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Abstract

The zirc-bromine hybrid redox flow battery (RFB) is one of the few battery systems
thathaveseen implementatioonthe medium to large scale energy stordgewever,

there still exist financial barriers to allow this technology to be fully utilised on the
markd. To improve this system, several potential areas could be improved from cell
design, additive chemistries and electrode materials.

Throughout this study, work was carried out on identifying new novel additives with
the objective to complex the bromin&lout forming an immiscible phase. This work
identified the use of a variety of ammoniuand phosphoniurbased additives with
appropriate carboxylic, sulphonate and hydroxyl functional groups to aid in the
solubility of the complex. These additives weanalysed in terms of their
electrochemical responaadon their physical characteristics. The data obtained were
compared the industry standard comph»methykN-ethylpyrrolidinium.

Carbon felt electrode materials and activated carbon electrod@gsatere also
investigated to examine their potential applications in this flow battery. The felt
electrodes although providing a greater surface area, caused the immiscible phase to
become trapped within it which led to an increase in flow pressureénwitionately

was detrimental to the performance of the battery. This shows an even greater need to
develop the additive chemistries to make use of the large surface areas offered by the
felts. The activated carbon coating was found to be preferablewptbved electrode
kinetics and ease of the immiscible phase removal once charged.

Finally, experience was gained on two large scale batteries which were characterised
in terms of performance optimisation as part of this work. The Z2BkW/ 50 kWh
RFBwas characterised at the Power Network Demonstration Centre, Scotland, and the
all-vanadium 200 kW/ 400 kWh RFB was characterised aEtiwde Polytechnique
Fédérale de Lausanrie Laboratory of Physical and Analytical Electrochemistry,
Switzerland. This &s led to a better understanding of potential complications and
differences that occur from scaling up redox chemistries from a lab bench to an
industrial level.
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1. Introduction

Energy resources have been crucial for human existence since the very beginning.
These key sources are natural gas, oil, coal, nuclear power and energy generated from
renewable sourcesuch as energy of tides, ocean currents, wind, solar, geothermal

and biomass.

They have enabled the industrial revolution and shaped the structure of the global
economy. However, the availability and use of these energy resources have recently
become a foal point of much debate. In modern times, the reliance on fossil fuels is
not a sustainable solution to meet global energy demaktsther it is due to the
negative impact these have on the global and local environment or the economic stress
from the resurces becoming scarcer or even the need to diversify energy resources in
general to ensure energy security of the countries, there has sigreficant
investment and time allocated to discovering a feasibleckmvon solution to replace

fossil fuels wih.

There are three recognised uses of enewig/, heat, electricity, and transport.
Commonly, heat is provided from the burning of natural gas although there are
instances where electricity or coal are also used to provide the heat. However, there is
a question on the efficiency of each of the energy sources in tirtheir calorific

value. Electricity can be derived from a range of energy sources, such asufgssil
based power plants (usually on coal and natural gas), nuclear, and renewable energy.
Transport, for many years, has been powered through consumption of petrol and
diesel, produced from oil products and to a small extent from biofuels, with a small

minority of cars being powered from either electric batteries or hydrogen fuel cells.

Coal, ratural gas and oil have played an important role in the global economy. These
three types of energy sources are classified as fossil fuels. These fuels are extracted,
processed and used to generate energy. Typically, fossil fuel productiotiliaatian

results inthe emission ofvariouspollutantsand greenhouse gases (GHGs). Gowl

natural gas arperceived as a type of the fossil fuel having the most negative impact
on the environment in terms tfe emission of pollutants and GHGs. It is typically

used for production of heat and poweth natural gas also being partially used in the

transport industry Oil is predominatelyused the most in the transportation sector.



Nuclear power plays an important role in generation of electricity: globally 9% of
electrical energy supply is provided through this type of edef@gnerating energy

in this manner i s widely considered as
nuclear power divides public opinion and one of the key issues is the generation of
nuclear vaste. The process of generating nuclear energy revolves around nuclear
fission which is where the nucleus of an atom splits into smaller fragm@his
process is a highlexothermic reaction which releases large amounts of energy in the
form of kinetic and electromagnetic energy. There are currently many variations to the
fuel and cycle which offer advantages such as less harmful waste, longer lifecycles
and byproducts hhat can be used in other industries therefore decreasing the overall
waste produced>. However the cycle still stands in that a finite source of material is
mined, utilised to generate energy and then prodharenful waste. The current
solution to the disposal of this material is to bury it in areas considered derelict, usually
regions of deseduch as parts of Mexico, in special containers to help minimise the
radiations effect on the local environnferithis leaves the predicament that the
ecosystem is inevitably going to be affected by radiation as, for instance, plutonium
240 (240being the atomic mass of the isotope for this element) has-bf@aif 6,580

year<. What this means is that for a given mass of mdtendy half of that mass of
radioactive material will have decayed in that period of time. Note that this does not
mean all the material will decompose after 13,160 years but rather it decomposes to a
quarter of the remainder material as anotherlifalis required to decompose to half

of that and so on. This therefore leads to an accumulation of waste that will take an
incredibleperiodto fully decay. Furthermore, the power plants have relatively short
life spans due to the radioactive degradation atfiemal, requiring any given site to be
decommissioned after around-80 years of use This now leaves France in the
situation that a vast nurab of their plants are now being decommissioned and the
relocation and construction of new plants are required to ensure they meet the energy

requirements and this is causing some economic cohcern

Renewale energy sources are recognised as the cleanegpardtially, thesafest
technologies producing energy. Their distinct feature is that the energy fnond,
solar energy, energy of waves and tides, geothermal and energy from biommass

constantlyreplenished and will never run oturthermore, comparing to other energy



sources, the process of energy generation from renewables leads to significantly
smaller amount of GHGs or pollutants. Currently, the share of renewable energy
sources in total glmal primary energy supply is quite low and is just ovet2%he

most common methods of renewable energy generation are from solar and wind. Solar
energy uses the light and heat from the sun through varying technologies including
photovoltaics, artificial photosynthesis and solar heating. The photovoltaic technique
utilises semiconducting materials that
become an electrical signal. Currently solar energy is expected to produce 300 GW by
2030, although issues relating to the cost of photovoltaic electricity production will
need to be resolved in order to allow this to become competitive with nuclear or oil
and gas energy productidn

Wind energy is anotir welkknown source of renewable energy. Wind technologies
have gone through tremendous improvements dawlopments culminating in a
reduction in costs over the years and consequently, a widespread deployment of the
technology? 1314 The current and IEA forecasted levels of electricity generation from

solar and wind are presentedFigure 1.1

Renewable electricity capacity growth by technology

Capacity growth (gigawatts)
[ay]

1994-2004 2005-2010 2011-2016 2017-2022

@® Wind @ Solar PV Hydropower Others @ Additional - accelerated case
Percentage from wind and solar PV

Figurel.1Renewable electricity capacity growthybtechnology. Source: IEA, 20
Another low carbon technology is using hydrogen as an energyr\audothis has

been proposed for vehicular power as well as for stationary energy generation.

Hydrogen can be produced from many sources ranging from current fossikefgels,



thermal cracking of ethane, to the electrolysis of water. Once hydrogen has bee
produced, the energy generation comes from reacting theeitder in an
electrochemical fuel cell or an internal combustion er§inRegardless of the
reaction, the product it forms i€. However, the use of hydrogen as an energy vector
hasseveral challenges that require to be addressed. One of these is the storage of the
hydrogen. Despite hydrogen having a very high energy density due to its low
molecular weight, the energy density by volume is very: lbence the need for
compression toigh pressuredssues of transportation and subsequent storage at the
site then also become problematic, as the pipework currently used would become
embrittled, meaning new polymbased pipes would need to be installed in major
cities. Additionally, due d its small molecular mass and therefore size, it is also
inevitable that the hydrogen will leak from any containment vessel. Nevertheless, this
has not stopped the development of hydrogen networks in some major cities such as

Aberdeen and Leedfs'®.

One of the major inhibiting factors of the renewable energy sources penetration to the
global market is the coand time required to change the infrastructure from a fossil

fuel dependent scheme to one that would utilise these newer technologies. To support
this, eavironmental impact has become an indispensable part of the political agenda,

thus, leading to devebment and adoption of an energy strategy by many countries.

For example, the nuclear incidents at Chernobyl and Fukushima have created very
negative attitudes in the publicds eye w
regions wheneveatuclearpowerplants are attempted to be set up. One country which

has moved away from nuclear energy is Germany, oncé"ttadest user of nuclear

energy for electricity generation in 2012 but now aiming to go nuélearby 202
However, other countries as France, Ger m:
on ruclear energy which delivers 76% of the electrical domestic energy and this has

allowed France to enjoy many years of low fixed energy pfices

Renewable energy features strongly ilar@e numben f countri esd® ener
with Germany aiming to supply 80% of its energy demanaiigjh renewables lihe

year 2050 and Scotland aiming to prodd00% electrical energy through renewables

by 202G* 22, It is without doubt that there is a strong global tendency to increase the

share of renewablenergy sources in the primary energy supply as driven by



international political agendas from the Kyoto Protocol and recent Paris Agreement.
It is widely accepted that human activiased on vast consumption of fossil fuels
havecausd significant damge to the environmeratffecting human health (lowering

living standards in certain areas of the wanl can contributing to certain disegses

and environmental health (contributing significantly to climate change and its
associated impacf) Thus, he Paris Agreement, signed by 197 and ratified iy 1
countries, emphasd the need to move from use of fossil fuels to alternative energy
sources and low carbon technologies that cause less negative impact on environment

in general and climate change in partictflar

Renewable energy seems a likely solution to a problem of the climate change.
However, there is a difficulty since most dfet renewable technologies generate
energy at varying amounts/rates, depending on the location and weather conditions.
This leaves the issue of energy being generated in an excess at times and in a deficit at
other times in relation to demand. This chalkermgn be solved with energy storage
which is essentiab balance these peaks astibrtfallsand so to stabilise the energy

provided to the electrical grid network and meet electricity demand.



1.1 Energy Storage Systems
Energy storage is the process ofeerting electrical energy from a power network
into a form that can be stored and later converted back to electricity at a time when it
is needed. Such a process makes efficient use of the excess energy at times of low
demand or from intermittent energgurces to be more efficiently used at time of high
demand or when no source of electricity generation is available (most common in

isolated rural communities at night where PV is used).

A vast number of storage methods exist, either in developmentadglvery mature
technologies. There is no one solution to energy storage to fit all neadsasty of
applications and geographical locations will requdiferent technologies. Power
quality in a network, for example, requires high power output avarort period of

time whereas energy management will utilise the stored energy over much longer
periods.Figure 1.2 shows a number of technologies with their power and energy

capacity ranges and so where their applicatiodgdie

Metal Air > 4 v Batteries Hydro
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]
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Discharge Time at Given Power
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-‘1.

svstemn Power

Figurel.2 Range of energy storage methods and their accompanying appbecet

This section will briefly review some of the technologieBigurel.2before focussing

on redox flow batteries.



1.1.1Pumped Hydroelectric ES
On the top right corner dfigure 1.2 can be seen the pumped hydropower and the
compressed air systems. Pumped hydropower is a method which stores energy in the
form of gravitational potential energy of weieThe way in which this is carried out
is that during off peak times, when generated power from other sources is in excess,
this excess power is used to run the turbines that take water from eneneto
another at higher elevation. Then during periods of high electisabndthe stored
water is released through the same turbines to produce electricity, as illustrated in

Figure 1.3
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Figurel.3Pumped Hydro Energy Storage

Although this proces has a net overall consumption of energy due to the energy
required by the turbines, it is currently the largest grid energy storage avaitable

had a worldwide generating capacitylgf64GW in 20L6*°. Currently this form of
hydropower represents 4.3% generation capacity within the EU but is expected to level

out due tdbeing limited by geological locatidh

There have beeseveraddevelopmets however to either try and make current systems
more efficient or more versatile with location. One example of this can be seen in
Japan where they have developed a 30 MW hydropower plant in Okinawa, which uses
pumped seawat&r®2 Since then, numerous projects across America and Europe have
been proposéd®*. There has also been a development to use the excess power

generated by solar and wind to power the pumps for this hydroelectric system which



is expected to iprove the overall efficiency of the process while also resolving the

issue with the variability of energy output from the wind or*4un

1.1.3Compressed Air ES
Compressed air energy storage (CAES) is a very similar process to the previously
discussed pumped hydropower plants in terms of applications, output and energy
capacity. Unlikgpumped hydro however, CAES uses ambient air which is compressed
and stored in underground caverns duringpafék times and once electrical demand
is required, the process generates electricity by releasing the pressurised air (causing
expansion) within aurbine which generates the power to meet the demand, as

illustrated inFigure 1.4%.

TWastel Becyeled Electricity
o A Out 4 ~ Heat Production
Electricity M Airin -
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Turbine Turbine
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Chatnber

Figurel.4 Compressed Air Energy Storage

The compression of the air generates heat and the process used to expand the gas cools
the gas and so requires heating before the turbine. If the heat generated during
compression can be stored and used for heating the expansion process, this will
improve he overall efficiency considerablyHowever, there are currently two
proposed methods in which the CAES system utilises the heat generated through

compression: adiabatic and conventional.

i Adiabatic storage is the method that stores this heat energy tgehkeoan the
compression and uses it to expand the air during the generation of power. The
heat is stored in solids such as concrete or stone, or more feasible within liquids

such as oils or molten salt solutions which can reach temperatures’6f600



There are currently no utility scale plants but a pilot plant is scheduled to
undergo construction in 2018 in Germéhy

1 Conventional CAES storage removesich ofthe heat generated through
compression ttough use of intercoolers to dispose of it to the atmosphere.
Therefore, since the air temperature on expansion is low, a natural gas burner
is used to heat this air to ambielHbwever this is the only approach so far to

have seen commercial implemenaati’.

1.1.4Supercapacitors/ Capacitors
At the bottom left corner oFigure 1.2 is where the supercapacitors/capacitamsl
flywheels can be found. These capacitors are the most direct method of storing
electrical energy. Essentially a capacitor is two metal, conducting plates separated by
a nonconducting layer known as a dielectficwhen one of these metal plates is
charged with electricity the other metal plate will have the opposite charge induced

upon it, as shown iRigure 1.5
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Figurel.5 Supercapacitor

These capacitors can be charged much faster than that of badtetiegintain a

higher cycle lifetime with high efficiencies, going into the tens of thousands of cycles.
However, these devices are often only used to for short periodsectimgh power.

For these capacitors to be considered commercially, the power storage required to be

used within the grid would require a large dielectric area wikitho expensive.



This is where the development of the supercapaditasbeen targetetb challenge

this issue with the proposed capacitance and energy density vastly increasing, therefore
leading to smaller, more economically feasible designs. These supercapacitors have an
electrolyte solution between two solid conductors rather than téeéops solid
dielectric. The electrodes used are€arbon material which have a high sigoto
increase the overall surface area of the conductor. Couple this with a very small
separation between the two electrodes leads to the capacitance and therstoyg
capabilities to be vastly superior to that of the original capacitors by roughly two orders

of magnitude.

Nevertheless, there are still major issues present with this technology in that the
durations remain to be at short times and there is @jgodmergy dissipation due to
selfdischarge loss. However, since this technolodjkéscombustion turbine systems

it can be easily integrated into existing power grids. Since this system has a ramp rate
similar to gas plants it makes it an ideal appi@afor meeting peak lo&8

1.1.5Flywheel
Flywheels have been used for a considerable,tdaéng back to German artisan,
Thehilus Presbytemwho recorded using them on numerous machines between 1070
1125 wherghey store energy in the angular momentum of a spinning?Atad3uring
their charge cycle, conventional flywheels are spun by a motor; whilst during
discharge this motor is then used as a generator to convert the kinetic energy into
electrical energy. This therefore means the total energy output of a éimge
dependent on the size and speed of its rotor whereas the power rating will come down

to the motor/generator.

Figure 1.6shows a typical energy storage flywheel and its basic components which
consist of a flywheel which spins at high velocitiesnaximise the potential energy

it can store through rotational kinetic energy. However, therseareralparameters

that can constrain this, such as externa
term to describe frictional loss). These are minimised &gtimtainment system which

provides a vacuum environment.
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Figurel.6 Flywheel

The main advantage flywheels have oseveralother technologies is that they have

long life spans which can provide several hundreds of thousands of full charge/
dischargegycles with efficiencies typically in the region of-96%. However, much

like the supercapacitors they can only provide short durations restricting their
applications to that of systems requiring high power over a short time frame. These
applications liewithin the power quality region for uses such as-tlteugh of
interruptions or as a bridge for one power source to another. Flywheels have also seen
use for demand reductions and energy recovery in electrical powered transit systems.
There have also beeassociations of the flywheel providing a smoothing service to

wind turbine systems and stabilise small scale power net#orks
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1.2 Electrochemical Energy Storage
Rechargeable (secondary) batterwhich store electrical energy in the form of
chemical energy have been around for many years. A battery consists of one or more
electrochemical cells which have a liquid, paste or solid electrolyte with a positive
electrode (cathode during discharge)daa negative electrode (anode during

discharge), as seenkigurel.7.

Charger

Anode

|

Tons Separator Electrons

Figurel.7 Basic components of a rechargeable secondary battery

As discharge occurs, electrochemical reactions take place at the ele@rgdes’”

+2e- Cuand Zn Zn?*+ 2e) providing a flow of electrons through an external
circuit. These reactions are reversible allowing the battery to be recharged by applying
an external voltage across the electrodes. Secondary batteries havdlygtastra
responses to load changes. Furthermore, they also experience low standby losses and
can have efficiencies between-88% depending on the battery type and application.
However, most batteries can also suffer from low energy densities, small power
outputs, and short life cycles making large scale applications unsuitable, however, with
notable exceptions such as theidm battery. Additionally, since most batteries
contain toxic materials, the potential ecological impact also needs to be taken into
consideration. Nevertheless, there are currently utility scale batteries in use for energy

storage as backup power supply in niche applications.
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1.2.1Lead Acid Battery
The lead acid battery is one of the oldest and most widely used batteries dating back
to its invention in 1868. The lead acid battery consists of electrodes of lead metal and
lead dioxide in an eledailyte of ~37% sulphuric acid in the charged state. During
discharge this battery loses some of the sulphuric acid due to the electrodes turning
this into lead sulphate causing the electrolyte to become more dilute. The reactions for
the discharge are:

Anode

0w YO 0 @YicQ O 1@ ud@LBYOO Eq 1.1
Cathode

0wl YO TO c¢QO0®YICOH0 pdHyYyond BY'OO Eq 1.2
Overall

0O 0OG COYHO ¢ HYHCOHO  ¢8t b BY'OO Eq 1.3

This type of battery has the advantage of being low cost, at roughly$&8@0per

kWh, with high efficiency (7@0%) and high reliability/-*% Its applications so far

have mainly been for power quality and some spinning reserves. Howetegms of
energy management there have been very few implemented due to its short life cycle
(500- 1000 cycles) and a low energy density (380 Wh/ kg) due to high density of

the lead®.

1.2.2Lithium ion battery
Commercially introduced in the 199006s by
metal oxide cathode and a graphitic carbon anode with the electrolyte comprises o
lithium salts dissolved in carbonatgsuch as diethyl carbonate or ethylene
carbonatef. As the battery is charged, these lithium ions intercalated in the cathode
move from the layered metal oxiddyrough the electrolyte to form an intercalated

layer in the graphitegs shown below. The reverse of this occurs during discHarge
Anode

0D QO O QOELV Wl QwQ Eq 1.4
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Cathode

W0 MVWwQ wo°% wid QO Eg 1.5
Overall
0Q0 & Wo° 0 QOE0V wd Q0 o w Eqg 1.6

Lithium ion batteries have been massively improved since their first commercial
launch. One key change has been the metal oxide used, from cobalt to manganese and
iron oxides. The development of these materials has led to the energy density being
improved fom 90 Wh/ kg to 400 Wh/ kg and the cycle life up to 2000 cycles with an
efficiency almost reaching 10096

Currently, lithium ionbatteries dominate the small portable device industry. However,
there remains some major challenges for making it into any-tar@e applications.
The main issue focussed upon by many is the high cost (greater than $600pgr KW
due to the packaging anuiotection circuits required to operate this batterjower

the risk of flammabilit§°.

1.2.3Sodium Sulphur Battery
The sodium sulphur (NaS) battery consists of liquid sulphur at the positive electrode
and liquid sodium tathe negative electrode separated by a solid alumina ceramic

electrolyte, as shown iRigure1.8%°.

Alumina Discharge
Tube
(=)

O ‘f
E )
=
[k
= S
=

NagS4

Figurel.8 Basic structure of a NaS battery

The electrojte only allows the Naions to pass through to combine with the sulphur

to form sodium polysulphides. As the cell discharges the transfer of this sodium ion
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from the negative electrode to the positive one within the cell causes electrons to flow
in the exernal circuit. The cell pair has a cell voltage ~2.0 V). On charging the sodium
polysulphide releases the sodium ion to transfer through the electrolyte again. The
entire system is run at a temperature between aB83@0C*2. The NaS battery has
energy densities of 15240 W/kg and a typical life span of ~1,500 cycles. iiddally

the battery has a high efficiency (88%) enabling the applications this battery to be
used for power quality and peak shaving

The main disadvantage to this system is the temperature at which it is required to be
mai ntained which consumes the own batter:
overall performance. Furthermore, the battery is very expensive to &uidldto

operate, costing roughly $2000 / kW and $350 / kWh respectively.

1.2.4Nickel Cadmium Battery
Nickel-cadmium batteries (NiCd) have been around as long as the lead acid batteries
and have seen numerous developments over the years. In the chasgydtestdiCd
battery contains a nickel oxyydroxide positive plate and a cadmium negative plate
separated by an alkaline electrolyte held in a porous separator and rolled into a spiral

shape, shown iRigurel1.9.

Positive Terminal
Zealing gaszket
Spring-loaded vert
Positive collector tak

Positive Plate (nickel)

Porous Separator

Megative Plate (cadmium)

Mickel-plated steel case
Megative terminal

Megative collectar tak

Figurel.9NiCd battery*3
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The chemical reaction for the discharge process is:

Anode

6Q ¢hl’'00 QA0 ¢Q Eq 1.7
Cathode

¢cOQW O ¢Om ¢Q O chH™®O ¢bO Eq 1.8
Overall

Cl’) QW0 6Q C’Ol’) (0] CO » O 000 p& (}JDS‘Y"O'GEq 1.9

These batteries have highezgy densities (35 Wh/kg) with very low maintenance
requirements. However, they also have a relatively lowtilife (1,000 cycles).
Despite this,they arepopular in power tools, emergency lighting, telecoms and
generator starting. Latterly however, the portable market has been taken over by the
lithium ion battery. The reasons for this are the relatively expensive cost &sdocia
with this battery ($1000/ kWh) due to the manufacture process. In addition, the

cadmium is a toxic heavy metal causing disposal issues.

1.2.5Metal Air Battery
Metal air batteries caberegarded as a unique form of fuel cell where the metal can
be caosidered as the fuel and the air as the oxidant, as shokigure1.10 These
batteries are the smallest and least expensive of the batteries discusskitlevith
impact on the environment. However, there ardew issues surrounding this

technology in that the recharging of this battery is both difficult and very inefficient.

e Flow
T_’_’_’_'l Discharge

-«

-—

Electrolyte Cathode

-

Ietal
Anode

-—

-—
Ton Flow

Figurel.10Basic structure of a metal air battery during discharge
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This technology can be regarded as being in its infancy as maglogeents are still
taking placeo improve the overall impact this battery will havowever,metal air
batteries at the moment only have a lifetime of a few hundred cycles and efficiency
between 40% 60% due to the difficulty in replenishing th#unctional catalyst:.

The current set up is the anode being an energy dense metal which releases electrons
upon oxidation, such as zinc or aluminium, with thénade (or air) electrode often

being a porous carbon structure or material with similar properties. The electrolytes
are hydroxide ion conductors either in a liquid form or solid polymer membrane
saturated with the electrolyte. For example the-aindatery; the anode reaction

would bé>:

HE 1000 HEL'O  ¢Q O p& wd BY'OO Eqg 1.10
A reaction occurring in the fluid phase:

WEL'O O ®WegULOUL 0O Eqg 1.11
Cathode raction:

0 ¢O0 Q9100 O m wL BYOO Eqg 1.12
This leads to an overall reaction:

CwE U O cwe U O p&H wL BYOO Eq 1.13

Though these air batteries have high energy densities and Itsyroaking them ideal
for most primary battery applications, the rechargeability of the overall system battery
must be further developed to enable its much commercialisation in energy storage.
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1.3Redox Flow Battery
Redox flow batteries (RFBs)f partiailar interest in this studgan provide &olution
to large scale energy storage a more efficient link between energy production and
energydemand’*®4’, This type of battery system has the advantage of lower cost,
rapid response, low level aklfdischarge ands considered to have a much safer
operation compared to other battery systems sutheasodium sulphur and lithium
ion batterie®4°, Additionally, as with all battery systemishas the advantage of being
more flexible and mobile in relation twone electrochemicaéchnologiessuch as
pumped hydro and compressedsdorage. The lattdarge scale energy magement
technologies are restrained by the suitability of the terrain wheedtesies, such as

RFBs can be readilynstalled anywhef®8.

