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Abstract:

Redox flow batteries (RFBs) have emerged
as prime candidates for energy storage of
fluctuating renewable energy because of their
ability to be scaled separately in terms of
energy and power and, therefore, to potentially
reduce the costs of energy storage. In particular,
alkaline flow batteries based on redox-active
organic molecules (quinones) and on a solution
of a food additive (potassium ferricyanide),
have been proven able to deliver a cell
potential of 1.2V. The investigations focused
on operating 2,6-dihydroxyanthraquinone
and 2,5-dihydroxy-1,4-benzoquinone, whose
reduction kinetics were evaluated through means
of cyclic voltammetry, to test the performance of a
newly acquired redox flow battery presenting a
"zero-gap’ cell configuration. Furthermore, studies
on the influence of flow and hydrodynamics on
the electron transfer were carried out through
the limiting-current technique, which was found
not to be informative. However, despite the
success of the investigations that lead to the
choice of 2,6-dihydroxyanthraquinone and
2,5-dihydroxy-1,4-benzoquinone as negolytes,
issues occurred during the testing phase of the

flow battery.
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Preface

The present writing is a Master’s Thesis named Influence of cell design and
hydrodynamics on performance of redox flow batteries. It is a 10! semester project
in terms of the Specialization in Chemical Engineering module (30 ECTS credits) in
Chemical Engineering Master’s degree programme at Aalborg Universitet (AAU),
Esbjerg. The thesis period lasted from February until June, 2019.

The choice of working on the chemistry of redox flow batteries during the thesis arose
from the same concern about environmental preservation that pushed me to move to
Denmark two years ago. The thesis period has been an intense and challenging series of
ups and downs, during which I have been experiencing joy as much as disappointment.
However, I have to admit that never once, during this period, have I felt abandoned by
my supervisors.

I hope this writing will be considered as a comprehensible and professional piece of
work by whomever audience wishes to read it.

Talitha Giaquinto
Aalborg Universitet, Esbjerg, Denmark

7 June, 2019
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1. Introduction

The production of electricity that meets the Global energy demand is mostly supplied
by fossil fuel (85 % of mankind's primary energy) and nuclear-based power plants [1].
These conventional energy production plants have typical power outputs of over 1 GW,
but are far from being sustainable. In fact, burning fossil fuel and biomass produce
gaseous emissions that are not only polluting the air but also increasing global warming
with an alarming rapidity (the concentration of carbon dioxide in the atmosphere has
increased from 280 ppm in 1995 to over 400 ppm in December 2015) [2]. Moreover,
the constant energy source provided by nuclear reactors is associated with problems
of radioactive waste disposal and a foreign oil and/or gas dependency could create
a climate of national vulnerabilities that could threaten social stability [2]. For these
reasons, it is worldwide concern to build a low-carbon society supported by sustainable
energies, such as solar, wind, geothermal or hydroelectric energy.

Renewable energy sources will provide almost 30 % of the worldwide power demand by
2023, up from 24 % in 2017 [3]. Nevertheless, as geothermal energy and hydroelectricity
are globally limited to speci ¢ geographic locations because of disadvantages regarding
reduced availability (e.g. sunlight in the night [4]) and massive ecological impact, solar
and wind intermittent energy seems to be the only environmentally friendly alternative
source of electricity [5]. As a matter of fact, solar and wind installed capacities are
growing at rates of 60 % and 20 % per year respectively [6], and the goal, in Europe,
is to reach 20 % of total electricity production from renewable sources by 2020 and
at least 32% by 2030 [7]. Moreover, worthy of mention is the ability of Denmark
to become a leader in renewable energy generation as, measuring electricity supply
alone, renewables account for above 50 % of domestic generation, mostly due to the
incorporation of wind energy in the electricity production (5 GW of installed wind
energy capacity) [8]. Because solar and wind energy production is intermittent, though,
energy demand can diverge from energy production [9]; however, conventional power
plants produce a stable base load over a long period of time. This means that safe,
low-cost, ef cient and scalable energy storage technologies, able to overcome deviations
in energy production and consumption, are needed.

