding energy (orange), is asymmetric and indicates metallic
iridium, likely in nanoparticle form. The second (green) is symmetric and assigned to ionic
iridium species in either 3+ or 4+ oxidation state. Relative concentrations of these iridium
species indicate the presence of significantly more Ir’ compared to Ir** / Ir**. The heating
regimes for the catalysts appear not to affect the total iridium concentrations. Omitting the
Ir NC 800 900 sample (with a 4.8 atomic weight percent, at%) their concentrations are

0.60 = 0.07 at% (Table 4.3).

Table 4.3: Overview of XPS measurements across each of the elements of interest and a breakdown of how the nitrogen
components are split into their respective environments. Surf. comp. denotes ‘Surface composition’ and ‘Quat.’ denotes

‘Quaternary’.
Method Blank NC IrNC  IrNC  IrNC IrNC  Ir.NC
ctno _900_900 _900_900 _1000_900 _800_900 _900_850 _900_950
, Cits 931 925 94.6 78.6 91.9 92.3
="
E_ Ols 2.8 3.1 25 9.5 25 2.0
55
S NIs 28 26 1.8 23 4.0 38
[
5 Ir4f - 0.7 0.5 4.8 0.6 0.6
N
Co2p 13 11 0.6 4.8 1.0 1.3
Co/Ir ratio -- 1.6 1.2 1.0 1.7 2.2
— Pyridinic 238 253 218 21.4 24.4 24.1
TS
ST NeM 19.6 19.8 16.7 24.0 203 19.1
=
£ g Pymolic 349 343 39.0 317 333 36.5
=]
£ 5 Grphitic 146 140 153 15.1 15.0 13.4
® Noxide 71 66 72 78 7.1 6.9

Moving to higher binding energy, DFT analysis by Kabir et al. on similar catalysts has shown
the existence of several nitrogen states,*> similar constraints including FWHM are kept for
analysis of the catalyst samples synthesised in this work and are shown in Figure 4.6 (b). The
Ir NC 800 900 sample clearly displays large atomic percentages of iridium, cobalt and
oxygen with respect to the measurements of the other catalysts. This may be due to the greater
proportion of N sites as a result of the lower initial pyrolysis temperatures (though, surprisingly,
this is not shown in the measurements). Unfortunately, as mentioned previously, XPS
measurements were not collected after the first pyrolysis iteration. However, this greater
proportion of metal may be due to the sample having an especially large cobalt agglomerate on
the surface of the sample, however, this sample may also have been collected in error. With
this in mind, the atomic weight of nitrogen content is decreased with increased initial pyrolysis

temperature — this is observed elsewhere.’> The second pyrolysis temperature, interestingly
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does not show any clear trend. Figure 4.7 shows the relative concentrations of nitrogen sites
across electrocatalysts varying (a) T1 and (b) T2. In both cases, the pyrrolic N-sites are highest
in concentration. Variation in T; (and T2) temperature appears to correlate positively with

pyrrolic N-site concentration and negatively with Nx-M site concentration.
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Figure 4.7: Calculated relative concentrations of N-sites in catalyst samples varying (a) T1; and, (b) T>.

A summary of the relative N site (pyridinic, Nx-M, pyrrolic, quaternary and graphitic)
concentrations over the N 1s region are shown for each of the catalysts synthesised at different

pyrolysis temperatures in Table 4.3.

The Co 2p3/2 peak (at 775 — 790 eV) is typically used as the characteristic peak when assessing
cobalt-containing species in XPS.*¢ At the lower end, the asymmetric metallic cobalt feature is
observed (in blue in Figure 4.6 (c)) and the characteristic Co*" peaks appear at higher binding
energies. These Co®" peaks are usually associated with CoO species and while this may be
present in some concentration, these peaks are expected to be mostly attributed to Co-Nx
species. Relative to the total concentration of cobalt in the catalyst (including cobalt in higher
oxidation states), across the catalysts tested in this work, metallic cobalt is calculated to have a
relative concentration of 17.2 + 9.8 %.*” The final ratio of interest in these catalyst materials is
the ratio of cobalt to iridium. This relationship has been studied in this group and elsewhere
but it considered to be an important ratio that affects the performance of the catalyst.*® The
average Co:Ir ratio amongst these catalysts is 1.5:1. This, qualitatively, seems like a much
greater proportion of iridium than that which can be deduced from the STEM measurements in

Figure 4.4 (a).
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Having alluded to the abundant presence of graphitic-like carbon sheets surrounding the
cobalt / iridium features in the TEM images, XPS provides important insight from a surface
perspective as to what lies near the surface. However this technique is likely to significantly
underestimate the ‘atomic concentration’ of the catalyst as a whole. Indeed, with only a 2 nm
penetration during XPS this is likely to disproportionately feature carbon ‘wrapped around’
cobalt and iridium species as observed in TEM. On converting atomic % to weight %, we

observe a low weight % of cobalt metal, which supports this assertion.

XAS can be used to establish the local coordination surrounding metal ions in a carbon-based
metal-NC ORR catalysts.*® In the present chapter XAS measurements were carried out over
the Ir Lm—edge (11215 eV) for catalysts with T; variation (and using the same T temperature
of 900 °C). This is because it was judged that the majority of the changes to the carbon
framework occurs during the first pyrolysis — the XANES and EXAFS responses are shown in
Figure 4.8 (a) and (b), respectively.

0
7%
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Energy / eV Distance / Angstrom
Figure 4.8: XAS measurements for the catalyst samples and standards. (a) Normalised responses following X-ray absorption
near edge spectroscopy at the Ir Lui edge; and, (b) extended X-ray absorption fine spectra. Pink dashed lines indicate the
inter-atomic distance between Ir-atoms in the provided standards and FMo and TMo indicate measurements recorded in
fluorescence or transmission mode, respectively.

(a) I I I — Ir foil (FIIV[o) I (b)

= Ir0, (TMo) [y
< Premetek (TMo) E 4r

~ Ir_NC_1000_900 (FMo) e

z Ir_NC_900_900 (TMo) 2
Z‘: Ir_NC_800_900 (TMo) gﬂ 3t

i <

= ~

g Ny
3 £

E -
E .l

2 &

I

2

=

=

(=]

=

While these data are gathered in transmission mode (TMo) and fluorescence mode (FMo) and
therefore the datasets are not exactly comparable, some important takeaways can be gleaned
from these XAS responses. First, within those responses gathered in TMo, Ir NC T; 900
(where T1 =900 and 800 °C) has a similar character to Premetek indicating that the iridium in
these samples has an oxidation state of zero and is presumably in metallic (nanoparticulate)
form. Measured in FMo, Ir NC 1000 900 and Premetek is shown to be similar in character,
notwithstanding peak intensity indicating similar characteristics to the samples synthesised

using lower pyrolysis temperatures (Figure 4.9 (a), the same Premetek sample was measured
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in TMo and FMo). The EXAFS spectra in Figure 4.8 (b) display results that confirm the above
assertion — the distances between iridium atoms in samples with T and T variation is between
1.6 — 2.5 A (i.e. the Ir-Ir distance in ‘single-atom’ and nanoparticulate catalysts, respectively).
These are in line with literature findings.** The value for Ir NC_1000 900 appears to have a
large nanoparticulate / metallic component as well as a component at the same atomic radii as
the other T variant catalysts. This could be indicative of the presence of an especially large Ir
particle in the sample chamber — unfortunately this cannot be verified. More likely, however,
this spectrum could be misshapen due to the mode in which the measurement was collected.
The EXAFS region is much more difficult to fit correctly when measurements are collected in
fluorescence mode — this is because, fluorescence cannot be collected quantitatively by

fluorescence detectors as comprehensively as transmission detectors detect transmitted

radiation.
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Figure 4.9: XAS analysis outlining in (a) the similarity in Premetek character with Ir_NC _1000_900 as well as the
differences in Premetek sample measurements as a function of analysis mode; and, (b) a linear combination (LC) fitting
Ir_NC_900_900 with IrO: and Premetek character — purple and green lines show their relative contributions to the overall
fit (86.5 and 13.5 %, respectively).

Linear combinations of standard samples can be used to establish what proportion of a sample
has certain characteristics. Lengke et al. investigated gold precipitation by the interaction of
cyanobacteria and gold chloride aqueous solution during real-time radiation absorption
measurements, revealing the formation of previously unknown intermediate Au” species using
gold ‘standards’.>® In this case, our hypothesis is that Ir NC_T; T samples are partly metallic
iridium (It°) and partly Ir*" in character. Unfortunately, the discrepancy in TMo and FMo
analysis modes prevent reasonable, reliable analysis of this form over each of the samples.

However, two standards and Ir NC 900 900 were measured under the same conditions and
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with the same analysis mode and therefore rough estimates of proportionality can be resolved

(Figure 4.9 (b)).

This (imperfect) linear combination method establishes that the iridium contained within
Ir NC 900 900 is 86.5 % nanoparticle and 13.5 % single atom (using the naive assumption
that Premetek and IrO> samples are purely nanoparticle and ‘single atom dispersed’ samples,
respectively). This proportionality would fall in line with the findings from TEM and STEM
where the majority of the iridium was found collocated with the cobalt agglomerates and with
the XPS findings (considering the nature of the samples in each of these physical

characterisation techniques).

The final form of physical characterisation carried out in this work is ICP-MS. ICP-MS
measurements are central to establishing the mass of metals in catalyst powders. Aqua regia is
an aggressive, highly oxidative and corrosive acid that is used to dissolve metals into solution.
This method works well for metals or metal compounds that are easily dissolved, however,
there are some compounds that are notoriously difficult to dissolve such as iridium dioxide,
IrO,.%! Its high Gibbs free energy of formation makes it an attractive OER catalyst (especially
in acid) however, assessing the mass of iridium in a certain catalyst is therefore extremely
difficult.>? As a result iridium is therefore found in very small concentrations in catalysts and
this often leads to catalysts being presented as having misleadingly high mass activities and
dissolution discrepancy measured across different devices.** In this chapter, samples of the best
performing catalyst were subjected to one of three heating regimes (outlined in the
methodology) demonstrating the importance of comprehensive acid leaching when preparing

samples for ICP-MS (Table 4.1).

The amount of metal recovered from the catalyst during acid leaching (in aqua regia) varies
widely depending on the heating regime used. Figure 4.10 shows the measured weight
percentages of iridium (in (a)) and cobalt (in (b)) in the catalysts after each of the three types
of heating regimes. The measured proportional mass of iridium changes between 4x — 7.5% on
heating the catalyst during the digestion step for a week compared with no heating overnight
(as 1s standard practice). Comparing this to proportional cobalt weights — these data show that
the proportional mass of cobalt does not vary by any appreciable amount on heating regime,
indicating that stronger acid leaching conditions are not required on account of catalysts

containing cobalt (varying less than 35 % on average). Alternative methods have been
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considered to leach the metal from iridium containing samples — microwave-assisted acid

digestion and electrochemical dissolution.’!>*
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Figure 4.10: Weight percentages of (a) iridium and (b) cobalt in Ir NC _T1 T2 catalysts and standards. Each weight
percentage measurement was gathered from individual samples of catalyst and underwent just one of the three heating
regimes set out in Table 4.1.

Briefly, in terms of the concentrations of iridium and cobalt within each of the catalysts:
comparing the catalysts with T; variation shows that, compared to the higher temperatures,
T1 =800 °C produced catalysts with much higher concentrations of iridium and cobalt — this
could be as a result of the higher concentration of nitrogen owing to a lower initial pyrolysis
temperature (contrary to N 1s XPS measurements). The elevated metal content seen here is in
line with the measurements gathered by XPS. The reason for significant difference in relative
metal concentration following T> variation is unknown but highlights how, especially iridium
containing catalysts, ICP-MS is an imperfect method by which to establish / state metal
concentrations — multiple repeats of multiple samples are needed in future and alternative
methods of measurements are advised, such as X-ray fluorescence (XRF). Alternative methods

have been explored and established, as mentioned in Section 4.2.3.6.

4.3.3 Catalyst performance

Having established a protocol for the reliable synthesis of a durable (after 500 OER scans,
Figure A4.20) bifunctional oxygen catalyst under basic conditions, and begun to unpick its
physical characteristics, the catalyst was additionally tested in acidic and neutral environments
to investigate its performance. The ORR and OER responses in these pH environments are
shown in Figure 4.11 (a) and (b), respectively. The acid and base concentrations (0.5 M H>SO4
and 0.1 M KOH) should be noted — KOH concentration (1.0 M vs. 0.1 M) has been shown to

have a significant effect on the overall catalyst performance,’ and these concentrations were
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chosen because they were deemed the most relatable to literature and suitable for the catalyst

(sulfate was not considered to detrimentally affect this catalyst significantly).
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Figure 4.11: (a) ORR and (b) OER responses from Ir NC 900 900 in a variety of pHs. (c) Tafel slopes pertaining to kinetic

region in ORR curves indicated by arrows in each specific pH. The kinetic current is plotted due to the availability of a
limiting current in ORR on RDE (d) Tafel slopes pertaining to kinetic region in OER curves indicated by arrows in each
specific pH. The log of the observed current density is plotted as there is no limiting current. (e) Progressive overpotentials
(as a function of cycle number) accocaited with E1/2 in ORR region and E19 in the OER region. RDE conditions: catalyst
loading: 0.4 mgca cm’?; rotation rate: 1600 rpm; scan rate: 5 mV s7.
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With half wave potentials between 0.7 — 0.8 V, the catalyst ORR performance in non-basic
media is poor compared to Pt-containing catalysts in equivalent environments (Figure 4.2).
Whereas the OER performance in acid is high reaching 50 mA cm™ at an overpotential of
420 mV. This high OER performance in acid is tentatively attributed to the electrochemical
oxidation at the metal surface producing IrO> and / or cobalt oxides which are both known,
effective OER catalysts®® — the subsequent poor performance in ORR would then be attributed
by the well known poor performance of IrO, towards ORR.>” The performances in neutral pH
are not particularly impressive and this is attributed to the partial protonation of N sites (to a
lesser extent compared to the acidic environments) as well as the occupation of d-band orbitals
with acetate ions from the buffered solution. Adsorption of acetate at catalytic metal centres
has been observed elsewhere.’® In acidic media, the SO4> ions are known to adsorb on the
active sites hindering the approach of dissolved oxygen and thereby reducing ORR
performance.” In base, with an Ei» of 0.856 V, this catalysts compares favourably similar
catalysts — Zhang et al. reported a (ZIF-67 derived) cobalt-containing carbon nanotube catalyst
with an Ei2 of 0.828 V in the same environment.®® The kinetic regions of the ORR responses
(indicated by the arrows in (a) and (b) for each respective pH) were investigated further in order
to calculate the Tafel slopes for each pH. These Tafel plots are displayed, using the logarithmic
kinetic current in Figure 4.11 (c) and show similar gradients in their kinetic regions. This is an
unexpected finding — it is expected that the Tafel plots would have different gradients as a
result of the (expected) different mechanisms with which ORR proceeds in their respective pH
environments. In alkaline, it is expected that the ORR occurs at an N-site whereas, due to
nitrogen protonation, ORR is expected to occur at the metal site in acid. These two mechanisms
are expected to have different RDSs and therefore different Tafel slopes.®! Such low values of
the Tafel slope may be an indication that the catalyst is undergoing reduction and it is the
reduced surface that is oxidised. As the applied potential is decreased more active sites become
available for the reaction. Figure 4.11 (d) shows a Tafel plot using, simply, the logarithm of
the observed current density and the overpotential. The gradients for these processes at
different pHs have, as expected, different values inferring different mechanistic processes.
Lower gradients (observed using acid) indicates that for a given increase in overpotential, the
current will increase most in acid compared to higher pH where, as expected, higher increasing

gradients are observed.®?

Finally, while the performance of the catalyst (towards OER) is high in acid, it is observed to
degrade the fastest. Figure 4.11 (e) shows how the overpotentials of the ORR (indicated by the
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E12) and the OER (indicated by E1) change with numbers of cycles. These data were collected
by carrying out an LSV in the ORR region five times, followed by five CVs in the OER region
and measuring the overpotentials associated with these voltammograms in each case. This
figure clearly shows the swift performance degradation of the catalyst in non-basic
environments, especially in the ORR region. It is suggested that, in reality, the catalyst is
oxidised and corroded at high potentials (i.e. during the OER CVs) and the carbon surface is
etched resulting in non-conductive moieties developing on the carbon surface (reducing the
active area available on the carbon surface for ORR). This trend supports the assertion that, at
high potential, the iridium nanoparticles (active site location for ORR in acid) are oxidised too
resulting in the formation of IrO;. In turn, when ORR activity is then tested poor performance
is observed with the oxidised iridium site. This also might partially explain why there is a
constant or even reducing overpotential shown in the OER (in alkaline conditions) — during
this corrosion the ORR active area is etched away resulting in more available metal centre sites
at which the OER can occur.®® This damage to the catalyst in neutral and acid conditions is

unsustainable if this catalyst were to be used in a bifunctional fashion.

For the subsequent RDE experiments, it was found that, when carrying out background
measurements for capacitance in the ORR region, background oxygen levels were not reduced
to a suitably low value to enable measurements under oxygen free conditions. It was decided
that argon would be used when gathering background voltammograms as it is better able to
expel oxygen from the system (Figure A4.15). So, for the subsequent ORR tests in the main
body of this chapter, the limiting current is lower than has been shown previously. Additionally,
catalyst loadings in the rest of this section were 0.2 mgcy cm rather than 0.4 mgc cm™ as in
previously displayed data — this was decided after revisiting the ink formulation method. This
catalyst was subsequently tested for its activity towards catalysing fundamental hydrogen
reactions. These proof-of-concept tests were carried out as, if the catalyst were found to be
active towards these processes too, it could find potential application in a number of additional

devices (such as FCs, and hRFBs involving hydrogen reactions) (Figure 4.12).
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Figure 4.12: RDE experiments showing Ir NC 900 900 catalysing fundamental hydrogen reactions in (a) basic (0.1 M
KOH) or (b) acidic (0.5 M H:SO4) conditions. These experiments were carried out using an RDE at a scan rate of 2 mV s/,
with a rotation rate of 1600rpm and a catalyst loading of 0.2 mgea: cm™.

Iridium catalysts are rarely studied as a catalyst for the HER, however Pi et al. demonstrated
monodispersed IrM (M = Ni, Co or Fe) in perchloric and sulfuric acid and have high
performances reaching 20 mA cm™ at 30 mV overpotential for the IrCo analogue in acid.®*
Polarisations were only measured to 3 mA cm™ in this work (making HER results difficult to
compare to literature) but this was achieved with a very low overpotential (4.3 mV). A good
comparison table of catalysts for hydrogen fundamental reactions (and ORR) can be found in
the supplementary material of the following reference.®® As expected, the hydrogen reactions

in basic media proceed with a larger overpotential compared to those in acid.

A summary of these multifunctional data catalysing both oxygen and hydrogen processes (with
aloading of 0.2 mgea cm™ and using argon as the gas expelling other gases from the electrolyte)
is shown here (Figure 4.13). One commonly used metric to quantify electrocatalyst capability
is to calculate their mass activity. Mass activities are a common metric by which researchers
compare electrocatalysts. While there has been discussion of misrepresentation of iridium
concentration in catalysts, in order for this work to be comparable to literature, the mass
activities with respect to the iridium content (assuming a 2.49 wt% iridium loading) have been
calculated for these catalysts and are displayed in Figure 4.13 (to demonstrate the range of mass
activities that could be reported as a function of heating regime, Figure A4.21 shows the mass
activity in the OER for E1o). The mass activity of OER in acid for instance was comparable to
IrO> nanoparticles reported elsewhere.’”-%® In alkaline (left hand graphs (a) and (c) in Figure
4.13), the ORR is seen to occur after a much smaller overpotential and the kinetic currents

appear to have a higher gradient than in acid (this is unlike the findings in Figure 4.11 which
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showed similar gradients) and a much greater magnitude. This difference in kinetic current
highlights the fact that the processes occurring in these environments are different and it is not
as a result of a difference in solubility or diffusion coefficient. On the other hand, the hydrogen
reactions are shown to be multiple orders of magnitude more sluggish in alkaline conditions

compared to acid — this is in line with what is commonly observed.®®
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Figure 4.13: Rotating disk electrode measurements displaying the potential (vs. RHE) and mass activities as a function of
iridium concentration in base ((a) and (c)) and acid ((b) and (d)). The iridium concentration assumed for this dataset is
2.49 wt% (i.e. the measurement after one week of catalyst leaching). The catalyst loading for these experiments was
0.2 mgea cm™ and the rotation rate was 1600 rpm.

Figure 4.14 shows chronoamperometric holds at specific potentials for two hours in both
alkaline ((a) and (c)) and acid environments ((b) and (d)). Before these are commented on, it
should be noted that electrochemical measurements, alone, are insufficient measures of
intrinsic stability. Frydendal et al. note that knowledge of specific activity, and therefore the
electrochemical active surface area is important when assessing stability.” These critical
metrics should be assessed before catalyst ranking is asserted.®® In alkaline environments, CV
measurements over Ir NC 900 900 in the OER region show stability over a number of cycles
(as in Figure 4.11 (e)) — this translates well to the chronoamperometry experiments which

display relatively good stability during chronoamperometric holds. Spikes in current responses
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correspond to sudden availability in catalyst active site as a result of product gaseous oxygen
(bubbles) build up and sudden dislodgement. In contrast, the OER performance in acid appears
to be poor as continued potentiostatic holds at high oxidative potentials significantly damages
the catalyst resulting in severe degradation. After all measurements, the GC electrode was fully
polished so that no corrosion could affect subsequent chronoamperometric holds. For the HOR,
the current density achieved in acid was c.a. twice that of HOR in base and at roughly one third
of the overpotential. The HER was also, as expected, more promising in acidic conditions. A
steady current density was achieved with an overpotential of 10 mV for HER in acid. In basic
conditions, there is a c.a. 10 % degradation in current density over a two hour period. Overall
the chronoamperometry experiments for the HOR and HER in both acid and alkaline were
encouragingly stable (for the following chapter where their stability would be required at

device level).
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Figure 4.14: Summary of chronoamperometric holds on RDE using the Ir NC 900 900 electrocatalyst. Basic experiments
((a) and (c)) were carried out using 0.1 M KOH; acid experiments ((b) and (d)) were carried out using 0.5 M H2SO.
Rotation rate: 1600 rpm; catalyst loading of 0.2 mgear cm™.
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4.4 Conclusions

A synthesis protocol utilising inexpensive, carbon-based starting materials, small amounts of
metal and involving two pyrolysis steps has been reported reliably producing a multifunctional
catalyst. Catalysts produced using small-particle, homemade ZIF-67 starting material
outperform equivalent larger particle size or commercially purchased ZIF-67 based catalysts
in ORR and OER. Synthesis optimisation confirmed that the ideal tested maximum
temperatures for the pyrolysis steps was 900 °C and that OER largely takes place at the metal

surface and the state of the carbon has little effect on its OER performance.

From a physical characterisation perspective, the catalyst does not have a particularly high
surface area according to BET and, via SEM, appears as an amorphous carbon material. That
said, BET measurements do show a consistent pore size distribution for these catalysts —
inferring some micro-level order. Further electron microscopy (TEM and STEM) demonstrates
the catalyst has an interesting structure whereby the cobalt agglomerates (that form during the
first pyrolysis step) either act as an anchoring site for the growth of iridium nanoparticles, or,
iridium is inserted into the cobalt structure providing the active site for the OER reaction. In
line with literature, the high concentrations of graphitic and pyrrolic N-sites at the catalyst
surface (examined by XPS) help explain the high ORR performance in basic conditions. XAS
measurements further clarified that the iridium in Ir NC T; T> samples have a similar
structure to those in Premetek (nanoparticles). This was further confirmed by linear
combination fittings estimating total iridium character was c.a. 84 % nanoparticle (a large
majority). These measurements were consistent with the findings from STEM and XPS. ICP-
MS measurements of these materials demonstrate the large discrepancy that might be seen in
the mass activities of iridium-containing electrocatalysts. It is concluded that it is essential to

heat catalysts during ICP sample preparation — especially those containing iridium.

This electrocatalyst operates in different pH environments and its activity towards catalysing
both hydrogen and oxygen reactions is interesting from a catalyst functionality perspective.
The ORR performance of Ir NC 900 900 in basic conditions is good when compared to
similar catalysts previously reported in literature and durability tests reveal that this catalysts
is much more stable in base then any other pH environments. The relative ORR performance
of the catalyst in acid and neutral pH is shown to be moderate with Ei» below 0.8 V (but above

0.7 V) and this is tentatively attributed to a combination of anions (such as HSOy) effectively
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blocking ORR active sites (likely electropositive metal centres) and protonation of N-sites in
acidic oxidative conditions. OER performance in acid is high — it is tentatively asserted that
this is as a result of the electrochemical oxidation at the metal centre producing IrO; and / or
cobalt oxides. This performance is soon overshadowed by the damage to the carbon surface in
acid at these high potentials and oxidative (acidic) environments rendering it a poor

bifunctional catalysts in this environment.

4.4.1 Future work

4.4.1.1 Synthesis improvements using sustainable materials

One major area of improvement that must be considered is the number of pyrolysis steps in the
synthesis. While the viability of a catalyst is dependant on its resulting performance, with the
performance of the present ‘best performing’ catalyst reported here the relative gains are
unlikely to justify the energy spent on producing it. While no formal analysis was set out in the
present work, syntheses need to be made more facile and less energy intensive and, as such,
significant efforts are being directed at reducing the energy intensity associated with producing
materials for renewable energy.®®> Quantifying the cost of incorporating pyrolysis steps into

syntheses may be useful when considering the scale up of catalyst materials.

While this work attempts to minimise its use, clearly, this catalyst incorporates iridium which
is a precious metal. Iridium is an unsustainable resource — under ten tonnes are mined each
year.® Additionally, the majority of global cobalt deposits are located in regions of the Congo.
Mineral extraction in this country is carried out to some degree by children in dangerous

conditions and is the subject of international moral disagreement.’®

4.4.1.2 Active site understanding

XAS analysis is an extremely powerful form of analysis that is effective at identifying local
geometries and information about specific nuclei. Establishing the form of the active site with
all the standards and samples measured in the same session / mode would be extremely helpful

in understanding how this catalyst operates.

Given previous discussion regarding BET measurements establishing surface areas using
gaseous nitrogen adsorption, it is considered an important step to establish the surface area of
these electrodes with nitrite stripping revealing the electrochemical surface area (ECSA). These

measurements will reveal more informative values for these catalysts given their potential use
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in RFBs as ‘air-breathing’ electrodes. These measurements can be carried out using the FE

setup mentioned in the next sub-section.

4.4.1.3 Catalyst capability

Following on from improvements in surface area analysis and given ECSA measurements are
gathered using the FE setup, it would be interesting to observe the full capability of the
electrocatalyst without the bounds afforded by the mass transport in an RDE setup. Other than
for OER, the FE has been shown to be effective in demonstrating full propensity of
electrocatalysts (as they would perform in a scaled up system). Equivalent measurements for
OER using different materials that are less susceptible to corroding at high oxidative potentials
are currently being explored in this group. Further durability tests in alkaline conditions would

be important to understand the true stability of this catalyst and its potential suitability in

AEMFCs.

Improvements in screening catalysts for activity towards the processes such as CO; reduction,
have also been made in the development of the GAME (and, soon, iGAME) establishing
catalyst capability in an extremely efficient way, so exploring how this multifunctional

catalysts, or some derivative thereof, would also be interesting.

4.5 Appendix

4.5.1 Supplementary information for synthesis optimisation

Figure A4.15 shows the supposed background capacitance measurements for the catalyst when
using nitrogen or argon as the purge gas with the in-house designed sparger. Clearly, for the
RDE measurements where nitrogen was used as the purge gas, the limiting currents should be
c.a. 0.5 mA cm™ more negative (greater in magnitude). Of course, halfwave potentials will
have also been affected in these measurements resulting more negative (lower performing)
values for Ei2. Unfortunately, the not insignificant presence of oxygen when recording the

background LSV in the ORR was only realised after the catalyst synthesis had been optimised.
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Figure A4.15: Linear sweep voltammograms of backgrounds highlighting the presence of oxygen dissolved in solution after

1.0

purging nitogen gas for 30 minutes using the in-house desinged sparger versus the background when purging with argon.

The following table (Table A4.4) shows the overpotentials and calculations used to reveal the
bifunctionality scores. Figure A4.16 (a) and (b) shows the LSVs for the ORR and the average
potential for the CVs in the OER region ((c) and (d)) all in an alkaline environment.