Megative Positive
Electrolyte Electralyte
Tank Fower Tank

Megative |7 A Positive
Electrode Electrode

%, %

Ion-exchange
Furmy Pumy
P membrane i

Figurel.11Typical structure of a redox flow battery

The RFB typically consists of two external reservoirs whstbre the electrolyte
containing theelectroactivespeciesasshownin Figurel.11 By controllingthe total
volume and concentration of the electroactipecies, one controls tkeergy storage
density of this storage systé¥ff. The stacks, which consist of two electrodes
separated by a membrangh the electrolyte flowing either sideontrol the power
densityof the battery As with all energy storage applications, high power and voltages
capacities are often required to meet the electrical demand. RFBs achieve this through
stacking unit cefl together in an electrical series to increase the voltage and then these
stacks can be electrically connected in parallel to obtain high power lExgeise 1.12

shows the typical set up of Abi pol aro e
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feasibility by reducing the weight and volume of the system whilst maximising the

voltage and current outgt

o Megative
. oi;triret i T 'y T Electrolyte
ectrolyte Ctlet
Ctlet i i i ! o
_ Ion
Bipolar Exchange
Electrode MMembrane
End Flate End Plate

Positive - '
Electrode g:f?;;i
Posthive Megative
Electrolyte 1 T 1 T t T 4 T Electrolyte

Inlet Inlet

Figurel.12Bipolar plates of stacked redox cells
This decoupling of energy capacity apdwer output is highly desirable as this allows
for more efficient designs to meet thrarious applications of this energy storage

system

Due to the flexibility of RFB systemsthe numberof research publications and
commecial development and deployment\@driousRFBs haveincrease over the
last decad¥-2326, However, from the vast range of RFBs available they are categorised

in this report withinthreetypes: aqueous, ndnaqueous, and hybrid.

H, evolution : 0, evolution
eresssnnanesnnnnnninnns = masssssssssessssssssnssssanees »
a2 Bra/Br
Zn2*1Zn VO V3 ™ Mn®*/Mn2*
cu?*/Cu* N vor MnO4/MnO
+ + 4 2
crs chicr
chlz'lBr celolce&r
2.
T S T cr <
rlOH ITi Fe:lo":eb
Ny Co™ICo?*
| | | | | =Y
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Potential (Vvs.SHE)

Figurel.13Standard potentials of redox couplesith hydrogen evdution being taken from a carbon
electrode (taken from W. Wanget. al.)?6
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Figurel.13shows a selection of redox couples that RFBs canHmegever, aqueous
flow batteries are constrained to the limits where water electrolysis may occur with
hydrogen evolution occurring below0.44 V and oxygen evolution above 1.23 V
against a standard hydrogen electrode (SHE)

1.3.1Aqueous redox flow batteries
Aqueous RFBs are among the most developed with numerous flow battery systems
being demonstraté¥>°2 As the name suggests, these are systems with a water based
electrolyte. Although they havehnggh-powerdensity, these batteries have low energy
densities and high material costs. Despite a number of developments, such as that of
the mixed acid electrolyte in the vanadium redox flow battery to yield higher
densities?, these systems are still struggling to compete with alternative technologies.

This led to the development of a variety of RFB types.

The allvanadium RFB is the most iconic and commelgiavailableof all the RFBs.
Discovered by M. SkyllaKazacoset. al.in 1988, the vanadium RFB has seen a lot

of development at the fundamental and industrial fvEhis original system was set

as a superior alternative to the iromromium RFB which was used by NAZA One

of its advantages is its resilience to cross membrane contamination. Since the same
element is used on both sides of tadl, should electroactive species cross over, the
electrolytes can simply be regenerated through remixing and electrolysis without harm
to any of the materials or requirement for the system to undergo complicated
separation treatmentHowever, due to theoor solubility of the vanadium species,
vanadyl sulphate was used in concentrated sulphuric acid. This is typically referred to
as a Generation i VRFB®'. This VRFB gives the following reactions during

discharge®:

Anode:

» %90 Q ©O e @l BY'0O0 Eqg 1.14
Cathode:

w0 ¢O0O QO w0l OV ©O pdwmvBYOO Eqg 1.15
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Overall:

W w0l ¢O % w WU 0 O p& w0 BY'OO Eq 1.16

This gives an overall open circuit voltage of 1.2636HEunder standard conditions.

The energy density is limited by the concentration at which the vanadiunmaiostay

within solution. The current operating level is 2 M VQS 2.0 M sulphuric acid.
Above this concentration the \VO(V°>*) ions can precipitate out as®, especially

when temperatures are abové@@hereas the ¥/V3* exists as solid vanadium iobe

at temperatures below AT, This limits most practical examples of these batteries to
operate at a temperatur@nge between 180°C with a concentration less than 2 M.
Such concentrations gives an open circuit of 1.6 V when fully ch&deetspite this
however, the VRFB has become the most commercially successful RFB due to its
advantages over other systems. This is
discharge cycles nuenous times leading to the system having long life cycles resulting
in betterlevelizedcost of electricity (a measure of economic value over the potential
lifetime of the technology), despite the vanadium having a high cost. On top of this,
the system atshas a 7®0% energy efficiency due to fast kinetics and can be-over
charged or undergo deep discharge with no lasting damage to the system. However,
when the cell is overcharged, possible side reactions leading to hydrogen evolution

can occur at the catdde:
O ¢Q o0 Eq 1.17

This gas evolution is kept to a minimuy lowering the potential this reaction occurs
at throughusing carboras arelectrodeAsthe gas evolutiosan affect the flow of the
electrolyte, create imbalance in the elelstte, increase the cell resistance, and alter

the pH of the solution (affecting the proterchange membrane).

Themain drawbacks of the Generation | moftest of vanadiumow power density
and temperature limifsvastackled in theGeneration Il modl. This system replaced
the V4*/V5* of the halfcell with the polyhalide couple BrCIBrz2' °.

® T6i%® 81 O p@ukd BY'OO Eq 1.18
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Using a mixed acid electrolyte of HBr and HCI to ensure available bromide ions on
the positive side, saw the battery®s ener
while achieving an energy efficiency of 88%in addition to this, the total volume
required on the mtive haltcell could be halved to match the negative calf,
reducing the total volume of electrolyte in the system by a quarter whilst still
maintaining an increased the energy density. In addition, the concentration of
vanadium could be increased® due to the precipitation **/V>*no longer being

a factor in this system, furthering the energy density even rHorgever, work was

still required in the need of more stable electrode materials, cheaper exchange
membranes, and solving the toxicpear issue from the bromine. The latter was
tackled by employing two common complexing agents|-methylN-
ethylpyrrolidinium bromide (MEP) andN-methytN-ethylmorpholinium bromide
(EMMB), which could complex with the generated bromine and form an implasci
phase reducing the vapour that was formed. However, the additional cost of the
complexing agent, alongside the existing cost of the membrane material and the
vanadium electrolyte, led it to be considered inferior to the all vanadium RFBs

advantages.

This led to the Generation Ill VRFB breakthroughich used the same reactions as
the Generation | modeBy employing a mixed sulphuric and hydrochloric acid
electrolyte, the energy capacity increased by more than 70% over the original
Generation | modelrad surpassed th@eneration 1l model. The increased energy
capacity stems from the acidic mixture being able to stabilise the electrolyte. Studies
have indicated that théO?* species concentration is determined by the solubility of
VOSQy and theV3* by the solubility of both W(SQy)s and VOCI. Thev?*is stable in

both the mixed acid electrolyte and sulphuric acid electrolyte. In addition, the mixed
electrolyte also improves the effective temperature range in which the battery can
operate, ovei 5°C to $°C. This comes fronthe formation of VQCI (H20). at
elevated temperatures which maintains its solubility as opposed to forming the
insoluble \bOs. This removes the need for expensive temperature controls and cooling
systems. This version gives an enegfficiency of 87%, matching that of the previous

systems. These have been implemented into the market by various providers such as
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RedT Energy(UK), Prudent Energy (China)JniEnergy Technologie@JSA), and

Sumitomo(Japan)

Alternative aqueous systemdh different redox chemistries have been employed to
varying degrees of success, aiming at reducing the cost of the RFB while improving
the potential energy and power capacitieOne such system is that of the
polysulfide/halide series. The polysulfideomine battery (PBB) offers a promising

energy storage solution with low material cB%ts

Anode:

® 9w Q ©O e @l BY'0O Eqg 1.19
Cathode:

w0 ¢O0O QO wd O O pdimLBYOO Eqg 1.20
Overall:

W w0l ¢O % w WU 0 O p& 0L BYOO Eqgl.21
However, despite these low material costs, this system was found to still require
significant developmas in order to become economically vigBleThrough
modelling the 12 MW/ 120 MWh plant developed by Regenesys in Little Bradford
Power Station, it was found that even with optimal conditions the powervyetaid
operate at a financial Id8s It was recommended that for this to become a profitable

venture, that the electrode kinetics would need to be improved upon or the capital cost

of the battery itsélwould need to be reduced significantly.

Substantialvork has gone into improving the electrode materials employed within the
PBB. A cobalt coated carbon felt electrode was developed through electroless
plating®. This electrode was shown to be more electrochemically reactive than the
carbon felt on its own. This was used as the negative @liecend produced energy
efficiencies greater than 80%. In addition, a nickel felt alongside a carbon felt were
also investigateéd. The nickel anatarbon felts were used as the negative and positive
electrodes respectively. This set up was found to have stable cycles and increased the
energy efficiency t@lmost80%. These electrode developments drastically increase
the electrocatalytic activityfahe PBB system.
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Overall:

COWOiT & PpULAOYO LI e0WY €& ¢x1
O pd ¥ pdH pwL BY'OO Eq 1.2

However, one aspect the modelling did not take into consideration was the self
discharge caused by thesBiffusing across the memdme. This is the major
contributing reason for the PBB to have an operating at an energy efficiency of ~60%.
In other energy storage technologies, such as Zm¥ use of quaternary complexes
are used to sequestrate the bromine to form an immisdialsepthat eliminates this
diffusion across the membrane which leads todistthargé®®’. In addition, this also

i mproves the brominebés availability to
solubility?®,

Aside from the PBB, other halides have been used for the polysulfide/halide RFB.
Polysulfide iodi@ RFB (PSIB) also boasts cheap materials but offers a significantly
greater energy density in comparison to the ®BR\dditionally, iodine itself has a

very low solubility, meaning that the muchore soluble triiodide species is relied
upon in this system which means a third of all the available iodine cannot be utilised
in this energy storage application. THidd limits the upper voltage to prevent the
irreversible reaction which precipitates to iodine which reduces the energy c4pacity
However, work has been carried out on the zadine system which uses bromide as
the complexing ion opposed to iodide allowing the solution to achieve a much greater
energy capacity: though the ability to independently scale up power and energy is still
lost in these hybrid systerits The disadvantage is that the material is highly corrosive
and would present a limitation in the life cycle of the electfod&hough this redox
couple remains relatively unexplored for a redox flow battery with most of the
chemistries on the iodide couple being airatthe application for dye sensitised solar
cells’?"®, These strategies alongside other methods could be used to enhance the PBB,
PSIB and other polysulfide based RFBs to strive towards an energgesteystem

which can efficiently store renewable energy whilst remaining commercially viable.
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1.3.2NonAqueous RFB
Nonaqueous RFBs were developed to yield a large energy density although they
suffer from a drastically reduced power density in comparis@aqueous RFB%™>76,
In addition, noraqueous flow batteries are not constrained to the same potential limits
as aqueos batteries where water electrolysis may occur: resultirgimer energy
densitie$®. Some of these RFBs have been demonstrated to have operating voltages >
2 V. However, the poosolubility of their electroactive species reduces the current
densities these can operate at. In addition, they also suffer from much poorer voltage
and energy efficiencies compared to their aqueous counterparts with significant
degradation over multipleycles. Due to their wide variety of choices in redox couples,
the types of noraqueous batteries can be described as either-ooeiadinated or

organic.
Metal-coordinated RFBs

The first set of these chemistries, metal coordinated, comprises of a et c
dictating the redox reaction while being supported by organic ligands. This enables
chemical design to attempt to achieve high potentials and solubility. There are various
metatbased couples that have been develppesing the supporting electrolyte
acetylacetonate (acac) ligand specsegh as the V(acag)’ Mn(acac),’® Cr(acac),’®

and Ru(acag)® The metal complexes formed with acac are soluble in the many
organic solvents usemsnonaqueous media, such asetonitrile,and often achieves

the highest solubility for the electroactive species. This is not the exclusive choice of
ligand with bipyridine (bpy) and acetylacetone (acacen) also being other ligand

optiong0 7>,

The freedom of design is not restricted solely to the supporting ligand for the metal
centre but also to the organic solvent that is used. For the V{a&ayatdm, an ionic
liquids consisting of tetrabutylammonium hexafluorophosphate (TEABRd 1
ethyl3-methyl imidazolium hexafluorophosphate (EMH¥PFhave been used, in
acetonitrile (organic solvent uséd)The interest for this was that V(acatiad an
operating potential of 2.2 V compared to the VRFB at 1.26 V. However, the non
aqueous version still suffered froextremely low energy efficiency due to the low

conductivity of the electrolyte and side reactions that occur which lead to degradation
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on cycling. These ionic liquids increase the conductivity and provide a stable
electrolyte to support the electroactigpecies. Despite these improvements, the
coulombic efficiencies were still low with TEAREBNd EMIPFE having an efficiency

of 56% and 46%, respectively. However, the development of #basald ionic liquids
offers a material that are ionically conductirgjlowing it to serve as both an
electrolyte supporting material as well as a potentially electroactive species. One of
these materials was tested in ancalpper, noraqueous RFB. The copper species

[Cu (MeCN)][Tf2N] in acetonitrile, structure shown frigure 1.14 was shown to
provide good ionic conductivity and sbility (1.68 M in acetonitrile). Clear evidence

of the improvement obtained was that the coulombic efficiency achieved was 87%.
However, the voltage losses were still high, resulting in an energy efficiency of 44%

and operation could only seistained atery low current densities (5 mA ¢A).
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Figurel.14 Structure of [Cu (MeCN][Tf2N] (taken from Yun Let. al.)8!

Organic RFBs

Organic RFBs allow for structural diversity the electroactive material, giving the
ability to design these materials to potentiaintrol the solubilityand impact on the
environment these substances may ffaves these are synthesised, this allows the
productions of successful redox couples to be in an abund@&me.such system is

the 40xo0 2,2,6,6tetramethyl-piperidinyloxy (TEMPO) and (1S)+)-
Camphorquinone in a supging electrolyte of TEABKpropylene carbonate. These
achieved an open circuit potential of 2.12 V at a 50% state of chafgevever, these
were quastreversible &s some of the materials hdaeenirreversibly structurky
changel) despite achieving an energy density of 71%. As in the metal coordinated
systems, this is due to the low ionic conductivity of the organic solvents used as an
electrolye.
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However, organic RFBs are not limited to raueous environments. Aqueous
organic RFBs boast a much lower cost than traditional RFBs but are severely limited
by the stability and solubility of these materfafé. Quinones have formed the basis

of a considerable number of redox materials used in this system. One such system was
the 4,5dibenzoquionel,3-benzenedisulfonate (tiron) with KCI solutfSnwith this

RFB, they managed to achieve an energy efficiency of 82%. However, it was found
that the chemistries were pH dependent, with a pH <4 required for the tiron to act as
the positive active species but resulted in a gueasrsiblesystem with some of the

capacity becoming irreversible due to a change in the chemical structure.

1.3.3Hybrid RFB
Finally, hybrid RFBs have been shown to yield high energy and power densities with
lower costs but lose the ability to scale up power aedggnindependent of each other
as when charged, material deposits onto the electrode as opposed to remaining in the
electrolytd*8>,

Zinc is an attractive material for use in the flow battery due to its natural abundance
and low cos. Additionally, zinc also has a large negative potential which allows for
the system to have a high power density when coupled with areléwropositive
redox coupl®’. During the chargelischarge cycle of the redox flow battery the zinc

has an electrodeposition*tf
T cAr 1 % ™) G B (% Eq 1.23

There are a variety of redox species that can couple with zinc, the three that are

discussed here are ZnC¥nCe, and ZnBr
Zinc Chloride RFB

The zinc chloride battery was developed for the Energyeld@pment Association in
America for potential use in energy storagg@ pl i cat i ons *Thisi ng t I
system is basedn the electrochemical reactions ohc and chlorine from ZnCl,

aqueous solutia)with the chlorine and water reacting chemically at the samé&%ime

c#P cA #1 % P G U B ( % Eq 1.24
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This system is Igihly reversible with a theoretical celbltage of 2.12 V. Since the
ZnCl; cell doesnot use complexing agents the theoretical value is equal to the open
circuit voltage. This provides a theoretical energy density of 465 \Whakfough in
practice,60 to80 Wh kd!is normally obtaineddependent on system desigiThe

zinc deposits on theegative electrode arat the positive electrodehe evolution of

Cl> gasoccurs and this iemoved to another vessel where it is mixed with water to
form chlorine hydrate. During the dischartfee requiredchlorine isregeneratety
heating the chlorine hydrate the ZnCl, electrolyte. This is then flowed througb

the cathode where it is consumed electrochemically.

There is another storage method for the chlorine gas formed which iavolve
compression until liquefaction occurachis maintained at roughly 6 atmowever

this is less desirable than the previous method dtiestoost of this proce®s

The nc chlorideRFB has undergne numerous improvements sinc®3.9However,
despite such developmentbe technology was deemed to be too problematic for
practical use since it still exhibited a lot of performaasenell aseconomic issues.
Additionally, the evolution of chlorine ggpose a severe environmental and health
hazard This caused a cessation of interest in zivec chlorine battery from being
further developet?®. However in 2012,an American company, Primus Power,
developed a 25 MW/ 75 MWéystem for aenergy farm in Californidespite thigh%2

Zinc Cerium RFB

Zinc cerium RFB was introduced by Plurion in the 2000s. This system offered a
significantly high current density for disarge: claiming 40800 mA cm?44 The
system used methanesulfonic acid (MSA) as the supporting electrolyte since it was
less corrosive than alternative acasl could support cerium at higher concentrations
(>1 mol dm?®)%, In addition to this, it also inhibited the growth of zinc detedi
discussed later in this sectfdnThis RFB also offered a significantly large circuit

potential with the cerium haffell reaction in MSA being:
0QOo0¢coQ Q ©O PP WL B ( % Eq. 1.25

This gave a cell voltage of 2.4 V. Howev#re strong oxidising environment for the

positive electrode meant that carbon could not be used as the electrode would undergo
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irreversible oxidationTherefore, to achieve the best efficiencies, the positive electrode
used was a platinised titanium mesid @perated at 8C which achieved an energy
efficiency of 6098%,

More recently, a membraneless zinc cerium RFB was developed which used a lower
acid concentration: enabling a carbon felt to be &/sédaddition, it also had a 75%
energy efficiency. However, the lower acid concentration also resulted in a reduction
of the systemds ener gy dcdeentrstiont dyoppechts 0.2t h e
mol dmi3. The longterm stability of the felts in this environment is still to be

investigated.
Zinc Bromide RFB

The Be/Br' redox couple has been used as the positive electrode reaction-in zinc
bromide, polysulphide bromide, and vanadibmmide batteries a$ offers a large
positive potential resulting in a higlell voltagefor the battery system. At the positive
electrode, the standard electrode potential of théBBrredox couple is 1.09 Vs.

SHE:

01 QO c¢oi (0] P8t o U B( % Eq 1.26

When coupled with zinc gives an overall reaction of:

I 61P : | ¢oi O PRI U L B ( % Eq 1.27

The chemistry of bromine is very similar to that of the chlorine system with one distinct
difference: where chlor&l converts into chlorine gas, bromide converts into bromine
liquid. However, bromine liquid is still very volatil@apour pressure of 202 mmHg

at 298 K)and will result inBr2 vapour being formed to some extent, meaning that
some of the overall batteryfeiency will be lost due to this gas escapingp any
available head spade the reservoirS. Additionally, bromine is extremely toxic by
inhalation (LC50 750 ppm 1 h (mous¥)Despite these issues, the zinc bromine RFB

is the second most commercially developed flow baterthe VRFB. However,

this system still has numerous issues, such as the growth of dendritic zinc and
crossover of bromine, which can lmprovedto allow this system to become more

economically viable.

29

(0]



The first major issue with the zidwromine battery is that there is a high rate of-self
discharge. Thiss due to the solubility of the bromine within the electrolgtelbeing
transporédthrough he porous separatarhere it wouldreact rapidly with the plated
zinc on the negative electrode. This would result in what is referred to-atisetlérge
which drastically reduces the coulombic efficiency of the battery. In addition, as
mentioned earlierthe vapour formed in any headspace within the external reservoir

alsoresults in a coulombic efficiency loss.

To counteracthese limitationsa series of additives are employed to complex with the
electrogenerated bromine and hold it within the posgieetrolyte.These additives

are typically quaternary ammonium compounds that capture trenBrcomplex this

to higher polybromide forms€.g.Brs', Brs or Br/')®". Normally, the Q Bry' yields

an immiscible liquid phase which requires these battery systems to have additional
pumping procedures to the positive electrode during dischingee habeen a great

deal of interest to synthesis composiidat would reduce the setischarge bthe

zinc bromine batteryMany studieshave been carried od,at i ng back t o
when R. Blochet. al. studied the composition that tetramethylammonium bromide
would have when mixed with bromine and the physical properties of the new phase
that was formed®. However, this was before these complexing agents were considered
for applications within energy storage. One of the first papers to relate it to batteries
was from F. Rallcet. al, where he proposethis method as a way to reduce the
solubility of the bromine in the aqueous phase by using low molecular weight
tetraalkyammonium halides and perchlorates to form the barely soluble polyR&lides

The formation of these liguighase polybromides were investigated by. Bustace,
where he uses unsymmetrical substituted cyclic quaternary ammonium bromides
(QBI)' Three were specifically looked af:-ethy-N-methylmorpholinium bromide
(EMMB), N-chloromethyiN-methylpyrrolidinium bromide (CMPB) andN-
methoxymethyiN-methylpiperidinium bromide (MOPB) with structures as shown in

Figurel.15below.
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Figurel.15Selecton of quaternary complexing agents used by D. J. Eustace

All these compounds were found to create a brofisised salt, which was modelled
as a micelldike process, where the dominant phase separation process is controlled
by the polyhalide ion activityzrom the complexing agents used MOPB was found to

be unstable whereas EMMB has been successa@vierakzinc-bromine systems.

K. J. Cathreet. al.noted that, from the studies above, there waseal to increase the
number of additives which could compmx the electrogenerated bromine at
temperatures lower than 25'°% At the time of this paper it was simply reportedt

at low temperatres and low bromineoncentrationsthe QBr would lead to the
formation of a solid phase which would cause restriction in the electrolyte flow
resulting in the battery failing. To assess this situatinany aliphatic and cyclic
materials were examined guwecompared to the EMMB in use at that time. From their
work they found that no single compound was shown to be perfectly acceptable in that
they all produced a solid phasadercertain conditions. However, one of the cyclic
compoundsN-methytN-ethylpyrolidinium bromide (MEP)) and two of the aliphatic
compounds  (dimethylethylpropylammonium bromide -(@EP) and
diethylmethylpropylammonium bromide-&2MP)) were shown to be usalds long

as the electrolyte did not fall unded°C. Additionally, they confirred that the mixing

of QBr compounds would lower the freezing point t&€ ®dy reducinghe number of
bromides complexed ithe polybromide phasgsoducedMore indepthresearcHor

the mixture of MEP/ EMMBtermed as a modified electrolyte (MORJas carrid
out'®2. However, solidification of the brominghase still occurred aemperatures
<10°C. The problem wasesolved by adding 2ZEMP and tetrabutylammonium
bromide (TBABr) whit gave the MOD the properties required to enable it to be used

between E50°C. This electrolyte composition was found tesult in higher
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concentrations of bromine in tltemplexedpolybromide phase than the aqueous
one lower ohmic resistances and slaalzalues fothebromine diffusion coefficients

in relation to their original mixture.

In contrast tathe previous studies which mostly leakat asymmetriccomplexing
agentsK. Cedzynsk&xaminecsymmetrical complexing agents: tetraethylammonium
bromide (TEABr) and tetrabutylammonium bromif& They observe that the
electrochemical process heweas diffusion controlled and that the diffusion
coefficient was influenced by the kinematic viscosityhich altered withthe

composition and concentrations of the electrolytes.

The use oEMMB, MEP and TBABr complexing agentgth the brominded tothe
formation of a new oily, immiscible phagéth respecto thecontent of bromineThey
found the EMMB and MEPsatisfactorily removel the bromine vapoursand
furthermore hadho effect on the kineticef the bromine reaction. Howeveheir
presencewas detrimental to the membrane used as an organic Vegeformed
reducel the voltage efficiency However, N-methykN-ethylpyrrolidinium bromide
(MEP) have continued to be the complexing agent of choice in commercial zinc

bromine batteri¢§104105,

There exists, nevertheless, cansiderable interest in developing ebwadditive
compoundghatcouldlead toimprovements inthe cycling efficiencies, kinetics, cost
of materials orphysical natureof complexedpolybromide phase achiev@gfs1o’,
Very few papers focus on the immiscible phatself other thargiving ananalysis of

its impact orthe electrokineticd§81%°. However,the mass transport issues created by
having the secondary phaskave beerrecognisedby Yanget aft'®. In that study,
surfactantsvereemployedto break up the immiscible phageimprove its dispersion
within theagueouslectrolyte. Using a small quantity of a polysorbate (polysorbate
20), they managed to increase the dispersidmeopolybromide complex phase within
the aqueous phase, leading to an increase in the coulombic efficiency.