Currently, a series of storage technologies are available, such as pumped hydro,
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y -wheels, compressed air, supercapacitors, solid-electrode batteries, and redox ow
batteries [4]. Among the options for electrochemical storage of renewable energies, redox
ow batteries represent a valid alternative to enclosed conventional batteries, which
exhibit limited energy-to-power ratios that increase the cost when the required discharge
duration exceeds one hour. Moreover, the repeated charge/discharge cycles that
conventional batteries undergo determine expansion and contraction of the electrode
materials, which results in degradation of the material over time and severely limits the
cyclic lifetimes of the battery [10]. Redox ow batteries, instead, present redox-active
cathode and anode materials dissolved as electrolytes, stored in external tanks outside
the cell itself. This design allows the cycle life of ow batteries not to be dependent on
the depth of discharge [10] and a great exibility of the system, as the power capacity
(electrode area) and energy capacity (tank size) can be independently sized so that the
discharge duration can be rather inexpensively increased simply by increasing the size
of the tanks. Furthermore, the power of ow batteries can be more easily scaled - up
than is for conventional batteries, as it is suf cient to increase the active surface area of
the electrodes, the number of electrodes in a cell stack and the number of cell stacks in a
system [4]. On the other hand, scaling - up of the storage capacity of RFB is achieved by
increasing the volume of electrolytes and/or the concentration of active species [4].

1.1 State of the art review

As of today, the most common type of redox- ow batteries technology is the
all-vanadium ow batteries (VRFB), rst developed in the University of New South
Wales by Skyllas-Kazacos and her co-workers in the 1980s. This technology immediately
acquired worldwide interest, as it makes use of four different oxidation states of
vanadium ions, hence enabling the decrease of cross-transport of the active components
in the two half-cells, since one only type of active element is employed in the cell [11].
In this set-up, the two couples V O; =V &* and V2" =V3" are separated as catholyte
active species and anolyte species, respectively, and undergo the following electrode
reactions [12]:

Cathode-side:

VO,  +2H" +e )0 yo +H,0 E°=1:.00V (1.1)
Charge
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Anode-side: _
V2 PG 3 Eo= OBV (1.2)
Charge ' '
Cell reaction:
VO, +2H* +V 2 )T o2 Ly 4y 0 E°=1:25V (1.3)
Charge

However, Sum et al. [11] state that the performance of VRFB is hindered by the solubility
(2.0- 3,0 M) and the stability of vanadium ions in the electrolyte solutions, which limit
the energy density of the VRFB to 20-60 Wh/L [13]. Moreover, as VRFB are con ned
to work in a temperature range between 10 ° C and 40° C, an active heat management
system is needed during operation with the VRB stack, lowering the system ef ciency
due to parasitic energy losses. According to Chen et al. [14]), these problematics, coupled
with high cost of vanadium ions (USD$ 300 - 800 (kW h) 1, ca. $27/kg), high V(V)
corrosiveness and the need for relatively expensive ion exchange membranes, which
represents 40 % of the total cost of the battery, have pushed the research towards more
sustainable ow battery technologies and, as a matter of fact, latest studies have been
focused on developing redox ow batteries that could use organic active materials as
electrolytes [4].

The abundance of organic molecules, and the possibility of their extraction from various
sources, decrease the electrolyte costs for organic - based ow batteries (USD$ 35 (kW
h) 1, based on half - cell estimations [15]). This could represent a valid alternative for
reducing the overall cost in long-term, to meet the proposed cost target of USD$ 150
(kW h) ! reported by the Of ce of Electricity in 2013 [16]. Moreover, it is possible to
further optimize the properties of the organic molecules to provide faster kinetics and
higher solubilities, and to yield high cell voltages in batteries [4]. In this regard, the
focus of current studies [17-19] is the optimization of aqueous organic-inorganic redox
ow batteries, involving one organic and one inorganic active material for the two
electrode reactions, as these have been proven successful in increasing the cell voltages,
in decreasing cost and have shown signi cant advantages in ionic conductivity.