Table A4.4: Bifunctionality calculations varying Ti and T>. The average bifunctionality score is taken across the dataset and

then subtracted from the individual scores in order to normalise around a zero value. Bifunctionality scores were then
multiplied by 100 to return ‘sensible’ values. This metric places more value on ORR (highighted by the weighing of the

ORR coefr
Catalyst o/ osn !V AEIV G M Grrn “scorescore
Ir_NC _900_900 0.373 0.352 0.725 0.0714
Ir_ NC 1000 900 0.378 0.342 0.720 0.0427
Ir_ NC_800 900 0.387 0.364 0.751 10]1.5]6.67 |1 0.3451 -0.0546
Ir_NC 900 950 0.386 0.381 0.767 -0.0665
Ir_NC _900_850 0.378 0.368 0.746 0.0112
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Figure A4.16. Rotating disk electrode ORR (a) and (b) and OER (c) and (d) measurements for Ir NC T; T2 catalysts.
Variation in T1 pyrolysis temperature for the ORR and OER reactions are shown on the left hand side — (a) and (c); and T>
pyrolysis temperature variation is on the right hand side — (b) and (d). Catalyst loading of 0.4 mgca: cm™, scan rate of
5mV s and a rotation rate of 1600 rpm.
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4.5.2 Supplementary physical characterisation

——Ir NC_900_900
—— Blank NC_900_900
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Figure A4.17: X-ray diffraction patterns of the catalysts with (blue) and without (red) iridium included in the reflux step
compared with database XRD patterns of graphite, iridium and cobalt for comparison.

The XRD patterns shown in Figure A4.17 demonstrate the interaction of iridium with cobalt
whereby the catalyst synthesised without any iridium in its the reflux step
(Blank NC 900 900) displays more crystalline features (shown by the long-range signals at
c.a. 76 and 92 degrees). In the Ir NC 900 900 sample the long-range features are lost and the
characteristic features at lower angled reflections are observed broader indicating some
interference in the cobalt crystal structures visible to the XRD pattern. These pieces of data
suggest that the large cobalt particles act as anchoring sites for iridium nanoparticle growth

whereby the iridium nanoparticles are either inserted into or cover the cobalt agglomerates.

Figure A4.18 shows a pore volume histogram for each of the catalysts measured during
nitrogen absorption analysis. A general trend shows that higher cumulative pore volumes are
associated with catalysts that have higher pyrolysis steps. Unfortunately, however, BET
measurements were only recorded after the second pyrolysis meaning that no clear trend can

be observed.
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Figure A4.18: Histograms outlining the cumulative pore volume for each of the catalysts.

The following Figure A4.19 (a) shows a full binding energy ‘peak search’ over the samples
measured in XPS. These measurements are taken to check that all expected peaks are present
before deconvolution individual signals. Figure A4.19 (b) shows four characteristic peaks
associated with the Co 3p orbital. These measurements were taken in order to collect peak ratio

and FWHM data so that overlapping Ir 4f signals could be deconvoluted.
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Figure A4.19: (a) full energy range ‘peak search’ over a sample of Ir_NC 900 900 highlighting characteristic elemental
orbital signals. (b) Measurement of the Ir 4f region in Blank_NC 900 900 to find ‘background’ Co 3p signal ratios
underneath other samples’ Ir 4f signals.

4.5.3 Supplementary electrochemical measurements

The following RDE measurements show how the Ir NC 900 900 catalyst catalyses the (a)
ORR and (b) OER over the course of 500 OER CVs at a scan rate of 50 mV s in alkaline
conditions. The onset potential in the OER region becomes more positive relatively quickly

but takes longer to degrade from a current perspective. The ORR performance initially
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degrades in alkaline but the halfwave potential does not continue to degrade during the latter

400 OER cycles.
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Figure A4.20: RDE durability tests in 0.1 M KOH using Ir_ NC_900_900 with a catalyst loading of 0.4 mgca: cm™, scan rate
of 50 mV s and a rotation speed of 1600 rpm.

Figure A4.21 shows how, in the specific case of the OER in alkaline conditions, incorrect
measurement of iridium content using ICP-MS without heating regimes can lead to significant
errors in mass activity —e.g. Ir NC 900 900 with and without a basic heating regime leads to

a c.a. 8-fold difference in activity.
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Figure A4.21: Iridium weight percentages measured by ICP-MS following different heating regimes with accompanying
mass activities at E1o for the oxygen evolution reaction with a catalyst loading of 0.4 mgea cm™. It should be noted that the
iridium content in Ir_Premetek was stated to be 20 wt %, amounting to 100 4 gi".
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Chapter 5

Application of ZIF-based electrocatalysts and various
electrodes in multiple electrochemical devices

“Only stupid people don’t change their minds.” — Boutros Boutros-Ghali

5.1 Introduction

A great deal of effort is directed towards developing new catalysts at the half-cell level.!™

These catalysts are tested using RDEs and new, more informative testing methods currently
being further developed in this group.’”’ Increasingly though, it is becoming necessary for
researchers to include device-level tests in their publications.>® This transfer from half-cell
catalyst testing — presented in Chapter 4 (alongside physical characterisation) — to device-level

testing is essential for new technologies and materials to be scaled up.’

As discussed in previous chapters, one of the main aims for researchers is to reduce the amount
of (or obviate the need for) PGMs in electrocatalysts due to their high cost and limited
availability.!®!! The catalyst synthesised in Chapter 4 attempts to achieve this by using a
carbon-based ZIF material (containing cobalt) and, on it, deposit very small amounts of
iridium. This chapter looks to use this catalyst in various FC devices and in a hRFB. Iridium
was initially chosen as the PGM catalyst of choice as compared to ruthenium and platinum, as
it presents high activity towards both fundamental oxygen reactions (ORR and OER) in acid.!?
Under alkaline conditions, iridium is second only to ruthenium in catalysing the oxygen
reactions,'® but in acid, iridium is more stable.'* In terms of the fundamental hydrogen
reactions, it is understood that platinum is the best performing electrocatalyst across all
pHs,'>!® but iridium (under alkaline conditions) is a close second and is also able to achieve
the other functions with sufficient performance — hence, iridium was judged to be a better metal

t.!7 At device level, iridium is of further interest because

for use in this multifunctional catalys
of its relative poison tolerance compared to the other PGM catalysts in PEMFCs.'"®* AEMFCs

have been recently reviewed — one of the outstanding points made by these reviews is the urgent

220



need for low-cost catalyst materials.'®?° Significant steps have been made towards developing
new highly performing AEM materials that are much more resistant to nucleophilic species
often found at high pHs.?!?? These high performances were only achieved using PGM catalysts
which are, to date largely Pt-based (HOR) or Pt/Ru-based (ORR).!? Iridium alloys, however,

were shown to perform well as HOR catalysts compared to their platinum couterparts.?

Devices with a symmetrical geometry are attractive to manufacturers as only one type of
catalyst or electrode material needs to be produced. In this case, ‘symmetrical’ refers to
symmetry in the electrode materials used only — not symmetric processes occurring either side
of the membrane, as in Chapter 3 where quasi-reversible organic redox couples mirror each
other either side of the membrane. This has not been achieved in PEFCs with functionalised
(non Pt) materials meaning the same catalyst has not been used either side of a FC to any
reasonable degree of performance. Developing a multifunctional catalyst that is able to perform
both the HOR and ORR (in a FC) or both the OER and HER (in a water electrolyser) would be
useful, from a manufacturing perspective. Indeed, if a multifunctional catalyst is able to
perform opposite functions (e.g. ORR and OER), it would also find significant use in devices

where reversibility is required — such as in secondary batteries.

Chapter 3 surveyed four commercially available carbon electrodes and tested them in two
different electrolytes in an attempt to establish the most important characteristics associated
with electrode microstructure for maximal device performance. In Chapter 4, the synthesis and
optimisation of a multifunctional electrocatalyst was outlined and its versatility was
demonstrated with a RDE in a variety of pH environments. This chapter aims to bring these
two outputs together. In line with the two-pronged question set out in Chapter 1: ‘Can this
catalyst be used in devices at different pHs and can we validate the ‘microstructure /
performance’ findings?’ this chapter looks to both explore a range of devices and to test the
permeability-performance relationship observed in Chapter 3 in a device with very different
operating conditions (acidic, aqueous vs. organic, non-aqueous). As this work is carried out,

further questions will be confronted, such as:

e s the polymer developed by IONOMR (ion exchange membrane / polymer distributor)

an effective polymer for use in devices operating an alkaline environment?
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e Given the encouraging RDE responses, is it possible for the multifunctional catalyst to
be simultaneously effective in both electrodes of a FC?

e Will different catalyst coating methods have an effect on the performance of the device?

e Will the performance of the carbon cloths (with higher) permeability be the best

performing irrespective of alternative electrolyte environments?

Proof of concept devices at each end of the pH spectrum are assembled in order to both test the
multifunctional catalyst and explore if the findings in Chapter 3 regarding electrode
microstructural characteristics ‘hold’ in acidic aqueous environments (in addition to the non-
aqueous environments tested previously). First, the electrocatalyst is tested in an AEMFC
(basic environment). The catalyst is appended to electrode substrates and is systematically
tested on either side of the membrane with the ultimate goal of testing the AEMFC using a
symmetric geometry as discussed earlier. A variety of problems presented themselves with this
device — primarily associated with the catalyst layer. Catalyst testing at the anode in a PEMFC
demonstrated promising performance however, unfortunately, reference data, repeats or
comparative commercial / synthesised catalysts could not be measured for these fuel cell
devices. Lastly, the previously mentioned Mn/H> hRFB system was tested using a subset of the
electrodes surveyed in Chapter 3. Once the optimised electrode configuration was established
in the liquid side, the catalyst synthesised in Chapter 4 was used to replace platinum in the gas

side — acting as a bifunctional HOR / HER catalyst in acidic conditions.

Disappointingly, due to significant restrictions on time in the laboratory (due to Covid-19),
improvements on several aspects of these devices could not be carried out and extra reference

data could not be collected.

5.2 Methodology

Information set out here is specific to the samples and analytical techniques carried out in this
chapter. A large portion of the theory is set out in Chapter 2 and provides the basis for this

section.

5.2.1 Alkaline anion exchange membrane fuel cell

5.2.1.1 Electrode preparation
Inks were prepared using an anion exchange polymer (AEMION®, Ionomr Innovations Inc.).

Ink formulation following guidance from the manufacturer.’* Light yellow, fibrous solid
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ionomer is dissolved in an 80:20 (volume) ethanol:acetone mixture yielding a 1 wt% stock
solution. Since the ionomer did not fully dissolve, even after prolonged stirring, it was passed
through a glass wool filter inside a pipette to remove the remaining solid impurities. Testing
the ionomer stability in solution by leaving it to stir for multiple days showed that, after 48
hours, the yellow colour had disappeared — it was judged that the inks could not be left in
solution for any significant length of time (even in the fridge) and therefore that, as soon as the
ink was made, it should be appended to the carbon substrate (SGL 29 BC, Fuel Cell Store).
This carbon substrate is a structured, fibrous support material with a microporous layer (MPL)
on one face, on which electrocatalysts are — its thickness is [235 um]. This carefully engineered
material goes some way to handle water management within the electrode during cell

operation.

Enough stock solution was then added to platinum supported on carbon, Pt/C (nominally
40 wt%, HiSPEC 4000), platinum-ruthenium supported on carbon, PtRu/C (nominally 20 wt%
PtRu, Premetek) or Ir NC 900 900 (in-house synthesised) catalysts suspended in either a
mixture of water / ethanol or pure ethanol (ethanol forms the best suspensions with
Ir NC 900 900) to produce an ink with a catalyst to ionomer ratio of 15 % (recommended by
the manufacturer, IONOMR). The target catalyst loading for the Pt/C and PtRu/C electrodes
was 0.4 mgmetal cm™. Whereas, the target loading for the Ir NC 900 900 catalyst was
3 mgea cm™ (stated in ‘cat’ indicating amount of ‘carbon catalyst’ as the exact mass of iridium
is unknown). Using the ICP-MS results from Chapter 4, the iridium loading was taken to be

2.49 wt% inferring a target metal loading of c.a. 0.075 mg cm™.

Once the ink was produced, pre-weighed carbon electrode substrates with an MPL (SGL 29BC)
were placed on a hot plate (set to 65 °C) and ink deposition could commence. A drop-casting
method was carried out for the electrodes tested in this device as not enough is understood
about the anion exchange polymer to carry out spray-coating. Once drop-casting was complete,
the electrodes were cut to size — 5 cm® — and stored until required for cell testing. All 5 cm?

electrodes used in this work were cut into squares i.e. 2.24 cm X 2.24 cm.
The membrane, AEMION", was activated by removing its backing layers and immersing it in

1 M KOH for at least 24 hours with at least one solution exchange, as suggested by the

manufacturers. Immediately before inserting it in the cell, it was removed from the alkaline
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solution and briefly rinsed using DI water to remove excess KOH, specifically, unwanted K*

cations.

5.2.1.2 Fuel cell assembly

The 5 cm? Fuel Cell Fixture was provided by Scribner Associates. The blue anodised end-
plates lay adjacent to gold plated current collectors and serpentine POCO graphite flow fields
(POCO stands for Petrolium Oil Company and is a specific type of graphite). The two
electrodes were separated by AEMIONT, a relatively new offering to the range of commercially
available AEMs. The compression of the two electrodes was c.a. 20 % and was controlled by
a number of layers of incompressible, PTFE gaskets (Tygaflor). The thickness of each of the
electrodes and membrane was taken into account when calculating the number of gaskets
needed. The cell was gently closed and tightened using guiding pins and a torque wrench with
a final force of 4.0 N m. Unlike in PEMFCs (where MEAs are produced by hot-pressing before

cell assembly), in-situ hot-pressing is commonly carried out in AEMFCs.??

Hydrogen was supplied by either an electrolyser (Parker | Dominick Hunter Ltd.) or, like the
ultrapure oxygen (99.9998 %), from a compressed cylinder (BIP Plus, Air Products). The Test
System is then connected to the cell via temperature controlled gas inlets. The cell was placed
in a well ventilated compartment during operation and outlets were connected to an extraction
arm (Nedermann). Conditioning procedures and gas management are outlined in the following

section.

5.2.1.3 Fuel cell experiments

Figure 5.1 shows a schematic of the AEMFC system as has been described previously.
Experiments carried out with this system were operated within an 850 Fuel Cell Test System
(Scribner Associates). This system is of significant interest from both a research and
commercial perspective for finding alternative energy conversion devices that utilise less
expensive components. The experiments carried out in this chapter were standardised such that
the electrodes and electrocatalysts were the only variable (as is the case with the other devices

tested here).
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Anode Cathode

Humidified O,

Excess

H,+ H,0 Excess O,

AEMION*

Figure 5.1: Alkaline anion exchange membrane fuel cell schematic. The 850 Fuel Cell Test Station controls the flow,
humidity and temperature of the gas into the cell. Heating rods are inserted into the end plates controlling the cell
temperature.

Equations (5.1) and (5.2) (introduced in Chapter 1) represent the processes occurring in the
AEMFC. The theoretical OCP for this cell is 1.229 V as a result of reduction potentials
of'-0.828 and 0.401 V vs. SHE, respectively.

H, + 20H™ — 2H,0 + 2e~ 6.1)
=0, + H,0 + 2e™ — 20H" (5.2)

Table 5.1: AEMFC membrane electrode assemblies. ‘AEI’ denotes ‘anion exchange ionomer’. The number in parentheses

indicates the catalyst loading in mgpem cm™.

MEA No. Anode Membrane Cathode

1 PtRu/C + AEI Aemion” Pt (0.4) + AEI

2 PtRu/C + AEI Aemion”  Ir NC 900 900 (c.a. 0.1)
3 Ir NC 900 900 (c.a. 0.1)  Aemion” Pt (0.4) + AEI

4 Ir NC 900 900 (c.a. 0.1)  Aemion” | Ir NC 900 900 (c.a. 0.1)

A conditioning procedure was followed to activate the MEA before starting polarisation
experiments. First, the MEA was raised to the set temperature (50 °C) by gradually increasing
the temperature of the endplates (using the heating rods) in tandem with a flow of hydrogen
and oxygen (using the temperature controlled gas inlets) over the anode and cathode —
anode:cell:cathode (50:50:50), respectively. A backpressure of 200 kPa was then imposed over
the cathode side — this has been shown to enhance performance elsewhere.>> Once a stable
temperature and potential was reached, nitrogen was flowed over the electrodes for a

humidification step where the relative humidity is set. Having established a stable relative
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humidity (RH), hydrogen and oxygen were then flowed over their respective electrodes inlets
and a potential was held at 0.5 V (break-in) until a stable current was realised.?” The RH in
each of the electrodes for this device were informed by Adabi et al. and resulted in the following
temperatures being used 44:47:50 (i.e. 88 and 94 % RH in the anode and cathode,

respectively).?

After this break-in procedure, polarisation experiments were carried out. Usually tests are
carried out comparing pure oxygen and air flowing over the cathode, while hydrogen was
supplied to the anode. When oxygen flows over the cathode, the performance is much greater
compared to when air flows (as manufacturers would want to operate it in a practical device.
Manufacturers would also use a CO; scrubber at the ‘air’ inlet to minimise, or ideally totally
prevent, the formation of carbonate). However, on initial testing under a flow of oxygen, it was
judged that the performance would be too low if this was carried out with the cathode under a
flow of air, so only pure oxygen was tested. Polarisation holds were carried out at across a
range of irregularly spaced current densities (more at the start to capture kinetic character of a
device and more widely spaced at the end at higher current densities), each held for 30 s before
moving to the next. Polarisation experiments were not carried out at higher temperatures
because the melting point of the AEMION ionomer (65 °C) was not high enough to reach a
cell potential of 70 °C.%*

5.2.2 Proton exchange membrane fuel cell

5.2.2.1 Electrode preparation

Initially, catalyst inks were formulated in a similar way to those prepared for the RDE
experiments. The main difference between RDE level and device level formulations is the ratio
of catalyst to ionomer (Nafion) ratio — 2:1 catalyst:ionomer (at device level). This higher
ionomer ratio is commonly used in the group for similar carbon electrocatalyst materials when

producing electrodes for device-level testing.

Following this, inks were thoroughly sonicated producing a stable suspension that was
subsequently transferred to a spray-coater ‘cup’ (Kustom Eclipse CS, Iwata) fitted to an air
compressor (CS 25, CIF). The ink was then sprayed onto an electrode that itself was appended
to a hot plate set to 65 °C (see Figure A5.9 in the appendix for an image illustrating this). Once
the electrode had dried, it was weighed and compared to its original weight revealing the

loading of catalyst. The loadings of these ‘Nafion ionomer-containing’ electrodes was between

226



3 — 4 mgca cm? (the same assumptions were made about the iridium loading as in the AEMFC
—c.a. 0.075 mgir cm?). After this step, the electrodes were cut to size — 5 cm? before producing
the MEA. The MEA was fabricated by hot-pressing the Ir NC 900 900 anode and commercial
cathode on each side of a pre-activated Nafion 211 membrane at 130 °C for three minutes under

an applied pressure of 400 kg cm™.2°

5.2.2.2 Fuel cell assembly
This assembly was very similar to that of the AEMFC but is presented in full here for

completion.

The 5 cm? Fuel Cell Fixture was provided by Scribner Associates. The blue anodised end-
plates lay adjacent to gold plated current collectors and serpentine POCO graphite flow fields.
The two electrodes were separated by a proton exchange membrane (usually Nafion 212 — a
commonly used proton exchange membrane). The compression of the two electrodes was c.a.
20 % and was controlled by a number of layers of incompressible, PTFE gaskets (Tygaflor).
The thickness of the electrodes and membrane was taken into account when calculating the
number of gaskets needed. The cell was gently closed and tightened using a guiding pins and

a torque wrench with a final force of 4.0 N m.

Ultrapure hydrogen and oxygen (99.9998 %) were supplied to the 850 Fuel Cell Test System
by a compressed cylinder (BIP Plus, Air Products). Occasionally, hydrogen was supplied by
an electrolyser (Parker | Dominick Hunter Ltd.). The Test System is then connected to the cell
via temperature controlled gas inlets. The cell was placed in a well ventilated compartment

during operation and outlets were connected to an extraction arm.

5.2.2.3 Fuel cell experiments

Figure 5.2 shows a schematic of the PEMFC system as has been described above. Experiments
carried out with this system were operated by a 850 Fuel Cell Test System (Scribner
associates). With many variables, this system is of significant interest from both a research and
commercial perspective for direct energy conversion and transport applications. The
experiments carried out in this chapter were standardised such that the electrodes and

electrocatalysts were the only variable (as is the case with the other devices tested here).
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Anode Cathode

0,

Excess O,

Excess H, +H,0

Nafion

Figure 5.2: Proton exchange membrane fuel cell schematic. The 850 Fuel Cell Test Station controls the flow, humidity and
temperature of the gas into the cell. Heating rods are inserted into the end plates controlling the cell temperature.

Equations (5.3) and (5.4) (introduced in Chapter 1) represent the processes occurring in the
PEMFC. The theoretical OCP for this cell is 1.229 V as a result of reduction potentials of 0
and 1.229 V vs. SHE, respectively.

H, — 2H" + 2e~ (5.3)
20, + 2H* + 2e~ — H,0 G54

Polarisation experiments with this device were carried out in two ways — with either oxygen or
air flowing over the cathode. When oxygen flows over the cathode, the performance is much
greater compared to when air flows. This is due to the much lower proportion of oxygen (20 %)
getting to the active sites. This, in turn, enables the cell to reach much higher current and power
densities but, at the same time, may lead to accelerated corrosion. Therefore, just one oxygen
polarisation curve is collected and the others are collected with air flowing over the cathode.
During oxygen runs, hydrogen and oxygen were supplied at 200 standard cubic centimetres
per minute (sccm). During ‘air runs’, hydrogen flowed at 300 sccm and air was flowed at
1000 sccm. The gases in these tests were set to 100 % RH and the cell temperature was set to
80 °C. Polarisation curves were recorded by holding the cell voltage for one minute at each

point.
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5.2.3 Manganese / hydrogen hybrid redox flow battery

5.2.3.1 Electrode preparation

On the liquid side, Freudenberg H23, AvCarb 1071 and graphite felt (Sigracell®GFD 4.6,
SGL) were used. These materials were cut to size (5 cm?) and, immediately before insertion
into the cell for testing, were placed in a plasma chamber and were subjected to an oxygen

plasma treatment (as outlined in Chapter 2).

On the gas side, a platinum electrode (0.4 mge cm?, ELE027-10321015978, Johnson
Matthey) was used for the majority of the experiments (ensuring the gas side of this reaction
was never a limiting factor). These were cut to size but did not undergo any pre-treatment ahead
of being utilised in a cell. For the final experiment however, after incrementally testing the
liquid side of the system with a number of commercially available electrodes, the commercial
Pt electrode was replaced with an Ir NC 900 900 electrode produced using the spray coating
technique outlined in the PEMFC devices (i.e. using the Nafion ionomer binder and an SGL
29 BC substrate). This final experiment was carried out to tie together the learnings from

Chapters 3 and 4.

5.2.3.2 Electrolyte preparation

Titanium oxysulfate (TiOSO4, Sigma Aldrich) was added in three batches to DI water (half the
total final volume) and vigorously stirred until the solution was faintly cloudy. The
concentration of TiO?" in solution at this point was roughly 2 M and therefore was considered
to be strongly acidic with a pH close to 0.5.27 Sulfuric acid (H2SO4, VWR International) was
then added slowly and the solution was left to cool until the solution reached room temperature.
The solution was then transferred to a suitably sized volumetric flask and made up to the mark
with DI water. The masses and volumes of TIOSO4 and H2SO4, respectively, ensured the final
concentrations of this ‘stock’ acidic TiO*" solution were 5 M H,SO4 and 1 M TiOSO4. The
final step to complete the preparation of the standard electrolyte was carried out only
immediately before the experiment was to be carried out. It involved adding a mass of MnCOs
(Alfa Aesar) to the stirring stock solution, ensuring the end Mn?" concentration was 1 M. On
adding the manganese salt, the highly acidic solution protonates one of the oxygen atoms on
the carbonate to produce 1 M water — ultimately leading to the production of CO> (g) (assumed
to be fully lost to the atmosphere). The solution was left to stir gently for at least 30 minutes

2+ 4t
, T1

once all the solid is dissolved. The end Mn and ‘sulfur’ concentrations were 1 M, 1 M

and 6 M, respectively. This electrolyte is discussed in much greater detail in the next chapter.
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Both cycling and polarisation procedures were carried out when testing the electrodes and
electrocatalysts in this device. Cycling tests demanded a small volume of 20 mL and for the
polarisation tests outlined in this chapter, 400 mL of electrolyte was prepared and charged to

the maximum SOC.

5.2.3.3 Hybrid redox flow battery assembly

The hybrid-flow / fuel-cell fixture was provided by Scribner Associates. The liquid side (red
anodised end-plate side) and gas side (blue anodised end-plate side) lay adjacent to gold plated
current collectors and serpentine POCO graphite flow fields. The two electrodes were separated
by a proton exchange membrane (usually Nafion 212). The compression of the two electrodes
was c.a. 20 % and was controlled by a number of layers of incompressible, glass-reinforced
PTFE gaskets (Tygaflor). The thickness of the electrodes and membrane was taken into account
when calculating the number of gaskets needed (see Figure A5.10, in the appendix, for gasket
calculations). The cell was gently closed and tightened using a guiding pins and a torque

wrench with a final force of 4.0 N m.

Masterflex tubing (Versilon™) and appropriately sized connectors were attached to the liquid
outlet and a peristaltic pump (Cole-Parmer) was used to pump the liquid electrolyte through
the liquid side of the cell at a standard rate of 50 mL min™'. Hydrogen was supplied through
Nylon tubing by an electrolyser (Parker | Dominick Hunter Ltd.) and connected to the inlet of
the gas side of the cell via a mass-flow controller (Bronkhorst). The mass-flow controller was
set to supply 100 mL min™! hydrogen, continuously, during the charge and discharge of the cell.
The outlet of the cell was connected to a Nederman extraction arm. In the intermediate time,
between cycles when the cell was not being used but the electrolyte still flowing through the
liquid side, nitrogen was passed over the platinum electrode to ensure no electrochemically
parasitic discharge reaction occurred (hydrogen did flow, however, during the transient
measurements perhaps contributing partially to reduction of the active species in the

electrolyte).

5.2.3.4 Hybrid redox flow battery experiments
Experiments carried out with this system were operated by a range of potentiostats. Cycling
was carried out using a Gamry Reference 3000, charging large volumes of electrolyte ahead of

polarisation steps was carried out on an 857 Redox Flow Cell Test System (Scribner
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Associates) and polarisation tests were carried out using an 850 Fuel Cell Test System
(Scribner Associates). These setups can be shown in Figure A5.11. Figure 5.3 shows a
schematic of the Mn/H> hRFB system as has been described above. With many variables, this
system is of significant interest from both a research and commercial perspective for grid-scale
energy storage. The experiments carried out in this chapter were standardised such that the
electrodes and electrocatalysts were the only variable (as is the case with the other devices

tested here).

Mass-flow
/ controller

H, cylinder /
Electrolyser

Figure 5.3: Mn/H:> hydrogen redox flow battery experimental schematic. The system as a whole is controlled by an exterally
connected potentiostat. Electrolyte flow on the liquid side is controlled by a peristaltic pump. Hydrogen flow on the gas side
is controlled by a mass-flow controller positioned between an electrolyser and the cell.

The forward reactions in Equations (5.5) and (5.6) show the processes occurring in the hRFB
cell during charging steps (these reversible reactions occur in the backward direction during

the discharge). The overall OCP of this cell is 1.509 V.2

2H* + 2~ = H, 5.5

Mn?* & Mn3t + e~ (5.6)

The membrane electrode assemblies (MEAS) are described in Table 5.2.
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Table 5.2: Flow-through configuration of electrode and membrane materials for testing in a manganese-hydrogen hybrid
redox flow battery. MEA = Membrane electrode assembly. (Parentheses alongside liquid and gas side electrodes indicates
number of electrode layers used and the catalyst loading in mgpeyu cm™, respectively.)

MEA No. Liquid side Membrane Gas side

1 ~ Felt(1) Nafion 212 Pt (0.4)

2 Felt (1) Pemion Pt (0.4)

3 © Freud. H23 (1)  Nafion 212 Pt (0.4)

4 AvCarb 1071 (2) = Nafion 212 Pt (0.4)

5 AvCarb 1071 (3) Nafion 212 Pt (0.4)

6 AvCarb 1071 (3)  Nafion 212  Ir NC_900 900 (c.a. 0.1)

Graphite felt (SGL carbon, Sigracell®GFD 4.6), Nafion proton exchange membranes and
platinum on carbon (JM) was used initially in an attempt to reproduce the results reported by

1.% Pemion proton exchange membrane was tested to see if this, much thinner,

Rubio Garcia et a
membrane could withstand the hydraulic pressure placed on it without significant crossover or
leaking. Potential benefits could include much lower HFRs resulting in higher VEs.
Freudenberg H23 and AvCarb 1071 were tested in this device as they represent two ends of
permeability spectrum established in Chapter 3 (AvCarb 7497 was not available for testing in
this work package, unfortunately). AvCarb 1071 is considered to have a high permeability and
Freudenberg H23 has a much lower permeability. In the electrochemical environment and
configuration tested in Chapter 3 this translated to AvCarb 1071 having a much higher
performance. The number of AvCarb 1071 layers, latterly, was varied to ascertain an optimal
electrode thickness. And, finally, the platinum electrode was replaced by an electrode with
Ir NC 900 900 (developed in Chapter 4) spray-coated onto a carbon substrate (SGL29 BC,

Fuel Cell Store). This in-house synthesised electrode was made from the same batch as those

tested in the PEMFC system.