The second major issue, which affects all zinc systems, is the formation of dendrites.
These dendrites are finger like projections which protfrate the negative electrode
surface when the battery is being charged and zinc is being deposited, as shown in
Figurel.l6
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Figurel.16Zinc dendrite growth

These dendrites can potentially reduce the coulonfbaescy (if they break off) or
drastically reduce the RFBs lifespan (shouldytpgerce the membrane and cause a
short circuit).A high rate of zinc electrodepositiamd dissolutions usually desirable
for cost and performance related parametushas high power and lower pumping
costs Therefore, the morphology of such depositians key tamprove the current
zinc systems and make them more efficient and cost effé€tivEor instance, e
zinc-cerium RFB controlled the zinc depositions indireaiing methanesulfonic
acid which wasoriginally used to increase the solubility of the ceribat was also
found to inhibit zinc dendritic growttHowever, zinc bromide and zinc chloride are

operated in aqueous solutions with no acidsamnsiuctdo nothave thisadvantage.

Additives,such agolyethylene glycol (PEG, MW = 200}, are commonly used to
inhibit the growth of these dendriteBEG has a good stability and is resistant to
chemical degradation during tlwbarge/dischargeycles of the zinc batteryrhese
authors reported that the suppression of ziendrite growth could be achieved with
1,000 and 10,000 ppm of PEZBR0O'®, At these concentrations, the deposiiarere

more compact andtal0,000 ppm, the dendrites wesdiminated However,
accompanying kinetic studies revealed that the RBGlowered the current density
substantially by forming a passivating film on the electrode surface, leading to a
complete inhibition of the batteigharging procesd.o use this material therefore, a
delicate balance was requiredminimise the internal resistance from the passivating
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film but also reducing the dendritic growth of the zinc. In more recent work, S. J.
Banik used another polymemlyethylimine (PEI), to inhibit the zinc dendritic growth

in an alkaline zinc battet?. However, this polymer exhibited the same characteristics
as PEG in that the moo®ncentrated the additive, the more it inhibited the surface of
the electrode to further electroplating. Therefore, the same balance as with PEG would

be needed for this material and the amount required was stated to be no more than 50
ppm.

Ethanol has ben employed in a zinc iodine RFB to successfully inhibit the growth of
these dendrité& The result led to a finer grain of deposits to be produced. This effect
is believed to be the outcome of the ethanofrdimation with the zinc ions allowing

for the plating overpotential to be enhanced resulting in a lower plating exchange
current density. Although this work focused primarily on the zinc iodine RFB, the
outcome is of relevance interest to the other aqueoesased hybrid RFBs.
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2. Aim

This project focuses on the development ofzihe bromine hybrid redox flow battery.

The aim was to understand the underlying chemistries of this energy storage system
and to improve them to make them either last longgerate more efficiently or make
them more economically viable. To assess the potential impact of aspects within this
work, it was also necessary to understand the benefit this system would have on the
wider community, its current challenges toward lienmpentation, and the general trend

of opinion within the scientific community.

In addition, as one of the project funders, Lotte Chemical, had issued a research and
development zinc bromine RFB at a 25 kW/ 50 kWh scale. This system was to be

tested to uderstand its current ability in terms of efficiency.
Objectives

From the introduction and opportunities available to this project, the objectives stated

were:

1 to analyse and develop additives used within the ZRBB with the aim of
improving the electigte chemistry

1 to develop electrode materials to improve the electrokinetics in the system and
scale these up to a lab scale flow cell

1 to characterise the coulombic, voltage and energy efficien€ite 25 kW/
50 kWh zZnBp RFB and identify areas of potigad improvement for the
development of the followp prototype

1 (due to successful funding from the PECREPEER Exchange Grant) to
characterise the areas of efficiency loss in a 200 kw/ 400 kWh vanadium RFB
and determine the functionality of this energgtem for multiple applications

in Martigny, Switzerland
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3. Experimental

3.1 Electrode Setup

Three types of carbaglectrodematerial were used throughout this study. These were

1. carbon composites: graphite flakes bound with phenolic resin (B4 polymer
(BMA 5), or polypropylene (PPG86) supplied by SGL Carbon, Germany, or polyvinyl
ester (PVE) supplied by Entegris Inc, USA;

2. carbon felts: Sigracell GFB(3 mm, PANbased carbon fibres), Sigracell GB35
(4.6 mm, PANbased carbon fibreghd Sigracell GFA (3 mm, Rayofbased carbon
fibres)werepurchased from SGL Carbon ahtkrsen Battery Grad@.6 mm, PAN
based carbon fibregrovided by Mersen Ltd, Scotland.

3. an activated layer comprised of activated carbon -(J€)g conductive cdron
(Super_P) and binders (GM5070E) as supplied by Lotte Chemical

3.1.1CarbonComposites
The carbon polymer composites were used as received and cut inteithsaZ mm
diameter. This gave a geometric electrode surface area of 023d leendiscs wer
then loaded onto a recessed copper rod in a Teflon holder and fixed with silver
conducting paint (from RS Components, Scotland). The Teflon resin cap was then
pushed level with the carbon electrode and the remaining area between the cap and
electrode wasealed off using an epoxy resaraldite(from RS ComponentsThis is
shown nFigure3.1. Thegap between the Teflon holder and cap was then sealed using
Teflon tape to prevent any solution getting into conteith the centralcopperrod.
These electrodes were then polished using emery paper grade 1200 (Screwfix,
Scotland) and rinsed with isopropanol and dried in astidéam.
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Teflon resin

Carbon Composite

|-

Araldite with controlled,

exposed surface are

Figure3.1 Round disc electrode holder and sep

3.1.2Felt
The carborfelts were subjected to mild thermal oxidation in an oven at 500°Z4for
hoursin air to activate and increase their hydrophilicibyoughby increasing the
number of oxygetbased functional groups on the surfling to an increase of the
hydrogen bnding effectsthis effectcan be seen iRigure3.2. These were prepared
for use in both the Hell and the flow cell being cut to 2 x 10 cm and 10 x 10 cm,
respectively. The weights before and after were re@srénd a slight decrease was
observed after thermal treatmerifhe conductivity of these were measured before
application to ensure no faulty samples were analysed. This was done using a
multimeter and testing the resistivity across the electrode swiitttéwvo probes and

ensuringthivas | ess than 2 Y.

Water drop retains Water drop

shape on surface of dissipated on

inactivated felt activated felt

Figure3.2 before (left) and after (right) thermal oxidation showing an increase in hydrophilicity

3.1.3Activated Carbon
Theiacti vated | ayero refers to the coatin
positive electrode of theZnBr, RFB system. As such, many specifics on the materials
used or the reasoning behind the composition used remained confidential to Lotte

Chemical. However, the materials and a simple experimental was provided to
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determine the effectiveness of theiovel electrode material compared to other
electrode materials. Thactivatedlayerwasused on the carbon composjtdsswas

made by mixing 3.5 g of TegF with 0.26 g of Super_P. This mixture was then added

to a slurry of 0.28 g of the GM5070E binderrb g of toluene. Once evenly mixed,

more toluene (5.8 g) was added and the mixture was left to stir at room temperature

for 31 4 hours. This was then evenly cast onto the electrode surface and dried in an
oven at 60°C. Since the actiedtlayer was to b roughly 56 mg/cnt (as was
recommended by Lotte Chemige&® mg of the mixture was evenly spread onto the
positive electrodebds surface to allow for

the mixture in the oven.

3.2 Electrochemical Setup
Threeelectrochemical saips were used fanultiple investigations:

1. 37 electrode cell was used for most of the electrochemical characterisations of the

various electrolyte solutions and electrodes tested throughout this study.

2. H-cell allowed for initial testing through galvanic cycling and acted as an
intermediary step between the scale up from the=l&ctrode cell satp to the flow

cell setup.

3. The flow cell allowed for flow battery conditions to be simulated for further

characterisation of th&tudied chemistries.

3.2.137 Electrode Cell
The first set up for the carbon polymer composites used a smaletrode glass
cell. In this cell, the Pt mesh counter electrode (CE) was separated from the working
electrode (WE) compartment by a porousmbrane (Grade 1, glassfrit). Contact with
the saturated (KCI) calomel reference electrode (SCE)weaa Luggin capillary,
whi ch was positioned as c¢cl ose gdsplgyeds si bl e

in Figure3.3).

In some instances, it was necessary to use a Ag/ AgCl reference electrode. This was
made by heatingoglium hypochloritesolution with an immersed silver wire: creating
a AgCl surface. This was then placed into a small glass tube s&adgith@ molecular

sieve with 1% w/w agar enriched with AgClI injected into the tube. With the tube
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containing the wire and agar solution filled, the open end, where the excess wire
protrudes, was sealed using araldite. The quality of the referenceo@éectas
frequently monitored against a SCE to ensure the OCP difference remains at 47 mV,

a recognised difference for these electrochemical reference electrodes.

-
Reference S
electrale ¥

Luggin Capillary

Working

electrode

Figure3.3 The 3electrode cell containing the carbon coated WE, Pt mesh CE &®@B& in 50 mM ZnBrl7
mM MEP and 0.5 M KCI

3.2.2H-Cell
The second set up for testing the felts used arelHwith strong magneticaly
controlled stirring of the solution to mimic the agitation of the solution in the flow cell.
The two compartments werseparated bither aNafion-117 membraneor a
polyethylene/ silica porous separator: depending the study being condaqtead
measures (150 mLgf the electrolyte solution, comprisirgd 2.25 M ZnBp, 0.5 M
ZnClp, 5 mL of Be per litre of electrolyteand 0.8 M MERwas placed on either side
of the Hcell, with the felt being submerged to a measured depth of (7 cm) on one side
and a carbon polymer composite electrode on the other side. The surface area of the
negative electrode was controlled to 12dwy wrapping the carbon plate wilfeflon

tapeuntil the desired surface area was expgasdhown inFigure3.4).
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Figure3.4 H-cell separated by the Nafion 117 membrane with the positive felt electrcated negative carbon

composite polymer. 150 mL of 2.25 M ZnrB0.5 M ZnGland 0.8 M MEP in each compartment

3.2.3Flow Cell
The electrode for the flow cell was attached &taanless steel or brasgetal backing
plate. This backing plate was cleanedydrochloric acid to remove the oxide layer
before the carbon composite (cut to bexIi® cm) was connected to the backing plate
using silver conducting paint. Once set, the rasistwas tested to ensure it was less
than 5 q and wa sdensity palyetlylene moutn. Thihwes bolied) h
into place with the edges of the carbon composite electrode being sealed with araldite.
Depending the test, a carbon felt may be added to the carbon composite using carbon
cement and allowing to cure for 12 h6f°C. Before constructing the flow cethe
resigancewas tested one last timesing a multimeter with two probet® ensure it
was still less thar2 q . Platescontaining the sealed electrodmas placed onto a
metal backing frame, the desired flomlat was noted, and the flow field plate was
placed facing toward the electrode with the appropriate flow directions. A black rubber
seal was placed on top with the chosen separator being placed over the electrode
window. This was then sandwiched togetingth another rubber seal and a mirror
opposite flow field plate facing the second mould containing the second electrode. The
bolts thread at the back of the electrode plate acts as the conductive pathway for the

potentiostat to be connected. The overathup can be seen in
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Figure3.5. The final metal plate was then placed on top of the second mould with the
entire flow cell being bolted together with a specified order of the bolts being tightened

(order indica¢d on the metal plate).

Bolt thread Rubber Seals Separator Electrode Platg

0
0l 0 oooj
)
N
\

NAERUNON

Metal plate Flow field Electrode

25 cm

Figure3.5 Components and order of assembly for the flow cell

Depending the experiment, different types of tubing was secured to the inlets and
outlets. Masterflex Tygon was used for the experiments where bromine was not
present. Whereas Masterflex Viton was used in the presence of bromine due to its
chemical resistivity. The tubing was then set into the peristaltic pump and tested for
leaks using a flow of deionised water for an extended peiftagure 3.6 shows the

flow cell assembled.

Figure3.6 Flow cell assembled
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3.3 Additive Synthesis
Thefirst set of novel complex additives were synthesised based oratiwnales

17 they were to have the same cyclic structure as other successfukezadditives

already identified (pyridine, morpholine and pyrroliditt&j61°¢

21 the longer aliphatic leg of the quaternary ammonium compound was to incorporate
a carboxylic acid functional group:

solubiity 114115

These conditions led to the synthesis of compoun@Brl, QBr2 and QBr3.
CompoundQBrl1 was synthesised by refluxing 1 molar equiv of pyridine with 1 molar
equiv of 2i bromoacetic acid in 40 mL of ethyl acetate for 4 h. The remaining solvent
was removed in a desiccator leaving the precipitated product. CompQémngdsand

QBr3 were synthesised by reacting 1 molar equiv &f dhethylmorpholine and 1
methylpyrrolidine, respectively, with 1 molar equiv of 8hloropropanoic acid for 4

h. The precipitated compounds were purified by washing the salts with diethyl ether

on vacuum filtation and dried in a vacuum oven at low temperature.

The second series abvel complex additives were synthesised basedonnecting
two cyclic ammonium centres together with an aliphatic leg to create a space between
two ammonium ions to trap and enaldrger polybromide species.

CompounddMO1, MO2 andMO3 were producedbr this,by refluxing 1 molar equiv

of 1,27 dibromoethane, 1,8dibromopropane and 1j4dibromobutane, respectively,
with 2 molar equiv of 4 methylmorpholine in 50 mL of 2 proparol for 24 h. The
solvent from these compoundsas removed through rotary evaporation. The
precipitated salts were then collected and purified by washing with diethyl ether on

vacuum filtration and dried in a vacuum oven at low temperature.

Thethird set d novel complex additives were synthesiseda similar rational as this
first set of additives wheréhe longer aliphatic leg of the quaternary ammonium
compound was to incorporate heydrophilic functional group:in this instance a
sulphonate group commiynused in medicinal molecular structures for solubility in
the human body. This was achieved from refluxing 1 molar equipyriding 4 1

methylmorpholine and I methylpyrrolidine, separately with 1 molar equiv of
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sodium 2bromoethanesulfonaie deionised water for 12 h to forSO, MOSO, and
MPSO, respectively Again, the solventwas removed through rotary evaporatjon
purified by washing with diethyl ether on vacuum filtration and dried in a vacuum

oven at low temperature.

All the synthesised quatnary ammonium additives were characterised usingnd
13C NMR. The!H and*3C NMR (600 MHz) were recorded in deuterated DMSXI.

structures are shown kFigure3.7.
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Figure3.7 Structures of all synthesised compounds

43



3.4 Electrolyte Production
The ZnBe electrolyte composition was provided as excess electrolyte from the 25 kW/
50 kWh RFB setip in PNDC, Cumbernauld. However, as part of work with Mersen
and to test the felt characteristics for multiple cycle duration iafnecnecessary to
produce a vanadium electrolytd@o produce 1 litre of 1.5 M vanadiur/{") in 2 M
sulphuric acidusing a method learnt in tiseole Polytechnique Fédérale de Lausanne,
210 mL of stock sulphuric acid was diluted with 290 mL of deionisedhreenecked
round bottom flasko make500 mL of 4 M sulphuric acid The solution was then
heated to~80-90 °Cand 136.4 g of/.0Os was slowly added to the flask whilst stirring
vigorously Carewastaken topreventthe resulting suspensidrom becanming too
viscous by allowing adequate time for theOd'to disperse.A reflux condensewas
attachedwith a gentle flow of N above the solution in the flagind64.1 g ofoxalic
acid was slowly addei carry out theeduction of the V" to V** to 95% canpleion.
The slow rate of addition wat® take into consideration the induction time of the
material in the solution, as once the reaction takes place it producesh@h can
cause the solution to form a froth and expand out with the flask. The finaf 8%
reductionwas completed by addir&y35 mLdilute hydrazindhydrazine monohydrate
diluted by a half with deionised watanto the solution slowly, where the solution
again effervesces.This effectcan bereduced by diluting the hydrazine but also
prevents the formation of insolulilgdrazine sulphateOn completion,he electrolyte
beamea blue colour of pur¥4*. It was therallowed to col under the flow of N
for a further1-2 hours. Once cooledhe total volume was made up to 1 litre with
deionised wategiving the desired concentrations of 1.5 M vanadium and 2 M

sulphuric acid.

A sample of the prepared vanadium solution was diluted by a factor of 20 with 2.0 M
H.SQy and its UV Vis spectrum was measured usingShimadzu UV1800 UV
Spectrphotometer Once the concentration was confirmed from the spectrum
obtained, the electrolyte was placed i nt
reservoir containing a 2 M sulphuric solution. Electrochemical reduction of the
solution was thenarried out to produce®?* which is a solution comprising of a one

to-one ratio of V3" to V4. The conversion was tracked using the -Wsble

spectrophotometer as well as the charge passed during the electibysigproduced
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a solution that coultde usedn bothhalf-cell reactions. The solution was then charged
to an 80% state of charge (SQ®)is representing a percentage value of the batteries
total chargeusing 1.5 electrons in the following equation:

&€ 0O w YOO 6 Eq 3.1

Where n is the number of electrons, F is the Faraday constant, c is the concentration,
V is the volume (in litres) and C is the number of coulombs. From this, at a constant
current, a time duration can be calculated for the charge cycle. Once discharged to a
voltage limit of 0.5 V, the battery had the appropriate vanadium oxidation states on
each side of the RFB for further cycles. Tiadf-cell reactions for these species show

1 electron, though the initial charge calculates using 1.5 eledtvamnpensat for

the multiple oxidation states it must pass through Y** to V?* in the analyte and

V3*to V°*in the catholyte).

3.5 Electrochemical techniques
Electrochemical characterisation was carried out using either a Solartron S1 1286 or
1287 Electrochersal Interface. Initially, cyclic voltammogranvgere ranat various
scan rate Cyclic voltammogram was used to examine thé B8xidation and
subsequent Brreduction and determine the parameters for use in the subsequent
electrochemical impedance spectrometry (EIS) and potentiodynamic measurements

(shown inFigure3.8).
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Tafel Range

Figure3.8 CVof the Br* oxidation and subsequent Brreduction for a 50 mM ZnBr16.67 mM MEP solution
with the key parameters identified for subsequent measurements

Using the Solartron 1250 or 1255B Frequency Response Analyser with 1286 or 1287
electrochemical intertae, the EIS was recorded for each electrode at set potentials
over the frequency range of 65,535 Hz to 0.1 Hz. The potentiodynamic measurements
(Tafel extrapolation) were carried out betweepotential range agetermined from

the cyclic voltammogram foreach electrode and solution at a scan rate of
0.1667 mV 3.

Using the Hcell, the performance of each of the felts was analysed through galvanic
cycling. These cycles provided information on the €HK.1) and VE Eq. 2) given
that the constant currentpplied for both charge and discharge was equal

0 Ob pmmp Eq 3.2

w'ob pmimb Eq 3.3

The galvanic cycles were measured using charge and discharge rates of 5, 10, 20, 30
and 40 mA cnif for periods of 1800 s. Voltage limits were imposed to prevent damage

to the cell components durirfparge (1.9) andischarge(0.25 V). Subsequently, the
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surface area of the carbon polymer composite negative electrode was increased from

1 cnfto 10 cntand was charged at 100 mA for 54 hours to charge the solution (hence
battery) to a theoretical value of 30% SOC. This walso result in the MEP forming

a finewo phase with the generated bromine
cycles were again carried out on each of the felts and at the different current densities
noted above. The sequence was repeated f@% $OC zinc bromide electrolyte

solution.

The flow cell tested a variety of electrode materials through two electrochemical
methods: volumetric mass transportefticient and performance efficiencies. The
volumetric mass transport -@ficient kLAm¢ used a large volume of potassium
ferricyanide solution supported by potassium chloride as a supporting electrolyte. The
stack was constructed withAg/AgCl reference electrode being used in the positive
electrode compartment. This reference electrode watke maing the same method
discussed earlier with the exception that enamelled silver wire was used to allow an
effective seal to be made in the flow cell when constructed. In addition, the Nafion
117 membrane was used for this-gpt The potassium ferriapide solution would

then be circulated through the stack, monitoring the OCP with a redox electrode in the
positive reservoir to determine the concentration of the electrolyte at given points. A
linear single voltammogram was ran at 3 m¥s allow for the mass transport plateau

to be identified. A given potential was used and both linear single voltammogram and
chronoamperometry was used to determinéthgefor each electrode at various flow

rates, controlled with the peristaltic pusap

The performance efficiencies were measured in a similar manner to the efficiencies
determined through the -ekell. The reference electrode was not used for this
experiment as the cell potential was measured and used to control the running of these
expeiments. Additionally, the porous polyethylene/ silica separator was used in this
instance. Each reservoir tank holds 500 mR.@5 M ZnBg, 0.5 M ZnC}, 5 mL of

Br2 per litre of electrolyteand 0.8 M MEP This was circulated through the cell with

the peistaltic pump set at rotation speefd600 mL miri®. A constant current was held

for forty-eight hours, fourteen minutes, and thitittyee seconds to achieve an 80%

SOC. The same current was then applied to discharge the electrolyte solution for an
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indefinite period until the cell voltage hits the limit of 0.25 V: indicating the solution

has discharged.

3.6 Physical Properties
The complexing ability of the @Br,' additive with Bp was investigated by examining
specific parameters that can measure trectiffeness of the @ry' compounds used.
The samples used to conduct these tests were prepared by equilibrating these with a
saturated bromine solution in the 3:1 molar ratio of Bf Br,'. The three regions of
this mixture(Figure 3.9): viz, bromine vapour formed above the electrolyte solution,
bromine concentration in the aqueous layer of the solution and in the complex phase

achieved in the immiscible layer were analysed.

UV-visible

Quantitative Chemical Analysis

Raman Spectroscopy

Figure 3.9 Cuvette containing the charged electrolyte sample indicating the regions of analysi

3.6.1 UV-visible
The different compnents were added to a sealed sample bottle, filling a third of the
bottle volume. The bottle was placed in a water bath where the temperature was
controlled to +0.5°C over the range of 20°C to 40°C. ThecBncentration in the
vapour above the liquid cqggonent was measured using the Shimadzul8v0 UV
Spectrophotometer, considering the absorptivity of the bromine. Once the set
temperature was reached the sample bottle was equilibrated for 10 minutes prior to
UV-vis measurements. The temperature deperdefitie Bs vapour pressure above
both the aqueous and immiscible phases was measured in this manner and this allowed
the enthalpyol a p o r i zHa}) to lme nlezern{inad through the Claustiapeyron
equation®. The data from these measurements was confirmed by repeating the
experiment using an isoteniscqégure 3.10)'". However, the method involvingeh

UV-visible spectrometer was preferred here as the isoteniscope measures the vapour

48



pressure of both the Band the water whereas the Wisible spectrum only examines
the Br content.

Vacuum Pump
|

Nesdle - Valve B ® ON - OFF Stop Cock
Atmosphere i_& S ~ Vacwum Gauge
c
ON-OFF Stop Cock r-®A
i i
- Null - Monometer
-Etch - Markings
25mi

Bromine Complex — & )

Figure3.10Isoteniscope selp to determine the enthalpy of vapozation of Be for the electrolyte solution
compositions117

3.6.2 Quantitative chemical analysis
For quantification of the Brcontent in the aqueous pleas 0.5 crhaliquot of the
solution from this layer was extracted. This aliquot was then added to a- round
bottomed flask with 25 cfof 0.5 M potassium iodide (excess). Sodium thiosulphate
was employed as the titrant to the iodine generated by the read@tior 2I' Y 2B r
+ l2. Two small platinum electrodes, at a fixed distance apart, were placed into the
solution and a very small current of (50 nA) was passed through the solution. This
formed iodine and iodide in equilibrium at the electrodes keepamgatential steady
if 12 was present. Once the current was set, sodium thiosulphate (0.01 M) at a known
flow rate was added into this solution from a burette. Initially, a small voltage
difference existed between these two electrodes. However, thisidlirapes when
all the iodinewas fully consumed by the reaction with the sodium thiosulphate:
2502+ 1Y & ™+ 2I'. The time for this endpoint was noted and the exact volume
of sodium thiosulphate was determined using the flow rate from the burette and so

allowing the bromine concentration to be determined.
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3.6.3 RamanSpectroscopy
Finally, the polybromide Bf containing the Brcaptured by the QBr,' additive was
analysed through Raman spectrosc&snishaw RM1000 microscope system with
633 nm HeNe excitation) This was done by extracting a small sample of the
immiscible liquid into a 1mmglass cuvetteand using a Ventacon macrosampler
attached to the objective turret fiocus lightvia a NikonMPlan 20xNA 0.4 LWD
objective. An integration time of 10 s was usdthe presence of both Brand Bg'
species could be identified from the Rampadrd®. By normalizing the data to the
Brs' peak, the effectiveness of each of tHeBR' synthesised to capture the:Brased
on the Bg' content, could be comparedThe acquisition time and number of

acquisitions were controlled by the GRAMS software.
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4. Theory

4.1 Cyclic Voltammogram
Cyclic Voltammetry (CV) is an important and widely used analytical technique in
electrochemistry. It can be used to study a variety of redox processes to obtain
information on the stability of the electrochemical reaction, the presence of
intermediates in oX reactions, electron transfer kinetics as well as the reversibility
of a reaction. In a CV experiment, the potential of the WE are ramped linearly with

time like linear sweep voltammetry.