Hazza et al. [20] stated that the most used low-cost inorganic redox couples for
organic-inorganic batteries are zinc, bromine and ferricyanide, having shown higher
speci ¢ energy (e.g., zinc: 820Ahkg !; bromine (Br,): 335Ahkg ) when used in
conventional ow batteries. As for the organic redox couples employed, instead,
guinones, aromatic compounds containing secondary hydroxyl groups, have been
chosen for their high reversibility for energy storage applications. Leung et al. [4]
specify that, when in aqueous eletctrolytes environment, the hydroxyl groups work

3
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as hydrogen carriers: electrical energy can be released by oxidation of these groups
so that the corresponding hydrogen depleted carbonyl compounds can be formed.
However, some concerns over the employment of quinones in the organic-inorganic
ow battery systems are related to the reversibility of the redox reactions and their
solubilities in water. It can happen that the redox reactions might need catalysts or
elevated temperatures, such as 150 C - 250° C and, in some cases, the dehydrogenation
(oxidation) process of these compounds results in slower kinetics compared to the
hydrogenation (reduction) process, which is not practical in many redox ow battery
applications [4]. Huskinson et al. (2014) [19] stated that another important aspect to take
into consideration for governing the reactions when employing aqueous electrolytes in
redox ow batteries systems, is the pH of the solution, as it has a signi cant in uence
on the solubility and chemical stability of the organic molecules.

Lin et al. (2015) [17] have nalized an organic-inorganic redox ow battery based on
alkaline electrolytes. The system is formed by 0.5 mol/L 2,6-dihydroxyl anthraquinone
(2,6-DHAQ) and 0.4 mol/L potassium ferricyanide (Fe(CN); ), both dissolved in
1 mol/L of potassium hydroxyde and working as the negative and positive electrolytes,
respectively. Ferricyanide is preferred to bromine because it is non-toxic (as a matter of
fact, it is used as food additive) [21]. In alkaline electrolytes, both the redox active
species in both reduced and oxidized states have shown solubilities greater than
0.6 moldm 3. Investigations of the reduction potentials of the two species made with
cyclic voltammogram deliver an open-circuit cell voltage of 1.2V at 50% state of
charge [17]:

Anode reaction:

Figure 1.1: 2,6-DHAQ anodic reaction. [17]

and the following half-cell potential:

E®° 0:65V vs: SHE (1.4)

Cathode reaction:

Fe(CN)s® +e  Fe(CN): E° +0:36Vvs:SHE (1.5)

4
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Cell cycling was performed at 20 ° C in a parallel ow cell, where carbon papers were
employed as electrodes and a Na on ®212 cation exchange membrane was used as a
separator. After 100 charging/discharging cycles at 100 mAcm 2, results showed a
round trip energy ef ciency of 84% with a current ef ciency of more than 99%, whilst

the capacity loss, to be attributed to the cross-over of the active species across the
membrane, to the leakage from the pumping system and to the chemical decomposition,
was found out to be 0.1% for each cycle. Moreover, the system was capable of delivering
an energy density of ca. 6.8 Whdm 2 and total power density of 4501 mW/cm 2 [17].

More recent studies from Yang et al. (2017)[18], have introduced an alkaline redox
ow battery that utilizes 0.5 mol/L 2,5-dihydroxy-1,4-benzoquinone (  2,5-DH-1,4-BQ)
dissolved in 2 mol/L potassium hydroxide as the negolyte and 0.4 mol/L potassium
ferrocyanide (K4;Fe(CN)g) dissolved in 1 mol/L potassium hydroxide as the negolyte.
In this study, the benzoquinone is preferred to the anthraquinone because substantially
less expensive. Through cyclic voltammetry investigations, the open-circuit cell voltage
is reported to be 1.21V at 50% state of charge (SOC). The parallel ow cell is assembled
withNaon ®212,115and 117 membranes as separators and carbon papers as electrodes.
Through cell cycling, the initial capacity is found to be 23.15 Ah/L and the coulombic

ef ciency (CE) is 77% when using N212 membrane (self-discharge of the cell due to
cross-over of the active species across the membrane) [18].