Cycling experiments were carried out using chronoamperometry whereby a current was
demanded of the cell until the cell cut-off potential is reached (1.8 V or 0.5 V during charging
or discharging steps, respectively). Efficiencies of these cycles were then evaluated. Current
densities of between 50 — 225 mA cm? were tested (current densities as low as 25 mA cm™ are

tested in the next chapter).

2 2

A large volume of electrolyte (400 mL) was charged at 75 mA cm™ using a 25 cm” cell
alongside a 857 Redox Flow Cell Test Station. This electrolyte was then disconnected and

(quickly) transferred to the smaller cell undergoing the polarisation tests (controlled by a 850
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Fuel Cell Test Station). The large volume of electrolyte is used to ensure that polarisation tests
are carried out at a more or less consistent SOC over the course of the polarisation test. Cell
performance is heavily dependant on SOC in RFB systems.*’ Polarisation was carried out by
sequentially holding current densities for 20 seconds at semi-regular intervals between 0 —
1300 mA cm (only semi-regular because more data points are desired at the beginning of the

polarisation where the system is kinetically limited).

5.3 Results and discussion

5.3.1 Alkaline anion exchange membrane fuel cell

AEMION - a relatively new addition to the commercial anion-exchange polymer market — was
first reported by Thomas et al.>! and is used in the AEMFCs tested in this work. These ion
exchange polymers crowd the C2 position (by attaching multiple methyl groups to N-positions)
in benzimidazolium hydroxide moieties affording these molecules with high resistance to
aggressively nucleophilic OH™ ions.?! One of the challenges for alkaline fuel cell technology,
moving away from liquid electrolytes, is to develop thin membranes (<10 um) with high
conductivities (> 100 mS cm™) to allow the delivery of sufficient current density (0.5 A cm™)
while simultaneously achieving the 5000 hour target operation duration at 80 °C.'%3? The layers
for the commercial Pt/C and PtRu/C catalyst were cracked and it was expected that resistance
issues would be prevalent in the tests. The layer prepared using Ir NC 900 900 catalyst
needed to be high in thickness to achieve the target catalyst loading (3 mgca: cm™) (the average
electrode thickness after drop-casting was c.a. 400 pm). Given the large volume of ink used to
drop-cast the catalyst layer onto the carbon electrode substrate, the catalyst layers were thick,
very cracked and, to varying degrees, peeling away from the substrate — see appendix for

photographs (Figure A5.8 (a) and (b)).

Before polarisation experiments were carried out, it was suspected that in addition to the poor
mass transport in the catalyst layer, the electrodes may have been flooded during the
conditioning step. It was observed that during the break-in period — 0.5 V potential hold for
one hour — that the Pt/PtRu system was stable then, indicated by a large increase in ohmic drop,
becomes very unstable after c.a. 45 minutes — presumably when flooding occurs. The cell was
then dried using nitrogen and flooding subsided indicated by the increase in potential.

Polarisation curves at 60 °C were then measured.
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The polarisation data displayed in Figure 5.4 (a) and (b) shows extremely poor performance.
Current state of the art devices using PtRu and Pt catalysts in the anode and cathode

2 and current densities of

respectively are able to reach peak power densities of 2 W cm’
100 mA cm™ at 0.9 V (low overpotential).?>33 Electrodes incorporating this anion exchange
polymer have been shown to work effectively at device level in an AEMFC — supporting
current densities of >1000 mA cm and power densities of 370 mW cm™.2! MEA 1, using PtRu
and Pt at the anode and cathode respectively, was used as the reference MEA. These electrodes
were shown to yield the best performance in the AEMFC compared to the other MEAs, with a
peak power density of c.a. 10 mW cm™. Subsequent peak power densities using electrodes
containing the anion exchange polymers alongside in-house synthesised catalyst
(Ir NC 900 900) and the anion exchange membrane (AEMION") yielded extremely low
power densities. The reason for these low performances is tentatively attributed to a
combination of the Ir NC 900 900-containing electrodes not being as effective catalysts
towards their respective purposes (compared to Pt-based catalysts), but also perhaps due to the
lower catalyst loading which led to a thinner electrode layer allowing the active species access
catalyst active sites. Particularly poor performances were observed (in MEA 2 and 4) where
the Ir NC 900 900 catalyst was used in the anode — i.e. performing HOR in base. This, at
least, is in line with the results from Chapter 4 (which showed particularly high overpotentials
required to reach peak HOR activity). However, it is surprising that, in the kinetic region (low
current densities), the iridium containing electrodes appear to have a similar character to
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Figure 5.4: Alkaline anion exchange membrane fuel cell polarisation data using in-house synthesised electrodes flowing
oxygen and hydrogen over the cathode and anode, respectively. (a) and (b) show the voltage and power density curves
without and with an iR-correction, respectively. (c) shows the area specific resistances encountered during each of these
polarisation experiments.

The HFRs (ohmic losses) in these cells are extremely high and there was therefore no
reasonable expectation for these cells to reach high (or even low) current densities or return
reasonable power densities. As alluded to previously, the reason for this high area resistance is
largely considered to result of the high membrane resistance. Bicarbonate in the membrane
which may have formed following aggressive nucleophilic hydroxide attack on trace dissolved
atmospheric CO; (this may have occurred to an extent during membrane activation), will also
raise the membrane resistance (bicarbonate is not conductive). While the fuels used in this
section are ultrapure hydrogen and oxygen (therefore with negligible CO»), this bicarbonate
will persist in the membrane without any way being removed. Additional resistances are
expected in the mass transport region as a result of the poor catalyst layer deposited on the
carbon substrate, alongside a fundamental lack of understanding of the physical properties of
the anion exchange polymer. Improvements are discussed in the ‘Future work’ section below
and could not be carried out for this project because of limited time in the laboratory due to

Covid.

5.3.2 Proton exchange membrane fuel cell

Only a small amount of cracking was observed on the electrode before it was hot-pressed
(Figure A5.8 (c)). This hot-pressing step induces extremely good contact between the catalyst
and membrane while preserving an effective GDL enabling active gaseous species to reach the

catalyst active sites.
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Figure 5.5: Proton exchange membrane fuel cell tests using Ir_ NC 900 900 as the catalyst at the anode and a commercial
platinum electrode (JM, 0.4 mgp. cm™) at the cathode with an active are of 5 cm’. (a) and (c) show the polarisation curves
free of iR correction with oxygen and air flowing over the anode resectively; (b) and (d) show their iR-corrected
counterparts. The HFR during these potential holds is displayed in (e). Oxygen tests are carried out with a flow rate of 200
sccm on both sides of the cell. Air tests are carried out with flow rates of: hydrogen at 300 sccm and air at 1000 sccm. The
cell temperature was 80 °C and gases have an RH of 100 %.

The Ir NC 900 900 catalyst is shown to perform fairly well in this electrochemical device.
Peak iR-corrected power densities of over 2 W cm? and 500 mW c¢cm™ in oxygen and air,
respectively, are comparable with other precious metal-containing catalysts.!®!® This infers, in
line with promising RDE tests, that the catalyst is able to effectively perform the HOR in a

PEMEFC even at very large operating current densities. The single cell performance level
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obtained with Ir NC 900 900 as the anode catalyst are matching or even better than some of

the reported iridium or cobalt catalysts.

10,18,34-36

5.3.3 Manganese — hydrogen hybrid redox flow battery

Using the work set out by Rubio Garcia et al. as a convenient ‘starting point’ for these tests,?’

carbon electrodes were first tested in the liquid side. Nafion 212, graphite felt and a platinum

cathode were used in the first cell as the standard components for the membrane, anode and

cathode materials in the first instance. This sub-section focusses on the variation of anode

carbon material with minor alterations in the membrane and the cathode (only briefly

mentioned). Cycling experiments were carried out to investigate the VEs of cell cycling as a

function of current density. Figure 5.6 (a) shows an example of charge and discharge cycles

using two layers of AvCarb 1071 as the cathode. Increasing the current density leads to a

smaller portion of the electrolyte being converted to the ‘charged state’ — this is due to the

requirement of greater overpotentials for higher current densities resulting in less active species

being able to reach the electrode surface for conversion.
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Figure 5.6: (a) and (b) utilise a manganese hydrogen hRFB system employing two layers of AvCarb 1071, Nafion 212 and a
commercial platinum electrode where; (a) potential is plotted as a function of the specific capacity for a series of charge

(solid line) and discharge (dashed line) cycles at different current densities. The dotted line at 26.8 Ah L which

corresponds to the theoretical maximum specific capacity for 20 mL of this electrolyte; (b) summarises the voltage (left half
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filled square), coulombic (right half filled square) and their product, the energy efficiency (full square) of a number of cycles
with this specific assembly. (c) A summary of the average voltage efficiencies and achieved specific capacities of the cycles
measured at a specific current density. Different colours represent different configurations. Nafion 212 was used in each of
these configurations.

If the active species in a redox couple are stable, the coulombic efficiency (CE) is usually very
high as there are no unwanted side reactions. It is well known that Mn*" disproportionates in
solution (this is subject of intense discussion in the next chapter), however, the Ti*" additive
added to the electrolyte is shown to have a stabilising effect on the Mn** (or some pseudo-
species) meaning that the great majority of the coulombs passed into the electrolyte are
recovered. The VE of a cycle is usually a good indicator of the overall energy efficiency
therefore. The efficiencies, including the VE (introduced in Chapter 2) of each cycle using one
electrode configuration is shown in Figure 5.6 (b) alongside the current densities. This was
repeated at a range of different current densities for the other configurations outlined in Table
5.2 and summarised in Figure 5.6 (¢). 75 % efficiency represents the lower bound of acceptable
VEs in RFBs otherwise they are considered to be too inefficient for consideration for scale-up.
These data show that, in terms of VE, three layers of AvCarb 1071 outperform graphite felt at
the highest current densities measured. This is significant since felts have, historically,
dominated standardised testing in RFB systems. After cycling at 50 mA cm™ with promising
energy efficiency (magenta data in Figure 5.6 (c)), the highest performing electrode
configuration in the liquid side (3 layers X AvCarb 1071) alongside the in-house synthesised
Ir NC 900 900 gas electrode failed immediately when exposed to a current of 75 mA cm™. It
was decided to immediately carry out the polarisation experiments with this configuration
(rather than attempting to capture more cycling data potentially damaging the gas electrode).
The motivation to test the Ir-containing catalyst in this system was out of curiosity rather than
in order to technologically improve the system. Commercially available Pt/C, clearly, works

very well and replacing it with another precious metal catalyst would be technologically futile.
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Figure 5.7: Polarisation curves examining the capability of electrode materials in a manganese hydrogen redox flow
battery. (a) and (b) display polarisation (left hand axes) and power curves (right hand axes) without and with iR-corrections
(respectively) for each of variations in liquid side electrode configuration and the gas side variation using Ir_ NC_900_900
alongside 3 layers of AvCarb 1071 (magenta). (c) HFR responses during polarisation experiments. (d) Alternative
representation of (b) using compressed thickness of electrodes in liquid side to display volumetric power densities.

The polarisation curves shown in Figure 5.7 (a) and (b) show that the woven carbon cloth
materials perform almost as well as the graphite felts, reaching peak power densities of
1.21 W cm? (vs. 1.34 W cm™ for graphite felt) using three layers of AvCarb 1071. The ASR
of the systems utilising woven carbon cloths is much lower than either of the other carbon
materials. This is tentatively attributed to, as it was in Chapter 3, an enhanced ability of carbon
cloths to be able to distribute the electrolyte around the available active area on the electrode.
Three layers of Freudenberg were used in order to compare comparatively thick liquid-side
electrode configurations. High frequency resistances with this electrode array, interestingly,
remain lower than those of felt for the initial part of the polarisation (purple circles), but quickly

rise as a result of increasing overpotential with current density.

While these findings appear unremarkable, these measurements only illustrate area-specific
capability. Using these carbon cloths, however, a significantly larger volumetric power density

is achieved (Figure 5.7 (d)). This may be extremely valuable to manufacturers producing RFBs
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in all geometries as utilising these periodic, woven carbon materials allow much greater
volumetric power densities to be achieved — thereby reducing stack size and, ultimately, capital

costs.

When carrying out these polarisation measurements, reproducibility was difficult because,
while the trends hold for each of the electrode configurations across the board, the variation in
starting potential was much greater than expected for a stable electrolyte. This is discussed and
examined in much more detail in Chapter 6 but could be partly as a result of the changing
solution equilibria at high concentrations of Mn*" (due to disproportionation). This is not
expected to have a meaningful effect on the polarisation curves displayed here (as the volume
of electrolyte is large), but is to be considered if these experiments are to be repeated — after
carrying out a polarisation experiment at maximum SOC, the operator must discharge to below
c.a. SOC 25 % before then charging up again if they are to expect replicable results — noting

that this is extremely time consuming.

Finally, drawing on previous findings from Chapter 3 pertaining to the correlation of electrode
permeability with performance, AvCarb 1071 outperforms Freudenberg H23 in this
electrochemical environment by far. While there are always exceptions, this strongly suggests
that the microstructural-performance metrics established in Chapter 3 hold across a range of

electrochemical environments.

5.4 Conclusions

This chapter ties together the findings in Chapter 3 and Chapter 4 by testing some of the
electrodes in Chapter 3 (AvCarb 1071 and Freudenberg H23) with the best performing
electrocatalyst synthesised in Chapter 4 (Ir. NC 900 900) in a Mn/H> hRFB. Additionally, the
catalyst was tested in FCs at two different pHs meaning the overall goal of testing the catalyst

at device level have been achieved, with varying degrees of success.

Having established, in Chapter 4, that the catalyst was effective towards catalysing the ORR
and, to a limited degree, the HOR in alkaline conditions, the goal in the AEMFC experiments
was to get the same catalyst to catalyse these processes on each side of the membrane (in a
symmetrical fashion) at device level. Clearly, this was not achieved with any reasonable
performance, but it is asserted that this was because of contact and mass transport issued

associated with the layer, high membrane resistances and a fundamental lack of understanding
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about the physical properties of the anion exchange polymer, rather than any significant

catalyst shortcoming.

Moving to a different pH environment, there were different expectations of the catalyst. No
parallel can be made between these devices in terms of layer quality because of the number of
different factors changing at device level (pH, catalyst deposition method, temperature,
ionomer). The electrodes were spray-coated with a manual spray gun — while this was an
extremely laborious task, it provided a layer that was only marginally cracked and, after hot-
pressing, produced an MEA that worked effectively. This iridium catalyst acting as an HOR
catalyst in the anode of this PEMFC showed surprisingly good performance (in line with the
results from Chapter 4) using air as the electrolyte, showing current densities of 480 mA cm™
at 0.7 V (iR corrected) and peak power densities of 543 mW cm™. (It should be noted that an
iridium containing electrode, prepared in the same spray coating fashion as for these PEMFCs,
was used in the manganese hydrogen hRFB (acid) system but was not hot-pressed. The results
from this hRFB polarisation experiment were poor indicating that hot-pressing is likely to have

a significant effect on the performance of the device.)

The manganese hydrogen hRFB system tested a subset of the electrodes surveyed in Chapter
3. From a performance perspective, the findings in this chapter were consistent — showing that
the woven material, with much greater permeability, performs better in a system where (a
dominant) convective flow pushes the liquid electrolyte through the electrode. While this
correlation between permeability and performance holds for AvCarb 1071 and Freudenberg
H23, the relationship becomes more complicated when considering felts. The carbon cloth
marginally outperforms the felt tested in this work — this is considered to be as a result of the
periodic arrangement of carbon fibre bundles being better able to distribute electrolyte over the
whole active area in the cell. Representing electrode ability in terms of volumetric power
density shows that, for instance, in the case of designing stack level manganese hydrogen
hRFBs (out of the liquid-side electrode variations tested in this work) two layers of AvCarb
1071 enables the most power dense cell output. This is important if manufacturers are to

continue improving their cell power densities and lowering the ultimate stack cost.

While these conclusions describe tentative agreement with the findings of previous chapters,
with more time, catalyst layers would have been optimised and a greater breadth of tests would

have either confirmed or contradicted the assertion that, combined, the principles outlined in
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Chapter 3 and the catalyst synthesised in Chapter 4 would have led to promising device-level

performance. Some thoughts for future work are described in the next sub-section.

5.4.1 Future work

Ideally, the lab-scale spray-coater (ExactaCoat, Sono-Tek) would have been operational at
some point during the course of this PhD. Availability of this spray-coater would have provided
the capability to make extremely uniform catalyst layers (of the same quality as those
commercially distributed) which would have removed the issues surrounding the layer and
potentially improved FC and hRFB performances involving in-house synthesised

electrocatalysts.

Testing the catalyst in additional devices where ‘air-breathing’ materials are required would
have been interesting for inspection of the breadth of devices the catalyst could be used in. A
zinc-air device and electrolyser would have provided interesting frameworks from which to
investigation. Additionally, given the findings in Chapter 4, demonstrating the multifunctional
catalyst operates in a device at neutral pH in addition to the ones attempted in this chapter
would have also been interesting. The following subsections refer to specific aspects of each

of the tested devices in this chapter.

5.4.1.1 AEMFC
e Optimise the ink layer
o Test different solvents that might be more compatible.
o Change compositions varying the exchange polymer and catalyst
concentrations.
o Try using Nafion ionomer (given this was shown to perform at RDE level in
alkaline conditions).
e Understand the relationship between catalyst layer and humidity.
e Use the literature available as a starting point.

e Repeat the experiments.

5.4.1.2 PEMFC
As mentioned at the beginning of this chapter, laboratory time was limited for this aspect of
the work due to Covid restrictions and it was not possible to carry out equivalent experiments

with reference materials. The results may well have motivated optimisation of the catalyst layer
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and the RH in the anode and cathode. Future work with this electrochemical device would also

include durability tests whereby chronoamperometry would be carried out over the cell.

5.4.1.3 Mn/H»

It is suggested that different formulations of electrolyte (e.g. with higher or lower
SO4* concentration) would give different cycling efficiencies. Preparing alternative
concentrations of stock solution (as described in the methodology) may provide interesting
revelations about the effect of sulfate or Mn>* concentration on the voltage efficiency or the
location of the step in the discharge (during cycling). Carrying out polarisation curves
alongside these changes in SO4>" concentration, at different SOCs on the charging arm would
provide interesting information about what peak power densities are achievable and how they

relate to sulfate concentration.

These electrochemical devices, ultimately, will be used for grid scale long duration energy
storage and so carrying out durability tests comparing these electrodes would be interesting.
Given it was found that different electrode assemblies with different microstructures and
number of carbon layers significantly affect the performance, it would also be interesting to
explore the limitations in terms of power density with different electrodes. Usually, during
operation, charging / discharging steps would be initiated without any form of ramping, so
gradual increases in current densities would enable higher current densities to be reached. The
high HFR peaks at the beginning of charging steps indicated large resistances at the electrolyte-
solid interface. The working hypothesis for this is that deposition of solid material occurs at
the surface and then behaves as a catalyst the rest of the charging cycle. Identifying what may
be deposited on the surface of the electrode during charging would be interesting — its exact
composition is unknown but is the subject of continued investigation. A good place to start for
this would be to deposit a thin layer of gold or another metal onto the surface of the electrode
in the liquid side to see if this affects the HFR and ultimately the maximum current. Operando
methods by which to measure how the electrolyte evolves over the course of the charge /

discharge cycle would also be interesting. The next chapter investigates some of these aspects.

5.5 Appendix

5.5.1 Supplementary catalyst layer preparation
Figure A5.8 (a) and (b) show catalyst layers that were produced using the drop-casting method
with AEMION (IONOMR) used as anion exchange ionomer. These layers were first attempts
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and would require extensive optimisations and further understanding of the ionomer before
being confident the layer is not a limiting factor in the device. (c) and (d) are equivalent spray-
coated catalysts using Nafion as the ionomer. Clearly their layers are much better — Figure A5.8
(c), however, has significant cracking at the edges. Following hot-pressing, this poor layer

feature did not appear to have a significant effect on the PEMFC performance.
(a) (b)
(© (d)

Figure A5.8: Images of electrodes (5 cm?) with (a) the words and (b) the best catalyst layers achieved using a drop casting
method with inks containing anion exchange polymer. Catalyst layers deposited by (c) spray coating and (d) drop casting
(this electrode not used in this work) nafion-containing inks for using in PEMFC and Mn/H: electrochemical devices.

Figure A5.9 is an image showing the setup used to spray-coat a 20 cm? substrate (before cutting

it into four 5 cm? pieces) using the spray gun in the bottom right corner of the photograph.

Figure A5.9: Image displaying how electrodes were spray-coated with electrocatalyst while fixed to a hotplate.

5.5.2 Manganese hydrogen hybrid redox flow battery setup
Figure AS5.10 is a screenshot of the spreadsheet used to calculate the theoretical compression

of the electrodes using the incompressible Tygaflor gaskets.
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Assembly Date: | 03/03/2021
Screw torque (Nm) 4 Electrode Area / cm® 5
Anode Notes Thickness /um 223 Electrode Material Gas / Flow (mL/min)
Pt/C + H2 Loading / mg cm™ 0.4 M(?) 100
Separator Notes P
Nafion 212 ! /um | 508
Cathode Notes Thickness /um 4600 | Electrode Material Gas / Flow (mL/min)
SGL felt Loading / mg cm™ SGL 50
Electrolyte | Notes | Cycling Volume / mL |
Ti(l1) + Mn (II/1ll) + H2504 [ 1M:1M:3M 20
IActive, i /mollf' lomb. J/C|
Active species concentration / molar | 1 | | 0.02 | 1929.7 |
' hick / pm 80 117 133 220 Total (mm) (Compression)
Anode 1 1 197 12%
Cathode 1 1 15 3497 24%
3694
NG
Uncomp thickness | 4873.8 | Tot. compression: 24.2%
NOTES:
Anode Electrolyte: 1M Ti(ll) + 1M Mn (2+ <--> 3+) + 3M H2S04
Method: |

Cathode electrolyte: H2 from electrolyser
200 rpm = 50mL/min (peristaltic pump)

Membrane activation

Figure A5.10: Screengrab of spreadsheet used to calculate number of gaskets needed.

Figure A5.11 shows images of several different test stations and potentiostats used to operate
the Mn/H> hRFB device used in this work. The working electrode and working sense electrode

connections were place on the liquid (red) side and the counter and reference connections were

placed on the gas (blue) side.

S,

Figure A5.11: Photographs of manganese-hydrogen hRFBs operated by different potentiostats and testing systems: top left —

\

Gamry 600; top right — 857 Redox Flow Cell Test System; and, bottom — 850 Fuel Cell Test System.
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Chapter 6

In-operando techniques examining manganese
speciation during manganese / hydrogen hybrid redox
flow battery operation

“There is nothing new under the sun, but there are a lot of old things we do not know.” —

Ambrose Bierce

6.1 Introduction

One of the central strategies for reducing the capital cost associated with RFBs is to reduce the
cost of their constituent components. Depending on the system, aside from the membrane, one
of the most expensive components is the electrolyte, making up roughly 53 % of the total
capital cost in a 15 hour VRFB.! However, as previously mentioned, VRFBs suffer from price
volatility largely due to the change in fluctuating demand for stainless steel (ferrovanadium is
a hardening agent used in steel production). Widespread unpredictability and rarity of metal
ores such as vanadium and rare earth metals such as cerium make broad commercial rollout
using these materials difficult.>* Reducing the price of the electrolyte can be achieved by using
inexpensive active materials. One method for this, discussed in Chapter 1, is with the use of
organic materials — several groups are focussed on making this route a viable option by
producing stable organic species with high cyclability.* Another is to use inexpensive inorganic
materials. Manganese is the 12" most abundant element in the Earth’s crust. It is the second
most abundant transition metal (behind iron) and can be found in large deposits in South Africa,
Australia and China — this ample supply and extraction capability (c.a. 12 million tonnes
extracted per year)® makes it inexpensive and, if its rich and diverse redox chemistry can be
harnessed and fully understood, may prove to be an ideal candidate for research and industrial

use in flow battery systems at large scale.

As discussed in Chapter 1, alternative technologies need to be developed to make up the

patchwork of devices that will support the scaled roll out of renewable energy-capturing
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resources. Among these, coupling the insights gained from FCs with RFBs, hRFBs are a
technology of significant interest given the advantages associated with separating out any
potential liquid crossover species in the gaseous side. Recently, hydrogen has been used as a
fuel for these systems and possesses the additional advantage of being a compressible gas,
resulting, potentially, in high energy density systems. The process outlined below has been

discussed in previous chapters (Equation (6.1)).

2H* +2e” = H, (6.1)

Manganese has encountered problems in electrochemical devices (RFBs and FCs) before
associated with the formation of very thermodynamically stable, usually insoluble MnO: (the
production of which is the subject for discussion later).>” However researchers found that, with
the introduction of Ti*" additives, a certain level of reversibility in this process can be
achieved.®® Bringing these two initiatives together (utilising manganese-titanium electrolytes
in RFBs and taking learnings from FCs) Rubio Garcia et al. reported a technology with
promising characteristics — a manganese hydrogen hRFB (herein referred to as Mn/H, hRFB)

— the chemistry involved in the operation of this device is the basis of this chapter.’

Following on from the final overarching question set out in Chapter 1: “Is there a way of
developing an enhanced understanding of manganese speciation occurring within a manganese
electrolyte during cell cycling?” many more questions demand consideration alongside, and

some even beforehand. These include the following:

e What are the possible processes that can occur in a manganese-containing solution?

e What are the possible processes that can occur in a titanium-containing solution?

e What (manganese or titanium) species are formed?

e How do they interact?

e How does the surrounding environment (pH, viscosity, temperature) affect the
formation of these potentially formed species?

e What analytical or operational handles do we have over this system?

The reason the overarching question has been expanded before the end of this introduction is
because the rest of the introduction looks to inform some of these sub-questions stated above.

The majority of the remainder of this introduction is devoted to reviewing the extensive
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established and hypothesised manganese and titanium chemistry. With this context, the
Methodology then sets out the methods used to assess the overarching question stated earlier
and the Results systematically introduces and highlights the unique features associated with
this manganese-titanium based electrolyte. A discussion of the results in light of the
introductory context follows, providing the most up-to-date understanding of this electrolyte.
Unlike Chapters 3 — 5, this chapter contains separate results and discussion sections. The reason
for this is to aid the reader in understanding the system and approach, and then to digest and

discuss the findings in the results with all the presented information hand.

Finally, before launching into two of the main components in the electrolyte, it should be stated
that only aqueous or sulfate-containing complexes are considered in these mini-reviews. This
is because (currently) this device utilises concentrated sulfuric acid media of c.a. 5 M (it will
become clear why this is the case). The equilibrium constants for each proton dissociation of

sulfuric acid are stated below in Equations (6.2) and (6.3).'°

H,S0, = H* + HSO,~ K, = 10? (6.2)
HSO,” = H* +S0,%” K, = 0.012 (6.3)

These equilibrium constants assume species are in dilute solutions, unity activity coefficients
and no ion pairing. As will become clear, this assumption cannot be made for the electrolyte
examined here. For the concentrations of sulfuric acid used in this work, the overwhelmingly
dominant species 1s HSO4™ — this is discussed later. The thermodynamic values for these sulfate
species and water are required later so they are included here for completeness (Table 6.1).
These thermodynamic data can also be linked to the Gibbs energy of reaction, AG°, by the
equation: A;G® = -RTIn(K) — which (using Table 6.1) can be used to calculate a more exact acid

dissociation constants, Kan2sos = 98.81 and Ka nsos- = 0.010.

Table 6.1: A summary of Gibbs free energies of formation for relevant sulfur species.