However, unlike linear sweep voltammetry (which ends at a sehgal), when the
voltage reaches a set potential, the potential ramp is reversed, usually back to the start

potential. This action can be carried out multiple times in a single experiment.

In the interest of explaining, these experiments were carriegittuan electractive
speciesof 50 mM of KsFe (CN} and the electrolyte wamn aqueous solution 625
M KCI, using aglassy carbon for the WE, platinum for the CE acdlamel electrode
for the RE (mercury and mercureasloride in contact with a satated KCI solution)

Thescan rate employed werbetween 2200 mV in increments of 20 mV. When the

current response waotted against thpotential, it showedwo peaks Figure4.1):

4.0x1073
3.0x 1073
2.0x1073

1.0x 1073

-1.0x 1073

Curre nt (A)
S
o

-2.0x 1073

-3.0x 1073

-4.0x 1073

-5.0x 1073

-6.0 x 1073

Potential (V)

Figure4.1 Cyclic Voltammogram at 50M KsFe (CN)in 0.25 M KCI, WE Pt, Scan rate; 50 mVs!

51



The cathodic peak on the negative scan (at ~ 0.XI$SCE) is due to the reduction of

the ferricyanide to the ferrocyanide and on reversing the scan at 0 V, an oxidation peak
due to the reverseadetion is obtained at roughly 0.25 V. A peak is obtained in both
instances due to the reaction becoming limited by mass transport between the surface

of the electrode and the bulk of the solution.

To determine the diffusion coefficient for this reacti@acke cathodic peal)(was
plotted against the scan rate to the power of a &&dj,(which gave a linear trend in

agreement with the Randi&evcik equatioH?,

O cCWwpPpTME O & & Eq 4.1
Take the gradient of the originally plottdg/¢~?) to equaim,

4 CchwpmeE & PO & Eq 4.2

And with a simple rearrangement the diffusioefficient (D) can be calculated,

(@) . P X& W pmmwal Eg 4.3

Where area (A) was 0.38r%, and concentration of the bulk solutios®owas 50 mM

for the potassium ferrocyanide system usElee value obtained for this systems setup
diffusion coefficient compares well with literature valtidsHowever, this could be
further verified by carrying out a potential step analysis and comparing the values

obtaned.

4.2 Potentiodynamic Scan (Tafel Extrapolation)
To predict the rate of eeactionit is important to work out the fundamental kinetic
parameters of the reaction (exchange current deigsitharge transfer coefficiemat
and rate constark). Thesecan be obtained from an analytical technique known as
Tafel extrapolation.
Thus,starts with the Butler Volmer equation whidéscribes how the electrical current
on an electrode depends on the electrode potential

N QAPp— AOBD— Eq 4.4
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Where( is the activation overpotential (defined ku. 4.6), R is the universal gas
constant and is temperature The exchange current density directly relates to the
kineticsthrough

N £000Q B D Eq 4.5

With F is the Faraday constant a@ds the concentrations for the oxidant and reductant
considering their respective charge transfer coefficiehite Butler Volmer equation
hasa dependence of the electrode current on the applied overpofegtia&4.2 This

overpotential is represented by the following equation:
- 0O 0 Eqg 4.6

Two limiting factors of this equatiorq( a b o v e antdd Ou miidé mV) gives

the anodic and cathodic Tafel equations:

d ab ov eresldi®theraModic Tafel equation:
aE ae @ — Eq 4.7

And d -106 m\eresultinthe cathodic Tafel equation:
aeNQ ae@ —— Eq 4.8

High overpotentials result in the Tafel equation as described above. Low

overpotentials on the other hand lead to the linear approximation:

Q Q325 Eq 4.9

To determinehe key parameters, the experimental curves are:
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Figure4.2 Butler-Volmer equation dependence

Plotted as potential against the logarithm of the current, as shdviguire4.3.
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Figure4.3 Potentiodynamic curvesor 50 mM KsFgCN}and KsFg(CN}in 0.25 M KCI usingn Au WE

On this curve the equilibrium potentiaEd] can be clearly identifiedAlso, the
exchange current density can also be determined from the intercepts of the anodic and
cathodic Tafel slopes. When tharcept is determined tlamti-log is taken to obtain

the value folio.

Next the charge transfer coefficient is determined through:

Ya ¢ qb—e 2 Eq 4.10
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Rearranging this and using the gradient obtained fromrtbdia Tafel slopelk can

be determined. The same can be done to detetpared known that:

| | p Eq 4.11
Finally, ko can be determined using the following equation:

Q &6 6 Eq 4.12

Severalexperiments were run to determine the different kinetics obtained between
using a gold and glassy carbon electrode and varying the concentrations of the
electroactive species preseniz. KsFe(CN} and KiFe(CN). Both ferri and
ferrocyanide are used to aNdboth the anodic and cathodic slopes to be determined.
As this experiment runs at a slow potential scan rate (0.1667 )\¥f snly one were

to be used the return reaction would not provide precise data as the material produced
over the first slope would not be sufficient and have dissipated to the bulk of the

solution away from the electroded6s surf a

First a 3electrodeotating disc electrode (RDE) system was set up using a solution of
50 mM KsFe(CN) and 50 mM KFe(CN)} with a supporting electrolyte of 0.25 M of
KCI.

Setting up the rotating disc electrode to 10 Hz to increase the mass transport and so
enhance the Tafeegions, the differences in the kinetic parameters at their different

concentrations were measured.

For both electrodes the kinetic parameters recorded were:

Working Anodic Charge Electron Charge Rate Constant
Electrode | Transfer Coefficient (U) | Densityio (A cm?) ko (cm s?)
Glassy 0.23 3.70x 103 7.66x 104
Carbon
Gold 0.23 4.87x10°3 1.01x 103

Table4.150 mM KqFe(CNpand 50mM KsFe(CNpon GC and Au WE

As can be seen frofable4.1, gold shows a much higher rate constant and exchange

current density than glassy carbon under the same conditions.
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Two further solutions were examinedlz., 50 mM KsFe(CN) : 10mM KsFe(CN)yand
10 mM KsFe(CN) :50mM KsFe(CN). Again, the potentiodyamic curves were ran
with both glassy carbon and gold electrodes with the rotation rate being set at 10 Hz.

As can be seen froigure 4.4, the diffusion plateau for the anodic and cathodic
reaction are now different due to thé&erence in the electroactive species compounds.
A similar trend was seen with the 10/hK4sFe(CN) :50mM KsFe(CN) solution with

the exception that it was the cathodic diffusion gdatthat was higher as shown in
Figure4.4.

0.60
0.50
y =0.2744x+1.1252 0.40
R2=0.9824
030
~
W
0.20
y =-0.162x-0.2553
6.0 5.0 4.0 3.0 2.0 1.0 0

log (io)
Figure4.4 Potentiodynamic curvesor 10 mV kFe(CNy:50mV kFe(CN3on Au WE

The results for there experiments can be sedalie4.2:

Working | K4Fe(CN) | KsFe(CN) io (A cm™) ko (cm s?)
Electrode (mM) (mM)

Glassy 50 50 3.70x10° | 7.66x10%
Carbon

Gold 50 50 4.87x10°3 1.01x 103
Glassy 50 10 125x10° | 5.98x 104
Carbon

Gold 50 10 1.67x 103 9.30x 104
Glassy 10 50 1.76x10° | 5.05x 104
Carbon

Gold 10 50 1.80x 103 5.29x 10'4

Table4.210/50 mM KsFe(CNy:50/210mM KsFe(CNyon Au/GC WE
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From Table 4.2, gold typically shows alarger exchange current density and rate
constant than carbasfue to it being a better electrocatalytic matetdiatan also be
seen from this x@eriment that reducing the concentration of the reductant saw an
increase in the charge transfer coefficient for both electrodes. For the last two sets of
results the diffusion plateau occurred relatively fast which can be improved by
controlling the rotaon rate of the RDE to ensure that the system remains controlled
by solution flow for a sufficient period of time.

4.3 Electrochemical Impedance Spectroscopy (EIS)
Impedance is the measure of the opposition that a circuit presents to a current when a

voltage is applied. A small amplitude sinusoidal voltage can be represented as follows:
0 YOd ', IO Eq 4.13
Wheref is the frequency of the perturbatiandqk is the maximum amplitude of the

applied sinusoidal voltageE is usually less than 10 mVYo use the linear

approximation to the Butlevolmer relationship:
0 QOS5 Eq. 4.14

The current response will also be sinusoidal with the same frequétawyever, the

amplitude and phase of tearrentwill be different:
0 YA ‘D 0O %o Eq 4.15

q is the maximum amplitude of tle@irrent responses ahds the phase angle between

the current output and the potential perturbation.

The shift in phase and magnitude of the current is caused by the electrode solution
interface that behaves in the same way to an electrical circuihvlais resistances

and capacitances.
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Figure4.5Electrical Circuit

This electrical circuit simulates the behaviour of the electrode reaction. Normally a
simple circuit is set up initially and then components are added until the experimental
frequerty dependence of the impedance is equal to that of the circuit. The final step is
to analyse the values of the circuit components in terms of physical paraneeters

diffusion coefficient, electron transfer kinetic constants, film thickeéss

The impelance of the electrode reaction is represented@asich is complex,
containing both real and imaginary components, defined as:

0 v Eq. 4.16

The impedance experiment is investigated as a function of the frequency of the
potential peturbation,f. The complex impedance is usually represented in the form of

aNyquist plot Figure4.6.

A Imaginary
component of Z

e m OY

Increasing

D m Y
-

R R*R,-2 2CdI R*R, Real component of Z

Figure4.6 Nyquist plot
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Wherey is the angular frequency (= 2" f. TheNyquist plotis wherethe imaginary
componentsire plotted against the real componesftthe impedance as a function of
frequency. The real component is thepimase component that vary wsim (2 f t )
while the imaginary components consist of the quadrature component that varies with
sin (2 ft + Thé deBepmination of the real and imaginary components for
impedance is through phase sensitive detection and Fourier transform analysis.
Nyquist plos arecommonlyinterpreted with an associated circtitlgure4.5.

Figure4.5 shows the associated circuit for an inert electrode in a solution containing
both oxidant and reductant. The electron transfer reaction is shown by the series
combination of a resistance (the charge transfer resistRarend bythe Warburg
impedance which has a frequency dependent component and exhibits the effects of
diffusion (the Warburg impedance). The circuit recognises that the interface will have
a double layer capacitanc€q, and that there will be an uncounted fosiseance
between the tip of the Luggin capillary and the electrode sufageris circuit leads

to theNyquist plot Figure4.6, which shows how the components are also identified.
The charge transfer difference is taken fritvasemicircle at higher frequencies and

can be used to estimate the exchange current density by:

. o)

The gradient of the linear section at low frequency should be at an an@k )oto
the xaxis. To obtaira complete plot that has both the kinetically controlehit
circulan and diffusion controlled (linear gradient) regions the measurements are made

over a wide range of frequencies, such as 0.00 Hz.

EIS can be used for the determination of thelde layer capacitance from:

17 °©¢ 0

o ¢ . Eq 4.18
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4.4 Double Potential Step Technique
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Figure4.7 Current responséecause ofa step in theDouble Potentialffor 50 mM Ferricyanide solutioron a Pt
WE

The chronocoulometriexperiment is where the total char@g,which passes during

the time after a potential step is measured as a function ofRigwee4.7 shows the
current responses from two potentia, both into regions controlled by diffusion

of the electroactive species. The first step produces the F&(QgEcies under
diffusion control and in the second step to a potential positive enough that these species

are oxidised back to the startingtarial Fe(CNy*, again under diffusion control

This total charge after each step is obtained by integrating the cuyréating the
potential step. For diffusienontrolled systems the charge measured can be derived
by integrating the Cottrell equatido form the Anson equation:

¥ z x

—_— Eq.4.19

CR

The normalised charge, with respect to potential step duraoshown inFigure4.8

for the ferriferrocyanide system. The potential stepgrams in chronocoulometry

are the same as the ones used in chronoamperometry. However, the advantage for the
former is that it is recording charge rather than the current which rQaamscreasing

during potential step rather than fallindgdlls ast ) Q reaches a maximum at the end

of the step at timg, as can be observed as can be observedjure4.8.
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Qq(t)/Qq(T)

Figure4.8 Normalised charge for DPS f&e(CNy/4- process

This makes chronocoulometry genergiheferableover chronoamperometry for the
measurement of the electrodeaf) and the diffusion coefficient)). This enhanced
signal also improves the measurement of the kinetics of the chemical reactions
following the first electron transfer. From the double potential step shown previously,
the reduced product of the redoauple is still in the area near the electrode surface
which, on application of the reverse potential step, can be oxidised again to its previous
state.Like chronoamperometry, the signal in the reverse step is much less than the
forward step. This chardger an electrochemically reversible species on the reverse

step is represented by:

T =z

0 —— 17 o t7 of Eq. 4.20

The values for charge measured at a time equal after each step, shown @sand

Qrshown inFigure4.9, for the system would result in a charge ratio:

0, ¢t

bt ™ pT Eqg 4.21

Any reactions coupled to the electron transfer will result in varying different value for
this ratio. For instance, if the product of the reduction reaction from the forward step
undergoes a chemical change into an electrochemically inactive species, ¢fefehar
the reverse potential steRy., will be smaller and this charge ratio will increase.
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Figure4.9 The impact of a chemical reaction following the forward step to produce an electrochemically
inactive speciesQ is the full charge in the solutionQ: is the reverse step charge returned arg »the result
of the first step creating an electrochemically inactive species

Figure4.9 shows the normalised plot for the DPS on the Fe $¢N)eaction and as
expected, the chargatio, as seen with the earlier equation to give the 0.414 value.
On the other hand, a chemical change to the product of the first step giving an
electrochemically inactive species gives the curve show@:as This difference
allows for the electroctmical determination of inhibitive products or films being

formed on the electrode surface.

As in chronoamperometry, the change in the applied potential of the working electrode
will cause the ions in the electrical double layer to rearrange and thistte#us
additional contribution to the signal from the electrical double layer capacitive current.
The current is integrated over time in chronocoulometry meaning that the charge which
is due to capacitive current is included in the total charge at th&emdDouble layer
charging is rapid which means that the double layer ch@gend the charge due to

the diffusionrcontrolled Faradaic proces3y, are easily distinguishable. Thus, if the
total charge for the forward stef);, equivalent to(Qq4 + Qc), and is plotted as a

function oft'’2, the following is obtained:

® cagsaH o’ rT o b Eq. 4.22

This is because the double layer charging is practically instant after the potential steps
whereas the charging that comes from a diffusiontrolled proces depends on the

transport of the electroactive active species to the electrode surface to react.
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In cases where the electroactive species can be adsorbed at the electrode surface, the
species there can obviously under reaction without the need forialfftrem the

bulk. This surface concentration of electroactive species is represeriigd@s the
application of the forward potential step the electroactive species that is adsorbed to

the surface is electrolysed instantly. The charge re@a,from this reaction is given
by:
0 ¢ O Eq 4.23

The total charge of the forward step can now be represented as:

T

~ ~ - ~ T

65 0 0 0 —D tad O Eq 4.24

When adsorbed materials are unbtd the Anson plot is simple the sum@#is and
Qe.

Anson plots can be used for both the forward and reversal potential steps. The forward
step is plotted a§ against’2 and the reverse step plotted@sagainsf ¥+ (t-_)*/?

i t¥. In this ingance the oxidant is adsorbed but the product of the electrode reaction
is not and the difference of the two intercepts of the two plots @w&s Figure4.10

shows the Anson plot for the forward potential step for aausorked analyte (left)

and the DPS with an already adsorbed species (right).
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Figure4.10Anson plot for forward step (left) and DPS forpae-adsorbedspecies (right)
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5. Additives

5.1 Introduction
Currently,N-methytN-ethylpyrrolidinium bromide (MEP) ishie choice complexing
agent for industrial batteries. However, interest lies in developing a complexing agent
that will bind with the electrogenerated bromine but remain in the aqueous phase of
the solution. This would improve the charged materials aldityisperse throughout
the solution and reduce the complexity of the pumping requirements currently used.
Several novel additives have been synthesized and characterized by focusing on both
their impact on the BfBr' electrochemical kinetics and on their physical properties.
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5.2 Aliphatic Ammonium Complex Additives

5.2.1 Cyclic Voltammetry Analysis
To differentiate any impact the additives may have on the electrolyte solution, it was
important to run a control whereo additive was preserftigure5.1 shows the CVs
obtained on a variety of electrodes in a 50 mM 2nBr5 M KCI solution. The
platinum electrode shows one oxidation and one reduction diffesiotmolled peaks.
The oxidationpeak (occurring & = 0.9 V) corresponds to the bromide ions forming
liquid bromine. The lower voltage limit employed here (compared to other electrodes)
prevented oxygen gas evolution from occurring. On the reverse scan, the reduction
peak E = 0.8 V) was the bromine reverting to bromide ions. The other carbon
composite electrodes, BMA 5, BAC 2 and PPG 86 also exhibited the two diffusion
controlled peaks. The major difference between these and the Pt CV was the increase
of the separation between theuetion and oxidation peakBk, increasing from 10
mV to 30 mV). As previously note®E,i s i ndicative of a syst.
can be affected by many factors. In this instance, it indicates that the plagimum
better electrocatalyst comparison to the carbon compositesthe peak separation is
smaller than that of the carbon complex materialsspite platinum being a superior
electrode for the BIBr2 reaction, the carbon composites were used for the remainder
of the study in théarge scalestudies as platinum is too expensive for use in industrial
scale batteriesThe data collected on the carbon composites in any event would carry
more impact to the technologies development since these materials are already

employed in flow battery sgems.
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Figure5.1CV of 50 mM ZnBr0.5 M KCI with a Pt, PPG86, BAC 2, or BMA RWdEASCE RE, Pt CEcan rate
20 mV &t with electrode area 0.38 cih

The first series of additives tested were nitrogen centres with four aliphatic ligands:
viz. tetrapropylammonium bromide (TPA) and tetrabutylammonium bromide (TBA).
The potential limits in the study were increased, to amrsiany loss in the
electrochemical reversibility to the overall system through the additions of these
species. It was observed that a second oxidation (and reduction) peak appeared after
the initial expected one (& a 1.15 V), as shown ifrigure 5.2 for all electrodes

employed here.
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Figure5.2CV of 50 mM zZnBy 0.5 M KCI, 50 mM TPA with a Pt, PPG86, BAC 2, or BMA&WVECE RE, Pt.CE
Scan rate 20 m\bs

The possibility of chlorine evolution giving rise to the secordkpwas eliminated

after being run on the platinum electrode, as the peak response was like the first peak,
meaning that the process was limited to the concentration of the bromide species.
Instead, it was hypothesised that the complex specigBl'Bwas formed in the
presence of these additive$his was confirmed by running the tests with K@

place of KCI. Figure5.3 shows theCV for the same system but with 0.5 M KO

with no additive present. As can be observed, thexre only one oxidation peak
occurring as a result with the secondary increase being attributedy¢en gas

evolution.
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Figure5.3CV of 50 mM ZnBr2, 0.5 M KiHDsing a PPG8&CE RE, Pt CEcan rate 20 m\ts

When 50 mM TPA was added to the solatithe CV showed amallercurrent peak
(nearly 50% smallerpr the second procesBigure5.4). The shape of the oxidation
peak also suggested a reactmausing passivatioon the electrode surface in the
presence of the TPAIndeed, from visual inspection of the electrode during the scan,
it appeared that a film formed over the entire electrode surface during the oxidation
process, but the film then disappeared as the reverse scan ocdumwed. assumed

that the film was golybromide phase, from complexation with the additive TPA,
collected on the electrode surfackhis effect also shows a reduaedersibilitywith

the peak separation increasing by 55 mV. This addifi?é, shows to be inhibitive
through this CV andavas investigated further with the KCI supporting electrolyte: as
this electrolyte composition gave a larger current response and would better

demonstrate these inhibitive effects.
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Figure5.4CV of 50 mM ZnBy0.5 M KNG, 50 mM TPA using a PPG&CE RE, Pt CEcan rate 20 m\*s

To explore of this process, the supporting electrolyte was changed back to KCI and the
platinum electrode used once more in the presence of the TPA additive. As expected,
the first cycle occued as it had before bon the 29 voltage scana sharp current

peak occurred, indicationsurfacecontrolled reaction d = 0.75 V. This could be
attributed to the oxidation of the Bions tied up in the surface film since that was at
avery simila potential for Br oxidation on a clean Pt surfaas seen in Figure 5.2
Beyond this eventhe current thenoseslowly with potentialto the potential limit of

1.3 Vbut then kept rising on the reverse scan to give a peak currentat 1.12 V, as shown
in Figure5.5. The nature and formation of the current peak in this manner would
suggest that this was s tB€ / Br, reaction occurring although severely inhibited by

the presence of a surface coating. The time lag for the farmaitithe peak indicates

that the transport of the Breacting species through the coating is quite slow. On the
reverse scan, two oxidation events were found, one at 0.95 V and the larger second
event at 0.75 V. The formeras the removal of the inhibie film caused by th€PA-
bromine complex, wheredise reduction peak &t7 V, was simply the expected peak

for the reduction of the 6freed bromi ne
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Figure5.52nd subsequent CV of 50 mM ZnB0.5 M KCI, 50 mM TPA with 4 WE SCE RE, Pt CEcan rate 20
mV ¢t

This behaviour was also observed for the TBA additive, as shoWwigure 5.6 A.

With 50 mM TBA in the solution, the first cycle appears as expected, with an onset
potential for bromide oxidation at 0.72 V leading to a curpesaik at 0.9 V. A second
broader peak is found beyond this and as before, the events observed here are linked
to the formation of bromine which is then complexed with the TBA to give a surface
film which hinders further oxidation. The reverse scan leéads immediate fall in

the current and the bromine reduction reaction can only be observed once tihe TBA
Br-Clsurface complex is removed from the su
bromine reduction to occur, giving a peak current at 0.75 V. The subsequent cycles
revealed slightly lower oxidation peak for thmideoxidation as this was very likely
happening on a filmcovered electrode surface. However, it was noted that at the
concentration of 50 mM, the inhibition effect was not as drastic with TBA as it was
with TPA. However, when the concentration of the TBA was increased to 100 mM
(Figure 5.6 B) although the onset for Boxidation was similar at 0.72 V, the shape

of the oxidation curve suggests that the formation of the surface film occurred much

faster here than at 50 mMAgain,t hi s surface film had to Db
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bromine reduction could occur. Neverinss, the electrode surface remained severely
inhibited as very little reaction was observed during the second scan. These data
indicate that the concentration of the additives here have a big impact on the formation

of the inhibitive film, especially wheased in excess such as at 100 mM concentration
compared to 50 mM Brformation.
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Figure5.6 1st, 2/d and 39 CV of 50 mM ZnByr0.5 M KCI, 50 mM TBA)and, Ftand 29 CV of 50 mM ZnBy
0.5 M KCI, 100 mM TBAB)(with a Pt WESCE RE, Pt.C&an rate 20 mV'¢

Additionally, that the effect appears to build over each successive atyblé mM

This can be seen from the data of Fighréwhere 3 cycles were run batiback.

This shows that the current response decreased with each subsequentirePPG

86 carbon composite electrodeab0 mM concentration. Furthermore, the delayed
formation of the oxidation current peak became more distinct with subsequent cycles,
showing an increase in the inhibitive effect of the surface film contaittieg
complexing agentCompared to Figure B, this data set shows less pronounced

oxidation peaks on the carbon composite electrode than the platinum electrode.
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5.2.2 Double Potential Step Analysis
The double potential step (DPS) experiment was used to focus on the oxidation of
bromide ions to bromine (forward step) and the subsequent reduction of the bromine
formed on the reverse gte This would show the impact of the surface coating formed
with the TPA and TBA on the electrode reaction. The data for such an experiment
carried out without the additives being present is showFRigure 5.8 with the
potentials selected based on thgions of diffusion contrah the CV. By a simple
integration of the area under the curve, the charge consumed dusifgrBation
could be compared to that resulting from the reverse reaction, that oédgiction
back to bromide ions.
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Figure5.8 Double Potential Scan for 50 mM zinc bron&i®.5 M KCkolution a Pt WE SCE RE, Pt CE

This experiment was aimed at determining whether thiBrreaction was becoming
electrochemically inhibited by being complexed and at what concentration ratio of the

TBA: bromine has the most effect.

DPS was run with and without TPA in the 50 mM zinc bromide and 0.5 M potassium
chloride solution. The TPA concentrations used were 2 mM, 5 mM, 10 mM, 20 mM,
50 mM, 100 mM and 200 mM.

It was evident on analysing the inatlual oxidation and reduction charges at these
various concentrations that concentrations above 50 mM of TPA caused a dramatic
decrease in charge fbothoxidation and reduction processé@slle5.1). Figure 5.9
shows the indidual oxidation and subsequent reduction charges plotted against time
for each concentration. The figure shows that at concentrations betwezh iaM

of TPA, there is little variation in the absolute charge/discharge profis the
baseline being theontrol data set where there is no additive preséoivever, at 50

mM and beyond, there is a significant decrease in the absolute charge obtained. The
data indicate that at TP#60 mM, the surface film was formed during oxidation which
inhibited the oveall reaction which also impacted on the reduction reaction as well.
Since this effect impacted on both parts of the cycle (as can be seen frons.Table

the charge ratio between reduction to oxidation did not deviate far from unity. This
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inhibitive effect increased significantly with concentration beyond 50 mM TPA.