1.2 Problem statement

According to the aforementioned studies (section 1.1), much has yet to be done in terms
of implementing cell performance (cell voltage, current density, coulombic ef ciency)
and tuning of physical/electrochemical properties (number of electron-transfers,
solubility, molar mass) in order for the organic-inorganic ow battery to compete with
conventional all-vandium systems, able to achieve energy densities of ca. 35Whdm 3,
cell voltages of 1.5V, solubility up to 2.0moldm 2 and high specic capacity of
vanadium (526 Ahkg 1) [4]. In line with the latest studies' developments, the project
known as Fungal ow-battery for storing sustainable energy , active in the Section of
Biotechnology, Department of Chemistry and Bioscience in the Section of Chemical
Engineering in the Faculty of Engineering and Science of Aalborg University Esbjerg,
aims at developing an all-organic redox ow battery completely based on quinones
extracted from lamentous fungi. For this reason, a cell consisting of two Poco graphite
plates with serpentine ow eld provided from Fuel Cell Technologies (FCT) and a new
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battery tester (Neware BTS-5V6A) were bought from the University of Aarhus around
December 2018.

The experimental work carried out during this master's thesis period was conceived
to be the rst step for implementing the electrochemistry part of the above mentioned
project, and had the general aim of using the features of the newly acquired battery test
station to study the performances of the cell when investigating the cell design. In this
perspective, the objectives of this master's thesis can be expressed as follows:

» How to choose the most performing quinones to be operated in the newly acquired
cell?

* Is the newly acquired cell properly functioning when redox species ow through
it?

» Is it possible to optimize the ow of redox species through the cell by focusing
the investigations on the cell design, such as, for example, ow elds, gaskets,
electrodes and membranes?

* Will the optimization of the ow through the cell lead to an optimized
performance of the battery, such as implemented current ef ciencies, capacity and
power/current densities?

* In order to get more knowledge about the behaviour of the redox reactions
happening during charge and discharge of the cell, is it possible to study the
mass transfer coef cient of the chemical species employed in the cell through the
limiting-current method and use it to study the in uence of ow and ow pattern
(hydrodynamics) on the electron transfer?

To answer these questions, a plan of action was designed in accordance with
previous studies ([17,18]), which operate organic-inorganic redox ow batteries with
petro-quinones. Therefore, by means of cyclic voltammeter, the redox kinetics of a
wide selection of petro-quinones available in the laboratory of the Section of Chemical
Engineering at Aalborg University Esbjerg were investigated. After the screening,
the chosen redox couples @,6-DHAQ, 2,5-DH-1,4-BQ and 1,4-NQ) should have been
operated in the new battery setup, and cell cycling tests should have been run in order to
get valuable data about the performance of the ow battery (cell potential [V] vs. current
density [Acm 2]; cell voltage [V] vs. capacity [C]; ef ciency [%] vs. cycle number, cell
voltage [V] vs. time [hr]). However, unexpected issues occurred during the trial phase.
Hence, the initial goals of the thesis shifted toward new types of investigations, whose
core was aimed at answering the one and only following question:
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* Why is that, despite the proven functioning redox kinetics of the chemicals
employed, the ow battery seems not to work as expected?

This and other questions will be answered later in this piece of work, and the logic
behind the choices made will become clear.



2. Background

The following chapter covers the general concept of decentralized energy systems
and energy storage technologies. In particular, electrochemical storage systems and
its subcategories will be presented, and much importance will be given to redox
ow-battery technology. To fully understand the working mechanism of this batteries,
the chemical species employed, the kinetics governing the redox reactions and the
design of the battery will be introduced.