Species ArG’/kJ mol! Reference

SO& 74463 Bard'!
HSOs -756.01 Bard!!
H:S0s  -744.63 Bard!!
H:0 -237.18 Bard!!
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6.1.1 Manganese chemistry review

Manganese is an extremely important element in nature. Tetranuclear manganese-based
clusters play a central role in photosystem II which is a protein complex crucial to
photosynthesis. Its function is to biologically split water and provide the electrons for
photosynthesis to occur. As such, tetranuclear manganese clusters and their chemistries have

been studied in depth.!>"1

The first thing that must be said about manganese chemistry is that, with over 30 phases, it is
extensive and its speciation is very complex.'® Manganese displays extensive redox chemistry
with a multitude of oxidation states (2+, 3+, 4+ and 7+ being the most prevalent). This mini-
review of manganese chemistry focusses on the oxidation states 2+ to 4+, inclusive. It should
also be noted that equilibrium constants are stated for only selected processes outlined below
— this is because of occasional subtleties in reaction products and due to uncertainty
surrounding reaction conditions. Gibbs free energies are offered in the summary at the end of
this section. Logically, a good starting point when discussing element-specific aqueous
chemistries is the Pourbaix diagram — also sometimes referred to as Ey-pH (herein referred to

as E-pH) diagrams.!” The Pourbaix diagram for manganese is shown here.
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Figure 6.1: Pourbaix diagram for manganese. This diagram includes the region corresponding to the redox stability of
water (dashed lines with gradient -0.059 V pH").
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Pourbaix diagrams are constructed using thermodynamics and the Nernst equation to describe
the relationship between possible phases for elements. These diagrams do not account for any
kinetics and, crucially, they do not account for the localised nature of corrosion and provide
general prediction of the bulk species formed in solution.'® This will be discussed in due course,

especially with respect to the solid species formed.

6.1.1.1 Chemical speciation and transformations of manganese species

Starting, logically, with Mn?" — this is manganese’s most stable oxidation state. In simple
neutral or acidic solutions, it exists in an octahedral environment (hexaaqua) with six ligands
and appears very pale pink as a result of its spin- and parity-forbidden orbital transitions (when
in a tetrahedral environment, parity transitions are not forbidden and solutions have a much
more intense yellow-green colour).!” In basic media, the hydroxide Mn(OH): is formed which
appears as a gel-like white solid that darkens on exposure to air (it is easily oxidised)."”
Depending on the concentration of acid used, Mn(OH): dissolves in more protic environments
briefly forming Mn(OH)" returning to its most stable state in neutral or acidic environments.?’
Among the most pertinent chemical processes associated with the Mn*" species occurring in
the electrolyte examined in this work are the hydrolysis processes — Equations (6.4) and (6.5).%!
The high pK. constant mean the equilibrium lies to the left hand side in all but the most alkaline
solutions. The second hydrolysis could not be found but is also expected to be high. This
suggests that in acid solutions (as in this chapter), ionic Mn?* is most common Mn?" species

present.

Mn?* + H,0 = Mn(OH)* + H* pK, = 10.5 (6.4)
Mn(OH)* + H,0 = Mn(OH), + H* (6.5)

Conversely, even in highly acidic aqueous solutions, Mn®" species are significantly
hydrolysed.!*** Equations (6.6) and (6.7) show Mn>" acts as an acid — the K, for this acid is
1.02 £ 0.14.2! The second hydration has been reported to have a K, of 0.5.23 Taken together,
these two hydrolysis steps can be combined and the Mn(OH)," species could precipitate — this
leads to the formation of a thermodynamically stable oxyhydroxide species that is mentioned
in more detail later when solid species are discussed (formed via rearrangement in Equation

(6.8) (pKa not found) and the overall reaction is shown in Equation (6.9)).
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Mn3* + H,0 = Mn(OH)2* + H* pK, = 0.009 (6.6)

Mn(OH)?* + H,0 = Mn(OH),” + H* pK, = —0.301 (6.7)
Mn(OH)," = MnOOH + H* (6.8)
Mn3* + 2H,0 = MnOOH + 3H* pK, = —4.12 (6.9)

 dependent on solid phase formed (see below)

Manganese oxides with Mn>" centres such as Mn»Oj3 (bixbyite), and Mn3O4 (hausmannite) are
known to form, usually in more alkaline solutions.?* Disproportionation is a commonly
reported process characteristic of Mn>" ions in solution (Equation (6.10)). The mechanism by
which this process proceeds is unclear but will depend on the specific chemical environment.
Marcus theory might suggest that both Mn?* and Mn*" ions are formed, the latter of which

rapidly reacts to form MnO; as a result of its instability in acid.

2Mn3* + 2H,0 = Mn?* + MnO, + 4H* (6.10)
2Mn(OH)?* = (MnOMn)** + H,0 (6.11)
(MnOMn)** = MnO?* + Mn?* (6.12)

Another suggestion has been as a result of a cascade of condensation / polymerisation reactions
(Equations (6.11) and (6.12) — these are speculative).?? This may proceed through a process
whereby MnO» with a terminating (-OH) will react with another Mn(OH), " to add another layer
of MnO; terminated by an (-OH) from the newly arrived monomer unit (releasing a Mn?" ion
in the process). The MnO?*" species formed in Equation (6.12) is speculative but would rapidly

react in solution as a result of its electrophilic nature.

A hypothetical schematic representing techniques by which Mn** can be stabilised is shown in
Figure A6.34. On standing, solutions of Mn*>* have been observed to become cloudy as a result
of this solid formation following disproportionation.”> Mn** has been shown to be stabilised by
(a) increasing of solution acidity; (b) increasing the Mn** concentration; or, (c) complex
formation (these stabilisation techniques are expected on inspection of Equation (6.10)).2? The
first of these two techniques is well understood by Le Chatelier’s Principle, but the
complexation is of extra interest in this chapter primarily because of its effect on Mn*".
Complexation / co-ordination of Mn>" leads to a decreased driving force towards the formation
of MnO; (as a result of the more negative formation energy of complexed Mn>"). The following
set of equations show that Mn*>* forms strong complexes in acidic media (Equations (6.13) —

(6.15)).22
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Mn®** + HF & MnF?* + H*  K,q = 1.6 X 10° (6.13)

Mn®** 4+ CI~ & MnCI** K4 = 13.5M7! (6.14)
Mn** + H,C,0, = MnC,0," + 2H*  K.q = 1.64 X 10° M (6.15)
Mn?** +50,°” & MnSO, Kgq = 10%° (6.16)

It is suggested that in the strongly acidic electrolyte used in this work, bisulfate (HSO4’, the
main sulfurous species in the electrolyte, see methodology) will also form strong complexes
with Mn*". While it has already been clarified that HSO4" is the dominant sulfate species present
in solution, it should also be mentioned that MnSO4 complexes readily form in dilute sulfuric
acid solution (Equation (6.16)).% Bisulfate (HSO4") is less commonly discussed in solution as
high concentrations of acid are rarely used, however a series of manganese hydrogen sulfate
crystal structures (Mn(HSO4)2, Mn(HSO4)2-H20 and Mn(HSO4)(H2SO4) have been reported.?
The complexation of Mn?* with SO4?" is included here for completeness and,? while SO4> does
not form to any particularly high concentration at the (high) concentrations of acid used in this
electrolyte, Mn?" stabilisation contributes to point (b), above. However, using these alternative
ligands / salts may induce a lower overall cell potential and / or unwanted side reactions (e.g.
evolution of HF or poisoning of Pt catalyst in the cathode as a result of electrolyte crossover).
Introducing a kinetic barrier involves blocking the formation of some physically favourable
oligomer. These techniques are summarised in a rough energy level diagram in Figure A6.34.
Aside from these species, the only other notable Mn?* solid species are MnO which is a dark

green powder that is insoluble in water (this mainly forms in alkaline solutions)."

Disproportionation of Mn*" leads to the formation of Mn?" in solution and solid species
containing Mn** centres. The exact polymorph of solid species and the mechanism by which it
is formed is dependant on the surrounding chemical environment.!! Polymorphs are species
that have the same chemical formula but different crystal structures — there are several
polymorphs in aqueous manganese chemistry that will be discussed now. Manganese forms a
large number of oxides that are diverse in structure and function.?’” Manganese dioxide, MnO,,
represents a ‘family’ of polymorphs that finds utility across a number of chemistries. The main
polymorphs reported are a-, f-, 0-, - and R-MnO- (with hollandite, pyrolusite, birnessite,
spinel and ramsdellite crystal structures, respectively). They each have different crystal

structures that are displayed in Figure 6.2. f-MnO: is the most thermodynamically stable
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polymorph of manganese dioxide but it has been shown that the introduction of intercalating

metal centres can preferentially form specific crystal structures.?®

Spinel (A) Bimessite (5)

Figure 6.2: Manganese oxide crystal structures.?®

A summary of these species is provided at the end of this section. Another pertinent family for
this work are the manganese oxyhydroxides, MnOOH, the central species being a-, S-, A-
MnOOH. Polymorphs with similar chemical constituent parts, such as MnO2 and MnOOH, can
have similar structural properties and are known to be isostructural pairs — among the
manganese oxides examples include -MnOOH / f-MnO2, and a-MnOOH / R-MnO,. While
»-MnOOH is thermodynamically the most stable polymorph of these oxyhydroxides,
S-MnOOH has been shown to form preferentially at temperatures close to 0 °C,>” however this
polymorph, is known only in fine-grained mixtures and the crystal structure has not yet been

determined.'®

Before summarising the electrochemical processes and possible degradation mechanisms
associated with these species, the existence of metastable species with regards to their influence
on driving solutions down non-equilibrium pathways towards their most thermodynamically
stable states, must be addressed. If a system or species is defined as metastable, it is thought to
have reached a local energy minima but is capable of reaching a lower energy state. The
Pourbaix (E-pH) diagram describes the thermodynamic stability of bulk species in aqueous
solution and does not account for the thermodynamic stability of nanoparticles with low surface
energies. Sun et al. outlines the fact that manganese oxides form according to Ostwald’s Rules
of Stages,*® where a variety of metastable manganese oxides and oxyhydroxides nucleate and

grow prior to the formation of the equilibrium (bulk) phase — metastable phase formation is
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possible from a supersaturated solution if the barrier to nucleation is lower than the stable
phase.’! Chen et al. helpfully illustrates this progression in the schematic shown in the top half
of Figure 6.3.>2 As nanoparticles of metal oxides nucleate and grow, it has been found that

there can be dramatic crossovers in polymorph stability as a function of nanoparticle size and

bulk solution composition.*?34
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Figure 6.3: Above: (c) Pourbaix free-energy planes of metastable f-MnOOH, y-MnOOH, R-MnO2, and full aqueous
stability region of Mn304. (d) Projection of aqueous metastability regions onto E-pH axis.>' Below: Schematic
representation of remnant metastability in a crystallization pathway (a) Free-energy of three phases (supersaturated
solution (gray), M (green), S (blue)) as a function of the surface-area-to-volume ratio, 1/R (R is a particle radius). The gray
line corresponds to the free-energy of a supersaturated solution, green is a metastable phase M that is size-stabilized by a
low surface energy (given by the slope), and blue is the bulk equilibrium phase S, with high surface energy. (b) Phase
diagram in the 1/R axis created from the projection of lowest free-energy phases. (c) A multistage crystallization pathway
(red arrow in a ) proceeds downhill in energy, but phase transformations are limited by nucleation. Crystal growth of M
prior to the induction of S means M can grow into a size-regime where phase M is metastable. S will then nucleate, and
quickly grow by consuming M via dissolution-reprecipitation. The characteristic length scale of size-driven phase transitions
lies in the 2 nm—50 nm range.>

The free energy axis uses a thermodynamic grand potential (Pourbaix potential — which
encompasses the sum of the proton and oxygen activity and the electrochemical potential)

which corresponds to an aqueous ion precursor or metal oxide precipitate in open exchange
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with a water reservoir at a given pH, redox potential, and dissolved metal ion concentration.’!

These Pourbaix potentials can be used to obtain a free energy surface for a metastable species
— as shown in on the left hand side of the bottom half of Figure 6.3. Projecting these metastable
species onto the E-pH part of this plot returns the figure on the right hand side, revealing the
phase boundaries for metastable f-MnOOH, y-MnOOH and R-MnO». Nanoparticles can
become stabilised due to the low surface energies they exhibit as a result of their large surface
area to volume ratios.> This surface energy, which accounts for the size-dependant
thermodynamics of nucleation and growth towards a stable phase, is inversely related to the
bulk stability.>! DFT measurements carried out by Sun et al. further suggest that surface
energies for the oxyhydroxide are lower when comparing isostructural MnOOH and MnO>
frameworks (i.e. y-MnOOH / f-MnO,, and a-MnOOH / R-MnQO;) — implying a greater bulk
stability.’! While clearly these DFT measurements are theoretical, they do fall in line with the
experimentally established values reported by Birkner and Navrotsky for Mn3;O4, Mn203 and
B-MnO:.** So while researchers have reported pathways stating sound synthesis routes towards
formation of solid species,*® there are elusive metastable, subtleties during the formation of
these bulk species that currently elude full understanding. With further kinetic variability, these

metastable species are, understandably, difficult to isolate, observe or quantify.

6.1.1.2 Electrochemical transformations of manganese species

Having briefly discussed some of the subtleties of manganese oxides reaching their most stable
states, electrochemical processes should be outlined and suggested degradation pathways
briefly discussed. Mn>" is thermodynamically unstable (hence its absence from the Pourbaix
diagram in Figure 6.1). Mn?" can be electrochemically oxidised in a single electron transfer to
form Mn>" in solution (Equation (6.17)). This electrochemical process is the central
electrochemical process this chapter, and device, is focussed on.!” Some of following reduction
potentials are based on the free energies of the species involved, using the relationship:

A/G® = -nFE® (Equations (6.18) — (6.26)).'!7

Mn3* 4+ e~ = Mn?* E°=1509V (6.17)
Mn(OH)* 4+ H* + e~ = Mn?* + H,0 E®=0.624V"* (6.18)
Mn*t + e~ = Mn3* E°=1.633V (6.19)
Mn(OH),** + e = Mn(OH),* E®=1301V (620
Mn,0; + H,0 = 2MnO, + 2H* + 2e” E®=1.014V (@621
MnO, + 4H* + 2e~ = Mn?* + 2H,0 E®=123V (6.22)
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p-MnO, + H* + e~ = »-MnOOH E°=1.016V (6.23)

R-MnO, + H* + e~ & o-MnOOH E°=1.013V* (6.24)
»-MnO, + H* + e~ = a-MnOOH E°=1.132V (6.25)
o-MnO, + H* + e~ 2 y»~MnOOH E°=1141V* (626

Please note: the potentials with the % adjacent to ‘SHE’, indicate these reduction potentials
were calculated using Gibbs energies from different sources. Electrochemical oxide /
hydroxide interconversion is interesting from a potential perspective as, if solid species were
to dominate in solution (possibly depositing on the electrode surface), these potentials would
play an important role in the overall cell potential. The reduction potentials set out here are by
no means a complete set — in fact, Equation (6.23) represents the conversion between the two
oxides’ most thermodynamically stable states (which are also isostructural) and Equation
(6.24) represents another conversion between the isostructural ramsdellite and the groutite. As
briefly mentioned earlier, during a reaction process, less (thermodynamically) stable
polymorphs may, on nucleation, form preferentially. The reason these polymorphs might be
the dominant species formed could be because of accompanying ions or water molecules
interrupting crystal structure formation and leading to the formation of off-stoichiometric
species. This has been investigated by a number of research groups focussing largely on alkali
metal incorporation — of interest because of battery research.?®”3® Portehault et al. used Mn**
and MnOy™ in aqueous solution to show in detail how polymorphs of manganese oxides (MnO-
and MnOOH) evolve with time and temperature highlighting the importance of surface charges
— in particular the relationship between (-110),.mn0: and (-101)mnoon faces.*® The group later
produced a helpful reaction scheme / flow chart highlighting that, at very low pHs, the
formation of either the a- or y-MnO> polymorph is favoured.’” With time and / or the presence
of small cations these polymorphs would eventually dissolve and recrystalise forming the most
stable f-MnO». They subsequently pointed to other research that had confirmed the favourable
production of a-MnOQO; in strongly acidic conditions (and who also conveniently illustrate the

intercalation of ions and hydrating species).*

Finally, attention must directed towards chemical degradation pathways. It has been suggested
that different polymorphs may be produced according to their formation method e.g. either
electrochemically or via a chemical degradation pathway. It is difficult to observe degradation
pathways for manganese species in solution due to the growth and subsequent dissolution of

metastable species. Equations (6.25) and (6.26) are included here as Bahdad et al. suggest these
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conversions are favoured (over the f-MnO> to y-MnOOH interconversion) citing Bard.!!"?
However Bard (only) states that the y- to a- conversion is favourable in alkaline environments
— and therefore the assumption that this is true in acidic conditions may well be a poor one (for
the reasons mentioned earlier regarding the high dependence on pH environment).!! Therefore,
from a bulk thermodynamic perspective, the following chemical degradation may occur
following the double hydrolysis of the Mn3+ ion (Equations (6.6) and (6.7)), and assuming the
most thermodynamically stable y-MnOOH polymorph forms during the subsequent acid-base
process (Equation (6.27)), then the electrochemical process might ultimately follow Equation
(6.23) (across isostructures), suggesting an overall degradation mechanism shown below
(Equation (6.28) — essentially equivalent to Equation (6.10)). This is alternatively represented
using a different (hydrolysed) form of Mn*" (Equation (6.29)). Clearly, this does not fall in line

137 but it should be mentioned

with the polymorph-evolution suggested by Portehault et a
nonetheless. Examples of additional non-classical crystal growth mechanisms have been
reported and discussed,*® but further discussion of manganese oxide evolution is beyond the

scope of this thesis.

Mn(OH)," = »~MnOOH + H* (6.27)
»~MnOOH + Mn3* = Mn?* + H* 4+ f-MnO, (6.28)
»-MnOOH + Mn(OH)?* & Mn?* + H,0 + f-MnO, (6.29)

Table 6.2 and Figure 6.4 attempt to summarise most of the pertinent information.
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Table 6.2: A summary of Gibbs free energies of formation for relevant manganese species. “*" indicates that this free
energy was collected from computationally calculated values.

Species 0S  A/G"/kJ mol! Reference
Mn?* 2 -228.01 Bard!!
Mn(OH)* 2 -405.01 Wagman*!
Mn(OH); 2 -615.00 Bard!!
MnSO4 2 -957.36 Bard!!
Mn304 2/3 -1283.2 Bard!!
Mn?* 3 -83.00 Bard!!
Mn(OH)** 3 -324.4 Bahdad?3
Mn(OH),* 3 -557.93 Bahdad??
a-MnOOH 3 -557.70 Bard!!
A-MnOOH | 3 -547.07* Sun?!
y-MnOOH @ 3 -563.20 Bard!!
Mn203 3 -881.10 Bard!!
Mn* 4 +74.85 Gramm-Osipov*
a-MnO: 4 -453.13 Bahdad?®
S-MnO: 4 -465.14 Bard!!
y-MnO:z 4 -448.50 Bard!!
0-MnO: 4 -438.24* Kitchaev?®
R-MnO:; 4 -459.95% Kitchaev?®
Oxidation Solution species Nanoparticulate Bulk solid
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Figure 6.4: Manganese speciation map in an acid environment.

6.1.2 Titanium chemistry review
As before, this titanium review should be started with its respective Pourbaix diagram (Figure

6.5).'7* The domain of thermodynamic stability for titanium does not overlap with that of
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water.!” When exposed to air, titanium forms oxide films at its surface rendering its metallic
form passive — it follows that titanium in aqueous media is not in a true state of equilibrium
and its standard potentials cannot be measured accurately.'!” No aquated Ti*" salts can be

isolated, but Ti*" possibly exists in solution though the main species are hydrolysed."
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Figure 6.5: Pourbaix diagram for Titanium using hydrated titanium species.

43

Like manganese, titanium has a rich, versatile chemistry making use of most of its four
available electrons, forming compounds in its 2+, 3+ and 4+ oxidation states. There are only
few inorganic compounds with Ti*" metal centres — the vast majority of research with this
oxidations state is devoted to developing Ziegler-Natta catalysts for ethylene or propylene

polymerisation at room temperature and pressure.** Ti**

1s used extensively as a reducing
agent — the fully hydrated form of Ti*" ([Ti(H20)s]*") can be formed on reduction of Ti*" in
acidic conditions ([H'] = 0.3 M — 12 M) but this violet solution reduces oxygen and so should
be handled under nitrogen.'” The reduction reactions for this process in this pH region are as

follows:

Ti*t + e~ = Ti3* E° = 0.2 Vvs.SHE (6.30)
Ti(OH),** + 2H* + e~ = Ti3* + 2H,0 E° = 0.0077 V vs.SHE (6.31)

For the purposes of this work, Ti*" is of the most interest. Briefly, regarding solid species: the
naturally occurring, TiO: has three crystal modifications — rutile, anatase and brookite. Rutile
(where Ti centres are in a regular octahedral coordination site) is the most abundant but anatase
where Ti centres are slightly distorted from octahedral) is more thermodynamically stable.!
Another family of solid crystal structures — Titanates — as the name suggests, involve titanium

in mixed metal oxide structures (perovskite and spinel being the most prominent titanates)."”
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Ti0; is used as a white pigment and is generally made by the hydrolysis of Ti(SO4)2 and under

hydrothermal conditions, have been known to produce zeolites.*®

Fujishima and Honda demonstrated the photooxidation capability of simple earth abundant
Ti0,.*” However detailed understanding of its production (even at lab scale) continues to be
poorly understood. This is evidenced by continued hydrolysis speciation and sulfate
complexation studies and wide ranging disagreement among researchers surrounding
hydrolysis equilibrium constants in acidic environments.** " These successive four hydrolysis
reactions can be generalised into the following Equation (6.32) (where x = 0 — 3, inclusive).
The latter hydrolysis steps are more likely in higher pHs resulting in complex species such as
Ti304*" leading, eventually to colloidal or precipitated TiO>-nH>O.!” In strongly acidic
conditions, the dominant Ti*" species in solution is TiO?* which is considered to be in
equilibrium with the doubly hydrolysed Ti(OH),*" and Ti*" though,'® the equilibrium constant
for this is expected to be very low. It has been suggested that, at particularly low concentrations
of titanium in acidic media, there is a window in which the TIOOH" species exists between
TiO?*, TiO2 and TiO(OH), — however this should be treated with caution because of changes

in activity coefficients (Equation (6.33)).%*

Ti(OH)“* ™" + H,0 = Ti(OH) ., ™% + H* (6.32)
TiO?** + H,0 = TiOOH* + H* (6.33)
Ti(OH),** 4+ x50,%” 2 [Ti(OH),(S04),]? 2 K =3.40r12.02 (639

Investigation and understanding of oxysulfate dissolution and or the interaction of sulfate ions
with TiO*" centres has developed over time, even since it was investigated by researchers in
the Royal School of Mines, Imperial College London.>! Since then it has been asserted that in
the presence of sulfate ions, the dominant complex pair is [Ti(OH)2(SO4)x]** (where x = 1 or
2, Equation (6.34)).*%%° More recently, on inspection of speciation of TiOSO4, Kozma et al.
found that TiOSO4 concentrations below 0.2 M will not dissolve in water as a result of
hydrolysis overcoming the dissolution process due to the self-buffering behaviour of Ti**
centres (bound water deprotonates) yielding acidic solutions.’? 1 M TiOSOs self-buffers to a
solution pH of 0.77.>2 Using EXAFS and small-angle X-ray scattering, {Tiis} titanium-oxo
clusters were found to form in higher concentration solutions after vigorous stirring for four to
six hours although, a crystal structure has not been fully elucidated due to the size of this

species. Metal-oxo clusters are often used to further understand crystallisation and self-
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assembly mechanisms and reaction pathways,>® however titanium-oxo clusters have not yet
clearly informed the formation of TiO,.%? It should be repeated, however, that in the sulfuric
acid environment discussed in this work, the sulfate species is almost universally in it's bisulfate

(HSOy) form (see later).

Table 6.3: A summary of Gibbs free energies of formation for relevant titanium species.

Species OS AiG"/kJ mol! Reference

TiZ* 2 -31400  Bard"
Ti** 3 -350.00 Bard!!
Ti(OH)** 3 -577.7 ~ Brown?
Ti(OH)s 3 -1049.80 Bard!!
TiO** 4 57740  Bard!
TiO* 4 -631.3 Brown?*
TiOOH* 4  -80555  Bard!!
TiO(OH)* 4 -854.3 Brown2*
HTIiOs 4 95590  Bard"
TiO(OH): 4 -1074.3 Brown?*
TiO»-H:0 4  -82130  Bard!!
TiO: 4 -888.8 Brown?*

6.1.3 Manganese-titanium electrolyte

Before looking to combine manganese and titanium in an electrolyte, some similarities in their
chemistries should first be noted. Clearly, titanium does not have as many redox states as
manganese but, at least in their 4+ oxidation state, both elements demonstrate low stability in
aqueous solution. Their species both undergo acid-base reactions in similar pHs, interact
strongly with sulfates and precipitate / polymerise easily in aqueous solution. These facts make
understanding their combined interaction in solution at these low pHs all the more challenging.
One of the main takeaways from these mini-reviews should be that the formation of solids in
flow batteries is a critical issue for the operation of RFBs utilising solution based electrolytes
(as flow pathways can get blocked leading to bottlenecks, increased pressure drop, leakage and
irreversible capacity loss). This demands significant understanding about how the species

interact and, specifically, how Mn** can be stabilised.

The electrolyte used in the present work combines manganese, titanium and sulfuric acid.
Titanium additives (such as titanium oxysulfate, TIOSO4and titanium disulfate, Ti(SO4)2) have
been shown to enable Mn-Ti electrolyte containing systems to charge and discharge,® though
the role of titanium in manganese speciation is still not fully understood.”** This is subject of

active scrutiny in the Kucernak research group alongside commercial partners using a number

263



of different analytical techniques. A company, Sumitomo Electric Industries Inc. (SEI),** found
that on testing a titanium manganese flow battery in which there had been mixing of the two
electrolytes (likely serendipitous following crossover) the resulting electrolyte was ‘more
stable’.® Under normal conditions oxidation of Mn?* in acid quickly results in growth of
significant amounts of MnO; which coagulates, crystallises and forms a “sludge” whereas, on
addition of a Ti*' additive, the deep purple colour characteristic of Mn>* in aqueous solution
(see later), remains visible indefinitely (or for at least one year — this was not explicitly

measured, however — Figure 6.6).

- N

Without Ti** additive =~ With Ti*" additive

Figure 6.6: Photographs of partially oxidised Mn** solution with and without a Ti** additive.

Initially, it was suggested that Ti*" directly supresses the Mn>* disproportionation, but since
then alternative hypotheses for this stabilisation have been asserted, such as, modifications to
the chemical equilibria on Ti salt addition.®*** The current working principle is that the Ti*"
additive significantly reduces the size of the colloid particles and prevents agglomeration so
that no intractable “sludge” forms even at high Mn** concentration. Kaku et al. identified the
formation of the polymorphs a- and y-MnO in a titanium manganese electrolyte. Using XRD,
they found that on addition of one equivalent of Ti*' (to Mn?" starting concentration), compared
to electrolyte containing no Ti*" additive, the size of the MnO; structures were much smaller
and no a-MnQ» was present in the precipitates.” This might suggest that Ti*" additives do, in
fact, block the formation of a-MnQO>. The mechanism for these transitions is of interest
especially with respect to the three previously mentioned methods towards preventing or
slowing the disproportionation reaction. The Ti*" additive may contribute to all three methods
in some way — the effect of the large (18-centre) titanium-oxo cluster may disrupt the formation
of specific aspects of MnO> polymorphs. The buffering ability of the titanium containing

solution may increase the concentration of protons (stabilising Mn>").

To summarise, manganese speciation in strong sulfuric acid is not fully understood and Ti*"

additives further complicate the chemical and physical transitions that occur in the electrolyte.
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Research groups have utilised Ti*" additives’ stabilising effect on the electrolyte but few have
attempted to identify the cause.’?* This work uses a combination of thermodynamic, kinetic,
electrochemical and real-time manganese species concentration data to better understand the
electrolyte and the hRFB system as a whole — including assessing the exact origins of the
measured cell potential. Gathering real-time concentrations of species and the requirement of

in-operando techniques is the subject of the next part of the introduction.

For the purposes of the rest of this work, we will consider only the following (high-level)
features of the chemistries of manganese and titanium to be at play until the discussion section

1s reached:

e The oxidation of Mn?>" to Mn*" is the only electrochemical process taking place during
galvanostatic charging / discharging steps.

e Mn’" hydrolyses in the prepared electrolyte.

e Mn’" disproportionates at sufficient concentrations, precipitating solid species.

e These solid species redissolve quickly, initially, but more slowly as the Mn?"
concentration is electrochemically diminished (with increasing SOC) eventually
agglomerating into suspended nanoparticles.

e Titanium interacts with the manganese centres allowing for a full recovery of

manganese in its 2+ oxidation state (fully discharged — SOC 0).