Interestingly, at concentrations betweein mM TPA, an increase in the amount of

charge obtained during the forward step, compared to the solution with no additive,

was found which is ifine with the increased Broncentration through dissolving the

TPA'BI' salt. It appears though that even at 20 mM concentration, the inhibitive effect

starts off since despite the higher Boncentration, the oxidative charge here is much

lower thanat 10 mM TPA Indicating that a concentration of 10 mM TPA appears to

be the optimal concentration for bringing the electroactive species to the electrode

surface.

t(s)

Baseline

—2mM
5 mM

10 mM

=20 mM
=50 mM
— 100 mM

200 mM

Figure 59 Charge vs. time fo50 mM zinc bromie 0.5 M KCkolution, TPA concentration§ - 200 mMusing a
Pt WE,SCE RE, Pt CE

Conc. of Forward Step | Reversal Stej
TPA (mM) (Clcn) (Clcnr)
0 0.128 0.126
2 0.138 0.133
5 0.138 0.117
10 0.152 0.127
20 0.125 0.117
50 0.036 0.032
100 0.024 0.04
200 0.009 0.009

Table5.1Forward and revesal steps for TPA concentrationsZD0 mM
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The DPS measurements were also carried out with the TBA additive at concentrations
of 2 mM, 5 mM, 10 mM, 20 mM, 50 mM, 100 mM and 200 mM in the solution of 50
mM zinc bromide and 0.5 M potassium chloride as thetsdlyte. The data obtained
Unlike the TPA additive, the

inhibitive effect with the TBA becomes apparent even at the 2 mM concentration and

from the measurements are shown in Tdhk2

becomes more so with increasing concentrafifigure 5.10) Indeed at 100 mM

TBA, only ca.10% of the oxidation charge compared to no additive was obtained here,
compared to ~20% for the TPA additive.
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Figure5.10Charge vs. timdor 50 mM zinc bromie 0.5 M KCkolution with TBA concentrations 8200 mM
usinga PtWE,SCE RE, Pt CE

Conc. of | Forward | Reversal

TBA (mM) Step Step

(Clen?) | (Clen?)

0 0.128 0.126

2 0.107 0.100

5 0.089 0.083

10 0.092 0.104
20 0.129 0.130
50 0.062 0.056
100 0.015 0.008
200 0.002 0.002

Table5.2 Charge for Forward and reversal steps fTBA concentrations-200 mM

These data indicate that TBA formed a more inhibitive layer than the TPA. For both

additives though, all concentrations showed a high percentage return of the charge
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consumed during reduction compared to that generatedidatiox, indicating that
even at the highest additive concentrations, the bromine species tied up in the complex
on the electrode surface or in the solution next to the electrode is accessible for

conversion back to bromide ions.

Thus, the behaviour of ¢iTBA complexing agent is very similar to the TPA in that it

does not seem to alter the oxidised products into electrochemically inactive materials.

On examination of the electrode surface following evidence of electrochemical
inhibition from DPS, a yetlw coating could be observed, as showrrigure5.11
The exact composition of the film was not investigated and assumed to be a

polybromide phase complexed by the additive.

[
Figure5.11Yellow coating on Pt electrode surfadeom TPA

To investigate the physical impact of this surface film, a fresh polished electrode was
used for the DPS experiment. The charge against time was plotted for the polished
electrode. The experiment was then repeated using the same unpolishedestadr

the data obtained is presentedrigure5.12
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Figure5.12Doublk Potential Scan for 50 mM zinc brona&®.5 M KCkolution with 50 mM TBA on a
unpolished/polished electrodePt WE, SCE RE, Pt CE

Clearly the physical baer of the coating was inhibiting the reaction process by
preventing direct access of the electroactive reactants to the surface of the electrode.
It could well be that, with a flow of the electrolyte past the electrode surface (as would
happen in a redoflow battery), these surface species could be removed and so

prevented from building up on the electrode surface.

To understand the impact of a flowing solution on the coating, a rotating disk electrode
(RDE) was used. A comparison was done on the RD& alztained at the critical 50

mM concentration of the TBA complexing agent (above which severe inhibition
occurs) and at a lower concentration of 10 mM. Cyclic voltammograms were first
obtained at these concentrations on a freshly polished Pt elecsdeven irFigure

5.13 A rotation rate of 20 Hz was employed for the RDE, corresponding to a
Reynol désRerB85hber of
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Figure5.13C\sof RDE 10 & 50 mM TBA (Scan rate = 10sMusing 50 mM zinc bromi@0.5 M KCkdution
a Pt WESCE RE, Pt (Hectrode rotation rate = 20 Hz.

From thedata inFigure5.13 the 50 mM TBAproducedh small peak on the first cycle

at E = 0.9 V with clear evidence of a surface passivation beyond that. No reverse
reduction peak was observedhe latter would be expected for a RDE experiment
since the electroactive species generated during the oxidation process would have been
removed from the vicinity of the electrode surface. However, one would have
expected ta presence of the complexed bromine in the passivating surface film to
have been reduced on the reverse scan. That this was not observed is pliaatang.

wasa negligiblecurrentresponsdor thetwo subsequerdcans This shows that the

TBA at this cacentratiorwascompletely passivating thedectrode surface

For the 10 mM TBA solution, thergasa reduction in theslectrochemical oxidation
activity with each successive cycle, but the effeas less significant for the reduction
process. Theravas clearly a slow buildup of the surface film even at this low
concentratiorwhich reducedhe redox activity This effect was not observed in the
cyclic voltammograms carried out under stationary conditioesno rotation) and
showed the impact of incrased mass transport delivering more electroactive
components to the electrode surface. For the reduction process however, the
complexed bromine present in the surface filnderwentreduction which explains

why beyond the first cycle, the peak height (ahérge under the peak) remeain

essentially similar.

78



The effectof solution flow was also investigated usiBbS measurements and the

impact ofwhetherthe electrodéad been polished can be seerFigure5.14
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Figure5.14DPS of 10 & 50 mMBA using 50 mM zinc bronmerd.5 M KCkolutiona Pt WE
polished/unpolished RDEat 20 Hz) SCE RE, Pt CE

The runs which had the polished electrodes showed much higher charges again with
the concentration only showing a $itgeffect on this. This is consistent with previous

data and further backs up the argument that the formation of the film on the electrodes
surface causes drastic reduction in the systems efficiency. Furthermore, the data here
indicates that for the pohed electrodes at both 10 mM and 50 mM TBA
concentration, there was no significant reduction of the electrogenerated bromine on
the reverse scan, as expected from RDE experinaaaisbserved from the CV data.
However, it can be clearly stated that thetomy has a strong influence on the
electrochemical response as the unpolished surface for both 10 and 50 mM TBA

caused strong inhibition to occur.

The data from these additives experiments demonstrateeteof a complexing
specieghat doeshot affectthe electrochemical activity and to ensure that the species
does not inhibit this processwhich is fundamental to the performance of the zinc

bromine redox flow battery.
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5.3 N-Methyl-N-Ethylpyrrolidinium (MEP)
The most commonly used additive for comni@rscale zindbromine RFBs isN-
methytN-ethylpyrrolidinium bromide (MEP). These additives complex with the
electrogenerated bromine to form a higher polybronsioiecies(Br3', Brs' or Br7')
which produces an immiscible, viscous phase as showRigare 5.15 This
immiscible phaséncreases the size of the electroactive species wialgs prevent
the bromine crossover from the positive compartment to the negative compartment of

the flow battery, thus averting the sdischargeof the battery.

Figure5.15Bromine liquid with MERadded at a 3 Br. 1 MEP ratio

The initial tests investigated the impact that MEE @i the electrokinetics ithe 50

mM ZnBr2 in 0.5 M KNG;s electrolyte solutionCV was used to determine the effects
that these complexes had on the reversibility of the reaction and also to identify the
voltagerange to be used for subsequent electrochemical artdlyBigure5.16shows

the CV in the absencef MEP andwith MEP at 25 mM, 100 mM, and 130 mM
concentrations The large increase in peak heights for théEP compared d the
electrolyte with no additives simply due to the indirect increase of bromide ions
introduced to the electrolyte through the addgm#ere the counter ion is bromide.

can be observed thdteBr, reduction peak in the presence of MEP is highgralso
occurs at a more negative potential. The shape of the reduction peak also suggests the
presence of a surfa@®ntrolled reaction with a rapid loss of active species beyond the
current peak. This behaviour is similar to that seenetalstripping peaksvhere the
reaction isa surface controlled proce€$'?? It also shows that the system was not

inhibitive as there was no loss of peak height from subsequent cycles (not shown).
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Figure5.16 CV of 50 mM ZnBr0.5 M KNG with varying concentrations of MERith a PPG86 WESCE RPt
CE Scan rate 20 m\bs

To examine in moraletalil, the electrokinetics of the reaction, EIS was carried out.
Figure5.17 shows a cleadifference in thempedancespectraof the solutions with

and without MEP, measured at the halve potentialEy. Clearly, in the presence of
ME P, the sizeércl ebhewadsemigni fi cantly sma
resistance associated to the charge tramgdis reduced when MEP was preserie

fitting of the ElISdatawascarried outby using theequivalent circui{inset toFigure

5.17) comprising of a resistanc&d in series with a paralldRct 1 Ccpei W circuit,
correspondig to the uncompensated solution resistaRdeetween the RE and WE,

the charge transfer resistanBer, a constant phase element CPE and a Warburg
diffusional impedancé\V. This dataalsoreveakd that the double layer capacitance
(obtained fronthe CPE ad Rct valueg was almost 5 times larger for MEP than that
observed irthe solutions with no additiveas shown later imable5.3(Page 87)This

is attributed to the presence of the oily immiscible phase on the electrodee surfac
partially displacing the aqueous layer associated with the normal double layer.
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Figure5.1750 mM ZnBj, 0.5 M KCI with no additive and 16.67 mM MEP. EIS scan from 100,000 Hz to 0.1 Hz

Potentiodynamic polarisation (Tafel extrapolation) was also usedyet an
understanding of the electrokinetics. The data obtained is shdvigure5.18 The
relatively small shift in the equilibrium potential in the presence of the MEP reflects
the fact that the reaction is taking placeedfectively a modified electrode surface.
The anodic Tafel slop®a for the bromide oxidation reaction with no additives is close

to the ideal value (~60 mV) for addectron transfer with aassumednodic charge
transfer coefficiena of 0.5 With theMEP present, this increased slightly to 72 mV
but produced an exchange current densityhree times greater (shownTiable5.3)

than the value obtained without the MEP additive. This is in good agreement with the

trend obseved from the EIS measurements.
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Figure5.1850 mM ZnBg, 0.5 M KCI with no additive and 16.67 mM MEP. Tafel slopes measured with a scan
rate 0.1667 mV'4 both using PPG86 WECE RE, Pt CE

The relatively low concentrations required for the refinedctedehemical
characterisation did not however permit the physical interactions betwe@h Big
compounds and tHeomine to be determined. To examine this in greater detaitjo

of 3 moles of bromindiquid to 1 mole of compleXin aqueous solutignvas used

when carrying out these studies. Immedigtéhe solution with MEP proded the
densedeep red immiscible phasdich hadthe viscodly of that comparable toil but

left no significant bromine vapour abotre aqueous phas# is worth notirg that the
agueous solution without ME.Radtheintense orange colour the solution associated

with the Br2 with vapour above thsolution. To verify that the bromine wdesund in

a soluble complex within the aqueous phase (as well as in the smattevalf
immiscible phase), the vapour, aqueous and immiscible phases were analysed for their
bromine content and for their enthalpy of vaporisation which would give a measure of

the strength of the bromine interaction formed with the additives.
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The enthalpy of vaporisation of Bwas determinedrom the ClausiusClapeyron
equationfor the vapour formed above the aqueous phase. An example of the plot
obtained is shown iRigure5.19. The enthalpy for the aqueous solution without MEP
was found to beH = 15.9 kJ mdlt. However, the enthalpy for the aqueous solution
wi t h  MEHP=2tu&ksd mdpindicating thamore energyvas required to produce

theBr2 vapou from the aqueous phase which also contained MEP

The amount of bromine ithe aqueous phase was quantified through iodometric
titrations, as discussed ithapter4. The data from théodometric titrationsalso
indicated that the remaining Broncentrabn in the aqueous phase with MEP present
was 0.063 + 0.002 mol dhi whereas the solution with no MEP contair@ii31 +
0.002 mol drh® of bromine. Theremainderof the bromine content for the
MEP/aqueous mixture was then contained within the immiscible, polybromide phase.
Since thammisciblephase could not be detemmaid through the titration (as the time
of bromine release is slower and the titrant used would be impre&ls@)an
spectroscopywas usedto determine the natur@and relative amount®of the
polybromide species preseint that phase Figure 5.20 showsthe Raman spectra
acquired from samples with the concentration ratid: bfand 5:1of Br.: MEP. Two
peaks can clearly be identifiedat. 160 cmi! andca. 250 cm® which correspond to
the polybromide species Brand Be' respectively’®. As expected, as the bromine
content increases, the preferred polybromide species changeBrifotm Brs' .

84



35000 -
30000 - Brs
25000
5 1 —1:5 MEP:Br,
gzoooo Bry
L] ] —1:1 MEP:Br.
£ 15000 - ?
k5 1
10000
5000 -
07\\\l\\\\l\\\\\\\\\\\\\\l\
0 100 200 300 400 500

Raman Shift (cm)

Figure5.20Raman spectra of the immiscible phase formed on mixing MEP withsBlution in 1:1 and 1:5
molar ratios

Having established the baseline for comparing the other additives with MEP using the
various techniques discussed above stimae sequence of techniques were then used
with the novel additives developed during this study. The design of the new additives

followed two pathways:

1. Dicationic structures, where there is a bridging ligand between the nitrogen
centres of two cyclic statures, creating a natural cage to support the
complexation of the bromide species to higher polybromide states and

2. the presence of hydrophilic functional groups which are used on one of the
aliphatic ligands attached to common nitrodgased complexinggents to

improve their solubility and so prevent the formation of an immiscible phase.

5.4 Dicationic Structures
The following set of additives were synthesised using the assumption that they were
to have the same cyclic structure as other successfullexmagditives (morpholine)
currently used in the zideromine battery system. However, two of the#eogen
centres related to a bridging ligand, with a varying chain length, to create a dicationic
structure with a natural cavity to complex polybromidé&se structures of these can
be found inFigure 5.21 Compoundswvith pyridine or pyrrolidineas the core of the
structurewere attempted. However, these either produced an immiscible oil or the

target molecule was not achieved during the synthesis.
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Figue 5.21 Structures of the novel additives using a bridging ligand to form a dicationic structure

Figure5.22shows that from the CV, these complex additives gave similar behaviour
as to the previous additives of TPA and TBA, albeith a slightly reduced
electrochemical reversibility and peak current response. A surface film was evident on
the electrode as well. In addition, the reduction peaks appear to be surface controlled,

as with the MEP, indicating the stripping of the fifram the electrode surface.
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Figure5.22CV comparing the electrolyte solution of 50 mM ZnBr2, 0.5 M KNO3 with 16.67 mM of either MEP,
MO1, MO2 orMO3. Scan rate of 50 mVlsPPG 86 WE, SCE RE, Pt CE

As before, potentiodynamic polarisation and EIS mesmantswere carried out for

the MO1, MO2 and MO3 compounds. The data obtained from the analyses are
presented imable5.3which showghat these additives haderall similar responses

as to the MEP, but with much poorer exchangrrent densities. The Tafel slope was
slightly larger for the MO1, MO2 and MO3 additives compared to MEP and this could

reflect a small change in the energy requirements required for the rate determining step
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for the bromine formation in the presencdlase new additives. The charge transfer
resistance for all the new additives appears to have improved when compared to the
solution with no additive. The capacitance for MEP is significantly higher than for any
of the solution mixtures present and may key to MEPs success, by creating an
electroactive film with high reactant concentration on the electrode sudsagking

in the highesto.

Tafel Extrapolation EIS
Ba lo Ret G

Compound |y | macnty | 2OV | 6 m 23 (F e
No Additive | 62.3 0.108 0.84 7.6 295

MEP 71.6 0.304 0.86 5.4 1069

MO1 85.3 0.086 0.85 6.2 286

MO2 88.1 0.100 0.86 5.4 188

MO3 86.5 0.065 0.86 7.0 166

Table5.3 Electrochenical analysis of electrolyte solutions with no addie, MEP andO1-3

However, when this series of compounds were introduced to the saturasetlBon

they each formed an insoluble precipitate with various visual characteristics, such as
yellow flakesdispersed throughout the solution or as a solid red precipitate at the
bottom of the solutionSince these molecules were dicationic, the concentration ratios
were lowered to 1:6 and 1:12 of BQ'Br,' but the results obtained were the same
insoluble precipitates. As these molecules did not even form the immiscible phase,
they were not considered further as suitable candidates for alternative complex agents

for the zinebromine battery system.

5.5 Carboxylic Acid Functional Groups
The second line of development for new additives examined whether the solubility of
the immiscible phase could be improved by introducing hydrophilic functional groups
to the long aliphatic chain. This was pursued with tfs $leries of compounds having
the carboxylic acid functional group added. Three molecules were synthesised in this
vein: 1 (carboxymethyl) pyridind-ium  (QBrl), ZX(2-carboxymethyhl-
methylmorpholinl-ium (QBr2), and i(2-carboxymethybl-methylpyrrolidn-1-ium
(QBr3). These structures are showrrigure5.23
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Figure5.23 Structures of the novel additives using carboxylic acid functional groups
Figure5.24 shows the cyclic voltammetry in the absennd presence of 16.67 mM
MEP and QBt, QBr2 and QBr3As noted previously,hie slight increase in peak

heights for the QBry' compared to the electrolyte with no additivesssimply due

to the indirect increase of bromide ions introduced to the electrolyte through the

additives where the counter ion is bromidecan be observed thaigBr, reduction

peak in the presence MEP is higher but also occurs at a more negative potential.

The latter could simply arise because of a surfaceifilthe case of MEP attenuating

the applied potentiallhe shape of the reduction peak also suggests the presence of a

surfacecontrolled reation with a rapid loss of active species beyond the current peak.
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Figure5.24CV comparing the electrolyte solution of 50 mM ZnBr2, 0.5 M KNO3 with 16.67 mM of eitber
additive, MEP,QBr1, QB2 or QB13. Scan rate of 50 mVisPPG 86 WE, SCE RE;Pt

It was interesting to note that the additiv@Brl, QBr2 and QBr3roduce very

similar cyclic voltammograms in terms of teze and positionf both the oxidation
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and reduction peaks. However, visual inspection ofgtaesy carbomlectrodeafter
thevoltammograms with these additivieslicated that a surface coating vweasdent,
despite their reductive peaks maintaining a diffusiontrolled profile. This would
indicate then that th8r>-containingcomplexes formedvith the QBrl, QBr2 and

QBr3 addiives are indeed mostly found in the aqueous solution and diffuse to the
electrode surface to be reduced. The surface film observed on the surface of the
electrode then acts as a chemically modified electrode e@sindt impact on the
electrode kinetics ofthe Bf / Br. and so, the complexgserform their designed

function of capturing the electrogenerated bromine.

Tafel Extrapolation EIS
o Rer Gl
Compoun(Ba (mV) (MA cnt?) B(mV) 6 m 2X(uF cd)
No QBr| 62.3 | 0.108 0.84 7.6 295
MEP 716 | 0.304 0.115 5.4 1069
QBrl | 54.3 | 0.115 0.84 6.3 401
QBr2 | 50.1 | 0.092 0.84 8.3 296
QBr3 | 50.2 | 0.101 0.84 8.5 321

Table5.4 Electrochemical data from analysis of electrolyte solutions (50 mM 2ZnBi5 M KN@, 16.67 mM of
Q*Bre¥) with no additive, MERand Compounds QBr1, QBr2 and QBr3.

The trend in thé&ct values inTable5.4is consistent with the above discussions. The
ready availability of the Br species in the case of MEP would mean that the electron
trarsfer step could occur more readily (lowRsr). In the case of the QBrl, QBr2 and
QBr3 additives, since the complexes formed are much more soluble, the surface
concentration of available Brwould be lower which would impact then on tRer
values. Indeedfor QBr2 and QBr3 complexes, tRer values are larger than for the
agueous solution with no additive, suggesting that there is a slight inhibition of the
electron transfer step with these compouridse results from th@otentiodynamic
measurementsT @fel extrapolatiopshown in Table5.4 indicatesthat MEP has over
double the exchange current densigyue compared tthe other additives or with no
additive.It is worth noting that aimilar trendin the electr&inetics was obtained. As
noted above, the anodic Tafel slopgfor the bromide oxidation reaction with no
additives is close to the ideal value (~60 mV) foreléttron transfer with an anodic

charge transfer coefficierta of 0.5 With the MEP presenthis increases slightly to
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72 mV but decreases to <55 mV in the presence of the QBrl, QBr2 and QBr3
compounds. This would suggest small changes in the value t#flecting the impact

that complexation has on the product of the oxidation reaction.

IDH of Vapon:;ljlé)gus Aqueou sB_rz
Compound Oil Phase Phase concentration
(kJ mot ) (kI mah Y (mol dnt y

No QBr N/A 15.9 0.131
MEP 37.8 21.6 0.061
QB1 27.8 19.1 0.065
QBR 33.2 23.2 0.065
QBB N/A 29.7 0.062

Table5.5 Data showing enthalg of vaporisation for Bsfrom the various phases formed with MEP and
complexedcompounds and the concentration of Bremaining in the aqueous phase of the solution.

With theQBr1, QBr2 and QBr3 mixtures howeyd@rwas observed that the volume of
immiscible liquid formedwassignificantly reduced in accordance with the original
expectations of the workAgain here, Bf vapour above the aqueous phase was
insignificant. To verify that the bromine was tied into a soluble complex within these
aqueous phasdas well as in the small volume of immiscible phase), these phases
were analysed for their bromine content and for their enthalpy of vaporisation so that
they could be directly compared to MEPable 5.5 summariseshe enthalpies of
vaporisation and the Brcontent remaining in the aqueous phfseeach of theQ*

Bry' compounds after equilibration with agueous bromine solufitve enthalpy of
vaporisatiorfor Br, from the immiscible phaseas determineds37.8 kJ mdl*. For
theQBrl, QBr2 and QBr@gompoundstheenthalpy of bromine vaporisation from the
solution mixure containing QBrl1 was slightly lower than that of MEP but for QBr2
and QBr3, the values were higher and significantly so for the latter. As the data from
the iodometric titrationsalso indicated that the remaining.Broncentration in the
agqueous phassere very similar0.063 + 0.002 mol dhi) for all the additivesthe
increased enthalpy of vaporisation measured for QBr2 and QBr3, with respect to that

for MEP, is very encouraging
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Figure5.25Raman spectra normalised to the Brsignals, ) comparing the B signal from the immisible
phases formed with MEP, QBr1, QBr2 and QBr3 in the 3;1@mBrf ratio and B) comparing the impact of
different concentration ratios for QBr1 with that of 3:1 MEP.

To compare the effectiveness of thevel QBrl1, QBr2 and QBr&dditives with MER

the Bg' peak was normalised to allow theoportion of thehigher polybromide state

of Brs' to behighlighted Figure5.25(a) shows thafor the same concentration ratios
MEP still proves to be superior in forngithe Bg' state. In factFigure5.25(b) shows

that despite varying the concentration of the complex additive from a 1:1 ratio to a
10:1 ratio, MEP stilenables théormation ofthe Bs' complex to a greater dese.

5.6 Sulphonate Functional Group and Phosphonium Centre
Like the previous group of additives, this series of additives sought to increase the
solubility of the compound by replacing the carboxylic acid functional group with the
more soluble sulphonatanctional group. In addition, a phosphonium based additive
was also usetb investigate similar structures with different centres, as seeigune
5.26 The phosphonium, having a positively charged centre, is also very soluble
(40 g/ L).
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Figure5.26 Structures of additives with sulphonate functional groups and of the phosphonium additive
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Much like QBrl, QBr2 and QBr3, these additivgsoducel very similar cyclic
voltammograms in terms of tlsbape and positioof both the oxidation and reduction
peaks(Figure5.27). However,it can be noted that the oxidation and reduction peaks
are slightly lower than MEPUnlike the previous additives, the reduction peak shape
shows a gradual build up to the peak with a rapid declitervedrd, typically
associated to beingsairfacecontrolled reactionas a diffusion controlled peak would
show a symmetry in that the gradual gradient change would occur on both sides of the
peaks This would indicatehat theBr.-containingcomplexes fomedare found at the
electrode surface, much like the behaviour of MEfowever, visual observations

during the CV showed no film formation for any of the new additives.
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Figure5.27CV comparing the electrolyte solution of 50 mM ZnBr2, 0.5 M KNO®W&.67 mM of either MEP,
MO1, MO2 orMO3. Scan rate of 50 mV!sPPG 86 WE, SCE RE, Pt CE

The trend in thdRct values inTable5.6 shows an overall drop in the charge transfer
resistance However, the lower capacitance valuesid indicate that the surface film

is formed, though unlike MEP is resistive as opposed to improving the overall
electrochemical kinetics. The Tafel data mostly correlates with the ElSxiztat

for PSO: where the current density is slightly highenttiat of the electrolyte system

with no additive. The phosphonium based additive shows the worse kinetics of the
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additives tested in this tabl@his may be that the materials do not complex as well as
the nitrogen centred complexes or that the phosphoeentre being large than the
nitrogen centre makes it harder for the electroactive species to reach the electrode

surface.