2.1 Decentralized energy systems

Worldwide urgency to satisfy the ever-increasing demand for electricity consumption
and promotion of environmental protection are the main reasons that encouraged
electricity production from renewable energy sources [22]. Moreover, the scarcity of
fossil fuels and price volatility of oil and gas imports are leading to the disposal of
centralized power generations (large fossil fuel condensing plants, or nuclear plants,
that transmit generation loads across long transmission and distribution lines to
consumers in the region) in favour of cleaner and more agile decentralized energy
production systems, characterized by locating of energy production facilities closer to
the site of energy consumption [23]. The working conditions set by fossil fuel plants
and centralized generation networks on the traditional power grids represent a real
challenge for the applicability of renewable energy sources technologies such as wind
turbines: uctuating and/or intermittent wind energy production, owing to wind speed
variability, is unable to adjust to the pro le of electricity demand [24].

A decentralized energy system has the advantages of higher energy ef ciencies,
avoidance of transmission and distribution losses, enhanced exibility of the local
electricity network and increased levels or reliability/security of supply. It relies on
distributed generation (DG), demand response (DR) and energy storage [24]:

Distributed generation is de ned as an electric power generation source connected
directly to the distribution network and located close to the load. This allows for the
employment of numerous, but small plants and can provide power on-site with little
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reliance on the distribution and transmission grid. DG technologies yield power in
capacities that range from a fraction of a kilowatt [kW] to about 100 megawatts [MW].
Utility-scale generation units generate power in capacities that often reach beyond 1,000
MW [24].

Demand response accounts for the changes in the price of electricity over time, thereby
representing the changes in electric usage by demand-side resources from their normal
consumption patterns. This means that real-time monitoring and communication
between producers and consumers of electricity is possible, and it helps the optimization
of grid usage [25].

Energy storage systems balance supply and demand due to short- and long-term
storage duration periods, while aiding in frequency and voltage control at local and
large grid scales [26]. For this reason, large-scale energy storage systems (ESSs), able
to store energy at off-peak hours and supply energy at peak hours and improve grid
stability, are becoming the kernel components of the smart power grids technologies,
ensuring a consistent ow of energy [9, 27].

2.1.1 Energy storage technologies for renewable energy systems

In order for the energy storage systems (ESSs) to balance demand and supply, the
electrical energy needs to be converted from an available source to another, and then
converted back into electrical energy when needed. There are 5 main forms of energy
storage, as visible in Figure 2.1 [26, 28, 29].

Figure 2.1: Classi cation of storage technologies, by energy type. [29]
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1. Mechanical systems, such as compressed air energy storage (CAES), falling
weights, pumped hydroelectric storage (PHS) and ywheel energy storage (FES);

2. Electrochemical systems, in particular different types of battery, among which are
redox ow batteries;

3. Electrical systems, such as capacitors, supercapacitors, double-layer capacitors
(CLBs) and superconducting magnetic energy storage (SMES);

4. Chemical systems, such as hydrogen storage with fuel cell/electrolyser, synthetic
natural gas (SNG), and reversible chemical reactions;

5. Thermal energy storage (TES) systems, such as sensible heat storage, latent heat
storage, as well as thermal absorption and adsorption systems.

Ideally, when developing energy storage technologies, certain properties should be
taken into account: capacity reserve, quick response time, short or long-time storage,
stationary or portable, conversion rate, energy density rating, storage costs, security,
environmental impacts, end-use (e.g. grid connected or stand-alone), and storage time
limits [28]. The main principle is that ESSs store energy during the times of low demand
(if surplus energy is available), and deliver this energy during the times of high energy
consumption, for example when energy production is not suf cient. Figure 2.2 shows
how these technologies work [9].