6.1.4 In-operando techniques for electrochemical systems

Typically, in RFB systems, during charging and discharging, the information provided by the
devices operating the cell (in this chapter, a Scribner Redox Cell Test Station) is limited to
current and potential applied / measured, HFR, cell temperature and volumetric flow rate. From
these data, further information can be gathered but is limited to power, coulombic and capacity
calculations. Alongside these calculations, a whole range of ex-situ measurements, such as
SEM or XCT electrode imagine can also be made — these non-destructive analytical methods
can reveal important information about what occurs at the location of interest in any RFB
system. In-operando methods (shortened occasionally to ‘operando’) for data collection are
interesting to researchers as they provide real-time information, sometimes providing

important enhanced understanding of aspect in a system.
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A recent study carried out by Zhao et al,>® presented a multi-modal characterisation study
examining the intermediate steps in the electrochemical reaction mechanism involving an
organic anthraquinone redox couple involved in an organic-inorganic RFB.’>> NMR and EPR
were simultaneously carried out revealing the elusive radical anion intermediate (DHAQ>™")
and enabling the researchers to calculate rate constants associated with conversion of species.
Several interesting imaging studies have been carried out to understand the flow through
serpentine flow fields and to establish improved operation techniques for certain electrode-
electrolyte combinations.’>>” Neyhouse et al. devised an experimental setup employing an
electrochemical sensor to measure the concentration and (therefore the) real-time SOC of an
organic RFB.>® While this organic (symmetric) RFB is uncomplicated and was only developed
for as a proof of concept for analytical means, it demonstrates the potential versatile ability for

this geometry of microelectrodes to be used to keep track of a RFBs state of health.>®

In this chapter, the two operando analytical techniques employed are UV-vis and EPR and
these were introduced in Chapter 2. UV-vis takes advantage of transitions of electrons from
lower to higher energy molecular orbitals and associated absorption coefficients of solution-
based complexes. In transition metals, as is the case in manganese solution chemistry, the
energy associated with these transitions are dependent on the geometry surrounding the central
metal ion. Neutral or aqueous Mn”>' solutions have a low absorption coefficient
(0.701 x 1073 M cm™)* and appears pale pink in solution. Aqueous Mn>" possesses a much
greater absorption coefficient (c.a. 250 M' cm™! — varies according to literature)’®%¢! and
appears dark purple / black and optically dense. One way to combat samples with a high
absorption coefficient is to ensure the pathlength through the optically dense solution is short
as then the absorbance is not too high and the measurement avoids becoming ‘saturated’
(usually, sample chambers allow for a cuvette with a pathlength of 1 cm — assuming a sample
concentration of 1.0 mol dm™ — the absorption should be ideally be below 2 M™! cm™). This
technique is described in much greater detail later. Commonly reported characteristic Mn>*
peaks appear at wavelengths just above 522 nm indicating the *Big to *B2; MO transition.®* A
much broader peak with a relatively high wavelength peaking at around 840 nm (low energy)
is far less reported but is considered to indicate the “Big to A, transition.’?> Operando UV-vis
measurements have been carried out employing a VRFB alongside a fibre optic probe attached
to a UV-vis spectrophotometer to allowing for continuous measurement during charge and
discharge (this is not exactly the same setup as that reported in this chapter but, crucially, it

demonstrates a zero dilution, truly operando method).®* The growing interest in materials
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utilising TiO; photocatalysts in solar cells for the conversion of light into energy has dominated
solid state UV-vis measurements surrounding Ti species. The previously discussed difficulty
of getting Ti*" species in solution makes literature in this field sparse. However it has been
shown that Ti-based compounds have very high absorbances (low transmittance) at low

wavelengths (high energy) up to 350 nm.**

With this context and this stated set of assumptions, the following section outlines the methods
used to capture important information about the hRFB. New, detailed analysis methods
designed to measure the Mn?" and Mn>" concentrations in real-time are developed. Analysis of
concentration and potential transients is carried out with a view to revealing bulk kinetic
information. Following this, a discussion is outlined with the help of ongoing thermodynamic
analysis developed by Professor Anthony Kucernak and is used to illustrate and explain, the

results presented.

6.2 Methodology

6.2.1 Electrolyte preparation

Titanium oxysulfate (TiOSOs, Sigma Aldrich) was added in three batches to DI water (half the
total final volume) and vigorously stirred until the solution was faintly cloudy. The
concentration of TiO?" in solution at this point was roughly 2 M and therefore was strongly
acidic with a pH close to 0.5 M. Sulfuric acid (H2SOs, VWR International) was then added
slowly and the solution was left to cool until the solution reached room temperature. The
solution was then transferred to a suitably sized volumetric flask and made up to the mark with
DI water. The masses and volumes of TiOSO4 and H2SOs, respectively, ensured the final
concentrations of this ‘stock’ acidic TiO** solution were 5 M H>SO4 and 1 M TiOSOs. The
final step to complete the preparation of the standard electrolyte was carried out only
immediately before the experiment was to be carried out. It involved adding a mass of MnCO3
(Alfa Aesar) to the stirring stock solution, ensuring the end Mn?" concentration was 1 M. On
adding the manganese salt, the highly acidic solution protonates one of the oxygen atoms on
the carbonate to produce 1 M water — ultimately leading to the production of CO> (g) (assumed
to be fully lost to the atmosphere). Once all the MnCO3 was dissolved, the solution was left to
stir gently for 30 minutes before beginning the experiment. The end Mn?*, Ti*' and sulfur-
containing species (in all their potential forms: SO4*, HSO4", H2SO4, or in complexes with

appropriate ratios) concentrations were 1 M, 1 M and 6 M, respectively. In the present chapter,
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MnCOs is used as a more inexpensive source of Mn?". Addition of MnCOs to the
TiOSO4-H2SO4 ‘stock’ solution, leads to the thermodynamically favourable production of CO»
(g). Two equivalents of H are assumed to be consumed here but the next sub-section outlines

the working understanding of the speciation of titanium / sulfate in this system.

Table 6.4: Aqueous electrolyte composition used in this work.

Species Main atom OS Concentration / mol dm

MnCOs3 2 1.0
TiOSO4 4 1.0
H2S04 6 5.0

6.2.1.1 Speciation in a titanium / sulfate system

Given the findings of Kozma et al., the ‘stock’ (acid-titanium) solution is thought to contain
{Ti1g} clusters and does not show any signs of precipitation (to forming TiO) even after 60
days under ambient conditions.’? Additionally, as was repeatedly referred to in the introduction,
following ongoing discussions in the Kucernak group, assuming only the three main forms of
sulfate exist in solution, sulfate was calculated to almost exclusively exist in its bisulfate
(HSOy4") form across the pH range used in this chapter (and device as a whole) — Figure 6.7
shows the calculated average anion charge as a function of the H2SO4 concentration (using
standard equilibrium constants for each proton dissociation).
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Figure 6.7: Average sulfate anion charge.

These concentrations do not take into account the buffering ability of titanium or manganese
species or the potential interaction of Ti-clusters with any protons or bisulfate ions which, as

inferred in the introduction, is unlikely to be the case. However, the following set of equations,
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developed by Prof. Kucernak, account for the speciation in the system — the concentration of
sulfur-containing species governs the projected proton concentration. Expressions representing
the deprotonations of sulfuric acid are shown in Equations (6.2) and (6.3) and a simplified one
for the titanium system (based on the hydrolysis of TiO*" — Equation (6.33)) are shown below.

Ay+ayso,~ Aytlgy,—2

K = K -=— 6.35
A,H,S0, 50, AHSO, 1150, (6.35)

A+ A +
K, intz = H™ "TiOOH 6.36
A,TiO Ari0+2 (6.36)
ay+ + 2ario+2 + Arjoont = 20g0,-2 + Anso,~ (6.37)
Total sulfate = ago,~2 t Anso,~ * Au,s0, (6.38)

Equation (6.37) accounts for electroneutrality in the solution (total anion charge = total cation
charge), whereas Equations (6.38) and (6.39) equate the total amount of titanium- and sulfur-
containing species present in its different forms, respectively. We know K, w504 (~100) and
Kansos- (~0.01) from literature.!” Assuming simple acid-base behaviour in the TiO*" from the
known variation of pH with different concentrations of TiOSOj4 solution, an estimate of Ka 1io*"
was taken using literature.>? One can also be calculated using the data in Table 6.3 alongside
Equation (6.33) (0.026131). Six equations and six unknowns

(ay+, Ario+2, Arioon+» Aso,~2, AHs0,~» AH,s0,) can therefore be solved.

6.2.2 Hybrid-redox flow battery setup

The hybrid-flow / fuel-cell fixtures was provided by Scribner Associates. The liquid side (red
anodised end-plate side — taken from the RFB Test Fixture, Scribner Associates) and gas side
(blue anodised end-plate side — taken from the Fuel Cell Fixture, Scribner Associates) lay
adjacent to a gold plated current collectors and serpentine POCO graphite flow fields. On the
gas side, a platinum electrode (0.4 mgea cm™, ELE027-10321015978, Johnson Matthey) was
used and plasma-treated (30 seconds under a stream of oxygen, “low pressure plasma systems”
—NANO, Diener Electronic GmbH)carbon felt (SGL carbon, Sigracell®GFD 4.6) on the liquid
side. Depending on the size of the cell, the electrodes were cut into 5 cm? or 25 cm? squares.
The two electrodes were separated by Nafion 212 (593363, Fuel Cell Store), a commonly used
proton exchange membrane (thickness: 50.8 um). The compression of the two electrodes and
the membrane was c.a. 20 % and was controlled by a number of layers of incompressible, glass-

reinforced PTFE gaskets (PTFE coated glass cloth, Tygaflor, PAR Group Ltd.). The thickness
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of the electrodes and membrane was taken into account when calculating the number of gaskets
needed. The cell was gently closed and tightened using guiding pins and a torque wrench with
a force of 4.0 N m applied to standard threaded (5 mm diameter) rods in the Scribner hybrid
flow / fuel-cell fixture.

Masterflex tubing (Versilon™) and appropriately sized connectors were attached to the liquid
outlet and a peristaltic pump (Cole-Parmer) was used to pump the liquid electrolyte through
the liquid side of the cell at a standard rate of 50 mL min™'. Hydrogen was supplied through
Nylon tubing by an electrolyser (max flow: 500 mL min’!, hydrogen purity: > 99.99995 %, ,
Deliver pressure 5 bar, 60H-MD, Parker | Dominick Hunter Ltd.) and connected to the inlet of
the gas side of the cell via a mass-flow controller (flow range: 0 — 1 L min!, accuracy: + 0.5 %,
max pressure: 5 bar, EL-FLOW® Select Bronkhorst). The mass-flow controller was set to
supply 100 mL min™! hydrogen, continuously, during the charge and discharge of the cell. The
outlet of the cell was connected to a Nederman extraction arm. In the intermediate time,
between cycles when the cell was not being used but the electrolyte still flowed through the
liquid side, nitrogen was passed over the platinum electrode to ensure no electrochemically
parasitic discharge reaction occurred (hydrogen did flow, however, during the transient
measurements perhaps contributing partially to reduction of the active species in the

electrolyte).

6.2.3 Hybrid redox flow battery experiments

A Scribner Redox Cell Test System (Scribner Associates 857) was used to charge and
discharge the cell galvanostatically (constant current) using a wide range of current densities
25 — 125 mA cm?, with cut off potentials for the charge and discharge at 1.8 V and 0.5V,
respectively. This testing system enables users to monitor the high frequency resistance (HFR)
continuously during galvanostatic holds — providing a real-time measurement of the combined
membrane and solution resistance. Potentiostatic electrochemical impedance spectroscopy
(EIS) was carried out (where possible) at the pre-equilibrated OCP of the cell using a Vpp
sinusoidal modulation with a 10 mV amplitude with a frequency range of 10 kHz — 0.1 Hz (10

points per decade).
Given the nature of the electrolyte and the uncertainty associated with the SOC, after a given

cycle, an extra discharge step at 10 mA cm was carried out in order to ensure all cycles ‘start’

from the same ‘effectively zero” SOC and are comparable. The electrolyte presenting with a
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light pink colour and no suspended material was usually a good indicator of zero SOC. It was
clear, especially after high current density cycles that the electrolyte was not sufficiently

discharged (the electrolyte still appeared dark purple / black).

6.2.4 Electrolyte characterisation

Given this chapter is, essentially, all about characterising the electrolyte, this section is poorly
named as there are many more techniques used other than those specified here. However, given
the composition of the electrolyte changes during the course of a cycle, some electrolyte
physical characteristics were measured at specific points during cell operation. Conductivity,
pH and viscosity measurements were judged to be the most essential. For the former two
measurements (conductivity and pH), a Orion™ Versa Star Pro™ pH/ISE Benchtop
Multiparameter Meter (VSTAR40B) was used in tandem with measurement-specific modules

and probes (explained in more detail below).

For conductivity, an Orion™ Versa Star Conductivity Measurement Module (VSTAR-CND)
alongside a Orion™ 2 Cell High Range Conductivity Probe (10 uS cm™ to 2000 mS cm™,
Mini-DIN, Glass, Platinum, platinized, 018020MD) was used as the electrolyte has a high
concentration of conductive ions and therefore is highly conductive. Flow conductivity meters
are available, but it was judged that single measurements should be used so that a cleaning step
(three step process: following measurement immerse the meter in excess Ti(SO4)2, followed
by 3 M H2SO4 and finally excess DI water) could be incorporated between measurements
(avoiding the possibility of any unwanted deposition on the conductivity meter sensor

electrodes).

An Orion™ Thermo Scientific pH probe (§157BNUMD, ROSS Ultra pH / ATC Triode) was
used in this work. Unfortunately, while the meter is able to show negative pHs, no successful
pH measurements were achieved as the pH of the electrolyte was outside the operable range
(pH 0 — 14) of the respective probe. This is particularly unfortunate as accurate measurements
of pH (and thus H" concentration) would be extremely helpful for this work. There are a few
industrial pH units which can measure such low pHs, but are large and difficult to source. Most
lab based glass pH sensors take longer and longer to equilibrate as pH becomes lower (this is,
indeed what was observed when this was attempted). Other approaches to measure pH such as
electrochemical methods (e.g. using a hydrogen electrode, where the RHE potential is

dependent on proton activity — noting that this approach is prohibited by the presence of a
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strong — manganese — redox couple which overwhelms the hydrogen reaction) are complicated
because of the high concentration of redox species which perturb the hydrogen reaction.
Chemical methods were disregarded as titrations would totally change the chemistry of the

buffered solution returning inaccurate results.

Viscosity measurements were measured using an m-VROC Viscosimeter. A syringe
(Hamilton) was used to extract a small amount of electrolyte (c.a. 500 pL), placed in the
viscosimeter sample holder and then passed through the chip at a specific shear rate. It was
discovered, however, that there was a fault in the chip used to measure the viscosity and so the
viscosity measurements were off by an unknown factor. Regrettably, these experiments could
not be repeated due to the reduced lab time and long lead times on the arrival of replacement
parts as a result of the pandemic. These experiments must be carried out very carefully so as
not to block the flow path within the viscosimeter chip. Viscosity data would help to reveal

information about the global diffusivity of species within an electrolyte.

6.2.5 In-operando techniques

In-operando techniques provide unique perspective to processes in all sectors in science — they
enable real-time inspection of processes occurring during system operation. The primary
reason in-operando techniques were needed in this work is because isolation of the electrolyte
at certain SOCs and subsequent manipulation (e.g. sample dilution in preparation for RDE)

leads to a presumed deviation in the nature of the chemistry of the species within the electrolyte.

Mass-flow

Peristaltic pump  controller

H, cylinder/
Electrolyser

Electrolyte:
MM/ TV /

H,S0,
I v

Measurement device:
*UV-vis spectrophotometer
*EPR spectrometer

Figure 6.8: Schematic outlining the in-operando experimental techniques used alongside the hRFB setup.
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Every in-operando technique is unique. The data collected from this setup, shown in Figure
6.8, must be handled carefully. In this case, the time delay between the electrolyte leaving the
cell and arriving at the measurement device should be kept in mind. The species in the
electrolyte may change, physically and chemically, in this intermediate time. For instance, in
this system, if solid species form inside the cell but, after a time suspended in the bulk
electrolyte, will dissolve back into solution. Additionally, the importance of the positioning of
the measurement device is essential — in this work, the device is placed between the outlet and
the tank rather than between the inlet and the tank meaning these electrolyte measurements are

following one ‘pass’ through the cell, rather than bulk inlet electrolyte properties.

Building on the experimental setup outlined in Chapter 5, Figure 6.8 shows a measurement
device placed between the outlet of the hRFB cell and the tank containing the bulk electrolyte.
This work employs two types of in-operando technique: UV-vis and EPR. These analysis
techniques are outlined and discussed in detail in Chapter 2 but are briefly revisited in the next

two sub-sections.

6.2.5.1 In-operando UV-vis spectroscopy

Figure 6.9: Images displaying a full UV-vis hRFB cell operando setup and with specific component features. The images in
the lower right part of the figure display the flow cell used with a small path length.

In-operando UV-vis measurements were carried out by installing a T-piece (T0-2PP, Cole-
Parmer Instrument Co.) and peristaltic pump (Masterflex) into the outlet tube of the hRFB cell
to divert a portion of the electrolyte through the thin flow cell (48/Q/0.1 and CH/2049 holder,
Starna) inside a spectrophotometer (Evolution™ 220, ThermoFisher Scientific) at a flow rate

of 10 mL min™'. A 3 M H,SO4 solution was used for the baseline for these measurements (see
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later sections for this) and the device settings were as follows: wavelength window: 950 —
330 nm; bandwidth: 1 nm; integration time: 0.50 seconds; interval: 1.00 nm; and scan speed:
120 nm min’!. This resulted in a total scan time of just over five minutes. It must be recognised
that there are two time differentials to consider — one representing the time it takes for
electrolyte to leave the cell and reach the detector (c.a. 30 s) and the other representing the
change in electrolyte composition between the beginning and the end of the measurement
(five minutes). The first of these differentials represents a systematic error which, in this
particular case, does not make a substantive difference to the absorbance measurements as they
will all be ‘off” by the same amount. The extent to which the parameters of the experiment
matter a great deal in this setup. In the worst case, the smallest volume of electrolyte tested
(200 mL) would be cycled at the highest current density tested (100 mA cm™) over the course
of the cycle the SOC of the electrolyte would change by 3.9 % (750 C / 19297 C). This is not
considered to be a concerning change in SOC and, in any case, specific UV-vis transitions
would not take a full five minutes to measure (five minutes indicates the full spectrum). This
time differential was taken into account when measuring the absorptions at different SOCs and
usually volumes of greater than 200 mL and current densities of 75 mA cm™ were used for

UV-vis measurements.

6.2.5.2 In-operando electron paramagnetic resonance spectroscopy
A Bruker EMX equipped with an ER4122SHQE resonator was used to collect these data
(Figure 6.10 (a)). The EPR techniques carried out in this work take advantage of the

paramagnetic state of Mn** in the electrolyte during hRFB cell operation.

Much like the setup outlined for the in-operando UV-vis, a T-junction was used to divert a
small portion of the electrolyte through the EPR resonator. The main differences between the
setups lie in the flow cell positioned inside the resonator and the flow rate through the
measurement devices. The electrolyte was passed through the resonator at roughly half the
volumetric flow rate — 6 mL min™' — compared to the UV-Vis spectrometer due to the much
smaller cross sectional area through which the liquid electrolyte passed. This augmented
pressure increased with SOC due to the coating of solid material on the inner tubing walls and
the capillary (which reduces the inner diameter through which the liquid flows raising the
pressure drop marginally), peaking at the tubing-capillary joint and potentially leading to
leakage. Figure 6.10 (b) shows the in-house designed flow cell used to safely flow electrolyte
through the resonator. Appropriately sized tubing (Masterflex) and a safeguarding shrink wrap
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(RS Components) that covered the whole setup ensured that if a leak formed, it would not
corrode the inside of the resonator. Straight-forward CW measurements were repeatedly and
continuously taken (one after another) as the hRFB cell experiments took place (experiments
were sometimes carried out for over 24 hours). Each measurement took three minutes to

complete scanning across a magnetic field between 950 — 6500 G.

(2) Bruker EMX EPR System

Peristaltic

(b) = pumps and

—  testing station

Electrolyser

Quartz tube w|  Capillary tube
OD: 4.04 mm OD: 1.6 mm

ID: 2.38 mm Y ID: ~0.6-0.7 mm

Shrink wrap
Fluoropolymer
,~ Shrink Ratio 2:1
Masterflex _ Shrunk diameter
tubing ‘13’ =2.35mm

rosmm ¢

[—_—

Figure 6.10: (a) Image showing in-operando EPR arrangement. (b) Diagram of flow cell in within the resonator with
relevant safeguards.

The relevant theoretical background for the EPR carried out in this work was presented in

Chapter 2 and, as mentioned, resonator operation and raw data collection was carried out by
Dr. Collauto.

6.2.6 Thermodynamic analysis of manganese speciation as a function of state of
charge

Thermodynamic equations and calculations were derived and carried out by Prof. Anthony
Kucernak. Equations (6.35) — (6.39) were used alongside extra equations (shown below)

representing possible manganese speciation and an updated charge balance equation to
calculate the SOC.
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Kavns+ = ZutTmeon®t 3+ 4 H,0 = H* + Mn(OH)?* (6.40)

Apvn3+

Constants calculated from the possible formation of solid MnOOH or MnO, (Equations (6.41)
—(6.42)).

4
Kppner = S BMi28 oMps+ 4 9H,0 @ Mo + 4H* + MnO, (640

(aMn3+)2 )

(aH+)3

Apvn3+

KD,Mn3+,MnOOH ES 5 Mn3+ + 2H20 ;\ MHOOH + 4‘H+ (642)

And, finally, the equations for the total manganese (in all its forms), charge balance and SOC

are presented here (Equations (6.43) — (6.45)).

Total manganese:

(6.43)
App2t + Ann3+t + aMn(OH)2+ + aMn(OH)2+ + AMnOOH + aMnoz
Charge balance:
aH+ + 2aTi02+ + aTiOOH+ + 3aMn3+ + ZaMn(OH)2+ + ZaMn2+ + aMn(OH)2+ (644)
= 2a5042— + aHSO4—
SOC (varies between 0 — 2):
(6.45)

(@mp3+ + unom2+ + Ay ony,* T AMnoon + 2amno,)/total manganese

6.3 Results

6.3.1 Standard charging, discharging and conductivity analysis

It is important to bear in mind systems that have similar (or comparable) operating conditions
to the Mn/H> hRFB. The VRFB and hydrogen-bromine (Hz-Br) systems are among the most
widely reported,% % and recently a vanadium-hydrogen system was reported which has a clear
resemblance t0o.% Initially, simple galvanostatic charge and discharge cycles were carried out
to inspect the nature and durability of the Mn/H, hRFB system. Figure 6.11 (a) shows the
potential responses to these charge and discharge cycles at different current densities. As
expected, the length of time it takes to charge the battery decreases with increased current
density.”® An important feature in these potential profiles which is not seen in other typical

redox flow batteries is the step in the discharge curves (dashed lines). Initially, the potential
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during the discharging cycle is high, however, after around 40 % of the discharge, there is

step in the potential profile (leading to a reduction in VE, vide infra).
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Figure 6.11: (a) General form of potential-time profiles for a Mn/H> hRFB during charging and discharging cycles at
current densites of 50, 75 and 100 mA cm?. (b) Equivalent potential profiles using specific capacity and SOC as x-axes —
this plot includes the theoretical specific capacity of the electrolyte. (c¢) and (d) show the HFR responses during these
charges and discharges using respective x-axes. These experiments were carried out using an electrolyte volume of 400 mL
(leading to the theoretical specific capacity of 26.9 Ah L' assuming a straight-forward single electron process).

As discussed earlier Mn*', in high enough concentration, disproportionates producing
additional Mn*"* not initially considered in calculations. Importantly, this is a chemical process
which occurs simultaneously during the implemented electrochemical processes in the system.
Therefore, it is implied that Mn?" is continually chemically produced at higher rates with
increasing SOCs and never reaches a zero concentration explaining why a greater than expected
specific capacity is observed (Figure 6.11 (b)). In fact, this suggests that, in theory, for every
mole of Mn**, two moles of electrons can be used for oxidation (assuming Mn*" fully
disproportionates). This disproportionation and variation in solution equilibria will be

considered in more detail later.
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The high frequency resistance (HFR) of the system during these galvanostatic charges and
discharges is displayed in Figure 6.11 (c) and (d). The HFR incorporates the resistances
associated with the solution and membrane. These results show a generally higher rate of
increase in HFR during charging cycles compared with the rate of decline in HFR during the
discharge. At these current densities, the nature of the HFR during the charge is similar,
whereas during the discharge the HFR decreases with increasing current density. One reason
that may cause this lower HFR during the discharge is reduction in membrane resistance —
during discharge, the gas side of the hRFB produces protons (following HOR at the Pt
electrode) that travel across the membrane replacing any other cations (e.g. Mn or Ti ions) that
may have become stuck / co-ordinated to the negatively charged head-groups in the Nafion
during the charging step. Large cation dislodging may result in this enhanced membrane
conductivity (and thus lower HFR). This phenomenon was systematically investigated by
Wang et al. when they investigated how the membrane conductivity changed as a function of

Fe and Cr ion concentration.”"

In order to investigate this, the electrolyte conductivity was measured in the tank at various
points during a cycle and the redox flow system was continually measuring the conductivity in
the cell. With these two measurements, the membrane resistance can start to be deconvoluted.
Figure 6.12 (a) displays the electrolyte conductivity (top half) and corresponding solution ASR
(bottom half) which was calculated via the resistivity (ohm cm) and assuming a perpendicular
distance of 0.184 cm as the average distance of ion transport through the electrode (this is an
approximation and was used because it represents half the thickness of the compressed felt
electrode). Alongside, Figure 6.12 (b) shows the HFR and the resulting membrane resistance
as a function of SOC. It is important to emphasise here that measurements were taken from the
tank (i.e. the inlet and not the outlet, as in the case of the in-operando measurements) — this has
led to a the existence non-negligible hysteresis. (For instance, the trough feature HFR observed

early in the discharge is more broadly observed in the conductivity measurements on a delay.)
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Figure 6.12: (a) Conductivity readings and corresponding solution resistances. Conductivity measurements were taken in
triplicate during a 75 mA cm? simple charge / discharge cycle of 100 mL electrolyte. (b) The top set of curves display the
HFR measurement during this standard cycle and below is the calculated membrane resistance.

First, it is important to notice that over the course of these measurements the solution resistance
varies by approximately 7 % whereas the HFR varies by around 40 %. This suggests that most
of the change in HFR is as a result of changes in membrane conductivity. Rough, back-
calculations of membrane conductivity can be made from the calculation of membrane ASR
assuming a membrane thickness of 40.6 pm (50.8 pm compressed by 20 %). Area resistances
ranging between 0.1 —0.3 ohm cm? correspond to membrane conductivities of
40.6 — 135 mS cm™!. This corresponds to similar systems that measure the conductivity in
alternative ways (including EIS).”?"" Frustratingly, as mentioned in the Methodology, the pH
could not be measured because there are no lab-scale pH sensors that can measure such high
proton concentrations. However, during charge, it is known that HER occurs on the gas side of
the hRFB meaning that H' ions travel across the membrane to the gas side leaving the liquid
side, in theory, at a higher pH and lower conductivity — in the pH ranges used in this system
(where [H2SO4] < 4 M) a lower concentration of protons does induce a lower conductivity.”
Figure 6.12 (a) does display this trend with a diminishing conductivity as the system is charged
and vice versa during discharge, however, the change (in both cases) is very small with a
maximum variation of only c.a. 15 mS cm! (the difference in conductivity between a solution
of 3 M and 2 M H2SOs solution is c.a. 130 mS cm™).” In the introduction, it was highlighted
that Ti*' solutions self-buffer,’? and it is also known that Mn>" is an acid (Equation (6.6)). The
large peak in the HFR at the very beginning of the charge could be explained by an initial step
where a catalytic coating develops on the surface of the fibres resulting in an augmented ‘active

site’-‘solution’ contact. The other clear feature is the drop in resistivity at the beginning of the
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discharge (clearly connected to the previously seen step potential measurement (i.e. higher
overpotential required). Ultimately, these data show that, either, there is combination of solid-
phase and solution-phase factors leading to the initially higher VEs during the discharge, or,
given we do not have proof of solid deposition on the electrode fibres, that these effects are

purely as a result of solution-phase phenomena.

Finally, the discontinuity in the conductivity is interesting as it would be expected that once
the discharge ends and the SOC returns to zero (as it is at the beginning of the charge), the
conductivity would be the same as the solution competition should be the same. These
measurements were repeated and the same trends were observed and it is unknown why this

general increase in conductivity occurs but could indicate some level of electrolyte aging.