Tafel Extrapolation EIS

lo Rer Ca

Compound B (mV) (MA cn?) B(mV) | 2(WF cn?)

No QBr 62.3 | 0.108 0.84 7.6 295
MEP 71.6 | 0.304 0.115 5.4 1069
PSO 64.5 | 0.117 0.84 11.1 259

MPSO 60.5 | 0.086 0.84 10.8 234

MOSO 63.7 | 0.092 0.83 9.1 270

Phosphoniury 49.6 | 0.049 0.83 13.6 181

Table5.6 Electrochemical data from analysis of electrolyte solutions (50 mM znBi5 M KNG, 16.67 mM of
QBré) with no additive, MEP and CompoundSO, MPSO, MOSO and Phosphonium

Despite the poor electrokinetic performances of these additives, thegsstully
produce no immiscible phases when introduced to the concentrated bromine solution.
Table5.7 shows theenthalpy of vaporisation and the concentration of theirBthe
agueous solution. It is worth noting, that theueal for No QBr and MEP differ to the
previous results. As bromine liquid is an extremely volatile and dense liquid, the exact
masses are difficult to achieve with significant error being present in the measuring of
the liquid and the lost vapour when bgimade into a solution. To counter this, the
solutions for No QBr and MEP are measured at the same time as the additives in the
given study. The aqueous bromine solution is taken from a stock solution to ensure a
uniform concentration across all measusadhples. The behaviour of MEP and No
QBr match the previous behaviour, with the enthalpy being greater for the MEP while
the aqueous Brconcentration was roughly half tfe concentration found in the No

QBr sample. The immiscible phase recreated dagienthalpy to the previous values

showing a consistency in the materials characteristics.
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NnH of Vaporisation AqueousBn,
. Aqueous .
Compound Oil Phase Phase concentration

(kJ mot ) (kI mah Y (mol dnb y
No QBr N/A 25.5 0.022
MEP 38.2 35.1 0.013
PSO N/A 27.9 0.076
MPSO N/A 21.8 0.045
MOSO N/A 44.7 0.026
Phosphonium N/A 23.6 0.059

Table5.7 Data showing enthalpy of vaporisation for Bfrom the various phases formed with MEP and
complexedcompounds and the concentration of Bremaining in he aqueous phase of the solution

However, the additives yielded a varied response in terms of the acquired enthalpy of
vaporisations. PSO and MOSO produced higher enthalpies, with the latter additive
being higher than MEP also. Whereas, MPSO and Phosphobased additive
achieved an enthalpy slightly less than the solution with no additive. This varied

response will be indicative to how effectively the additivesiplexeghe bromine
0.2
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Figure 5.28 Electroanalytical titration of aqueous bromine phaseng QBr2 as an additive

From the qualitative chemical analysis, the additives show concentrations greater than
the concentration of the solution with no additive pregéigure 5.28) As the
concentration of the solution could not have increased.ultlgmtentially be that the

additive that remains in the aqueous phase complexes the bromine and results in a time
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lag from the slower reaction kinetics. This is supported from the nature of an
electroanalytical curve where the current increasing indictite iodine from the
reaction has been reduced to iodidethe QBr2 additive However, after the first
peak formed the potential continued to rise indicating a different mechanism was
occurring. This mechanism could be the tilmgfrom any QBr2 thatemains in the
aqueous phase complexing a small portion of the remainingoBcentration. This

run was not one of thirationsranused to determine the data, as the flow rate at the
end was accidentally increased, though proves useful in the creftlmhypothesis

of the potential interactions taking place between the additives and Br
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5.7 Conclusions
Initial studies found that the aliphatic produced a surface film, and the electrode
became passivated causing the current to drop significarteyCV showed, for the
platinum, a typical response to film formation whereas the carbon polymer composites
and glassy carbon showed the current dropping consistently after each run. Higher
concentrations of the complexing agent saw the cell currentirefdto negligible
values. Anewseriesof QBr compoundsyith the objective to reduce the immiscible
liquid phasewere successfullysynthesised. Thisvas evident from both visual
inspections and the effect that QBr had on the physical properties. MEPostes to
be the better additive in terms of electrochemical kinetics.

The dicationic structures however were unsuccessful as these resulted in a solid
precipitate when complexing high concentrations of bromine. These additives making
use of the cardxylic acid functional groups provided a partial success by reducing the
volume of immiscible phase achieved. This led to the development of other additives
making use of the sulphonate functional groups and an additive with a phosphonium
centre as oppodeto an ammonium centre. The initial results showed no immiscible
phase was formed but gave good indications that complexation still occurred. These
additives yielded poorer electrokinetics and very varied ability in reducing the vapour

formed when compad to a bromine solution with no additive.

Despite poorer electrokinetics, these additives exhibited promising physical
characteristics. A hypothesis was drawn that these additives were causingagtime
where the incidental complexation taking plagthim the aqueous phase was reducing
the release of the bromine during the titration, thus, taking longer to convert the iodine
to iodide resulting in a false value with the titration method in use. This would require

further work to be verified.
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6. Electrodes

6.1 Introduction
Electrode materials are one of the key parts of an RFB that can be altered or designed
to improve the performance of the battery. In the 2B, carbon composites are
most commonly utilised for their good electrokinetics fa@ tbactions concerned and
for their lower cost. These carbon electrodes can come in a variety of struetgres (
felts, plates) and utilise different polymer binders for the carbon in forming the

composites or applied as coatings.

This chapter investigas these various electrode materials and their applicability to
the ZnBe RFB. Initial tests are conducted in arckll, to demonstrate whether this
technique could establish the most promising electrode materials for further
development as well as allowg for comparison between the various carbon
composites, activated carbon layers, and carbon composite plate electrodes. The H
cell studies were also used to track the bromine formation as a degreestit¢hef
charge The latter part of this chaptiren employs these electrodes in a flow cell and

examines their performance in this RFB environment.
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6.2 H-Cell
Using the Hcell setup described ipage 39fwo carbon composite electrode types
(BMA 5 as the positive electrode and BPP4 as the negaeeaode) were used in the
cell with the surface area being controlled with PTFE tape exposing a known surface
area. The optimal surface aredsr the electrodes wer@und to be 1 cifor the
negative electrode and e? for the positive electrodas preliminary studies had
revealedthat using al:1 ratio in electrode areaBd not produce enougbromine
However, the preliminary measurements showed that the coulombic efficiency
decreased significantly as the current density used in the galvanic cywiesl out in
the Hcell increased. This limited the current-sgt to using a maximum current
density of 1620 mA cnt?. Various combinations of the carbon composites (BMA 5
and BPP4, PPG86 and PVE) were used to examine if this performance was limited to
the nature of the carbon composite itself. Table6.1 indicates, very low coulombic
efficiencies were obtained beyondcarrent density o6 mA cm? for the different
combinations tried, indicating that this wé#serefore not due to the composite
electrodes employed. The low coulombic efficiencies achieved was due to the
dispersion, into the volume of electrolyte, of the complex phase containing the bromine
formed during charging. At the relatively low SoCsdi$ere (510%), there was
insufficient material in the electrolyte andarthe positive electrode for the discharge
reaction to be sustained and the voltage limit set for the discharge was very quickly
reached. The voltage efficiency decreased with asing current density, as

expected, due to higher overpotential and ohmic losses.

Carbon
Composites BMA 5(+)- BPPAT) PPG8G+)¢ PVH(T)

Current density | Coulombic| Voltage | Coulombic| Voltage
(MA cn?) Efficiency | Efficiency| Efficiency | Efficiency
5 76% 22% 84% 39%
10 5% 13% 6% 22%
20 0% 0% 2% 16%

Table6.1various carbon composite combinations in the-¢¢ll show that current density region is limited to
20 mA cn? due to higher current densities exceeding the lower voltage limit immediately upon bage

In contrast to the planar carbon composite plates, carbon felt offers a greater surface
area per cubic volume. However, potential issues with the carbon felts were that it

would affect the flow of electrolyte through the positive compartment inva dkll
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and could experience, as a result, shorter life cycles due to the electrolyte flow creating
Achannel so (which are passages created
for the electrolyte) within the felt matrix. The carbon felt therefaplaced the
positive electrode in the-eell with the PPG86 composite remaining as the negative
electrode. Three fel{&&FA 3, GFD 3 and GFD 4.&Jere tested in theddell and using
galvanic cycles and the coulombic and voltage efficiencies obtainedrareigiTable

6.2. It is evident that high coulombic efficiencies were obtained over the current
density range (5 mA crato 40 mA cm?) employed. The key difference here in the

use of the felt is the larger surface area available for bromine generafibiough

for a given current density (based on the negative electrode area) the amount of
bromine generation will be the same as that at a planar carbon composite surface, the
bromine generated in the felt (forming the complex oily phase) was retairted ivit
rather than being dispersed in the volume of the electrolyte. There was therefore a
high local concentration of the bromine species within the felt which accounts for the

high coulombic efficiencies found for all the felts examined.

Figure 6.1 compares the galvanic cycles obtained with the felts and with the carbon
composite plates and shows that the voltage plateau during discharge is for longer
compared to the smooth carbon composites. This is a difect ef the limiting factor

in the discharge changing from the bromine concentration to the plated zinc as before,
once the limiting reactant was depleted (in the case of the felt, the amount of deposited
zinc) the cell voltage dropped rapidiy the cas®f where the positive electrode was

a carbon composite plate, the limiting reactant there was the electrogenerated bromine.

Carbon GFD 4.6 GFD 3 GFA 3
Felt
Current
density CE VE EE CE VE EE CE VE EE
(mA cm?)
5 85% | 81% | 69% | 84% | 84% | 71%| 68% | 82% | 56%

10 92% | 65% | 60% | 88% | 71% | 62%| 75% | 69% | 52%
20 92% | 52% | 48% | 84% | 35% | 29% | 92% | 37% | 34%
30 89% | 31% | 28% | 89% | 32% | 28%| 89% | 25% | 22%
40 88% | 21% | 18% | 84% | 20% | 17%| 83% | 15% | 12%
50 95% | 4% 4% | 88% | 9% | 8% | 90% | 5% | 5%

Table6.2 Coulombic and voltage efficiencies of the three feltsrass the measured current density range.
Data were collected using.25 M ZnBy, 0.5 M ZnGland 0.8 M MEP with a 1 chexposed PPG86 CE
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Figure6.1 Comparison of one galvanic cycle from smooth carbon composite electrode (blue) and the carbon
felt electrode (grey). The charge cycle in this instance lasts 300 s, at 10 mA cm

A consequence of the increased electrochemical surface area of the felts, as detailed in
Table6.3, is that the local current density would be much lower than that stated for the
nominal charge/discharge current density and so the reaction could be sustained for
much longer by the felts since the depletion of the reaction species would occur at a

much lower rate.

Felt GFD 4.83| GFD %3 GFA 3%
Surface aredgm? g?) 0.40-0.45| 0.40-0.45 | 0.60¢ 1.00
Mass offelt (g) 2.30 0.79 0.92
Surface area in electrolyte 650 220 390
(cnv)

Table6.3 SGL Carbon product specifications faft and the resultant surface area submerged in the

electrolyte solution

Further evidence of the felt retaining the electrogeneratechibeowas obtained

through carrying out iodometric titration to determine the amount of bromine in the

agqueous phase. As Fig@ shows, the SOC (measured iodometrically) increased in

a linear manner in the cell with the amount of charge consumed dhearaharging

stage. Initially, there was good correspondence between the measured and theoretical

Brz generation (based on charge consumed) up to 2.5% IS@d). Be lost as vapour
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was negligible (as there was clear vapfsae area above solution), themy difference
in the concentration determined through iodometry would be due to the Br
complexing to form theolybromidephass using the selected standadtlitive, MEP

(due to its use in current commercial zinc bromine RFBS)
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Figure6.2 Comparison 6Br, generation assuming 100% current efficiency and iodometrically measured
values forBr, (aq) atdifferent SOCs. Error bars represent maximum and minimum titrations from each point
that the average was taken.

However, between SOC of 2.5%5%, the exprimental value diverted from the
theoretical value. Visual observations of thedll at that point showed no complex
brominewith MEP. However, after gentle pressure was applied to the felt, the oily
phase came out and it was evident that the complesephas contained within it. The

oily phase only appeared in the volume of the positive electrolyte after a substantial
amount of the comple®Brx phasehad formed, causing the excess to fall out of the
felt to the aqueous solution. As Figure éndicates beyond the 5% SOC, the
concentration of bromine in the aqueous phase plateazss @14 M which is the
equivalent of 6% SC. Thus, the bulk of the Bbeyond this SOC was to be found in

the QBK complex phase.

101



Further studies using galvanic cyclesdigtermine the voltage efficiency theddll
used a SOC of 30% and 60%. At this SOC, the complex agent has formed an oily

phase which was visible in the bulk positive electrolyte.

Eelt GFD 4.6/ GFD 4.6/ GFD 4.6/ GFD 4.6/
BMA 5 BPP4 PPG86 PVE
Current Voltage Efficiency

density (MA | SOC| SOC| SOC| SOC| SOC| SOC| SOC| sOcC
cm?) 30% | 60% [ 30% | 60% [ 30% | 60% | 30% | 60%
5 72% | 78% | 81% | 83% | 74% | 78% | 80% | 80%
10 52% | 56% [ 69% | 70% | 55% | 59% | 56% | 67%
20 32% | 33% | 44% | 44% | 32% | 38% | 31% | 44%
30 13% | 19% | 23% | 28% | 16% | 22% | 13% | 22%
40 3% | 7% | 8% | 15% | N/A | 11% | N/A | 15%

Table6.4 Voltage efficiency of the felt material GFD 4.6 coupled with different carbon composites at 30% and
60% SOC, CE = 100% for all experiments with a charge period 1800s

To examine if the SOC affected the VE of the battery, therelgte solution was
charged to 30% and 60% SOCs. Galvanic cycling was carried out using various current
densities for 3@minute charge/ discharge periods. Clearly hehe coulombic
efficiency would be 100% for theder these cycles. To evaluate the ,GEdeep
discharge (where the battery is set to discharge to a SOC of 0%) would need to be
measured which was not within the scope of the experiment at this $Stagelata
obtained are shown ifable6.4. The VE was always highésr galvanic cycles carried

out at 60% SoC which would suggest better discharge kinetics (lower overpotential)
here than at 30% SoCThis isdue to the increased Bavailability at the electrodeas

the complexed polybromidespecies formed with MEP bet®s more dense (or
reaching a higher polybromide phase) with' Rromplexing further to form B or

Br7 asthe SOC increas However, on comparing the VE datdliable6.2with that

of Table6.4, it can be noted that the voltage efficiency had decreased in Senpee

of the QBrx complex phase. This could be simply because the presence of the oily
phase would have displaced, within the felt matrix, much of the agueous phase with
higher electrolyte conductivity resulting in an increased overall resistance oftthe fe
Although felts are not currently used #nBr. flow batteries, lhesefelts offer an

advantage in flow cells by sustaining stable efficiencies at higher current densities and
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providing better energy efficiencies at loweaver several galvanic cycles aeen in
Figure6.3
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Figure6.3 Galvanic cycles of 2.25 M ZnB0.5 M ZnG| 0.8 M MEP solution with a felt carbon anodic
electrode (GFD 3) and a carbon composite cathodic electrode (PVE). This solution was at a 30 % state of
charge and the charge/ discharge cycles lasted 1800 seconds each at 10 rAA cm

An alternative to the use of the carbon felt and carbon composite electrodes was also
tried in the Hcell studies. Here a carbon paste was applied on top of the smooth carbon
compositeg(PVE) to produce a surface coatifthe exact materials used in the making

of this carborbased coating were not shared as they were Lotte Chemicals intellectual
property) Electrochemical characterisation techniques were used to compare the
perfamance of these coatings with those of the carbon composite. Initially, a cyclic
voltammogram was measured on each to show the regions of oxidation and reduction

reactions, as shown Figure6.4.
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Figure6.4 Cycic voltammogram of both smooth carbon composite electroderénge) and the carbon coating
electrode (blue) in a ell electrode with a Pt mesh CE and a SCE RE. An electrolyte solution of 50 mM ZnBr
0.5 M KCl and 16.67 mM MEP was used.

From the CV, sevet featuresvere observed. At marker point 1, the CV of the coated
electrode shows a small current whereas the composite shows.aothere was a

lower onset for the coated electrode for the bromine formdticouldalsobethough

that the larger stace area for the coated electrode adwore nonFaradaialouble

layer charging to occur. The"2point shows aurrentpeak in the coating CV at the
same point of the main peak for the CV with no coating. Woisld correspond tthe
bromineformationon the coated surface. The characteristic at point three shows a
further oxidation peak occurring at a more positive potential. It was originally
suspected that this was due to the supporting electrolyte (KCI) formis@l' Br
complexesput this was ruled out when the GVasreproducedvith KNOs in place

of KCI. 1t is not clear what this process is due to but seeing that only one clear
reduction peak was obtained on the reverse scan, it must be also linked to the bromine
formation reaction. It could be that the presence of the coating could have accelerated
the formation of thgolybromide species with MERsthe Br within the reaction

layer at this approached the electrode surface. Thiewd@xld then undergo oxidation

at a higher potentiaFinally, upon reaching point 4, it is noted that the curdehhot

return tothe baselinavhich suggests an underlying procegas occurringon the

coated surface
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The EIS was measured fon bothelectrode surfaces at their resipee E1/2 values.

Figure 6.5 shows the impedance plots for the different electrode surfaces. Both
electrodes show compressed seimiles normally indicative of a porous or roughened
surfacelt is evident from lhis graph that the coated electragaethe much smaller,
depressed senaircle. This indicates that th&:t values for the coatagasmuch lower

that the norcoated electrode and thgavemore rapid kineticsThis was confirmed

by fitting the EIS databtainedto the equivalent circuit previously described and the

results aresshown inTable6.5.
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Figure6.5EIS of both smooth carbon composite electrad@VEblue) and the carbon coating electrode
CPVHred) in a 3electrode cell with a Pt mesh CE and a SCE RE. An electrolyte solution of 50 mp@&Br
M ZnC}and 16.67 mM MERvas used. Frequency range was 65536.1 Hz

From the data iTable6.5the solution resistance §Roetween the working electrode
and the reference electrodeowed some variatiorsince the electrolyte used is the
same for both electrodes the differencdrins not significant and may simply be a
small change in diance between the Luggin capillary and the working electrode.
However, the charge transfer resistancer(Bhows the resistance to the electron
transfer process at the electrode interfaice this clearly much lower for the coated
electrodes indicating #t the coating does have an impact on the electrokin@tes

value forRct is also directly linked to the exchange current dengifyi{rough use of

the linearised form of Butlevolmer equationQ ——whereRis the universal gas

consant, T is temperature (K), n is the number of electrons involved in the electrode
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reaction and- is the Faraday constarithe values obtained are also shown in Table
6.5.

Electode | Rd m 2J Retd m Q| io (MA cm?)
R} BMA 5 4.9 8.6 1.493
o " ppge 5.6 6.5 1.975

coated

PVE 6.3 71 1.808
BMA 5 4.7 3.2 4012
Coated| PPG86 3.2 35 3.668
PVE 3.6 3.4 3.776

Table6.5Electrochemical characteristics from the impedance piotanelectrolyte solution of 50 mM ZnBy
0.5 M ZnCGland 16.67 mM ME®as used

This was supported by analysing tlata obtained from the potentiodynamic
measurementshown inFigure6.6. This shows that thi, valuedid not vary greatly

meaning the electrode surface renedisimilarin eachexperiment.

Table 6.6 shows theparameters obtained from these measurem&hts observed,

for the coated electrodes drgher in all instancesThe data for the coatddPG86
appears to be an outlier resultthat itwasthe only coated electrode which i, did

not exceed 1 mA crh Neverthelessthetrendsfrom the EIS data is consistent with
those fromthe Tafel data in that the coated electrodieplayfasterrates for kinetics
than that of their nowgoated counterparts. Thevalues calculated from the Tafel and
EIS do not quite coincide though and this could be because of the potential,citosen
the halfwave potential Hy2) in a linear sweep voltammetrytp do the EIS

measurements.

106



1.4
1.3
1.2
1.1

0.9
0.8
0.7
0.6
0.5

107¢

E (V)

—— Coated PVE

—PVE

107

107

1073 1072

A em?)

107!

Figure6.6 Paentiodynamic of both smooth carbon composite electrode (blue) and the carbon coating
electrode (red) in a &lectrode cell with a Pt mesh CE and a SCE RE. An electrolyte solution of 50 mp ZnBr
0.5 M ZnGland 16.67 mM MEP was used. Scan rate 0.1667 FV s

Electode | Ba(V) | io(MACM?) | B (V)

N BVMAS | 69.4 0. 868 0.852

o 1" ppGse | 101.27| 0388 0.868
coated

PVE | 107.31| 0433 0.855

BVMAS5 | 95778|  1.023 0.849

Coated| PPGS86 | 108.02| 0411 0.858

PVE | 119.85| 1.105 0.866

Table6.6 Electrochemical charactéstics from the Tafel slopes

6.3 Flow cell

6.3.1VolumetricMassTransportCoefficient(k. Ame

The first measurement taken in the flow stack was for the determination of the

volumetric mass transport coefficierit, Ame

This gives an indication of the

electrochemical surface area accessed by the flowing solution. Rearrdfggifid.,

allows for the product of the mass transport coefficient and effective surface area to be

obtained from the measurement of the limiting cur{&ntThis was then normalised

with the electrode volume to yield theAme value, shown irEq. 6.2.

‘0 ¢000Q D 2

~

— — 0

Eg. 6.1

Eq. 6.2
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WhereF is Faraday constang is the 2 dimensional area of the electrodées the
corcentration of the catholyte akdis the To achieve this, the mass transport limited
plateau currents at different controlled flow rates were measured. This region is shown
in Figure6.7, varies with flow rate llowing a relationship between current response
and flow rate to be used to determine #8me Due to instrumental limitation,
appropriate concentrations of the Fe(6€N)were used to avoid the signal from

electrochemical reaction taking place saturating the potentiostat.

Cathode

O 0 Q0 O 0 Eqg 6.3
Anode

¢O0° 0 1O 1Q Eq 6.4

The voltage scawas run at 5 mV's to identify the desired potential in the mass
transport plateau. This potential was then used to run chronoamperometry experiments
with the solution passing through the cell either in a stpgles mode (with constant

inlet concentratin) or in batch recirculation mode, where a redox electrode was used

in the reservoir to monitor the change in the solution concentration.

2000 +
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Figure 6.7 A linear single voltammogram of 0.01 M potassium feiicyanide 0.5 M KNOJ' (catholyte) and
0.5 MKNO3' electrolyte (anode) After the current peak show the mass transport plateau
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The plateau currents were plotted for each electradeshowrin Figure 6.8 as a
function of flow rate.The peak formed was due to tkean rate being too high.
However, it could not be set lower, since the flow was solely fresh electrobite (
would not be passed through the cell again), this would have resulted in the total
el ectrolyte volume to haveplegiaSheacatborbef or e
composite (CC)BMA 5, showed the lowest magnitude kfAne and the smallest
change in gradient with flow. This is due to the laminar solution flow over the electrode
surface in the cathodic compartmevtiere the reaction was occurrinbhe felts on

the other hand showed an improved response, with varying gradients due to the
solution becoming more turbulent, as it abrough the felts. It is worth noting that

the GFA 3 and GFD 3 felts from SGL Carbon represent regiah PANbaseccarbon

fibre felts, respectively. The 3 represent the 3 mm thickness of thedEs4.6then
represents a thicker electrode which occupied the entire volumetric area available in
the haltcell and so, there was little chance of flowmss. This woudl result in a
greater flow response than from the thinner felts. Significantly, the gradient of both
the GFD 3 an@GFD 4.6felts are very similar, suggesting that the effect observed here
was due to the thinning of the static electrolyte layer betwedrlthredectrode surface

and the flowing solution. The Mersen felt (same geometric sizeF&> 4.9 had a
stronger response with the flow. The enharledéecould be a direct effect from the
higher surface area within the felt, whereas the greater gradam¢vedwas

indicative of the enhanced mass transport interactions due to the flow.