Figure 2.2: A simpli ed pro le of charging and discharging for a typical ESS. [9]

As illustrated in Figure 2.2, the charging period (t .,) for any ESS corresponds to late
evening/night-time, when the energy is kept at baseload levels. However, as the day
comes in, all the produced energy is destined to cover demand and the electrical loads
increases. Depending on the size of the storage system utilized, discharging period (t gis)

10
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accounts for the part of stored energy that is used to supplement energy production by
covering parts of it or the entire energy de cit that appears as the electricity demand
reaches peak levels (usually during the middle of the day and during the early evening).
In this context, in order for scheduling to be accurate, the response time of energy
storage (ts) has to be taken into consideration. Anyway, as the energy demand gradually
decreases and the storage unit is recharged because partly or entirely discharged during
the previous time period, the daily cycle can be considered completed. Moreover, among
the duties of ESSs there is also management of the power injections used to regulate
frequency and voltage [9, 30].

2.2 Redox ow battery technology

The rst idea of a redox- ow battery dates back to 1970s, when the U.S. National
Aeronautics and Space Administration (NASA) used Fe**=F&* and Cr3 =Cr?* as
redox couples on the positive and negative sides, respectively. Since then, the concept
has been implemented and, as of today, all-vanadium redox- ow batteries, in which
four oxidation states of vanadium are included — (V(V) and V(IV) on the positive side
(Equation 1.1) and V(lll) and V(Il) on the negative one (Equation 1.2) — are in the
spotlight in the RFBs research and development [31]. However, due to the corrosivity,
hydrogen evolution, kinetics, materials cost and abundance of the metal ions in acidic
solutions on which ow batteries are based on, large-scale commercialization of the
former has been limited. Thus, research is focusing on developing and optimizing
quinone-based ow batteries where the dangerous bromine, already in use instead
of vanadium, can be replaced with the nontoxic ferricyanide ions [17]. The following
sections describe the working mechanism and the caracteristics of a general redox- ow
battery. Afterwards, alkaline quinone ow-batteries will be presented.

2.2.1 Working mechanism

Redox- ow batteries (RFBs) allow for energy conversions through reversible
electrochemical reactions of two soluble redox couples. This type of battery is made
of two parts connected to each other through pumps: the battery cell stack (where the
reactions take place) and the external tanks, used to store the aqueous electrolytes [31].
The reactions happen during charge and discharge processes in the negative and positive
compartment. During reduction, electrons and ions are extracted from one electrolyte;

11
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later, these are recombined in the other electrolyte through oxidation [28, 32]:

Anode:
A™ + xe 1AM X* (charge; reduction) 2.1)
A" D+ xe I A (discharge; oxidation) '
Cathode:
B™ ye I B™Y*(charge; oxidation
y (charg ) (2.2)

BMY* + ye | B™" (discharge; reduction)

Figure 2.3 is a schematic illustration of a redox ow battery [32].

Figure 2.3: Scheme of a redox ow battery. [32]

As illustrated Figure 2.3, a membrane is placed between the electrodes with the aim
of allowing the transport of charged ions (for example, H™*) and solvent in order to
maintain electro-neutrality and electrolyte balance [31]. Moreover, the membrane serves
to prevent electrolytes from crossing the membrane itself and mixing, in a process
called ‘cross-contamination’, as this could lead to self-discharge, or degradation, of a
battery [32]. Unlike conventional batteries, where the redox-active materials are stored
inside the electrodes, redox ow batteries store energy in the electrolytes that are then
pumped into the cell for energy conversion [28].

The main characteristic of redox ow batteries is their ability to separate power and
energy, so that they are independent from one another: power rating is controlled in
the cell stack by the operation current density and total electrode areas whilst energy,
being stored in the external tanks, depends on the concentration of the active species,

12
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the number of transferred electrons per mole of active redox ions during discharge,
and the solution volume in the tanks [31 —33]. For this reason, it is possible to obtain
higher battery energy capacity only by increasing the volume of the electrolyte or the
concentration of the active species [32]. Moreover, because of their exible design that
render them valuable and able to meet the demands of diverse energy-power ratios
in the grid-scale energy storage industry [31, 32], redox ow batteries present many
advantages:

1.