6.3.2 Voltage efficiency as a function of state of charge

Greater overpotentials are required to satisfy a more demanding (larger) current densities — as
expected, this is observed in the cycles shown in Figure 6.11 (a) and (b). As mentioned
previously, this greater overpotential induces lower voltage efficiencies (VEs) in each cycle.
Figure 6.13 (a) shows the charge (solid black line) and discharge (dashed black line) potential

profiles for a 75 mA cm™

cycle. The voltage efficiency can be deduced by dividing the
discharge potential by the charging potential at corresponding SOCs. The SOC is calculated
based on the amount of charge passed into (or out of) the solution during charge or discharge.
The red solid line in between the curves in Figure 6.13 (a) indicates the VE for the cycle (black
lines) as a function of SOC. In this system, the instantaneous VE increases with SOC — this is
unlike other systems, such as VRFBs and H/Br devices,’®”” where the VE remains flat (or
with a consistent shallow gradient) throughout the cycle. An unstable VE during a simple cycle
could be indicative of a number of things including: unaccounted for processes occurring in
the cell resulting in progressively greater overpotentials needed to carry out the galvanostatic
process, or; a change in solution equilibria, or; a change in environment at the electrode. The
sudden decrease in VE at either end of the charge or discharge is normal and is explained by
the mass-transport effects that ultimately lead to the cell ‘cut-off” being reached at the end of a

charge or discharge cycle (due to low concentration of active species being able to get to the

electrode surface).

To clarify, the cycling data presented so far have only shown cycles where, once the cut-off

potential is reached, the discharge step (almost) immediately begins (this will become
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important imminently). The VEs for each of the simple charge / discharge cycles shown in
Figure 6.11 are presented (solid lines) in Figure 6.13 (b). For completeness, referring back to
the opening statement in this sub-section, the VE is lower for successively greater current
densities because the overpotential required to fulfil these current densities is greater — this
feature is commonly observed in RFBs.”® It is surprising, however, that we see a large (c.a.
2.5 %), quite consistent reduction or ‘step’ in VE for these cycles at around 50 — 80 % SOC

and it is interesting that these steps begin at lower SOCs as the current density increases.

To investigate this step in the VE, and bearing in mind that it is known that Mn** chemically
disproportionates, the cells were cycled to 100 % SOC at their various current densities and,
with the electrolyte still circulating through the cell, the cell was left to rest while potential
transients were measured (Figure 6.13 (c)) and are briefly evaluated now. Over ‘short time” an
initial c.a. 20 mV drop over the first minute is followed by a plateau. The width of the plateau
was dependent on the current density with which the cell was cycled. This was followed by a
further 20 — 40 mV drop over the three hours the transient was measured. The length of time
the potential plateaus for and speed at which the OCV drops appears to be dependent on the
charging rate — with a faster charging rate the potential plateau lasts longer and the decay in
potential is slower. The point at which the system begins to plateau during this potential
transient (after initial drop) could be related to the relative concentrations of Mn?" and Mn>" in

solution.

Following these transients, galvanostatic discharge was carried out and the VEs were, again,
calculated. These are shown as the dashed lined in Figure 6.13 (b). Clearly, the step in the VE
(observed with ‘No pause’ at maximum SOC) essentially disappears after this three hour pause
(during transient measurement) at maximum SOC. This indicates that something has changed
during this transient perhaps related to one (or more) of the three features mentioned earlier:
(1) unaccounted for processes occurring in the cell, or; (2) a change in solution equilibria, or;

(3) a change in environment at the electrode.
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Figure 6.13: (a) Potential responses as a function of SOC alongside voltage efficiency. (b) Voltage efficiencies as a function
of SOC for each current denisity without (solid lines) or with (dashed lines) three hour transient between charge and
discharge arms. (c) Potential transients after charges to cut off at different current denisties. (d) Nyquist plots measured
during potential transient after each charge at different current densities. Colours of Nyquist plots are associated with
corresponding coloured asterisks in (c).

The Nyquist plots presented in Figure 6.13 (d) indicate the progressive resistive contributions
in the cell during the previously mentioned potential transients (indicated by the three asterisks
in Figure 6.13 (c)). They show that, generally, the resistive mass transport component for the
process happening in the cell during the transient decreases with time. Additionally, comparing
the potential change across all the transients with the overall low frequency readings across all
the EIS measurements, the largest single decrease in potential (shown between the first and
second EIS measurements after the charge at 75 mA cm™) is accompanied by the largest
difference in low frequency measurements — this indicates that the potential may be linked to

certain aspects that contribute to the mass transport resistances.
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To further inspect the step in the VE, iterative charging, at c.a. 5 % SOC at a time, was carried
out to inspect if the max SOC reached made a difference to the VE. The potential profiles as a
function of SOC are outlined in Figure 6.14 (a).
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Figure 6.14: (a) Potential profiles as a function of state of charge illustrating iterative charging to 20, 40, 60 and 80 % state
of charge. (b) summary of the voltage efficiencies (as a function of state of charge) for each of the iterative cycles outlined in
(a). These cycles were carried out at 75 mA cm™ using a Mn/Hz hRFB using 200 mL of room temperature electrolyte at a
rate of 50 mL min™.

The VEs for each of these partial charges are displayed in Figure 6.14 (b). They show that, as
the cell passes between SOC 60 and SOC 80, something occurs in the bulk electrolyte or at the
electrolyte-electrode interface that aids the reduction process (reducing the reduction
overpotential) occurring in the liquid-electrolyte side (making the VEs appreciably more
positive). This infers, almost, that there are two ‘modes’ through which the reduction occurs.
Further experiments may consist of inspecting this region (SOC 60 — 80) with more granular

iterations in SOC (e.g. 5 or 10 % at a time).

Following these last two sub-sections, some unanswered questions remain about how the cell
operates, such as: what causes the step in the discharge resulting in a step in the VE? What is
the reason for the different shapes in potential transient profile depending on the rate of the
previous charge? What happens in the system, after charging past 60 % SOC, that makes the
VE increase? These questions are addressed in more detail in the discussion section. The

following sub-section explores the fact that SOCs of over 100 % can be reached.

6.3.3 Overcharge of the hybrid redox flow battery

This sub-section addresses the ability with this system to overcharge the hRFB. It has been

established that more Mn?" (i.e. oxidisable species) is produced during cell operation, as Mn>*
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chemically disproportionates. And, additionally, we have observed that even at relatively high
current densities (e.g. 100 mA cm), a SOC of greater than 100 % is reached regularly (Figure
6.11 (b)). Usually for RFBs, overcharging causes problems for the overall health of the device.
For instance in VRFBs issues such as, oxidised surface groups,’® faradic imbalance,” gas
evolution®® and solid formation,®>®! that arise during cell operation are suspected to cause long-
term VRFB ill-health. The ability for this Mn/H» system to achieve overcharge and still be able
to function in subsequent cycles (following a full discharge) is quite unusual. In this section,
especially high SOCs can be achieved by charging very slowly — at 25 mA c¢cm™. Finally, in a
single electron scenario (as is the case for Mn*>* <> Mn>"), reaching a SOC exceeding 100 %
corresponds to the formation of higher oxidation state of Mn. Given we know this is not likely
to have happened electrochemically (because of the overpotentials likely to be needed to drive
the electrochemical reaction), it must have happened chemically due to conservation of charge

laws.

Figure 6.15 displays the equivalent standard experiments displayed in the last few sub-section
for a slow cycling (using a current density of 25 mA cm?) hRFB cell (where equivalent
responses at 100 mA ¢cm™ are shown as a reference). Using this lower current density, a SOC
of over 130 % could be reached (Figure 6.15 (a)). One important feature, only observed in this
work when cycling at this slow rate, is the peak at c.a. 90 % SOC on the charging ‘arm’ — this
1s not commonly observed in RFB devices. A peak in a V/t profile infers a chemical change in
the solution or at the surface of the electrode. An increase in potential might suggest either a
decrease in the rate at which active species reach the surface which, in turn, may be as a result
of solution characteristic change (increased viscosity) or a reduction in active surface area at
which electrochemical processes can occur which may be as a result of less conductive solids
coating the fibres within the carbon electrode. Assuming no change in current density, a
potential decrease may be as a result of the opposite of these effects occurring (i.e. new /
different electroactive material is able to get to the surface of the electrode or, the non-
conductive coating solid is removed or dissolved back into solution). (It should also be noted
that the cell and electrolyte were not elevated to higher temperatures — it is expected that

overcharge would be more readily achieved at higher current densities in this case.)

There are a few curious features that appear in the HFR responses for these lower current
density cycles (Figure 6.15 (b)). Firstly, during the ‘charging arm’, the HFR is much greater at

lower SOCs than it is while charging with a greater current density. This is not in line with
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previous results which usually display similar HFR at a given SOC, regardless of current
density (Figure 6.11 (c)). Secondly, there is a drop in HFR at c.a. 60 % SOC implying some
(nearly step) change in membrane resistance (this assumes there is no significant change in
solution conductivity when cycling at 25 mA cm™ — probably a fair assumption given earlier
solution conductivity measurements). The HFR, during the discharge follows the usual trend
seen before and its higher value, again, is tentatively attributed to a slower rate of metal ion
‘flushing’ while the protons travel through the membrane leading to a lower membrane

conductivity (and therefore higher resistivity).

It should be noted that, in terms of the general features of these potential and HFR profiles,
these experiments are broadly repeatable. However, the height, the position of peaks and the
final maximum SOC reached do change slightly for each experiment — it is considered that
these changes largely fall within the extremities of experimental error. Variation in lab
temperature and ageing of electrode and electrolyte components may also contribute to these
differences perhaps affecting the kinetics. The cause of these features are tentatively discussed

later.
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Figure 6.15: Data showing equivalent plots to those previously displayed but cycling the battery at 25 mA cm™ — plots
showing equivalent profiles using a current density of 100 mA cm are shown for comparison. (a) Potential profiles using
specific capacity and SOC as x-axes — including the theoretical specific capacity of the electrolyte. (b) shows the HFR
responses during these charges and discharges using the same x-axes. (c¢) The voltage efficiencies for these cycles with
(dashed line) and without (solid line) a resting period at the maximum SOC. (d) The potential transients for the cycles that
incorporated a resting period at maximum SOC. These experiments were carried out using an electrolyte volume of 400 mL.

The elevated VEs for the cycles with and without the pause at maximum SOC were as expected
— a lower overpotential is required to force a current of 25 mA cm™ meaning that the potentials
for the charge and discharge were more similar (Figure 6.15 (c)). However, one very interesting
feature was that, compared to the cycles using higher current density, there was no step in the
VE. This infers that whatever had happened in solution, or at the electrode that aided the
beginning of the discharge (reduction) for the cycles at higher current density (with no pause
at max SOC), did not occur at the beginning of the slower discharge step (with no pause at max
SOC). Additionally, the potential transient after slowly charging the cell to the maximum SOC
does not follow the previous trend (where a slower SOC leads to a plateau with a higher
potential, Figure 6.13 (b)). Instead, this potential transient appears to immediately start

decaying — the reason for this is unknown but will be considered later (Figure 6.15 (d)).
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Usually, the potential of a cell is indicative of the SOC.*? Given the potential at maximum SOC
has been shown to be unstable in this device, the potential stability was explored as a function
of SOC. Iterative charging was carried out at 25 mA cm™ in order to inspect this. After each
galvanostatic charging step, a short OCP was measured, followed by an impedance
measurement, followed by another short OCP measurement (the potential readings during the
impedance are not shown in the V/t profile) (Figure 6.16 (a)). Towards the beginning of the
charging cycle, an equilibrium is reached quickly (indicated by a stable potential being reached
soon after the charging step has finished — lower left inset in Figure 6.16 (a)) — this behaviour
is usually how RFBs operate as the potential is simply determined by the relative
concentrations of active species in solution. However, at around 90 % SOC, the equilibrium
potential is not reached, and the potential transient shows it slowly moving to achieve its
equilibrium value (upper left inset in Figure 6.16 (a)). The potential change during the course
of these transients at higher SOCs show the system is no longer able to reach an equilibrium
quickly after each step. The potentials measured over the course of each of these mini-transients
clearly show that at a certain stage in the charging process, the time required to reach the
equilibrium potential becomes significantly longer than what has been measured at lowed
SOCs. A summary of the final potential measured and the (small) changes in potential over the
course of the mini-transient is shown in Figure 6.16 (b) on the left and right hand axes,
respectively. This qualitatively shows that, when charging at 25 mA cm?, after 90 % SOC,
significant changes in the potential occur (even over the course of the mini-transient) and, after
full charge, rapid arrival at the equilibrium potential does not occur until the end of the

following discharge cycle.
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Figure 6.16: (a) V/t profile displaying iterative charging of a Mn/H> hRFB in approximately 5 % SOC steps. In between
each step, OCP mini-transients are recorded in which the OCP is tracked over 120 seconds and an impedance is run over
c.a. three minutes between each ‘mini-transient’. Some selected transients are inset in the spare regions in the graph visually
outlining how information is gathered from these transients for (b); (b) Final potentials after the mini transients (charging
arm — red, discharging arm — blue) are recorded on the left hand axis (squares) while the change in potential in the latter
part of the mini-transient is recorded on the right hand axis (triangles).

As was previously mentioned, the impedance was measured in between each of the mini-
transients shown in Figure 6.16 (a). Nyquist plots of these impedance data during the charge
and discharge are displayed in Figure 6.17 (a) and (b), respectively. While Nyquist plots are,
qualitatively, helpful to understand the rough contributions to the cell resistance, ECMs are
important tools commonly used to fit to these data in order to extract quantitative information
about resistive components (indeed, an ECM was used to process the EIS data in Chapter 3).
This analysis was not carried out here because of uncertainty surrounding a suitable ECM for
this system, and time constraints associated with the pandemic. Therefore, this quantitative

analysis is allocated to the Future work library and the following Nyquist analysis is qualitative.
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It is clear from these data that the mass transport resistance is large when the cell is fully
discharged — indicated by the large semi-circular components on the low-frequency side of the
Nyquist plots. This mass transport component is rapidly reduced at the beginning of the charge
inferring a large improvement in mass transport around the electrode. At the same time, as the
cell is charged, the reduction in contribution to the charge transfer resistance (seen in the
enlarged section below) infers that the electrode becomes more catalytically active towards the
reaction. Overall, these reductions in resistive contributions indicate that, at the beginning of
the charge, the cell is controlled by slow electrokinetics. At higher SOC, the electrokinetics
speed up and the system tends towards being dominated by mass transport ultimately, in the
overcharge region leading to the formation of a Warburg tail indicating the system has become

more catalytically active towards the reaction occurring in the cell.®?
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Figure 6.17: Impedance measurements in Nyquist plot form during (a) charge and (b) discharge of a cell at 25 mA cm™.
Colour bar roughly indicates the SOCs.

Once the system is switched to discharge, the kinetic contribution to the resistance increases.
The mass-transport contribution to the cell resistance increases too, until slowing significantly
at around SOC 70 %. After this slowing, the cell appears to returns to being controlled by slow
electrokinetics. Given we know that, at these high SOCs, the Mn*" concentration is expected

to be high whereas the main chemical process occurring is disproportionation, this falls in line
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with the earlier inference that the solids produced may act as an electrocatalyst (that is,
assuming there is no kinetic barrier gaseous processes that may be occurring on the other side
of the cell — this is a good assumption in this environment as the hydrogen reaction is much

faster).

6.3.4 Deconvolution of speciation chemistry as a function of state of charge

The experiments outlined so far have demonstrated that the potential goes some way to
describing how the solution evolves as the hRFB cell is cycled. However, while global
observations of the system can be made (using the cell potential), there are clearly still
significant gaps in the understanding of what happens from a speciation perspective. The
following section further introduces and develops two methods aiming to deconvolute this
complicated speciation. Starting, logically, with the lower oxidation state species, Mn>" —
harnessing the fact that Mn?" centres are paramagnetic with five unpaired electrons — in-
operando EPR is used here to track the this species’ concentration. On charging, Mn** is
produced — this work uses the strong adsorption coefficient associated with Mn*" alongside
UV-vis spectroscopy to track this species’ concentration in the subsequent sub-section. The
next sub-sections walk through these analytical techniques that attempt to measure

concentrations of active species in this electrolyte in real time and the results they show.

6.3.4.1 In-operando EPR measurements

EPR is used in this work to selectively measure the concentration of Mn?" — this is possible as
a result of this species’ paramagnetic nature. No other species are considered to interfere with
these signals and therefore this is considered to be a good measurement by which to track the
concentration of Mn?*. There are two main methods by which EPR signals are processed to
assert quantitative values (i.e. numbers of spins and, following this, concentration). The first
method, and more common, is via double integral — as the name suggests, this is achieved by
integrating the EPR response twice. The other method is via line width which is determined by
electron spin relaxation. Line broadening is associated with interference from neighbouring
spin-active centres and is often observed in viscous and / or highly concentrated samples.®* The
reason line width is used throughout this work is because the concentrations used are high, and
with the in-operando setup used it is considered to return more accurate measurements of the

concentration of Mn?".
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Figure 6.18 (a) shows a simple Mn** EPR signal at relatively low concentration (c.a.
0.25 mol dm™). As discussed in Chapter 2, this TM centre has a spin nucleus of I = 5/2; and
s0, according to the general rule for hyperfine splitting (as a result of loss in degeneracy due to
interactions with neighbouring nuclei) the number of hyperfine lines observed is six (2nl + 1,
where n is the symmetry number (2)). Figure 6.18 (b) shows the EPR signals of the detectable
manganese centres as the cell is charged and discharged. While the experimental setup ensured
a low volume of electrolyte in the resonator at any given point, clearly this does not affect the
concentration and at zero SOC, the concentration of Mn*" is as high as 1.0 mol dm™ — this
results in line broadening due to unwanted interaction between neighbouring Mn?" centres.?*
As the concentration of Mn?" decreases, during charging, the lines become less intense and
much more sharp and defined. The linewidth was then calculated by Dr Collauto and from each
of these signals the concentration of Mn** was calculated using the calibration curve shown in

Figure 6.18 (c).
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individually and in the in-operando fashion — this was carried out to ensure [Mn?*] can be deduced in further in-operando
experiments.

Figure 6.18 (c) shows EPR responses measured using the line width from volumetrically
prepared (individual) samples ‘ex-situ’ (filled black squares, Figure 6.18 (c¢)) and with the in-
operando setup as described in the methodology across the measurement range (and beyond —

up to 1.1 M Mn?"). This confirms the in-operando step returns reliable results.

Figure 6.19 (a) shows a simple charge / discharge cycle at 75 mA cm with its accompanying
Mn?" concentration profile (black dashed line). The SOC on the right-hand axis (red line)
indicates the SOC according to the coulomb count (red solid line). The Mn?" concentration
never reaches zero because, as asserted earlier, it is expected from the chemistry that Mn®*
disproportionates to form additional Mn** (and “MnO,” — in quotation marks as the exact form
/ phase of the solid species is unknown), simultaneously during electrochemical oxidation of
Mn?" (charging).?? The overlayed solid luminescent green line extrapolated from the early part
of the charging cycle indicates hypothetically how the concentration of Mn?" would change
assuming the production of no additional Mn** (i.e. no disproportionation — in an ideal case).
Taken to the extreme, assuming theoretically, full disproportionation of Mn**, two moles of
electrons are required for every mole of Mn?*". While these two SOC measurements
individually, are poor representations of the SOC, together, the Mn** concentration and the
number of coulombs spent on charging / discharging the cell provide enough information to
reveal interesting assertions about the hypothetical concentrations of Mn*" and Mn** species

using the average oxidation state — as discussed elsewhere.”
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Figure 6.19: (a) A simple charge discharge curve with accompanying Mn’* concentration measurements from EPR (black
dashed line) with SOC values calculated using coulomb counting (red solid line). The green bar indicates a short OCP
tracking pause at max SOC. The solid fluorescent green line overlay is an extrapolation of the Mn’* concentration from the
beginning of the cycle. (b) The measured Mn’* concentration and the resulting calculated concentrations of Mn** and Mn**
species using the methods outlined in the main text. These measurements were taken using a hRFB Mn/H: cell cycled at
75 mA cm? with 180 mL electrolyte.

Figure 6.19 (b) uses the measured concentration of Mn** combined with the number of
coulombs passed into the electrolyte to calculate the theoretical concentration of Mn>" and
Mn** species. This technique is used when assessing the faradic imbalance in other RFB
systems.” Only two assumptions are used to carry out these calculations:

3 and there is no

e First, the concentration of manganese in any form is 1.0 mol dm"
additional Mn species (an initial correction to the Mn?" concentration was made to
ensure this at the beginning of the cycle — SOC zero); and,

e Second, all electrons are used in single electron processes to convert Mn?" species to
Mn*" during charging, or vice versa during discharge — i.e. there are no parasitic

reactions which consume change such as oxygen evolution or carbon corrosion.
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The latter constraint is reasonable as the cell has been shown to have very good coulombic
efficiency over charge / discharge cycles suggesting that there are no parasitic processes
occurring. The Mn?" concentration is known throughout the charge and discharge from the
EPR measurement. At each measurement of [Mn?*], the total charge, O, passed into the
electrolyte is known simply by integrating the current (/, A) with respect to the time elapsed

since the start of the galvanostatic hold.

t
Q= f Idt (6.46)
0

We define the SOC as the total number of coulombs of electrons removed from the electrolyte
compared to the total charge necessary to oxidise all the Mn** to Mn** — i.e. a one electron
reaction, where F is Faraday’s constant (C / mol) and V is the volume of electrolyte (dm?) and

¢ is the concentration of manganese in the electrolyte.

Q
SOC = — (6.47)
FcV
This charge can then be used to calculate the average manganese oxidation state — OXavg. Mn —
of the electrolyte based on the number of electrons used to oxidise Mn*" to Mn*" (Equation

(6.48)). The average oxidation state of the manganese is then a function of the SOC, being 2
when the system is fully discharged and 3 when it is fully charged.

OXavgMn = OXyp2+ + SOC (6.48)

We can determine the average oxidation state of the oxidised manganese (i.e. non-Mn*") using
the known SOC of the system (calculated from the number of coulombs consumed) and the

measured Mn>" concentration from the EPR measurements

SoC

o~ M2t [MnZ+] + OxXppp2+ (6.49)

OXnon—MnZJr =
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Where [Mn?*] is the detected amount of Mn?" in solution and OXnon-mn2+ is expected to be range
between 3 and 4 if we assume the only available oxidation states for the oxidised Mn are (3+)
and (4+). Hence, we can calculate the relative amount of Mn*" and Mn*" via a linear

combination of the concentrations of each of those species (Equations (6.50) and (6.51)):

[Mn**] = (OXgon_pnz+ — 3)(€ — [Mn2*]) 650
[Mn3*] = (4 — Oxpon_mn2z+) (€ — [Mn2+]) (6.51)

Figure 6.19 (b) shows the result of these calculations for the cycle shown in (a). In-operando
EPR experiments were carried out during cycling at three different current densities (25, 75
and 150 mA cm). The above calculations were carried out for these cycles and yielded the

Mn concentration profiles displayed in Figure 6.20.
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Figure 6.20: (a) Mn** (measured)-, (b) Mn®*- and, (c) Mn**-concentration profiles as a function of state of charge while
cycling at different current densities. The volume of the electrolyte used in these systems was 180 mL and the state of charge
was calculated according to the number of coulombs passed into solution.
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This figure highlights a number of interesting features that appear to occur during the cycle.
All of these profiles (the measured Mn?* and the estimated Mn>"/Mn*") display a certain degree
of hysteresis. Some hysteresis might be expected because of the length of time it takes the
electrolyte to fully mix and the fact that the manganese concentrations at the outlet of the cell
will be different to those in the tank. The magnitude of hysteresis in the Mn>" profiles is equal
to the sum of the hysteresis magnitudes for Mn** and Mn**. This is what we expect if we
assume disproportionation to occur in solution (indeed, this is how the calculations were carried
out) — and, clearly, the Mn*" and Mn*" concentrations are greater during the discharge as a
result of this disproportionation. Interestingly, the (measured) Mn?" concentration profiles
using different current densities are quite similar. The level of hysteresis varies with current
density where the lower current density (25 mA cm™) displays the greatest hysteresis — this is
as expected as if the current density is lower, the charging is slower, allowing more time for
the Mn?** species to disproportionate (thereby producing more Mn*"). The calculated Mn*"
profiles provide interesting operational insight. If we assume Mn*" to immediately oxidise to
MnO,, Figure 6.20 (c¢) infers that with a higher current density MnO> does not form until an
SOC of c.a. 40 %. This may be interesting to commercial operators as, while disproportionation
might be a chemical problem, if using higher current densities leads to reduced formation of
solids then operators may choose to maximise the current density at which they operate their
devices and not charge to high SOCs. An additional profile of the manganese concentrations
during a slow cycle (at 25 mA cm™) to the maximum SOC is displayed in the appendix (Figure
A6.36).

Clearly, these measurements are theoretical but are in line with the assertion that solid species
are formed as the charge is carried out. It is important, now to experimentally validate these

calculations by measuring the concentration of Mn** via UV-vis.

6.3.4.2 In-operando UV-vis measurements

The theory outlining how UV-vis spectroscopy is carried out is largely outlined in Chapter 2,
however the essential theory is re-stated here with some additional comments for the readers
convenience. The measurement of absorbance is achieved by directing electromagnetic
radiation of a known wavelength through a sample, with a known concentration and path
length, and measuring the intensity of the transmitted radiation. Sometimes, the intensity of the
radiation is too low for there to be any significant transmitted radiation intensity — this is known

as saturation and is accompanied by immeasurably high absorbances. The Beer Lambert law
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states that multiplying the concentration, ¢ (mol dm™ or ‘M’), path length, / (cm™) and
(species-, electrolyte- and wavelength / transition-specific) absorption coefficient, e (M cm™),
returns an absorption (a.u.) at a given wavelength. Manganese ions have several oxidation
states each of which have specific absorption coefficients. Literature values for the absorption
coefficient for Mn** at its commonly considered characteristic absorption (corresponding to a
wavelength of 522 nm) vary but are reported to be around 250 M™! cm™ (they vary because of
differing experimental measurement conditions and therefore transition energies and also there
are multiple species with close absorbances).”¢%®! This is very high compared to its reduced
counterpart, Mn?", which has an absorption coefficient of 0.701 x 10 M cm™.> Given this
characteristic wavelength of c.a. 522 nm lies firmly in the visible region (c.a. 380 — 700 nm)
this means that, optically, a 1 M vial of Mn?" and Mn>" would be pale pink (see Figure 6.9 as
a rough example) and black (/very dark purple), respectively. Clearly, this means that
characteristic absorbances measuring a sample of Mn** would be too high for the
spectrophotometer to reliably detect, which presents a problem when measuring UV-vis
responses. This difference in absorption coefficient is useful, but if it is to be harnessed, the
absorbance needs to be reduced. Given the absorption coefficient is fixed and, as previously
discussed, the solution concentration cannot be changed, the path length needs to be reduced.
As mentioned in this chapter’s methodology, a thin flow cell was used to reduce the sample
path length (100 um pathlength) allowing the measurement of reasonable absorbances at higher
concentrations of Mn**. This in-operando arrangement allows the user either to continuously
measure the absorbance of Mn** (and therefore concentration) at one characteristic wavelength,
or to take a full spectrum while electrolyte flows through it during cell operation. The full
spectrum measurement settings for the experiments reported in this chapter, were stated in the
methodology. It is worth mentioning, though, that it took just over five minutes to record each
of the spectra. At the flow rate used (to divert the outlet electrolyte to the flow cell in the UV-
vis, 10 mL min™), c.a. 50 mL of electrolyte passed through the flow cell and — this systematic
error was discussed in the methodology and does not need to be considered further as, with the
volumes of electrolyte used, over the course of a five minute period, the SOC was not expected

to change significantly.
The first thing to briefly mention is the baseline measurements shown in Figure 6.21 — these

scans were measured to a lower wavelength (250 nm) to ensure no further features could be

deciphered. While 3 M H»SOs is certainly considered to be the correct baseline, manganese-
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free electrolyte, (i.e. the ‘stock’ solution) containing just the acid (5 M) and dissolved titanium
oxysulfate (1 M), was also measured and showed a large signal at the low wavelength periphery
(herein referred to as the ‘low wavelength band”) — this corresponds to a high energy orbital
transition. This low wavelength band must therefore be as a result of a transition involving a
titanium energy level — potentially from an oxygen 2p orbital to a titanium 3d (t2¢).% Literature
discussing the Ti*" species in solution is sparse as a result of the difficulty dissolving Ti*"

species without polymer formation.3¢88
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Figure 6.21: UV-vis baseline testing. H2SO4, stock acidified titanium oxysulfate solution and discharged electrolyte
(containing Mn species).

On addition of the manganese carbonate (resulting in a Mn**-containing solution — 1 M), this
discharged electrolyte was measured and was shown to have a nearly identical UV-vis
response. A small deviation in the low wavelength band is observed — while this may be an
experimental artefact it is worth mentioning a Mn** absorption (likely associated with the 'ti,
— 2, transition) between 210 — 220 nm with a very high absorption coefficient of c.a.
4000 M cm™.22¥ Clearly, in this fully discharged electrolyte the vast majority of manganese
species are largely expected to be found in the 2+ oxidation state, however there may be trace
oxidised Mn*" species resulting in a large low wavelength (very high energy) absorption. This

low wavelength band is the subject of discussion later.