This experiment was repeated for each electrode multiple times. The results obtained
for the SGL felts and the carbon composite wegey repeatable and thus are not
represented in the figure. However, the results for the Mersen felt showed some
variation, as indicated by the error bars. This was mainly due to the rate of species
consumption within the felts and the consequencesofglower concentrations in
these expements.The kL Amevalues obtained her@recomparable to those found in

the literature. One study in particular examined a variety of Pt/ Ti mesh electrode
structures in the flow céf®. The felt and micromesh structures tesiedhat work

gave values between 1.5 ¥161t0 5.0 x 107 s 1, with lower values found for planar

carbon structuresimilar to the trends found in this study. The one key difference was
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that the gradient response with the flow rate was higher, though this would be

depenénton the cell degin used in the study.
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Figure 6.8kLAme for each electrode at various flow rates

6.3.2 Charge/ Discharge Cycles
The felt electrode materials were then used in a 1 A charge and discharge cycle, set to
achieve a SoC of 80% before discharge to the low@6€tiScould reach before hitting
the lower potential limit.During the charge cycle, the solutions in the reservoir are
static, to collect the immiscible phase at the bottom. This shows ardsmume
over time (from 500 mL to 350 mL), caused by the immiscible phase be&lagser
than the aqueous phase. However, the tubing is lowered in the oil phase and stirring
occurs to distribute the immiscible phase during the discharge cyidleselectrolyte
used for this was 2.2BnBr», 0.5 ZnCh, 0.8 M MEP and 5 mL of Brper litre. The
data obtained from these studies are shown in FiguiEh@.carbon compositased
for both electrode@BMA 5) gave a reading & constant voltage during chargecaf
2.3 V. During the discharge hewer, there was a gradual fall in the voltage as the

reactants (particularly, the bromine phase) was consumed until the sharp fall indicating
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that there were not enough reactants to maintain the set current. More coulombs could
potentially be extracteddm the electrolyte if discharged at lower currents. However,

for comparison, the coulombic efficiency data determinetainle6.7 was when the

lower cell voltage limit (0.5 V) was reached for the 1 A dischaFgem here, therdy
electrode to change was the positive electrode for theBBrcouple. As the usage of

felts on the negative electrode would cause blockages due to the plating of zinc.

The activated carbon coating, used by Lotte Chemical in their 25 kW/ 50 kWh RFB
system, proved to be the most effective from the tests cadiachieving 86% CE

and 65% VE. Flat charge and discharge voltage profiles were obtained for the
activatedcarbon surface. The carbon composite surface gave a sloping voltage
discharge and at lower voltage than the activated carbon. In terms of eedrall
performance though, the carbon composite and activated carbon electrodes, with
nominally flat surfaces, performed much better than the felts which had the supposed
advantage of a superior surface area. The GFD 3 felt initially showed good voltage
stablity during charge, matching both activated carbon and the carbon composite, until
near the end of the cycle where there was a sudden increase in the voltage. It could
well be that here, the GFD 3 felt could have become saturated with oily bromine
complex which would have caused a large increase in resistance. Such a phenomenon
would also be likely to be accompanied by the electrolytgpdssing the felt
altogether. The GFA 3 felt has the larger surface area and so a lower void volume
within the felt. t has been noted previously that the immiscible oily phase begins to
form at SC as low as 5% SoC. If the charged immiscible material was trapped within
the surface, this could coat the electrode surface creating an additional barrier for fresh
reactant m the aqueous phase to reach an active site as well as increased electrical
resistance. This would lead to a much higher charge voltage as the felt became
saturated with the oily phase very rapidly. The GFD 3 felt on the other hand, having
a more open aicture, would result in the immiscible phase being more easily removed

from the felt allowing the reactant in the aqueous phase to reach the electrode.

The initial dip in voltage observed during discharge with the GFA 3 felt may be from
the high and redly available concentration of the complexed bromine held within the

felt becoming consumed
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Figure6.9 Charge/ discharge cycle for various electrodes

The data irFigure6.10compares the use of two thicker felts to the cadmnposite
electrode and brings to the fore some of the issues in attaching the felts to the carbon
composite backing plates. All the runs carried out with the felt material in this study
resulted in the felts being pulled off the backing plate. The nefsahis was that

here, the felt occupied the entaell flow area of the hal€ell. With the formation of

the immiscible phase within the felts during charging could have resulted in a large
enough back pressure to force the felt away from the bapkatg. Clearly then, the
carbon cement used to bind the felts to the backing plates was inadequate to the task.
Very noisy charge voltage profile was obtained, with the voltage ranging from 2.6 V
to 3.7 V. The noisy data could then be the impact ofrtireiscible phase forming

and being intermittently removed from the felt because of increased flow pressure on
any partial blockages caused by this viscous phase. However, it was during the
discharge that the impact of the felt not being properly attathdte backing plate

was most keenly observed. The discharge data from Attempt 1 indicated that the
expected higher value for the discharge voltage could be obtained but was dependent
on the level of attachment to the backing plate. The repeat okgagment (Attempt

2) gave the same noisy charge voltage (with a higher value than in Attempt 1) but

during discharge, the low voltage attained suggests that there was poor electrical
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contact between the felt and the backing plate. As the GFD 3 felthesedhad
previously achieved a CE of 82%, the lower CE (65% and 64%) from Attempts 1 and

2 respectively, was from the loss of electrical contact when the felt was dislodged. The

Mersen felt (thickness, 4.6 mm) used in this part of the study gave thereachas

for the GFD 3 but her@anevenlower CE 60%) was obtained but because of the issues

outlined

above,

t his

el

ectrode

mat er i

An important note fronthis part of the study was that the immisciplease could

createan additional barrier to the fluid flow which could not only limit the access to

electroactive material but also created a back pressure which could cause the felt to be

dislodged from the backing plate.
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Figure6.10Charge/ dischargeycle for 4.6 mm felts compared to carbon composite electrode

cc |Adtval e GEA IGED | Mer s
Car bo
CE (| 81 86 82 | 78 | 65/ 6 53
VE (| 50 65 54 | 40 | 46/ 24 21

Table6.7 Coulombic and voltage efficiencies of electrode materials tested

Despite thelack of quantifiable data from these thicker felts, the Mersen felt was

carried forward for runs using multiple chatgjscharge cycles in a system where both
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charged and discharges species in the positive and negative electrolytes remained in

the solutian.

Cycles werean in a 1.5 M \#**, 1.5 M HSQ; electrolyte solution. For the specific
volume and concentration of the vanadium electrolyte employed here, to achieve an
80% S0C from a \#**electrolyte, 1 A of constant current was applied for 16 hdurs,
minutes and 51 secondBhe initial part ofFigure 6.11 shows the charging of the
electrolyte to the 80%@C, with the voltage starting to rapidly rise towards the end

of the experiment. This rise indicated #wolution of hydrogen gas, a common side
reaction at the negative electrode of the VRFB which can be controlled by either using
voltage limits, decreasing the current applied after a certa®, $r reducing the set

SOC value. In this system, the formati@f hydrogen will reduce the coulombic
efficiency and reduce the acid concentration, leading to reduced solubility of the
V>*species. During discharge, the voltage falls concomitantly w@& Sintil the
battery is discharged when a rapid fall in voltageuss.With voltage limits to ensure

it did not go above at 1.9 V during charge or below 0.25 V during discharge

1.5

i \ Y
16 hours ' \ \
4 mins

51 secs
05 (80% SoC)

Potential (V)

0 50000 100000 150000 200000 250000 300000 350000 400000 450000
Time (s)

Figure6.11Charge and discharge cycles with the Mersen felt

Table6.8 shows the efficiencies achied from the cycles shown Figure6.11 The

coulombic efficiency achieved was consistently high. However, the voltage efficiency
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decayed with each subsequent cycle causing it to reduce the overall energycgfficien
The control data set used was from the GFD 4.6 electrode (which hadiseskn
throughout the calibration of the cell and initial runsprevious charelischarge
studies) which yielded coulombic and voltage efficiencies significantly lower than for
the Mersen felt.As the charge and discharge of were operated at the same current, the
VE was calculated from the median value from each plateau, whereas CE was simply

a ratio of coulombs ins.coulombs out.

Cycl|Cycl|Cycl|Cycl|Cont
CE ( 8 7 87 87 8 6 46
VE ( 75 72 6 9 61 4 2
EE ( 65 6 2 6 0 53 19
Table6.8 Efficiencies from the first set of cycles

Following these cycles, the cell was taken apart for visual inspection. No issues were
foundas to the cause of the fall in the voltage &fficy in cycle 4(i.e. condition of

the electrode, leakages/ blockage in the flow, nitrogen supply ¥?th¥3* reservoir
remained uninterruptedf new Mersen felt was put in place, and a second series of
cycles were measured under the same conditidrfsirther 6 cycles were run, as
shown inFigure6.12 These cycles produced smooth, consistent charge and discharge
profiles. The only exception was in th€ &ycle. This cycle was where the electrolyte
from the negative reseawsir (50 mL) was transferred to the positive reservoir to
function as electrolyte balancing which occurs due to water transfer from positive to
negative electrolyte across the membrane. This is a known effect in all VRFBs
employing cation exchange membrand herefore, the coulombic loss was expected
from this change in electrolyte compositio.able 6.9 shows that the coulombic

efficiency has improvettom thereconstruction of the cell.
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Figure6.12Second series of chargefgtharge cycles for the vanadium flow cefperating atl Acharge and
discharge cycling from an dOC0% to80%

Cycl|Cycl|Cycl|Cycl|] Cycl ¢ Cycl ¢
CE ( 91 90 92 90 75 91
VE ( 69 68 67 67 67 60
EE ( 62 61 61 60 50 55

Table6.9 Efficiencies from the second set of cycles

A final series of cycles were conducted using 2 A to chdigeharge to a GC of
50%, taking roughly 4.5 hours. Again, as can be seen Figore6.13 these cycles
produced smooth, consesit charge and discharge profiles. A noticeable difference
from Figure6.13 is the expected higher charge voltage lower discharge voltage.
However, the coulombic and voltage efficiencies achieved, as shoWabie 6.10
were stale at 95%+ 1% and 37%t 1%, respectively. It is significant to note here
that this was the first time this flow cell agb had been able to achieve 2 A for

charging and discharging.
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Figure6.13Third series of charge/ discharge cycles for the vanaditlow cell. operating at 2 A charge and

discharge cycling from an of SOC 0% to 50%

Cyclg Cycldg Cycl g Cycl ¢
CE ( 95 94 96 94
VE ( 38 37 37 36
EE ( 36 35 35 34

Table6.10Efficiencies from thehird set of cycles

6.4 Vanadium Electrolyte Production

Normally, V4* would be produced from either dissolving the appropriate amount of

vanadium (IV) oxide in sulphuric acid or reducing vanadium pentoxide with

hydrazine. Both techniques involve costly components with the latter using a very

volatile reducing agent. To optimise this process, oxalic acid was introduced (being

both cheaper and safer to handle) to reduce 95% of vanadium pentoxide under the

following reaction:

VO + BO +
275 2 2 4

2S @Y
2> 4

2/0894-

2 €030H
2 2

Eq 6.5
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The remaining 5% was reduced with hydrazine, which was dilutedow & safer
handling and reduce the likelihood of insoluble hydrazine sulphate being formed in the
presence of the sulphuric acid. This reaction is:

V205 + oyN2H4 + 228 (lal\"( ¥O0S 4O+ oyN2 + 320 t -

g 6.6

As can be seen from both reactions, the production of water occurs. This is
compensated by rmmg the reaction at a lower overall volume with the amount of
acid required evaluated considering the consumption of both the acidic protons and the
resulting dilution. Throughout this reaction, clear colour changes in the electrolyte

production were vible: from theV>* orange suspension to tNé* blue solution, as
shown inFigure6.14

Figure6.14vanadium electrolyte reducing from an oxidation state of 5+ to 4+

The concentration of the electrolyte was verified usinguiBible measurements by
modelling the spectra on Mathcad using Beambert law and calibrated data to
determine the experimentally obtained concentration from the absorbance Vatue at

760 nm, shown ifrigure6.15.
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Figure6.15 Experimental data with fitted model to determine the obtained concentratias shown in
Mathcad. Experimental data (red) and theoretical data (blue)

The final stage of the electrolyte production was to convert the electrolyte into a 1:1
ratio of V3" andV#*. During the electrolysis, the concentration was tracked using the
UV-visible spectrophotometer. Ag3* was produced, a peak in the Wisible
spectrum would appear 4t400 nm with thev** peak at 760 nm decreasing. This
spectrum could be simulatedsing calibrated data far®* andV4* to determine the
concentration of both species. As the conversion progressed, this change was
monitored until thev/3* andV** concentrations were equal, as showiFigure6.16
Converting to this ratio allows for the electrolyte to be placed into both reservoirs and

charge to obtain their respectioridation states required for the RFB.
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Figure6.16 UV- visible spectra showing the increase w#*and decrease of#* during conversion 4).
Concentrations from the spectra showing a linear relationship and trending towards tR&*{B).
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6.5 Conclusions
Currently, carborcomposites are commonly used as electrode materials in the ZnBr
hybrid redox flow battery. The materia this electrode could potentially be improved
using felts (which provides a superior surface area) and carbon coating (potentially
providing better kinetics). Comparing both felts and carbon coating to use of carbon

composites alone has allowed thefeefiveness to be determined.

Using the Hcell, carbon felts showed promise as a potential positive electrode
material. Through galvanic cycling the felt was shown to provide better coulombic and
voltage efficiencies than the carbon composites. When @@ & the Hcell was
increased the felt showed that it could retain a substantial volume of the complex
bromine phase within its structure which may lead to a faster discharge response. The
carbon coating produced a more active surface in comparisoa tarthorcomposite
obtainedfaster electrode kinetics.

From the flow cell, th@olumetric mass transport-@ificient (k.Ame) was successfully
measured in the flow cell using the 0.1 MA€(CN)3 'probe species. This showed

that the Mersen felt yielded the higher values than any of the alternative felts or carbon
composite testedUsing the 2.25 M ZnBr 0.5 M ZnC}, 0.8 M MEP solution for the
charge/ discharge cycles in the flow cell showexd the carbon felts could eventually
become blocked with the immiscible phase and this resulted in an additional barrier
for reactants to reach the electrode surface. From these experiments, the electrode
using the activated carbon coating proved to htnee better VE and CE of all
electrodes tested. This immiscible phase also caused the thicker felts to be pulled from
the electrode plates. This highlights the advantage that could be achieved with the
additive, discussed earlier, that can achieve compexaithout forming a secondary
phase.The Mersen felt was then used in a 1.5/ff", 1.5 M HSQ; flow cell to test

the electrodes performance over a series of cydibs.first series of cycles at 1 A set
achieved high coulombic efficiencies of >85%he second series of cycles produced
higher coulombic efficiencies (90%9R2%) with exception of a cycle where electrolyte
rebalancing took place. The voltage efficiency for the first 5 cycles maintained a
relatively constant value (6260%). The third sges of cycles at 2 A again achieved

higher coulombic efficiencies (94%9©6%).
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7. Power Networks Demonstration Centre PNDC)

7.1 Introduction
The PhD sponsor, Lotte Chemical, have three stages of product development for their
zinc bromine redox flow badry: 25 kW/ 50 kWh, 250 kW/ 500 kWh, and 750 kW/ 1
MWh. The first system, 25 kW/ 50 kWh, was installed at the University of
Strathclydeds Power Network Demonstrati ol
the overal/l batt er y 0 vid lixeeinsfalulities)yamdddentify r o b u s
potential points of improvement for subsequent stages.

" Anolyte Tank and
Pump

Figure7.125 kW/ 50 kWh zinc bromine redox flow battery setp

The ZnBe RFB, shown irFigure?.1, consisted of eight stacks which weyaired in

series and the four pairs being connected in a parallel circuit with DC/DC converters.
Each paired series provided a nominal 6.25 kW power output with a voltage range of
10071 240 VDC. These stacks consisted of bipolar electrodes with theiveegat
electrode being an unnamed carbon composite and the positive electrode having an
activated carbon layer on its surface, as investigated earlier in the electrode material
chapter of this thesis. These electrodes are separatedaysargus separator.he

reservoir consisted of three tanks capable of comfortable storing théitr600
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electrolyte capacity. In addition to the expected catholyte and anolyte tanks, there is a
tank for the second phase generated during charging in the positive electrolyte
(caholyte) consisting of an immiscible phase. These tanksargolledthrough an
automated 4vay valve. The electrolyte composition was 2.25 M 2n8/5 M ZnCp,

5 mL Br: per litre of electrolyte with 0.8 M MEP as the complexing additive.

Throughout tle tests and performance assessment process, the engineers at PNDC had
tested this RFB using PNDCo&s independent
conversion efficiencies to a set SoC (~30%). However, Lotte Chemical also desired a
more comprehensive darstanding of the electrochemical performance of the system

at higher SoCs. The initial studies had raised concerns that faulty stacks were causing

the lower voltage limit during discharge to be tripped resulting in the RFB to stop
dischargingearly,resl t i ng i n a false representation
poorest performing stacks were replaced the results were improved by a nominal

amount.

The following work looked at the individual stack performance during both charge and
discharge at wéous power levels. This was to determine the source of the efficiency

losses and to suggest recommendations for system improvements.

122



7.2 Experimental
Due to the level of investment and associated risks this system presents, a series of
procedures wergeveloped and adhered to. Before the RFB was switched on, physical
checks were made on the gas detection systemalarms should beresentand the
LCD display should read 0.00 (alarm 1 set at 0.5 ppm; alarm 2 set at 0.8 ppm). Once
this was completedhe 63A socket was energised and allowed to stabilise with a series
of tests being conducted to the RFBs connectivity and emergency shutdown
capabilities. Following successful checks, the charge procedure would-bp, set
started by opening the ball valves the module enclosure and ensuring the
temperature of the electrolyte was aboV€.8A USB is connected to the human
machine interface (HMI) panel to collect the data from the measured cycles. The
program of work wassetp t hr ough t h gsteh Rontrolifigure@.2),f ac e 6 s
where the series of controls were set to auto and pump flow rates were set according
to the function of the cycla.€. charge, discharge, and stripping) as showmahle
7.1

System Control - Manual

Figure7.2 HMI Panel Sstem Control panel
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Mode Catholyte Pump (RPM] Anolyte Pump (RPM)
WakeUp 2300 2000
Charge 2300 2000
Discharge 2400 2000
Strip 2300 2000
Shutdown 2500 2000

Table7.1 Pump flow rates for various stages of operation

Following this, a schedule of worlkoald be seup allowing for wakeup, rest, and
shutdown periods to be placed amongst the charge and discharge cycles, as shown
in Figure7.3. These cycles can be controlled by either constant current, constant
voltage, or constdrpower. For the work conducted in this chapter, all cycles were
controlled using constant power, allowing for the discharge power limit to be set
when the voltage drops below a set value (100 V). The schedules of work operated
are detailed in the Appendatthough the nominal charge and discharge of this

battery was 17 kW and 12 kW, respectively, which were used as guides during the

setting up of the schedule.

System Control - Auto n .1 49 ,1 'A.,',

ESS System - Auto Schedule #1

Figure7.3 HMI screen for the schedule of work to be carried out

124



Once the schedule of workas running, the status and progress of the RFB could be
monitored through the energy storage system overview in the HMI inteFaned

7.4). From this, the status of the DC/AC inverter, DC/ DC convertors, temperatures,
pump opeations, and states of charge could be monitored. However, the main analysis
was through the monitoring and recording of the individual stack data which could be
accessed through this panel to open the smalleupgyanel displayed at the toight
cornerof Figure7.4. An additional popup could be accessed showing the current and

power being applied to or taken from each stack.

Figure7.4 HMI Interface showing the overview of the energy system during its schedule of work &ipop
up window showing the individuals stack's voltages and SOCs

Once these schedules were complete, the battery was shut down by ensuring all pumps,
heat exchangers, relays, valves, and convertors were switched off from the HMI panel

before turningof he modul eés power source at the |

However, after every fifth successive charge/ discharge cycle it became necessary to
run a stripping cycle to remove any zinc depositions remaining on the electrode surface
after the discharge cycle. This ilved operating the battery in a similar way to the
charge/ discharge cycles with a very small current being passed. Once the individual
stack voltages fell below 100 V, the battery relay was replaced with the resistance relay
and left until all stack readgs reach under 1 V. The SOC% for each stack was then

reset to 0% for the next charge cycle.
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7.3 Charge-Discharge Cycles
Run 1
This schedule of work was to charge the battery at 17 kW until a theo@Ocabf
50% was achieved. When it was attemptedtéot chargng at 17 kW the upper
voltage limit alarm was tripped, as can be seeRigare7.5 by the outlier before the
main charge cycle. It was concluded that approaching any rate of charge or discharge
would be donevia staggered steps which would involveninute chargg at each8
kw and 12 kW building up to 17 kW andmMi nut e di scharges of
building up to 1T12 kW. This work up sequ:

The power was reduced in this instance to 12 kW for 120 minutes which achieved
23.86 kWh of stored powe This discharge cycle was intended to be two cycles of

120 minutes each at 18 kW and 14 KkW. Ho
tripped before the discharge cycle at 18
was 115. 65 kWh r efsciericyt of 65.6%. iThe A@/DCle@idieDdg e

was 54.59% with a recorded charged energy of 26.35 kWhhandor dischargefo

T14. 38 kWh.
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Thefigures for this data represent the voltage (V), power (P) and current (I) achieved
across all 4 stacks (1,2,3,4)he onset plateau before the charge started was the time

difference between setting up the recorded and starting the flow battery.
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Run 2

The schedule of work was to test the recommended parameters, as stipulated by Lotte
Chemical and determine bothetdC/DC and AC/DC efficiencies. As such, the battery

was charged at 17 kW for 210 minuggsvidingatotal current of 73.2 A and a voltage

of 232 V across the batteryds stacks whi
energy. The battery was thendischged at 112 kW for 200 mi
voltage alarm wasriggeredby stack 2. The discharge cycle achieved an output of
1T40. 37 kWh which gave a DC/ DC efficienc
achieved for this system was 57.67% with 65.2 kWhrchpee and a 13 7. 6
discharge.

The profile ofFigure 7.6 showssimilar features to the previous schedule of work, in
that the voltage during charge remains constant throughout the cycle with minor
changes. Whereathe voltage for discharge shows a steady decrease until a voltage of
~180 V, after which the voltage decreas ™

40

becomegyuite rapiduntil the lower limit ™ _
is reached by at least one stack. s g
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Run 3

The aim of this schedule of work was to attempt to increase the efficiency of the system

by manipulating the power input/output with the hypothesis that this would better suit

the loss of electractive material in the electrolytes as the battery became more charged

(and theconversaluringdischarge). The battery was charged at 17 kW for 88 minutes

and 12 seconds where the achie®dC was 34%. Thecharging powemwas then

decreased to 12 kW f@i5 minutes achieving 8OCof 54.5% A furtherdecreas¢o

6 kW, lasting96 minutes achieving a fin@OCof 67.9% resulting in 49.66 kWh of

input energy. The discharge cycle was staggered in a similar manner with output power
beingsetat 12 kW for 105 minutes (returning T2
minutes (returning 17.94 kWh) and 14 kW i
returned a total out put of 1T32.18 kWh wh
AC/DC the efficiency btained was 54.16% with a charge of 54.85 kWh and a

di scharge of 1T29.71 kWh.

Figure7.7 displays the staggered method and shows that this has an immediate effect

on the voltage at both charge and discharge. é¥ew the overall efficiency in
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Figure7.7 Staggered charge/ discharge cycle
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Run 4

This schedule of work was to test the recommended charge duration at the specified
parameters establisthan Run 1 Additionally, a modification was made to the
procedure for the strip cycl&he stripping cycle was to achieve <1 V as opposed to

the original <5 V specification (shown #ppendix) A charge of 17 kW for 240

minutes achieved a charged eneofi$8.08 kWh with the follow up discharge cycle

at 112 kW for 240 minutes achieving an o
DC/DC efficiency of % and an AC/DC efficiency of 56% witherecorded charge

and dischargenergiedeing68.06a n d 1 4 h re§p8ctivelyV

Figure7.8 shows that, once again, the lower voltage alarm was tripped. However, in
this instance it was stack 4 that tripped the alarm rather than stack 2 which has been

the case in the last twinstances.
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Run 5

The objective for this schedule of work was to attempt to increase the efficiency of the
battery by decreasing the power output fr
kept at the specified power of 17 kW for a shorter perio@ ¢(h&utes) achieving an

energy input of 51.11 kWh. This was to compensate for the extended time required
during the discharge cycle due to the power output being lower to be able to complete

the charge/discharge cycle within a reasonable working day.diSbkarge rate of

112 kW was set wup for 360 minutes. Howev
before this time was achieved resulting
the DC/DC efficiency being 65.91% and the AC/DC efficiency 55.46% witbrded
charge and discharge being 56.0 kWh and

Figure7.9 shows that stack 2 tripped the low voltage limit alarm. Despite the stacks
maintaining similar voltages for most of the cycleegd variances become more
apparent at the end of the cycle. However, despite stack 2 consistently tripping the
alarm, it is not believed that solving ttF
would increase by any appreciable margin. This &wvdrfrom the fact that all the

stacks exhibit similar characteristics in th=* 0

they are starting tesharply decrease anc

would trip thealarm in a similar time frame = P
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Run 6

Like the objective foRun 5 this schedule of work was aimed at observing tfecef

that lowering the power output to 4 kW would have on the overall efficiency. The
charge cycle achieved 51.12 kWh from 240 minutes at 17 kW (for 180 minutes), which

i's consistent with previous runs. The di
ot put power of 1T27.84 kWh resulting in a
efficiency of 43.4% (with recorded char g

kWh respectively).