Long lifetime. Depending on the type of active species employed, RFBs are
expected to have a 10 years long lifetime because the active species are dissolved
in the electrolytes and no phase change occurs in the electrodes.

High energy ef ciency. Itis possible for RFBs that the energy ef ciency reaches up
to 90 % under favorable low current density conditions. Moreover, after charging,
anolyte and catholyte are stored in two different reservoir tanks; self-discharge
rate, on the other hand, is rather low even after a long-term operation.

Moderate cost, compared to lithium-ion batteries. In order to reduce installation
and maintenance cost, inexpensive materials are used for RFBs, such as carbon
and plastic. Moreover, the cost for installation per unit of energy storage capacity
($/kWh) is also signi cantly reduced as energy storage system capacity increases.

. High charge rate. lItis possible to quickly and fully recharge the battery by simply

replacing the electrolyte.

Flexible operation. Charging and discharging of RFBs can happen over a wide
range of current. This represents an advantage of RFBs over conventional lead-acid
batteries, as they can be deeply discharged without damaging the cell during
charge and discharge cycles.

However, redox ow batteries show also disadvantages [29]:

1.

2.

Complexity. These systems require pumps, sensors, ow and power management,
and secondary containment vessels.

Low energy density. Compared to other types of batteries, RFBs show lower
energy densities.

Table 2.1 illustrates different batteries and their characteristics. It is possible to ascertain
the cost-effectiveness of the RFB [32].
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Table 2.1: Characterisctics of different batteries for energy storage. [32]

Installation
Energy Installation _ and
Type of | Cycle _ Environm. Deep )
_ ef ciency | cost _ ) maintenance
battery life in uences discharge
[%0] [$/kWh] cost
[$/kwh]
Lead acid | 500 45 550 Moderate Bad 3860
Nickel
] 800 70 1700 Moderate Bad 2833
cadmium
Zinc )
) 2500 68 520 Serious Good 3191
bromine
Sodium
3000 80-85 1000 Moderate Good 4639
sulfur
Lithium ]
ion 2000 90-95 3000 Slight Bad 6346
All
vanadium | 13000 | 75-85 989 Slight Good 1327
RFB

2.3 Cell design

The components of a ow battery cell are a separator, usually an ion exchange

membrane; two or more electrode layers on either side of the separator; a copper

current collector; an insulator and a non-conductive plastic Te on frame (the gasket) for
each cell that delivers reactants to each electrode. These 'repeat parts' are assembled in
layers to form a RFB stack and, then, those layers are integrated into a cell stack with

two end plates and bolts that deliver the necessary mechanical compression [10]. Some
of these components are shown in Figure 2.4 [34].
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Figure 2.4: Exploded view of a redox - ow battery components. [34]

An ideal cell is able to minimize kinetic, ohmic and mass transport voltage losses. For
this reason, improving of the cell design to achieve better battery performance usually
aims at choosing electrodes that provide suf cient kinetic activity and membranes
that allow a minimal crossover of the redox active species while exhibiting acceptable
conductivity [35]. Hence, the hydrodynamics of a ow battery depends on the electrode
morphology and on the ow eld pattern jointly with the ow rate [36].

2.3.1 Electrolytes

An RFB electrolyte is typically composed of three species: a solvent, a supporting
electrolyte, and the active species (the redox couple) [10]. Electrolytes are the most
important components of a RFB, as the system - speci ¢ energy density depends on their
concentration; thus, it is desired to use redox active agents with high solubilities [12].
Moreover, the temperature stability of the solution is also of great importance, as it
de nes the temperature window for the battery operations [31]: it is important for
the electrolytes to be especially stable at 0% and at 100% SOC (state of charge)
of the battery, when cell operation and electrolyte storage are severely tested [12].
Using aqueous electrolytes for redox- ow batteries, however, limits the electrochemical
window of the battery (ca. 1.2-1.6 V) as water electrolysis happens beyond that
threshold [37].