Figure 6.22 shows a potential profile with its accompanying UV-vis spectra. The grey area
indicates the first charging phase (at 75 mA cm) to 73 % SOC (it will become clear later why
the cell is not cycled to higher SOCs). During the charging period, a peak starts to form at
around 522 nm and the low wavelength band starts to grow and / or shift (to the right) in the

high wavelength direction. While the exact cause of the band is unknown and was discussed
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earlier (combination of, (a) a low wavelength Mn>" transition with very high absorption
coefficient and, (b) Ti*" species transitions), it is asserted that an element of Raleigh scattering
is present as a result of the formation of small particles, observable in the stream of electrolyte
at the outlet of the cell (on attempting to extract this Rayleigh-type, A*, scattering effect
however, it was shown to provide an imperfect representation).”’ Later time-dependant
transient experiments show that this assertion — that solid (colloid) precipitation results in this

low wavelength band at higher SOCs overwhelming the spectrum — has solid grounding.
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Figure 6.22: (a) Simple potential profile during charging step with OCP transient. (b) UV-vis absorption spectra during
charging regime and OCP transient.

Additionally, another, much broader peak develops at high wavelength (low energy) — c.a.
840 nm — this peak is not commonly reported in literature (as usually UV-vis spectra are not
measured at such high wavelengths) but is considered to be as a result of By — °Aj,
transition.?>%? There follows a c.a. 45 minute OCP tracking / transient time where spectra
continue to be taken which the Mn*" concentration is stationary, demonstrated by the

effectively identical absorbance spectra (eight almost identical pink spectra, Figure 6.22 (b)).

Figure 6.23 (a) shows the absorbances during the steady charging step outlined in the previous
figure. Red and green lines are overlayed over these spectra indicating the absorbances at the
low and high wavelength signals, respectively. The dotted lines on each signal indicate the
peak absorbances and the solid lines indicate the wavelengths deemed ‘central’ to the energy
transition. The major peak (starting at 522 nm) is shown to appear to drift to lower wavelength
with charging. It is asserted that this is due to the interference of the low wavelength band
shifting / growing to higher wavelengths. The broader, higher wavelength signal at 840 nm
appears to have a more linear trajectory as the electrolyte is charged. As the dotted green line

shows, there are occasional fluctuations in peak position and, despite smoothing the data (using
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Fast Fourier Transform and Savitzky-Golay smoothing corrections) this could not be corrected
for. This is likely due to the insufficient sensitivity of the graphing tools used in this work,
despite, the true peak in this broad UV-vis response cannot be identified but lies closer to

845 nm in the 827 — 845 nm window highlighted by the green line overlaying the spectra.
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Figure 6.23: (a) UV-vis spectra with overlayed peak tracking (solid lines) compared with single wavelengths (dotted lines)
and (b) back-calculated calibration curves for Mn3* concentration as a function of state of charge. A calibration point was
used as this is the highest state of charge where neither signal is significantly affected by the low wavelength band.

The absorbances correspond to a concentration which, in turn, is plotted as a function of SOC.
Given the absorbance increases fairly linearly until c.a. 30 % SOC, this is taken to be the
‘calibration point’, up to which absorbances correspond linearly with SOC (it was judged that
there was no considerable interference from the low wavelength band until this point). After
this point, the calculated Mn>" concentrations as a function of absorbance according to the low
wavelength band (red solid line) diverges from the Mn®" concentration calculated from the
higher wavelength peak (green solid line). The (essentially, calibration) curve associated with
the peak at lower wavelength curves upwards gently after c.a. SOC 30. Whereas the higher
wavelength peak curves downwards to SOC 72 %. This is in line with the EPR calculations
outlined in Figure 6.20 (b) — inferring the production of solids and potentially. This broad peak
at higher wavelength is considered to be a superior measurement of Mn>" in this electrolyte
composition as it is relatively unaffected by the encroaching low wavelength band compared

to the sharper, more prominent, peak at c.a. 522 nm.

With these data, finally, UV-vis and EPR experiments can be directly compared. This is the

subject of the following sub-section.
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6.3.4.3 Combining in-operando techniques
The previous two sub-sections have outlined the development of two in-operando techniques
tracking the concentrations of Mn** and Mn®" in real-time. This section presents these

concentrations side-by-side (Figure 6.24).
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Figure 6.24: Combined UV-vis and EPR analysis. Concentrations from UV-vis measurements are calculated using the
higher wavelength peak (at 840 nm). Mn’" concentrations are measured by EPR and the inferred concentrations of the
oxidised states from these measurements is shown here.

Figure 6.24 shows the charging arm of the cycle displayed in Figure 6.19 overlayed with the
calculated Mn** concentrations from absorbance measurements using just the high wavelength
absorbance from Figure 6.23. The measurements of Mn*" from the UV-vis start to diverge from
the EPR measurements at c.a. SOC 30 %. In-operando UV-vis gives us a fairly good handle on
the overall nature of the electrolyte during the initial part of charging (up to c.a. 30 % SOC if
EPR measurements are considered more reliable). It is expected, however, that the absorbance
measurements overestimate the concentration of Mn** for two reasons. Firstly, the low
wavelength band encroaches on the major peak at c.a. 522 nm (and the broader peak at c.a. 8§40
shortly afterwards) resulting in greater absorbances (and misshapen peaks). And secondly,
during charging, nanoparticles of MnO, / MnOOH are expected to form and be suspended in
solution.?*?12 These complexes would be expected to absorb at similar wavelengths to
aqueous Mn** species. Additionally, the interaction of titanium oxo-clusters with manganese
species is unknown but is expected to alter the absorption coefficients. Deciphering this
complicated interaction further was beyond the scope of this chapter. Given diluting this
electrolyte to inspect specific components of this electrolyte (e.g. via RDE) is not an option (as
dilution modifies the chemistry), it is considered that EPR is likely to be a superior analytical

technique to reliably track at least one specific species (Mn?") throughout a cycle. First though,
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these techniques are compared in their ability to potentially capture kinetic information from

time-dependent transient data.

6.3.4.4 Transient analysis using UV-vis and EPR

It is important to recognise and remember, firstly, that the results displayed so far do not reveal
anything about the form of the species or how long they last in solution and, secondly, that
these chemical processes continuously and simultaneously occur. Solution evolution was
tentatively investigated in the potential transients in Figure 6.13 (b) and was implied from the
observed hysteresis in Figure 6.20. Given these findings, understanding how this electrolyte
evolves over time could be helped by measuring concentration and potential transients. A
system is said to be transient when it is in the process of trying to reach a steady state. From a
potential perspective, a steady state is reached when all the reactions in the system are occurring
in the forward and the backward direction at the same rate (as was the case during the mini-
transients shown at low SOCs during the charging arm in Figure 6.16 (a)). Kinetic information
can be recovered from transient data that can be useful for modelling a given system and,

ultimately, deeper understanding.”?

Continuing the experiment carried out in Figure 6.22, Figure 6.25 (a) shows the next steps
outlining the slower charging (at 25 mA cm™ indicated in blue) raising the SOC to 92 %
(calculated via coulomb counting) to find the point at which uncontrolled chemical conversion
occurs. Once this SOC is reached, the OCP is measured over 4.7 hours. During this period, as
in Figure 6.13 (b), the potential continuously decays, indicating a steady state equilibrium is
not achieved. The UV-vis demonstrates initial steadiness (as does the potential, shown by the
initial plateau) in the low wavelength band. Soon, though, the low wavelength band grows to
higher wavelengths overwhelming the characteristic peak at 522 nm and ultimately the longer
wavelength peak at 840 nm too. While the absorbance responses are accentuated by the
characteristic Mn** peak at c.a. 522 nm, the rate at which the band shifts to higher wavelengths
is similar to the potential response, perhaps indicating that solid (Rayleigh scattering) species
affect the potential in some way. It should be reiterated, however, that the measurement of
potential and solution absorbance takes place at different locations in the setup meaning that
the solid particles observed in the UV-vis measurements may be in a different physical (and

electrochemical) state in the UV-vis spectrophotometer compared to the hRFB cell.
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Figure 6.25: UV-vis transient information (a) Simple potential profile during stepwise charging with intermittent resting
times. (b) The additional spectra now included show a slow charge to SOC 92 (blue lines) followed by a chemical process
(orange lines) leading to the formation of solids that scatter the incident light (likely due to disproportionation). (c) In-
operando UV-vis spectra of the electrolyte during the electrochemical discharge. It is important to point out that the very
defined shape are not recovered at equivalent states of charge during the discharge arm. The grey arrow in this figure
represents time. In both (b) and (c) the grey arrow represents time. *Unfortunately, the UV-vis spectrophotometer
malfunctioned c.a. 5 % before the end of the discharge — meaning there was still some un-reduced Mn>* still present in
solution — hence the signal at c.a. 522 nm in (c).

Ideally, the spectra (from where the galvanostatic step ends) would now be corrected, removing
the contribution from the low wavelength band, revealing lone peaks with absorbances that
vary over time. However, the low wavelength band is likely to be as a result of multiple factors
including unknown species (with very high absorption coefficients) and solid nanoparticles
that are able to scatter the incident light in the UV-vis spectrophotometer. This task was beyond
the scope of this thesis and therefore kinetics information was not extracted using this
technique. Further experiments charging the cell to lower SOCs (such as 85 %, for example)
and waiting for longer to see if the low wavelength band eventually overwhelms the system,
were not carried out. An SOC of 92 % was considered to be only just above the threshold

beyond which disproportionation overwhelms the electrolyte solution.
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Finally, at the end of the five-hour OCP tracking step, in line with the measurements displayed
in Figure 6.16 (b), Figure 6.25 (c), discharge was carried out. UV-vis measurements during
discharge do not match respective SOCs during the charge until very low SOCs are reached.
This could be due to continued scattering as a result of the presence of solid nanoparticles
suspended in solution. The idea that electroactive solids persist in solution is in line with the
findings in Figure 6.16 (b), where the mini-transient does not reach an equilibrium potential

until very low SOCs on the discharging arm.

In order to understand the rate at which these processes are occurring, EPR was used to measure
the Mn?" concentration during a series of transient measurements after the cut off potential was
reached after charging with a current density of 75 mA cm™. The concentration measurements
of Mn*" are considered to be reliable as no other species can interfere with these readings.
Figure 6.26 (a) and (b) are exaggerated schematic representations of the concentration gradient
across the operational (tank and cell) and analytical components (EPR) in the liquid side of this
hRFB system (a) during charging and (b) after five hours of electrolyte continuously flowing
through the cell. Of course, the concentration of the measured species will be different to the
concentration within the tank during charge because the cell will have passed charge into the
electrolyte changing the solution equilibrium. Once the cell stops charging / discharging, this
concentration gradient across the components will, gradually, subside and a uniform
concentration will be formed over the whole system (Figure 6.26 (b)). Clearly, this gradual
transition to a ‘uniform state’ will be unique and characterised by the current density (extent to
which there is a concentration gradient), the lengths of tubing between components and the
flow rate exerted on the system. This is considered the ‘mixing time’. Additionally, it should
be noted that just because the cell has reached a uniform state, this does not necessarily mean

that the reaction in solution has ended — this could be a completely different process.
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Figure 6.26: EPR transient information (a) a schematic of liquid-side of hRFB with exaggerated species concentration
gradient across the Tank, Cell and EPR during operation and (b) after the system has reached a uniform state. (c) Mn**
concentrations separated into ‘reaction’ (blue) and ‘instrumental’ (grey) components with their respective model fits. (d)

Original Mn** concentration measurements with the model fit.

Figure 6.26 (c) shows (in black) the measured concentration of Mn?" in solution. For the
purposed of this analysis, two processes are considered to be occurring simultaneously over
the course of this transient: (a) mixing (discussed previously) and (b) a homogeneous reaction
in solution. These components are expressed in Equation (6.52), below, where time, ¢ = 0 is the

point at which galvanostatic charging ends.

[Mn2+] = [Mn2+]t=0 + A [Mn2+]reaction(1 _ e_t/Treaction)

_(tdelay_finstrumental) (6.52)
— A [Mn2+]instrumental e Tinstrumental

Where A[Mn**Jreaction is the amount of Mn?" produced by the homogeneous reaction in the
solution, A[Mn**Jinstrumental is the amount of Mn?" change seen as during operation the cell is
not seeing the true tank concentration but the outlet of the cell — it is thus an instrumental
artefact in the way the manganese is measured which must be removed to recover the true
homogeneous reaction time constant. This value can be confirmed separately, as it depends on
the inlet concentration of Mn?* to the cell and the flow rate and current density (as described

previously). Tinstrumental 1S the measurement time of the system (and also includes the time it takes

305



for the electrolyte to flow into the cell). There is an extra tau instrumental offset for the time

because it takes a delay of Tinstumentat before any changes can be registered (Zdelay - Tinstrumental)-

Using this equation, the components described can be separated and deconvoluted. Figure 6.26
(c) shows this deconvolution of the separated components which, taken together, produce an
excellent fit to original data shown by the very small residuals on the right axis in Figure 6.26
(d). It should be noted that the calculated tank concentration follows a first order process rather
than a second order process that might be expected from the overall chemical reaction. This
suggests that the formation of Mn?" occurs in a slow (potentially, rate-determining) step which
is first order. Table 6.5 collects the parameters gathered from the five hour-long concentration
transient displayed in Figure 6.26 alongside four additional transients prepared in an identical
way but only lasting three hours (Figure A6.37). For reference the SOC, calculated using the
amount of charge passed into the solution over the course of the charging cycle, is included
alongside the initial, calculated Mn*" concentration ([Mn?*']~o) indicating significant
disproportionation had already been occurring during the course of the cycle (as has been

observed / suggested in previous experiments).

Table 6.5: Parameters extracted from Mn** concentration transient tracking. mM = milli-molar = mmol dm?. “Exp. dur.”

denotes “Experiment duration”. “inst. “denotes “instrumental”. “reac.” denotes “reaction”.
Exp. Exp. SOCcoulombic [Mn*]= A[MD*"] eac. A[MD*|inst,
4 dur./h (%) M / mM Treac. / $ / mM Tinst. / S
1 5 101 ‘ 0.212 84.0 8680 244 1160
2 3 104 0.210 88.1 9070 27.3 1080
3 3 105 ‘ 0.216 91.5 11300 31.2 1310
4 3 106 0.220 91.0 12000 31.1 1270
5 3 106 ‘ 0.209 87.9 7480 19.0 1070

These transients were measured after galvanostatic charging at 75 mA cm™ and the number of
coulombs used to charge the system varied between charges resulting in slightly different SOC
and initial Mn?" concentrations. Further transients at different SOCs were collected (Figure
A6.38 (a)). While it is assumed these transients would have a similar mixing feature at the
beginning of the transient (as the flow rate and current density used to reach the SOCs was the
same), the homogenous reaction in solution was not observed to have first order kinetics and
appeared to reach a steady state concentration very quickly compared with those cycles

displayed in Figure 6.26 and Figure A6.37.
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Finally, when considering the accompanying potential transients (Figure A6.38 (b)), we are
faced with the question of what affects the potential within the cell. The tank concentration can
be considered to be the inlet Mn?" concentration but, at least for the first hour, the measured
(outlet) Mn*" concentration changes. This indicates that, in addition to the homogeneous
process occurring in the bulk solution, Mn*" undergoes a reaction resulting in its consumption
as it is passed through the cell as the measured Mn** concentration is lower. The reasons for

this are unclear but are discussed in the next section.

To conclude, while no kinetic information was gathered in this chapter, there is ongoing work
looking to ascertain the kinetic parameters associated with the disproportionation of Mn** to
Mn?" and MnO: (as outlined in Equation (6.10)). It was shown that multiple unknowns would
have to be solved before being able to extract out the low wavelength band to reveal reasonable
kinetic parameters with any certainty. It was established, using EPR measurements, that the

tank concentration appears to follow a first order rate law.

6.4 Discussion

Investigation into this device and how its electrolyte evolves is ongoing. The results mentioned
here represent the most recent efforts to decipher how the electrolyte develops during a cycle
and how it evolves over time. While these experiments are helpful, it is also worth considering
how speciation might occur from a purely thermodynamic perspective. Prof. Anthony
Kucernak has developed analytical models for thermodynamically ‘ideal’ electrolytes where
the activity of its constituent species is unity — clearly, at the high concentrations used in this
chapter, the activities of these species is lower than unity. The following section introduces
new components to the electrolyte systematically accounting for interactions as a result of the
effect of Mn** hydrolysis, Ti*" addition and solid formation, from a thermodynamic
perspective. Following this section some discussion is provided with respect to some features

from the results section that are yet to be fully understood.

6.4.1 Systematic thermodynamic modelling of speciation
This section systematically models the hRFB cell from a purely thermodynamic point of view
— that is assuming all the components have unity activity, there is no kinetic drive required for

species to form and the system is in equilibrium. The following situations are modelled — Table

6.6.
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Table 6.6: Modelled scenarios with incremental changes. Atomic concentrations are stated here to avoid confusion as a
result of speciation. ‘Form. const.’ denotes ‘Formation constant’.

[Mn]  [Ti] [S]

3+
Case  /mol /mol /mol _ MM Solids?  ror™ Ean.
dm>  dm? dm- hydrolysis? const. K  considered
Casel 10 0 5.0 No No N/A O 5
(6.2), (6.3),
Case2 10 0 5.0 Yes No NA G200
(6.2), (6.3),
Case3 1.0 1.0 6.0 Yes No N/A (6.6), (6.17),
(6.33)
(6.2),(6.3),
Case 4 1.0 1.0 6.0 Yes MnOOH 10.6 (6.6), (6.9),
(6.17), (6.33)
(6.2), (6.3),
Case5 1.0 0 5.0 No *-MnO> 50 (6.10), (6.17)
(6.2),(6.3),
Case6 1.0 0 5.0 No »-MnO, = 2.24 x 10° 6.10). (6.17)

Cases 1 — 3 are shown in Figure 6.27. It should first be noted that the potential in these plots
are governed (only) by the relative concentrations of Mn?" and Mn>®". This explains the small
change in potential at either end of the cycle (calculated potential is shown in the top pane of
these thermodynamic plots, Figure 6.27). The next pane down is displayed using a
‘logio(concentration)’ axis to illustrate the overwhelming dominance of the bisulfate (HSO4")
ion from sulfuric acid. These concentrations, essentially, do not change to any significant
degree across the SOC range. The calculated concentration of H" ions diminishes more slowly
and to a lesser extent when considering the hydrolysis of Mn**. As shown in Equation (6.6),
on hydrolysis, Mn®" acts as an acid, resulting in an overall greater acid concentration across the
SOC range. Accounting for this hydrolysis leads to the formation of a new Mn** species,
Mn(OH)*" — hence the Mn** ion concentration is not only related to the Mn?" concentration it
is additionally influenced by the equilibrium constant that exists between its singly hydrolysed

form.
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Figure 6.27: Thermodynamic calculations of species’ concentration accounting for speciation assuming all activity
coefficients are unity. Case I represents the ideal case where Mn®* and Mn’* exist as isolated, well-behaved ions. Case 2
introduces a single hydrolysis of the Mn** ion forming Mn(OH)**. Case 3 introduces titanium species.

Case 3 shows the case for when Ti*" species are added. As a reminder, Ti** additive addition is

essential for cell operation and electrolyte ‘stability’ and, with the addition of 1 M, comes
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another 1 M ‘sulfur’ contribution. This change in ‘sulfur’ (referred to as sulfur because ‘sulfate’
infers a specific ion) results in an overall reduction in proton concentration by 1 M. For clarity,
as outlined in the introduction, TiO?" is expected to be the dominant titanium (Ti*") species in
solution shown by its essentially having a concentration of 1 M over the SOC range. The
equilibrium constant for the hydrolysis of this ion is low (discussed in Section 6.2.1.1)
(Equation (6.33)). The gradient associated with the reduction of proton concentration during
the charge is lower in Case 3 compared with the previous cases. The overall effect of the
reduction of proton concentration has an effect on the hydrolysis of the Mn*" ion. The
difference in concentration distribution between Mn*" and Mn(OH)?" is reduced. So far, there

has been no consideration of solids. This is rectified in Figure 6.28.
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Figure 6.28: Thermodynamic calculations of species’ concentration accounting for speciation assuming all activity
coefficients are unity. Case 4 introduces the effect of y-MnOOH precipitation. Case 5 shows a more simplified case where
Mn** hydrolysis and titanium species are not considered. In addition, an equilibrium constant of 50 (Kyn2+)mmo2 = 50) is
used here — note: this is far too low and is ‘unphysical’ but is used to illustrate the effect (thermodynamically) of including
MnO: in the speciation of the system. Reasonable values of the equilibrium constant for the formation of MnO: is shown in

the appendix and presents a number of additional problems to the other manganese species’ concentrations.

Using the Gibbs formation energies for the species involved in Equation (6.6) — (6.8) a
formation constant, K, can be calculated following the double hydrolysis of Mn*" and the
subsequent formation of y-MnOOH. This suggests, thermodynamically, that y-MnOOH will
start to be formed from c.a. SOC 61 % (Figure 6.28 (a)).
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This was extended to considering the formation of MnO». The calculations associated with
simultaneously considering the Mn>" hydrolysis, the titanium speciation and the production of
MnO> were too complex to confidently report at this stage and therefore this case (Case 5)
should only be compared with Case 1 (as there is only one newly introduced factor between
them). Case 5 shows how the production of MnO> affects the thermodynamically predicted
concentration of Mn?". It must be noted however that the formation constant, K was set to 50.
This is a hypothetical formation constant and corresponds to a polymorph of MnO> with a
Gibbs formation energy of 402.56 kJ mol™! — this is 62 kJ mol™! lower than that of 8-MnO>. The
hypothetical K is used here to illustrate how the formation of MnO; affects the Mn?*, Mn*" and
H* concentration. As expected, MnO> production infers Mn?" is also being produced (due to
disproportionation Equation (6.10)) resulting in the Mn?" concentration not reaching zero.
Importantly, the proton concentration is also shown to change its course dramatically. In a
purely homogeneous reaction, the proton concentration is shown to decrease linearly with SOC
as you are using protons to form hydrogen in the gas side (Case 1 — 3, Figure 6.27), however,
with the formation of solid oxides (following disproportionation), more protons are generated
than are being consumed at the gas side (Case 4 and 5, Figure 6.27). To link this to the results
— changes and inflections in conductivity are observed over the course of a cycle (Figure 6.12)
— however, two changes in gradient are observed inferring a more complicated, chemical

process occurring in the real system not (yet) considered in these thermodynamic calculations.

As has been eluded to, the formation constant (K) for these solid species’ polymorphs varies,
as the free energy of formation for each of their crystal structures is different. Figure 6.29 shows
notional values of K at which, thermodynamically, precipitation of (a) MnOOH and (b) MnO
can be expected to begin. The formation constants can be calculated using the relationship
A:G° = -RTIn(K). These will vary according to the polymorph — so, for instance, the formation
constants for y-, a-, and f~-MnOOH are 10.6, 1.15 and 0.0158, respectively. These are plotted
in Figure 6.29 (a) and show that, under the conditions in the system, only the y-MnOOH
polymorph is able to be formed — this is, of course, what is projected in Case 4 (Figure 6.28)
where -MnOOH is shown to start being precipitated at SOC 61.
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Figure 6.29: Notional values of K illustrating the thermodynamic boundary at which it is expected for solids to be
precipitated. Vertical lines indicate the calculated formation constants associated with different solid polymorphs. (a) shows
the notional values of K at which solids (a) MnOOH and (b) MnO: will start precipitating.

Figure 6.29 (b) shows the equivalent plot for MnO». Clearly, this looks very different and infers
that, essentially, MnO, is immediately produced (in all forms). In Case 5, as stated earlier (in
Figure 6.28), a hypothetical K of 50 was used to illustrate what would happen at a speciation
level if a hypothetical MnO; polymorph were formed (this is shown in pink). This does not
represent a formation constant of a known MnQO> polymorph, though — Figure 6.30 shows what
speciation would occur if the real K values indicated in Figure 6.29 (b) for y-MnO, were used.
MnO:; is shown to form immediately as the cell starts to charge and the concentration of Mn>*
would remain very low, and essentially constant, across the range of SOCs calculated. This
very low concentration of Mn®" implies the cell would be under severe mass transport limitation

during a discharge (as the Mn>" would be consumed very quickly).
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Figure 6.30: Thermodynamic calculation of species’ concentration accounting for speciation assuming all activity
coefficients are unity and with a reasonable formation constant for y-MnO:. Solid formation starts immediately as Mn3*
formation energy is much more positive than MnO:.

One interesting feature to consider too, is to mention how these notional values of K change
with a change in sulfur concentration. Experimentally, this is achieved by increasing the
concentration of HoSO4 and partly explains why such low pHs are used in these systems. Figure
6.31 (a) and (b) show how thermodynamically expected values of K (at which precipitation
starts occurring) changes with pH. The concentrations accompanying these boundaries
represent the concentration of sulfur in the system and the speciation does not include the role

of titanium.
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Figure 6.31: (a) and (b) Variation of notional values of K at which point solids (a) MnOOH and (b) MnO: are expected to
start to precipitating, as a funtion of sulfur concentration. (c) and (d) show the proton concentrations for the point at which
precipitiation is expected to occur for a given K.

This can be extended to (in Figure 6.31 (c) and (d)) calculating, at a given K the
thermodynamically predicted concentration of protons in solution at the point of precipitation.
These calculations show the effect of pH on precipitation. Again, the Kmn3+ymno2 values are all
so large because of the strong thermodynamic driving force towards the formation of MnO>
and so the change in concentration of protons does not have as great an effect,

thermodynamically, on the point at which these species are expected to precipitate

As mentioned at the beginning of this section, these data assume that all species have an activity
coefficient of one. While this is helpful as it gives an idea of what is thermodynamically
possible, the activity coefficient is not one in these concentrated solutions and so these data
should be used with caution. Additionally, as discussed in the introduction, these values only
take into account the ‘bulk’ thermodynamics, so these data also do not account for the
formation of metastable nanoparticulate species. These two cautionary points infer that solids

form later or earlier, respectively — i.e. only considering bulk thermodynamics infers that a
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kinetic driving force is required for the formation of these solids (hence, precipitation may start
later for a given K); whereas consideration of metastable species formation infers that

nanoparticles may start to form earlier than what might be thermodynamically expected.

6.4.2 Interpretation of results

Using these thermodynamic expectations as context, some of the findings and outstanding
questions mentioned in the results can be discussed in more detail now. The general themes of
these questions surround solid formation, the synergetic interaction they have with soluble

species dissolved in the electrolyte and the overall effects these have on the operation of the

hRFB cell.

Previous experiments in the Kucernak group showed that, without the addition of titanium
additives, solids are formed very early in the charging cycle, presumably as a result of rapid
disproportionation of Mn** in solution (Figure 6.6). Thermodynamic calculations are in
agreement with this, as shown in Case 7 considering the high Gibbs free energies associated
with MnO; polymorphs (Figure 6.30). The electrolyte has since been modified by the addition
of a Ti*" additive that has been shown to affect aspects of electrolyte speciation (Case 2 vs 4
vs 4, Figure 6.27 and Figure 6.28) and is presumed to influence the solid manganese oxides
formed in solution in some unknown way. It is tentatively suggested that the titanium cations
(e.g. TiO?") present in solution interfere by destabilising these manganese oxides or inducing
the formation of a different, unstable polymorphs that immediately dissolve in solution under
the conditions early in the SOC. The presence of large cations has been shown to favourably
induce the formation of less stable polymorphs of MnO: in acidic environments elsewhere.>’
That said, the existence and potential interference of large multi-centre titanium-oxo clusters

has not been properly considered.>?

In this work, the overcharge observed in the very first experiments may be partially explained
by the disproportionation of Mn*" which would result in the formation of Mn*' and likely
therefore, solid species. However (other than by eye, on monitoring the outlet tube of the hRFB
cell), the first place solids are explicitly shown to be present in solution is during in-operando
UV-vis transient measurements at high SOC (Figure 6.25 (b)). The solids appear to form in an
uncontrolled, initially accelerating way presumably due to chemical disproportionation and
subsequently the UV-vis spectra is overwhelmed (saturation), as a result of scattering and / or

high absorbance. It is important to note here, that this uncontrolled disproportionation occurred
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at a SOC of 92 %. This solid, scattering material is then shown to stay in solution during the
discharge (Figure 6.25 (c)). The subsequent paragraphs discuss and hypothesise what effects

these solids could have on the solution and device as a whole.