However, it can be seen froRigure7.10that the lower voltage alarm had not been
tripped. Rather the time limit imposed in the schedule of work had been successfully
reached leading to the battery to go to its shut down stage. It is uncertain if this would
have achieved an efficiency BIC/DC 66%. However, it is certain that if allowed to
continue until the lower alarm was tripped that the efficiency would have been
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Run 7

This schedule of work was to evaluate whether shorter periods of time with a higher
poweroutput could achieve greater efficiencies. The battery was charged at 17 kW for

60 minutes achieving 17.23 kWh (the oshiot of the stored power is due to the
incremental charged steps before reaching 17ikW6 and 12 kW for one minute

each). Dischargig at the higher power output of 1
kWh with stack 4 causing the lower voltage limit to trip. The battery was then

di scharged at a | ower power output of 18
This resulted in a DC/DCffeciency of 50.96% and an AC/DC efficiency of 38.69%

(with recorded charge and discharge being

Figure7.11shows both discharge cycles after a single charge cycleeAsrith of the

data series the drdp voltage is due to a strip cycle being underway at the end of the
day. It can be noted that both discharge cycles had their lower voltage limits tripped
by a dropin voltage from stack 4 despite |

50 70

other stacks remaininglagively high.
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Run 8

The schedule of work here was to see if the efficiency is scalable with increased
charging time. Inthis nst ance the charge and dischar
kW, respectively, though both times were reduced from 240 minutes to 180 minutes.
After the cycles were completed the charged energy input was 51.12 kWh and the

di schar ged out predulting/ia a DAO/DE £ffickercy df 84¥119%. The

AC/ DC efficiency was recorded to have 56.

of discharged output giving an efficiency of 57.23%

Figure 7.12 shows that stack 4 pped the alarm again with the other three stacks
looking relatively high in comparison. The subsequent decrease in the voltage of the
stacks after the alarm was tripped was down to a strip cycle being started in the attempt
to reduce the OCP to less thad01V.
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Run 9

This schedule of work was to look at the scalability of reduced time Rom8with

lower charge and discharge inputs. Charging at 12 kW for 180 minutes achieved 35.93
kWh of stored energy while the discharge
again and achieved an overall discharge ¢
efficiency was 66.15% with the AC/DC recording 55.5% (with recorded charge and

di scharge being 39.53 kWh and 1T23.77 KkWh

Figure7.13shows an outlier in the current data series (12) at the end dfgtiearge
cycle. Thiswas assumed to be noise in the system. It can also be noted that both stacks

2 and 4 had decreasedoughto trip the lower voltage limit alarm.
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Run 10

This schedule of work was to take further on the concept from the schédidekmf

Run 9by decreasing the charge and discharge rate values. Charging at 8 kW for 180
minutes achieved 23.84 kWh of stored energy while the discharge cycle was rén at

kw for 240 minutes and achieved an over al
overall DC/DC efficiency was 61.37% with the AC/DC recording 48.03% (with

recorded charge and discharge being 26. 6°

Figure 7.14 shows another outlier in the current data series (14) at the end of the
discharge cycle. It can also be noted that stack 2 had tripped the lower voltage limit
alarm. This sequence yielded lower efficiencies than prelyaeen with the largest
drop from DC/DC to AC/DC of 13% being recorded. The drop in DC/DC to AC/DC
efficiency is again due to lower convertor efficiency when operating at low power.
The poorer DC/DC efficiency could be explained by the battery notvasgia high
enoughSOCto support the power output 0 .

discharge, like that of the results from tt

work carried out ofRun 7.
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7.4 Conclusiors
Several parameters have been tested on the 25 kW/ 50 kWh zinc bromide hybrid redox
flow battery. As can bseen froniTable7.2, most of the sequences ran achieved an
average DC/DC efficiency of ~66%. Only in two instancess6 and 7 did this not

occur. All schedules of work employed in these tests can be fourtteagrtdin the

appendix
Charge Cycle Discharge Cycle Efficiency
RuUN Power Time Charge| Power Time Dischargel DC/DC | AC/DC

(kW) | (min) | (kWh) | (kW) | (min) | (kWh) [%] [%]
1 12 120 | 23.86| 1 8 | 120 15.65 66 55
17 200 | 59.62 | 1 12 220 40.37 68 58

17/ 90/ T 12 105/
3 12/ 75/ | 4966 1 8/ 60/ 32.18 65 54

6 100 1T 4] 50
4 17 240 | 68.08| 1 1 2 240 44.86 66 56
5 17 180 | 51.11 | 1 8 | 255 33.69 66 55
6 17 180 | 51.12 | 1 4 | 420 28.28 55 43
7 17 60 | 17.23| 1 14 60 8.78 51 39
8 17 180 | 51.12| 1 1 2 180 34.35 67 57
9 12 180 | 35.93| 1 8 | 190 23.77 66 56
10 8 180 | 23.84 | 1 4 | 240 14.63 61 48

Table7.2 Summary of Charge/ Discharge data

The schedule of work foRun 6involved a discharge at a very low power which
resulted ina long timerequiredto discharge. However, unlike the other sequences
employed in theests, the lower voltage limit alarm, signifying discharged status on at
least one stack had been reached, had not been tripped. The discharge therefore was
not complete for this test and was limited by the discharge duration set up in the
sequence. Ceitdy, it can be seen from the characteristics of the different stack
voltages during dischargén Figure 7.1Q, that thepower outputcould have been
maintained for longer as these were still well above 180tNthe voltage limit set at

100 V. The datdor Run 7involved a short charge duration of only 60 minutes and a
high discharge rate which could not be sustained because of the low state of charge of
the battery.

Despite these two outliers in the results, #fficiencies obtained were consistent
regardless of value of power employed during charge and discharge. There were a few

points worth of note: the lower the discharge rate, the larger the discrepancy between
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DC/DC and AC/DC efficiencies and this issadgated with a lower convertor
efficiency at these low powers. It is noticeable that the first stack to reach the voltage
limit during discharge is either stack 2 or As this was a research and development

rig, the flaws of these stacks could have beemfa flaw in their manufacture.

Reviewing the stripping dat@ppendi®y, when the electrolyte flow is left on without

any power being applied to the stacks, the stack voltages slowly decrease. This implies
a loss of stored energy which decreases theiefity of the overall battery system.

This loss in voltage could be the result of two factors. The first factor is that the
pressure generated from the flow of electrolyte is forcing some of the electrogenerated
bromine through the porous separator causeigdischarge with the plated zinc. The
second factor could be that the flow is dislodging some of the plated zinc causing a
drop-in efficiency. The latter case could potentially be solved by allowing for a slower
build-up in the flow rate from the pumps$iowever, it is more likely that the
electrogenerated bromine is being pushed through the separator as the voltage drop is

gradual over the period the electrolyte flow is left on.

Upon review of the profiles in the chardescharge cycles, the value givfor the state

of charge $OQ stored material is simply derived from the current passed through the
batteryds stacks. However , telgiewlutdrooks not
gases. If this were the case, the efficiency being at ~66% ceutklained that

reactions are occurring during the higher states of charge that are not reversible and
would, therefore, not be recoverable. This can be mitigated by having staggered
charges and discharges to ensure the power input/ output can be radirtathe

relevant concentration levels. Capping the maximum level of charge would also
prevent this risk from occurring. For instance, during charge, 17 kW could be used
until a state of chargeSOC %) of 50% was achieved where the power could be
decrease to 12 kW and then 8 kW when the appropri®®Crh is achieved.

Addi tionally, the bSO®4oé80% toensutelthdtthfowghoptp e d 0
the entire charge cycle the side reactions are minimised by providing a power input
that the concentratioof electroactive material at the electrode surface could maintain.
During discharge, a similar sequence could be employed for the same reasons with a
Al o®@% capo of 20 %. This staggered seque
the datdor Run 3,although the efficiencyobtainedwas just slightly lower than under

138



normal charge/discharge conditions. Again here, convertor losses at the lower power

ratings could accoutior the lower efficiency values.

The end of this project saw this RFB being install®d a small, remote Scottish
community, Findhorn. This was made possible due to the collaborative efforts of the
University of Strathclyde, PNDC, Lotte Chemical, and the Findhorn community with
supporting funding to facilitate this project from Local EneScotland.

7.5 Recommendations
Following the completion of this work, a report was submitted to Lotte Chemical with
two summary recommendations: one aimed at immediate impact and another aimed at
long-term development:
Immediatei The method in which atte Chemical wanted the batteries to be analyses
was from a SOC 0% with the discharge to return to this state. However, as the battery
approaches either SOC 0% or 100% the ohmic losses increase rapidly making it near
impossible to returall the coulombiacharge in a single cycle. The recommendation
made was to operate the battery between two intermediate S@F.$OC 20% to
80%. This would result in the coulombic, and subsequently energy, efficiencies to
dramatically increase over several cycles. Thisommon practise among largeale
redox flow batteries.
Long-term i One of the major areas of efficiency loss was through the necessitated
down time to run a stripping cycle after every five charge/ discharge cycles. This is
conducted to remove any zideposits on the electrode surface after a discharge cycle.
Therefore, preventing any risk of short circuiting the system or piercing the separator.
However, if developments could take place to develop additives that inhibit dendritic
growth or novel cell dsigns to reduce their formation, this would increase the
confidence of the batteryds operation
less frequently. This would result in the overall operating time of the battery to increase

and be active for greater percentage of its life cycle.
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8.EPFL

8.1 Introduction
Switzerland introduced the HAEnergy Strat
incident in Japan arttliswas recently accepteda public vote, in 2017. This aims to
reduce t hergycansumpiondrEreasenenergy efficiency and promote the
use of renewable energy sourféédn 2016, Switzerland produced less tlta% of
their electricity demand from wind energy: producing 600 GWh pet3/ediis new
strategy aims to increase that capacity to 4000 @éfhyear by 2050. In addition,
solar energy is set to produce 20% of electricity in Switzerland by 2020 compared to
the 1% attained in 201%. However, it is appreciated that energy supplied from
renewable sources is often intermittent and can fluctuate significantly depending on
weather and location within Switzerlad®f°. To counter this and achieve the strategic
goals, significant interest lies in developing a feasible energy storage strategy to
i mprove t he effidendyandgesurite ner gy

One energy storage system, located atStaion d'épuration(STEB facility in
Martigny, is a 200 kW/ 400 kwWh vanadium flow battery, based on the type 1 model
using concentrated 2 M sulphuric aeiad wa provided by Gildemeistand operated

by Ecole Polytechnique Fédérale de Lausainhaboratory of Physical and Analytical
ElectrochemistryEPFLT LEPA). This battery forms the centrepiece of the refuelling
station which also hosts an electric vehicle fast charger (50 kW)wareléctrolysers
which produce hydrogen for the®™3%Thael | i n
objectives of this demonstration project is to investigate the connections of the battery
to the grid and to better understand energy transfer from the grid to drinsp
applications. Additionally, the site can simulate energy productions from intermittent
energy sources to determine the battécapability to store this excess energy for later

use.

The purpose of this chapter is to relate the work that was cawuieat dhe energy
centre which was to analyse and characterise this redox flow battery and determine its
capacity, efficiencies, the sources of energy lossesdselharge rate, response time,

functionality and commercial viability based on the availapplications.
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8.2 Experimental
The analysis of the 200 kW/ 400 kWh vanadium RFB operations required large
volumes of data to be recorded in each run. This was achieved through two recording
systems: Siemens TIA Portal Program and an APPA 503 multimetgyet. These
recorded the data successfully at specified time allotments during the batteries work
sequence. The Siemens TIA Portal Program and the operation of the battery could both
be accessed using the TeamViewer (12): software which grants remate tacother

computer systems.
Siemens TIA Portal Program

The data logger, specific to the battery, was in the Siemens TIA Portal program under
PC Station FB200400 > HMI_RT_8 > Historical Data. This opened a window with an
editabl e fil e niadoaet byipeiatmeinFigueer8d. oBefore
continuing, all the time allotments were altered to the desired duration between data
points (point C irFigure8.1). However, the file could only record 500(00ata points

from 64 individual parameters for each time allotment, meaning that the total run

durations vary in relation to the frequency of the daable8.1).

WUNWUNNNE

Figure8.1RunTime program screen displaying the data log floe flow battery

To create a new file, which would record the live information, the name was changed
before going to the Start Centre. Sel ect
Returning to the RunTime program and selecting the button highligh&dm@Figure

8Lbrought up a new window where the opt
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Checking this box and pressing load opened a new window with the HMI for the
recorder. Sliding the FB200400 button on initiated the recgralithe data. This could
be checked by looking at tifei |lazaii@n where the data size of the file would

increase depending on the time allotment selected for data recording.

Time allotment (seconds) Total recording time
10 22 hours 43 mins
20 44 haurs 3 mins
30 68 hours 16 mins
60 136 hours 36 mins

Table8.1 RunTime recording time for various time allotments between data points

Once the cycle was completed, the slider on the recorder was turned off to prevent the
data limit being reached: as tfezorder would wipe the previous data recorded unless

a new file name was set into the program. The CSV file from this data was used in

Microsoft Excel to analyse the various data series recorded. A full list of the data tags

recorded are shown #ppendixi Table ofRecorded Datat the end of this chapter.

APPA 503 multimeter setup

The multimeter was attached to an individual stack with the purpose of recording the
voltage produced from this single stack: stack A11l. Thegéatvolved two exposed
wires with 100K resistors soldered to each. The multimeter was connected to these as

shown inFigure8.2

Figure8.2 multimeter connected to single stack within the RFB
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Before the multimetewas connected to the battery, it was necessary to set up the
multimeter to ensure that its program recorded the DC potential during the
measurement s. This was done by setting t
button with the blue bar and observitligit DC was visible on the display (point A in
Figure8.3). The multimeter was capable of recording 20,000 data points before the
internal memory became full. This altered the length of recording available on the
multimeter dependg on the time allotment between each recorded data point. The
time all otment was set by selFgue8dand t he
setting the desired time in seconds for the measurement using the up and down
functi on. Once this had been set, the valu
returning to the main screen (screen showhigure8.3) by pressing fiCa
voltage range was determined by the degree of precisionksethe flow battery in

question, the range ofi0400 Vbc was used and indicated by there being only one

deci mal pl ace. This could be aFigure8tded wi t
but it is worth noting the other rarg@nd associated errors to thes& @ble 8.2

Accuracy wast (% of reading + 20*(number of digits)) at Z3+ 5°C, where the

number of digits is indicative to the last digit recordedif the reading were 41.16 V

the error wold bez+ ((0.03% (41.16) + 20%(0.065%.

Potential range (M) Digits Error (%)
07 4 0.000
0T 40 0.00
(+ 0.03 % + 20d)
07 400 0.0
07 1000 0
Table8.2 Potential ranges on the multimeter

Finally, the multimeter could start | ogg
in Figure83) and pressing fiEntero. The data r ¢

appearing above the tafe value indicated and should increase with every data point
recorded. Once the recording had started, the multimeter was connected to the battery
by inserting the cables into the appropr

red cable to AVO port
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Figure8.3 Multimeter display and functions A = Seup, B = Log rate, C = Range, D = Data log

Once the measurement was completed, the multimeter was disconnected from the
battery by removing the two cables from the ports on the multimeter and dovwmgioa

the data to a computer with the AData Doy
to be saved as a .ixt file. The datalectedcould contain data from previous work
sequenceafter the end of the rufas the memory is not wiped after the downl@ad

completd. This is due to the data collectmrerwriting the preexisting data from the

starting point until the memory limit is reached. Finally, it was important to note that

the battery life on the multimeter is 100 hours and operated from foutasthAA

batteries.

Battery work sequences

These could only be accessed from the ba
Viewer. This program allowed for work sequences to run and to monitor the battery in

real time. From the main screen, to creatmarwk s equence, Figltee AP a
8.4 (B)) needed to be selected to open a new screen. Each row in this screen signified

a work function; the first column represented the task to be carried out with the second
column indicaihg the desired power to be achieved. The command key for the first
column was fAwait=0 followed by a number
minutes) the desired power input would operate for. The order of entry was important,

as the desired power putto the first row would operate for the time in the second

row, as shown irFigure 8.4 (A). The firsttime input was the time required for the
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battery to activate the number the stacks (between 2 and 4) required for the desired

power output. The optimal time for this was found to be three minutes. All the work

sequences employed can be found\ppendixi Work Sequencewith stated aims

and results for each. o6
| cesTROM-FBO96  x # - U“ia CHLISTROM FB09% % |+
Home © Actions ~ 5W view + & Communicate + [, Filesabnres - & IR Hom
s M= | FB 200-4us ©
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Target Power kW
— 3

'

vanes780

wait=s780

energy £ A10Ns |
LL‘“ I

rrrrr

eooo00o0oo0eC

Ctrl | G-A G-B|GC|GD|UPS

EVENT LOG;04.09.2017 13:24:56,Changs ranning DCLITks 100

s|E

o 0
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@ 0591 6902

jons ~ 0 View = A&’ Communicate
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A | HVI | VU | HVP | LVT
0,684

(kvar):

Circuit Breaker Grp 1
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Temperature Transformer

©000O0O0OCO (°

(kW)

Safety Loop Grp1
safoty Loop Grp2
Safety Loop Grp3
Safety Loop Grp 4
Satety Loop DCLINKE1
Fuse 24V for DCLInk81

Fuse 24V for FBC

Fuse F15/16 for K3

Ac| pac| FBC [ SET | LG | °

e Dn
- g riesaemas- & R

~lons
~—

WU | WP Sum | (@)

4,92 40,14 -0,198 totals

0 Targetpower (kW): o

Offo20  Status Grp 1
Off0/20  Status Grp 2
Off0/20  Status Grp3
Ofto20  Status Grp4
Standby  Status DCLINkE1
No Emergency Stop
On Main Switch

1000 Charge Level

GUEV 1.06.03 comectsd fo server V1.06.8

Figure8.4 (A) An example of a work sequenedth the arrows signifying what desired power is associated

with the following time command. (B) The main screen shows some basic information and the operation
state of the battery

Once the work sequence had been set, the battery could be started ad stpppe

pressing

t he

i Act

vat eo

and

AfDeacti

data acquisition could be followed on this screeg. state of charge (SOC), time

progressed into step, desired power of the step and the real time of the battery

opg at i

became red. During the operation of the battery, various data sets could be seen from

on.

Sel

ect

ng

i Cl

oseo

returned

vat eo

t

0]

the main screen, such as the FBC screen and the live output screen. The points of

referenceon the main screen were the charge level, the number of stacks in use and

any errors that could have occurred. The FBC screguie8.5 (A)) could display

more data such as the open circuit potential (OCV), the temperatusesgatk was

operating at and the hydrogen level present within the tank. Finally, the live output

screen Figure 8.5 (B)) displayed four dials which represented the charge level, the

power being applied to/taken from the battehg DC BUS voltage and the reactive

power.
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Live action screen shows the real power being applied with the DC Bus voltage and charge level

Fromthese recorded values and operational programs, many cycles were performed at

various levels of power to assess this battery. The charge level limits were determined

by allowing the battery to charge/ discharge at 200 kW until it reached its charge level

limitations (0-100%) which were the equivalent to the SoC bek85% limits This

data allowed for the stored energy capacity and the charge/discharge profiles to be

understood for the individual runs. The cycfesm the battery could charge for a

theoreical time that would achieve 100% charge leaetl immediately discharge

This gave the 1in

ti al eval

uat

multimeter attached to the individual stack, the voltage efficiency.

on

of

t

The battery was then operdtesing incremental power levels to understand the power

requirements for the centrifugal pumps, the AC/DC and DC/DC convertor efficiencies

he

and the accuracy of the OCV value in assessing the SoC. Finally, the battery was also

operated under standby conditiwith a various numbers of stack groups being kept

active. This was measured over ahtfir period to determine the extent of self

discharge in the system.
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8.3 Results

Battery Characteristics

The 200 kW/ 400 kWh vanadium RFB, shownFigure 8.6 (A), comprised of four
groups of stacks and two electrolyte tanks. Each group had twenty stacks individually
connected to the main DC line with a DC/DC convertor. The mains voltage was
connected to the battery via th&€€MC convertor (three phase AC). A single stack
consisted of 27 bipolar cells, an example design of which is shofigume8.6 (B),

which has a carbon composite as the bipolar current collector. Attached toutresé
collectors were GFD 4.6 graphitic felts with a dimension of 28 c18.5 cm3 0.46

cm for eacHelt electrode. With a stated surface area of >¢'m Therefore, with a
sample piece of GFD 4.6 of 20 émveighing 3.3 g, this would mean that the sample
piece had a surface area of roughly 1.32 @caling this up to the size of a typical
electrode would give surface area &6.0 m? andthe entire btieryan area 15.8 10

m2. The membranevas unknown, but it was assumed that it is a type of proton

exchange membrane.

For the operation of the battery, the positive and negative electrolytes were pumped
into each group of stacks from a centrifugainmu The total electrolyte volume was
26,000 litres and consisted of 1.6 M vanadium species in concentrated sulphuric acid
(2 M). The battery also operated many sensors to measure and control the ventilation,
hydrogen sensor, temperature, electrolyte lavéhe tanks, electrolyte leakagetc.

These sensors allowed for regulated control of the operational temperatures, balancing
of the electrolytes and to detect any potential errors within this system. There were two
issues which were known with this RFgstem in that two of the stackStack A07

and Stack C19) or their corresponding DC/DC convertors, were faulty.
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Figure8.6 (A) Simple representation of the 200 kW/ 400 kWh vanadium RFB. (B) Structure of the bipolar
plates used in the stacks of the RFB

This battery was operated between nominal charge levels of 0% to 100% (on the HMI)

which was between the states of charge 5% to 85% respectively. The control program
within the battery also had in place measures to ensure that any potential risks are
minimised, such as limiting the active power output during charge and discharge when

the SOC reached the upper and lower limits of the charge level.

Figure 8.7(A) shows the 200 kW of power being applied over time. Harewhen
the charge level reached 90% SoC, the amount of applied power decreased linearly
until it 200% SoC was achieved where the power had decreasadléd kW.

250

A

200 W uMelipb b sk S Tast Ly,

Active Power (kW)
Active Power (kW)

10 20 30 40 50 60 70 80 90 100

100 90 80 70 60 s0 a0 0 20 10 0
Charge Level (%)

Charge Level (%)

Figure 8.7 Power profiles when charging (A) and discharging (B) to the whole charge level range at n
power, 200 kW

Figure 8.7(B) represents the dischargefile, where 200 kW is being drawn from the

As can be seen, the behaviour during discharge was overall very similar to the charge

profile. When the charge level had reduced to between 25% to 15% (depending on the
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applied voltage level), the power decrediglong with it and although the initial drop

was linear, the remaining 10% of charge had a reduced rate of return. Additionally,
once the charge level had reached 0% SoC (40 kW), there were still pulses of power
being applied. This was to prevent the rgjgalevel dropping below 0% SoC and to
ensure that the stacks were sufficiently fed with electrolyte to reduce the response time
when charging was restarted. The limiting of the power inputs and outputs, through
set voltage limits at these stages was toimise the risk of secondary reactions (in
terms ofHz evolution orvanadium precipitation from a drop in acidity) and damage to
the electrode materidfS. The issues relating to the rate of sdlécharge and the
power applied to the pumps (and other regulatory processes) will be analysed in a later
section to determine the sources of the energges in the system.

System efficiency

Several cycles with various powergeb i nt s wer e conducted to

energy efficiency. These were operated betweenZID kW in increments of 50 kW

to provide infor mat i oabilityaver thi eomppebhendive r y 6 s

range. In addition, a cycle at 60 kW was also run to simulate its function forthe on
site alkali electrolyser. Connected through the STEP facility where both were

connected and controlled from a central unit.

Figure 8.8 displays a typical data set achieved from these cycles. It is worth noting
here that the charge level for tB@0-kW charge was not taken to 100% to avoid the

(

l i near reduction in power ne alrebdttdryewax har ge

set to fully discharge to understand how much energy can be returned from the

discharge cycle.
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Figure8.8 Charge and discharge cycle at 200 kW tracking the charge level

The energy efficiency is simply based on a ratio of the total emengyned from what

was originally stored in the batterfable 8.3 gives the full account of energy
efficiencies for each cycle carried out. The battery maintained a consistent system
energy efficiency at charging/discharging @o% 60 kW of 56% At 50 kW, the
energy efficiency found was 48%. The table also shows that cycling at 100 kW was
repeated as the initial energy efficiency obtained was 47%. This lower performance
was attributed to the higher electrolyte temperature aglaied from the cycle ran

immediately prior to this one.

Cycle Time | Charged| Charge Time Discharged Energy
Power | Chargingl Energy | Level | Discharging Energy | Efficiency
(kW) (mins) (kwh) (%) (mins) (kwh) (%)
50 894.0 737.79 | 91.8% 426.7 352.68 48%
60 744.5 73933 | 98.2% 419.0 416.15 56%
100 (a) | 438.0 742.96 | 92.6% 216.3 350.27 47%
100 (b) | 443.0 727.13 | 100.0% 272.0 434.79 59%
150 292.7 729.92 | 95.8% 172.0 397.44 54%
200 191.8 637.76 | 91.6% 125.0 364.79 57%

Table8.3 Energy efficiencies of the various cycles

It can be noted that the maximum charge level achieved does not correlate with the
amount of energy stored in the battery, as the 50 kW charge achieved a charge level of
91.8% with 737.8 kWh compared to that at 200 kW which achieved 91.6% with 637.8
kWh. However, these values were determined through the value of the OCV as
opposed to simply calculating the theoretical charge level from the power input over
time. Figure8.9 shows this relationship between the charge level and thed3@\s

indicative with that expected if the Nernst equation is applied to the cell reaction. At
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