2.3.2 Electrodes

The electrode material has great importance in determining the optimal performances of
aredox ow battery, as these can be achieved by managing electrochemical reactions and
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electron/ions/species transport through the electrodes [38]. In fact, the electrochemical
activity in uences the overpotential loss and, thus, affects the voltage ef ciency.
Moreover, during charging and discharging of the battery, when the electrical current is

passing through the electrode, the resistance of the electrode will in uence the ohmic
losses and these, in turn, will affect cell voltage and energy ef ciency [39]. Thus, the
electrodes should satisfy the following requirements [40]:

High mechanical strength
Be low cost and have a long lifetime

Allowing fast electrochemical kinetics so that the overpotential can be decreased
and high current densities can be achieved during charge/discharge cycles

Exhibiting high porosity and speci ¢ surface area; in this way, high reaction area
and ease of access to the internal surface enable high current densities

There exist three main types of electrodes for redox- ow batteries: carbon cloth, carbon
felt and carbon paper electrodes. Carbon is widely employed because of its large
operating potential range and its low cost [41].

Carbon cloth electrodes present a high rate of mechanical degradation during
the charging process, most likely due to the low surface area of the material itself
and to the ow-by con guration [39, 42].

Carbon felt electrodes are the most utilized as they exhibit large speci ¢ surface
area and high electrical conductivity. They show a three - dimensional network
structure and, consequently, membrane punctures and short circuits are likely to
happen [43]. Their low hydrophilicity has been enhanced with heat treatment,
which made it possible to increase the concentration of oxygen functional groups
on the felt surface [42]. Generally, carbon felt materials have a porosity of 0.8, a
bre diameter of approximately 10 mm and a permeability of 20 10° cm? [44].

Carbon paper electrodes show high porosity, low density and low electrical
resistance. Moreover, it has been shown that thermal treatment of this material
results in improved performance of the battery [44]. Moreover, carbon papers
electrodes allow for a reduction in ohmic resistance of the cell, as the contact
resistance within the cell is decreased [43].

The electrodes are shown in Figure 2.5.
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Figure 2.5: Comparison of electrodes for redox ow batteries: (a) carbon cloth electrode, (b)
carbon paper electrode, (c) carbon felt electrode. [42]

2.3.3 Membrane

An ideal membrane for redox- ow batteries should be able to keep the anolythe and
catholyte from mixing and, in the meantime, allowing the transport of the charge
carrying ions to preserve the electric neutrality and electrolyte balance [45]. For RFBs,
Na on membranes are the most used [14]. Na on is a hydrophobic and hydrophilic
two-phase structure where the tetra uoroethylene represents the backbone, whilst the
sulphonate groups, terminated by pendant vinyl ether side chains, show hydrophilic
property with proton conductivity [46].

2.3.4 Bipolar plates and ow elds

Bipolar plates, also called ow eld plates, are necessary to deliver reactants to and
remove products from the ion exchange membrane [47]. Therefore, whilst the ow- eld
design of the bipolar plates has the main task of achieving the maximum possible
homogeneity over the cell's active area [48], the plates are built in order to connect cells
electrically in series, provide structural support for the stack and house the ow eld
channels [47].

Bipolar plates are most commonly made of graphite because, despite its high cost, this
material is very resistant to corrosion, it is chemically inert and shows good conductivity.
However, since ow channels have to be either machined or electrochemically etched
on the graphite plate surface, mass production of these cannot be achieved. Hence, thin
layers metallic plates are replacing the graphite ones on the market [47].

There exist two different types of ow patterns for RFB: ow-through and ow-by
design [49]. In the ow-through design, the bipolar plate do not present any channel and
all the ow is forced through the electrodes, rendering the mass transport of reactants
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