Given we know that solids form, the next question should be: what effect does this have on the
cell? The first experiments the effect of solid precipitation is potentially observed is on
inspection of the VE as a function of current density. The solid lines in Figure 6.13 (b) show
steps in the VE (as a result of steps in the discharge potential profiles) that are present only
when the cell is immediately switched to discharge having charged to the cells maximum SOC
for the given current density. This step in the discharge is not observed when the cell is left to
rest of three hours at the maximum SOC before starting the discharge, instead following the
trajectory of the lower VE from the start. This difference in VE could be as a result of
precipitated solids acting as a catalyst for the electrochemical reduction of Mn** to Mn?* during
the discharge. While solid deposition (on the fibres) is not observed or characterised in this
chapter (and so this is speculative), solid deposition and catalytic solid deposition on electrodes
reducing required activation energy has been observed by other research groups.®*2?34% This
concept is not a foreign one — the addition of catalysts to substrates is a technique used
extensively by those looking to test catalysts in RDE, indeed even in Chapter 4 of this thesis.
This augmented VE is inspected in Figure 6.14 which shows that the greater VE is only
achieved after cycling to a SOC between 60 — 80 %. If solids are in fact deposited on the
electrodes, this infers deposition occurs in that SOC window. It is important to point out that
this window lies before the solution-phase precipitation highlighted earlier (at SOC 92 %)
inferring, potentially, that precipitation in solution and deposition on the electrode fibres (if it
occurs) happen at different points. This hypothesis may also influence how long the plateaus
in the potential transients after the charging arms using different current densities (Figure 6.13
(c)). The plateau lasts longer after higher charging at higher current densities. This could be for
two different reasons: either the concentration of Mn>" at the point cut-off is not high enough
when charging with high current densities to significantly disproportionate and change the
potential quickly (as is observed for lower current densities); or, the deposited solids that
nucleate and subsequently grow when charging at a higher current density are more difficult to
dislodge mechanically as a result of their morphology. Changes in morphology as a result of

different current density are established for other metals such as tin.”®
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In the special case where the cell is charged slowly (at 25 mA cm™), using the assumption
above, where solids nucleate and grow on the electrode fibres, Figure 6.16 shows the interesting
effect this could have on the potential. While this chapter is sceptical of some aspects in the
work carried out by Bahdad et al.,> they raise the interesting possibility that multiple potentials
may contribute in part to the overall measured potential. They assert that, above a certain SOC,
the measured potential is characterised by a mixed potential of two redox systems whereby the
potential associated with the solution phase Mn?" / Mn** redox couple (Equation (6.17)) is
mixed with a solid phase redox process involving MnOOH and MnO» (expressed in Equations
(6.23) — (6.26)). This is a compelling hypothesis and, if true, may be expanded by this chapter,
suggesting that once the solid material is deposited onto the fibres, it remains (only slowly
being removed by convective flow through the electrode) and continues to interfere with the
measured potential reading (this is shown by the continued change in potential over the course
of the mini-transients in Figure 6.16 (b)) until after the step in the discharge inferring the solid
species is removed from the fibres. UV-vis measurements during the discharge show the

presence of solid species in solution until low SOCs (Figure 6.25 (c)).

Section 6.3.4.3 briefly compared the concentrations of manganese species measured by the in-
operando UV-vis and in-operando EPR techniques developed in this chapter. While the UV-
vis measurements are interesting and provide a handle on the Mn>" concentrations (at two
different wavelengths) at low SOCs, the EPR measurements and subsequent calculations
(Equations (6.46) — (6.51)) are considered to provide more reliable concentrations for the Mn
species in the electrolyte. With the help of the in-operando EPR measurements, a new approach
to understanding / calculating the share of oxidation states in the electrolyte (given the
measured Mn?* concentration) for the oxidised species is useful and can be compared to the

thermodynamic calculations carried out in the previous sub-section in this discussion.

The following figures compare the manganese concentrations as a result of the thermodynamic
speciation calculations (Case 4 and Case 5 in which solids are formed) compared to the
measured (Mn?") and calculated (Mn*" and Mn*") values from the EPR experiments. The

‘charging arm’ of the 150 mA cm™

cycle (only) is compared here to minimise the extra
chemical and kinetic effects it is now clear occur continuously and simultaneously with the
electrochemical action. Figure 6.32 is meant to simply compare the EPR calculations to the
thermodynamically predicted Mn species concentrations. It is understood that, other than for

the Mn?" concentrations (Figure 6.32 (a), ‘like for like’ species are not, in fact being compared.
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Overall, a fairly good agreement is found between the completely theoretical results (Case 4
and Case 5) and the EPR-based calculations. It is important to remember, though, that the
*-MnO: species is completely hypothetical (with a much more positive Gibbs free energy of
formation) and was only used to show what would happen if it were predicted,
thermodynamically, that MnO; were precipitated. Clearly this shows that as soon as MnQO3 is
produced the Mn** concentration does not increase any more at all. In the real system, though,
it has been shown that the cell obtains nearly 100 % coulombic efficiency (Figure 6.11 (b))
over multiple cycles and so, if MnO> is formed, either it itself must be electrochemically
reduced back to Mn** or it must convert (chemically or electrochemically) to a Mn** species
before then being reduced to Mn**. If this were to occur, the titanium species would be

considered, somehow, to be essential in this process.
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Figure 6.32: EPR measurements (Mn**) and calculations (Mn** and Mn**) compared with thermodynamic calculations
outlined in Case 4 and Case 5 in which solids (y-MnOOH and hypothetical *-MnO:) are formed. The hRFB cell used was
charged at 150 mA cm using the in-operando EPR setup and the measured Mn®* concentration is shown in (a), alongside
the thermodynamically calculated Mn?* concentrations in Case 4 and Case 5. (b) The caluclated Mn’* concentration from
EPR measurements alongside the solution-phase Mn** species accounted for alongside the formation of solids. (c) The
calculated Mn?* species (from Mn>* EPR measurements) and thermodynamically calculated concentrations of solid species.
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Including the formation of »-MnOOH does not make any difference to the Mn** concentration
of course as it just involves hydrolysis steps and an acid-base conversion (Equations (6.6) —
(6.8)). Figure 6.32 (b) includes just the soluble Mn*" species while (c) includes the
concentration of Mn" solid species (y-MnOOH) to compare to the Mn*" species from the EPR

measurements.

With these observations a schematic has been derived, shown in Figure 6.33, qualitatively
describing some of the processes that may occur in the hRFB system.
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Figure 6.33: Schematic illustration of the processes occuring in the electrolyte and at the fibres in a standard cycle
(> 25 mA cm™) with no relaxation period at maximum SOC. Solid species from c.a. SOC 40 are shown with a white outline
here — this is just to show their existance and suggested growth trajectory (not because the acutal particles are in any way
white).

otential / V

Figure 6.33 roughly outlines the working understanding of how the electrolyte and electrode
fibres evolve over the course of a standard (fast, > 25 mA cm™) cycle. It must be stressed that
this understanding is constantly changing and will likely evolve again before seeking

publication.
Firstly, considering the fibres, at the start of the charge these are thought to be bare but quickly

form some catalytic species at the surface giving rise to the small peak at the beginning of the

charge (observed as a resistive peak in the HFR, Figure 6.11 (c)). These species catalyse the
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oxidation of Mn** during the first part of the charge until 60 — 80 % SOC where, in line with
the experiments carried out in Figure 6.14, it is tentatively asserted that the local conditions
enable the formation of a firm layer of catalytic solid material across the fibre surface area. It
is presumed that consolidation of the solid species occurs in the final part of the charge. In the
electrolyte, at the beginning of the charge, it is observed at the outlet of the tube, by eye, that
solids form in the cell. They soon dissolve back into solution resulting in significant darkening
of the electrolyte early on (see Figure 6.9 which shows the UV-vis operando setup immediately
after a charging step starts) — this darkening is observed and harnessed by the UV-vis. It is
presumed that gradually, with increasing Mn®" concentration, solid species are less able to
dissolve back into solution. This proposed evolution is depicted in the outlet section of Figure
6.33 and is based on the fact that ‘clean” UV-vis measurements are reliably returned until at
least SOC 72 % (Figure 6.22). Following this, on further charging, likely at some point after
85 —-90 % SOC (based on the UV-vis transient measurements, Figure 6.25 (b)) precipitation in
solution is considered to occur. However, it is believed that this broad Mn** instability is more
associated with time in solution. One interesting observation is that, even though after 40
minutes during the UV-vis transient, it is clear there is widespread precipitation. Comparing
this to the charging arm SOC 90 % Mn?" transient in EPR (Figure A6.38 (a)), there is no such
significant increase in Mn?>* concentration — this may infer that this solid formation is not
associated with Mn®" disproportionation. Some other solid species may ‘suddenly’ be formed

that does not demand the regeneration of Mn?", such as some MnOOH polymorph.

In the early part of the discharge, the solid material on the fibres begins to be removed until
c.a. 60 % SOC, at which point they are considered to be bare, hence the lower VE in the second
half of the discharge. In the electrolyte, solid species are considered to have grown (shown by
the larger particle sizes in Figure 6.33) only slowly dissolving after each pass through the cell.
They remain in solution until the very end of the cycle and the colour of the electrolyte remains

dark until the very end of the discharge.

Finally, the kinetic features gathered from the EPR transients must be addressed. The main
surprising outcome from these data is that the trajectory of the modelled homogeneous reaction
producing Mn?* follows a kinetically 1% order process. From the main disproportionation
equation, it might expected that Mn?* formation would be 2™ order (two Mn** centres are
needed for disproportionation, Equation (6.10)). This suggests that the chemical reformation

of Mn?" does not follow a typical disproportionation path, instead these results suggest Mn>"
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is formed in a slow, 1* order step. This process is unknown. Lastly, in an attempt to understand
the potential transients shown in Figure A6.38 (b), a Nernstian model simply using the
measured Mn** concentrations and the inferred Mn*" concentration (from the EPR
measurements) was compared to project the potential — these concentrations poorly reflect the
measured potential implying other electrochemical steps were taking place during the
homogenous reaction. Further discussion how this potential can be modelled is not included
here but is the subject of continued work in the group. In the introduction, the formation of
bulk species is discussed outlining the possible formation of metastable species that are
kinetically stabilised by their very low surface energies as a result of their high surface area to
volume ratio (Figure 6.3). The formation of these species precedes the subsequent formation
of solid manganese bulk species (as outlined by Pourbaix). The formation of these metastable
species and the influence of Ti*" species in solution is unknown but they are considered to have
an effect on the kinetics of the disproportionation in the electrolyte and on the potential of the
cell. Ongoing cross-departmental work is devoted to modelling how these potentials might
change on, for instance, solution phase precipitation or dissolution of solids from the surface

of the electrode.

6.5 Conclusions

This chapter is a work in progress. As such, specific conclusions are still being morphed and
constructed. The hRFB system was initially introduced highlighting a step in the VE (under
certain conditions) as well as the ability for the electrolyte to be overcharged when charging
sufficiently slowly. Following this, two in-operando methods examining the liquid electrolyte
used in this system were developed. With its promising ability to measure absorbances at
different wavelengths and inform the user about the solid species in the cell, UV-vis
measurements were shown to overestimate Mn>* concentrations across the full range of SOCs.
EPR measurements, on the other hand, enabled the ability to keep track of the Mn*
concentrations over the course of the cycle with the additional ability to back-calculate
hypothetical concentrations of Mn** and Mn*" species. Specifically, these EPR measurements
confirm that Mn?" is being produced during the cycle — indicated by its concentration never
reaching zero. Lastly, transient measurements began to uncover information around the
chemical processes occurring in the system and the kinetics that define the rates at which they
proceed. These found that, while it might be expected the homogenous reaction occurring in
solution continuously produces Mn?" is a 2™ order process, Mn?* production appears to follow

a 1% order process — inferring Mn?" is formed during a slow step.
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Returning to the high-level question set out in the introduction: “Is there a way of developing
an enhanced understanding of manganese speciation occurring within a manganese electrolyte
during cell cycling?” It is fair to say that with the developed in-operando techniques presented
in this chapter, a greater understanding of the electrolyte and how species evolve over the
course of the cycle, has been gained. The sub-questions stated in the introduction were largely
addressed other than the question of how manganese and titanium interact — this was beyond

the scope of this work.

This chapter has developed our hypotheses surrounding the electrolyte. While the speciation is
still not fully understood, more experiments and analyses are underway to further understand

the processes occurring in this system.

6.5.1 Future work

Future work will be directed at firstly, further understanding the nature of the electrolyte;
secondly, developing techniques with a view to identifying the solid species that form in
solution; and, thirdly trying to operate the cell at a greater power density and efficiency. Below
are a few examples of the experiments that are being / will be worked on in this research group

(and in some cases in tandem with the operando techniques reported here).

Overall electrolyte characterisation and cell operation:

e Test to see if increasing the acidity of the electrolyte changes the point at which solids
begin to be formed. Hypothesis, based on thermodynamic calculations: greater acidity,
greater stability of Mn** for longer — solids start to form at higher SOC.

e Develop an ECM suitable for the system and extract qualitative information from
Nyquist plots.

e Viscosity measurements needed — will help carry out diffusivity calculations of specific
species in this electrolyte.

e Conductivity (and viscosity) measurements at a low current density (to try and
understand the change in HFR / membrane conductivity a bit better).

¢ RDE experiments using manganese oxides and their polymorphs as potential catalysts
towards the oxidation or reduction of Mn** and Mn>*, respectively.

¢ Sputter coating the electrode materials with other metals (such as gold) to see if this has

an effect on the VE.
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e Build kinetics into a model including time-dependant precipitations kinetics to keep

track of SOC.

UV-vis specific measurements:
e Measure solutions with systematic ‘sulfur’ concentration variation.
e Systematic measurement in order to understand the effect of titanium in UV-vis
measurements — go to lower concentrations of Mn>" to identify any peaks in the low

wavelength band with extremely high absorption coefficients.

EPR specific measurements:
e Alter the acid concentration to inspect the local environment around the Mn** centre —

any change in the EPR signal?

There are many types of experiment that need to be carried out both using the in-operando
techniques developed in this work but also new ones. One particularly useful experiment would
be some type of in-operando dynamic light scattering (DLS) directed at the species very near
the cell tubing outlet. Varying species’ relative concentrations is expected to have an effect on

the particle size and the point at which precipitation is expected to occur.

6.6 Appendix

6.6.1 Manganese (III) stabilisation techniques

Introduction of or thermodynamic kinetic barrier

2Mn3t 4+ 2H,0 = Mn?* + MnO, +4H"

Mn3+
Stabilisation of Mn3* _ :
Destabilisation of MnO, AG,=-52.9 kJ mol*
& i S-MnO,
%]
é Mn3t+e = Mn?t
E'=151V
Mn0O, +4H" + 4e” = Mn%' + 2H,0
E'=1.228 V
Mn2+

Figure A6.34: Schematic demonstrating techniques potentially used to stabilise Mn** in solution. Energy axis is not to scale.
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6.6.2 UV-vis peak comparison

The ratio of the absorbances associated with the wavelengths outlined in Figure A6.35 are
shown to generally increase with SOC, especially after 30 % SOC. This is attributed to
continued (and increasing) overlap of the low wavelength band with the signal at 522 nm.
When using the absorbance captured by the single wavelength, the ratio is shown to be largely
flat until 30 % SOC. This is roughly the calibration point used to calculate the concentrations

of Mn*" in the main text.
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Figure A6.35: Ratio in absorbances for UV-vis signals at high (840 nm) vs low (522 nm) wavelenths.

6.6.3 EPR based manganese concentration calculations for a slow cycle
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Figure A6.36: Measured concentration of Mn’* alongside theoretical calculations for a slow cycle using a current density of
25 mA cm? with an electrolyte volume of 180 mL.
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6.6.4 Extra EPR transients
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Figure A6.37: Repeated concentration transient fittings after charging 180 mL electrolyte at 75 mA cm™ to the maximum
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Figure A6.38: All (@) Mn*" concentration and (b) cell potential transients at different SOCs.
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Chapter 7

Conclusions

“Begin at the beginning and go on till you come to the end: then stop.” — Lewis Carroll

7.1 Final conclusions

The overall objective of this work was to develop an improved understanding of some of the
components in hRFBs. Part III in Chapter 1 set out the main four research questions this thesis
looked to address and which are the basis of the four results chapters in this thesis. Within each
of the chapters, these questions were broken down into sub-questions, the objectives were

clarified and the studies carried out. Those original four questions are repeated here:

e How is the microstructure of porous carbon paper and cloth electrodes related to the
performance of the RFB system in which they operate?

e Is it possible to develop an inexpensive, carbon-based, high-performing bifunctional
oxygen electrocatalyst?

e C(Can this catalyst be used in devices at different pHs and can we validate the
‘microstructure / performance’ findings?

e Is there a way of developing an enhanced understanding of manganese speciation

occurring within a manganese electrolyte during hybrid redox flow battery cell cycling?

While the following sub-sections summarise the conclusions gained from each of the individual
chapters in bullet-point form, it is important to discuss the broad findings from the thesis as a
whole and what they tell future researchers when they are faced with similar scenarios or
questions. As the title of this thesis infers, the aspects of hRFBs discussed are separate but
adjacent and bound to one another — there are three overarching themes of conclusion. They
concern the electrode, the electrocatalyst and the electrolyte. Firstly, with regard to the
electrode, Chapters 3 and 5 demonstrate that understanding the mass transport resistances in

the cell is important in order to extract the greatest performance from electrodes. In Chapter 3,
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electrode permeability is shown to be the most important characteristic for high performance
in the convective liquid flow environment employed in this work. In a different (opposite) way,
Chapter 5 bolsters this message, by demonstrating (albeit in a gaseous system) that mass
transport through the catalyst layers is essential for proper electrochemical device functionality.
Secondly, Chapters 4 and 5 focus on the synthesis of a versatile catalyst and how it can be
transferred to real electrochemical devices with varying degrees of success. These chapters also
emphasise the importance of transparently reporting catalyst capability at both the three
electrode cell- and device-level. Finally, the electrolyte is essential across all the chapters — in
Chapter 3 an organic quasi-reversible electrolyte was used for largely analytical reasons that
allowed for the isolation of specific mass transport features in the electrode. In Chapter 4,
different electrolytes are used to investigate how an electrocatalyst behaves in different pH
environments revealing interesting mechanistic intricacies. And, finally, Chapter 6 nicely
wraps together all three of these themes. While the chapter clearly focusses on the acidic
manganese-titanium electrolyte, its intimate relationship with the electrode is evidenced by the
assertion that nucleation and growth of electrocatalytic material occurs to some degree on the
electrode fibres. While the details remain an open question, this deposited species then catalyse
the oxidative and reductive processes that occur during the charge / discharge cycle. The
overarching conclusion from Chapter 6 is that a complete understanding of a given devices’

electrolyte is essential to understand the full extent of how an electrolyte can be used.

7.1.1 Chapter 3

This chapter looked to address the first question to understand the relationship between the
electrode microstructure and the overall performance. This was achieved by establishing
microstructural information using X-ray computed tomography and electron microscopy and,
following this, testing their performance in a (symmetric) RFB cell alongside a quasi-reversible
redox couple (TEMPO) dissolved in two supporting solvents. In summary, the following

conclusions were gained from this work:

e FElectrolytes with lower viscosity and surface tension, and those that are passed through
the electrolyte at greater flow rates, demonstrate greater performance, presumably as a
result of thinner boundary layers.

e While a combination of microstructural features collectively contribute to the overall

performance, the mass transport rates through the electrode are a useful indicator of
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electrode performance; as such, under the convective conditions imposed on the
electrodes in this work, the permeability is the best indicator of performance.

Other individual microstructural parameters such as volume specific surface area,
porosity and tortuosity, have poor correlation with the performance.

With an extracted pore network from ex-situ imaging techniques, a pore network model
can be used to predict, relatively, how well an electrode is likely to perform.

A 1D model was used, alongside the electrochemical polarisation measurements, to
establish mass-transfer coefficients — these values further characterise / focus these
conclusions by deciphering inter- and intra-pore contributions to the mass transport
resistance. The best performing electrodes display the highest mass transfer
coefficients.

Practically, AvCarb 7497 is deemed the best performer because of its high permeability
and inter-pore connectivity, fibre alignment and its ability to distribute electrolyte

effectively throughout the electrode volume.

It is asserted that the question has been answered but, equally, it is acknowledged that the

findings are specific to the environment, geometry, experimental parameters and redox

chemistry employed in this work.

7.1.2 Chapter 4

The second question, outlined earlier, regarding the possibility of synthesising a high

performing carbon-based bifunctional oxygen catalyst was a challenging one. A ZIF-based

material was used to develop a catalyst that had more functionality than expected. Synthesis

optimisation was carried out in an alkaline environment as it is widely known that NC catalysts

perform more effectively towards ORR in non-acidic, non-oxidising environments.

Synthesis optimisation showed, using a bifunctionality metric which places more
importance on the performance in the ORR, that the optimal pyrolysis conditions are to
heat at 900 °C for both the heating steps.

Physical characterisation, via techniques such as electron microscopy and XRD, show
the resulting electrocatalyst morphology contains large cobalt agglomerates that act as
docking particles for smaller iridium nanoparticles.

XPS shows high relative concentrations of pyrrolic and graphitic N-sites that contribute

to explaining the high ORR activity in base.
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e XAS isused to estimate the relative Ir-site character. Tentatively, this is shown to have
a c.a. five to one — nanoparticle to single atom — iridium distribution which, given the
available information, seems reasonable.

e Activity information available on RDE is limited (due to the innate limitations of the
technique) however Ir NC 900 900 shows the most reliable oxygen activity in basic
conditions (additionally shown by chronoamperometry). In acidic conditions, very high
but fleeting performance is observed towards the OER.

e Proof of concept HOR / HER RDE tests were carried out and considered to have
sufficient activity to be tested at device level (Chapter 5).

e ICP-MS measurements can misrepresent mass activity data, especially those involving
iridium-containing catalysts. Improved methods of iridium extraction should be
developed or at least a week-long heating step must be included during sample

preparation.

The original question asked if it were possible to develop an inexpensive, high-performing
carbon based bifunctional oxygen catalyst. This work has not produced such a catalyst,
however the chapter explored interesting tangential avenues down which (a) interesting
metallic geometries are discovered; (b) moderate levels of activity across the pH range are
achieved; and, (c) the catalysts is active and fairly durable towards both hydrogen and oxygen
fundamental reactions. Clearly, iridium —a PGM — is used and deposited on the catalysts in a

‘non-single-atom’ manner therefore the electrocatalyst cost is likely to be relatively high.

7.1.3 Chapter 5

The aims of Chapter 5 were two-fold. Firstly, to demonstrate use of the electrocatalyst
(developed in Chapter 4) in electrochemical devices at different pHs and, secondly, to explore
the new electrolyte environment and operating regime with respect to the microstructure-
performance findings (from Chapter 3). There has been mixed success in answering this two-

pronged question or achieving the objectives set out in the chapter.

e [t is essential to optimise the layer in a FC system in order to ensure good catalyst
contact, membrane, ionomer composition enabling proper transport of electrolyte
through the electrode. Only once these catalyst / layer engineering features are

optimised should the catalyst ability be assessed.
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e Compared to Nafion, the anion exchange polymer used in the AEMFC is not
understood.

e PEMEFC results display broadly good performance with an urgent need to modify the
catalyst layer and test the catalyst durability.

e While the performance parameters measured for the Mn-H» system were not the same,
it is clear that the carbon cloth electrodes were the best performing electrode materials
— exceeding the performance of the (more commonly used) felts.

e Considering the volumetric energy density (i.e. including the through-plane dimension
in the electrode materials) carbon cloth electrodes have extremely promising
performance abilities (as shown in Chapter 3) as a result of their periodic, woven

structure.

With respect to the question, the electrocatalyst developed showed moderate to good
performance in a PEMFC but poor performance in an AEMFC. So, no, this work has not
demonstrated a catalyst with high performance. In terms of making the catalyst perform
bifunctionally in a device, the Mn-H> cycling data shown using the catalyst implies that, yes,
this catalyst was used bifunctionally in an hRFB — but only in acidic conditions for the

hydrogen reaction.

7.1.4 Chapter 6

The final question asked if there was a way of understanding the manganese speciation more
thoroughly. As outlined in the chapter itself, analysis of the electrolyte is difficult because any
manipulation of concentration is expected to change the equilibria and therefore the form of
the species. However, two in-operando analytical techniques have allowed measurement of
chemical speciation and to evaluate how the electrolyte evolves chemically and
electrochemically with time without dilution or altering the solution equilibria in any way.

Again, this chapter is a work in progress, but the following are the conclusions reached so far.

e This Mn/H> hRFB is able to reach overcharge without damaging its long term durability
as a result of its unique solution phase speciation behaviour involving the formation of
solids and the unknown role of Ti*' additive.

e A step in voltage efficiency after reaching a high state of charge is observed and this is

tentatively attributed to some form of solid electrocatalytic coating on the carbon
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electrode fibres (on initial inspection, solids have been observed on the fibres of the
electrodes, but this is yet to be comprehensively assessed).

e UV-vis measurements utilise the absorption coefficients associated with Mn*" to
provide an estimate of the concentration of oxidised species during the charge and,
additionally, confirm solution phase bulk precipitation at a certain SOC (or after a
certain length of time).

e A flow-EPR in-operando design enabled the real-time measurement of Mn?" in solution
as a result of its paramagnetism.

e Accurate Mn?" concentration measurements demonstrate that Mn** never reaches zero
concentration (with the current densities tested), inferring that Mn?" is regenerated
during charging, which, during can only be as a result of chemical disproportionation
processes leading to a Mn*" species, as expected from the thermodynamics of Mn>" in
these acidic environments.

e Mn?" concentrations alongside coulomb tracking allows for the concentrations of
manganese species with higher oxidation states (Mn>* and Mn*") to be inferred.

e Mn?" concentration transients at high SOCs demonstrate the ability to extract the
mixing time of the in-operando setup revealing the production of Mn?" in an,
unexpected, 1% order process.

e No conclusions about potential transients have been reached though they are briefly
discussed in the chapter, inferring the probable interference of other redox processes

(involving solid species).

These in-operando techniques, alongside thermodynamic speciation calculations, have
provided a deeper understanding of the processes occurring in the solution. The next section
discusses how these learnings can inform future steps towards a more complete understanding

of the components of these electrochemical devices.

7.2 Future work

Given all the specific future work items are mentioned in their respective chapters, this section
will summarise the main future work directions with respect to the three overarching themes

inferred in the title of this thesis.
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7.2.1 Electrode development

Given it was concluded that permeability was the best indicator of electrode performance in a
RFB dominated by convective transport, this correlation should be tested for its robustness.
These carbon cloth electrode materials should be tested varying their weave pattern,

compression and accompanying electrolyte.

More regular use of cloth electrodes is to be tested with the Mn/H, hRFB to see if these
electrodes can with stand long term durability tests and perform as well as the graphite felt
electrodes. Additionally, sputter coating an electrode with a potentially electrocatalytic metal
may reveal information about the active site of the asserted electrocatalyst that nucleates and

then grows on the electrodes’ fibres.

7.2.2 Electrocatalyst development

Future direction with this electrocatalyst is two-fold — firstly, at a synthetic level, improvements
in understanding the catalyst active site (N centres or the Ir-Co complex) are important as well
as further reducing the iridium concentration involved in the synthesis step; and, secondly:

further device level testing.

The active site can be further inspected using floating electrode techniques developed within
this group — it is considered an important step to establish the surface area of these electrodes
with nitrite stripping revealing the electrochemical surface area (ECSA). These measurements

will reveal more information about the catalyst capability.

Device-level capability needs to be more thoroughly tested too. Catalyst interaction with anion
exchange polymers is of interest in developing electrodes that perform better in FC devices.
Further than this, though, testing this catalyst in a water electrolyser and towards COz reduction

would be interesting.

Deep investigation of the catalytic behaviour of the solid material that hypothetically forms in
the Mn/H> hRFB is to be investigated using different MnO> polymorphs as a starting point —
this is the subject of ongoing work in the Kucernak research group in collaboration with RFC

Power.
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7.2.3 Electrolyte development

The central electrolyte discussed in this work is that of the titanium-containing manganese
electrolyte in the Mn/H> hRFB. Significant efforts to understand this chemical equilibria are
currently being carried out in the Kucernak group alongside RFC Power. The specific avenues
that need to be explored are numerous. The identity of the solids species that form in electrolyte
during charging and how they age over time is of significant interest. Isolating these solids is
challenging but may eventually be achieved by some kind of filtration technique or in-operando
DLS experiment. Some way of understanding the interaction between manganese and the
titanium species in solution should also be tackled, this is difficult though without changing

the equilibria

At a solution level, relative concentrations of Ti:Mn:S should be altered to see how the bulk
electrolyte behaves differently. Of course, thermodynamic calculations outline what is
thermodynamically possible and this is extremely useful, but there is no substitute for actual

testing.

There is still a large amount of uncertainty about potential and how what species affect it — this
is particularly evident in the transient measurements. One of the plights associated with the
capture of kinetic parameters at an RDE is due to the deposition / nucleation of solid species
on the RDE tip prohibiting the observation of purely solution-phase species. However, this may
be a good place to start in terms of understanding how the solid species evolve over time in

convective conditions.
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